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Summary

Based on the widely accepted sterile womb paradigm, the fetal environment can be
regarded as nearly sterile, and the first microbial colonization of the newborn’s gut
is believed to occur during delivery and shortly after birth through a combination of
vertical transmission from the mother and horizontal acquisition from other humans
and the environment. Following the first seeding, the gut microbiota evolves
substantially, reaching complete maturation within the first three years of life.
However, this process is influenced and can be disturbed by several external factors,
such as maternal diet, gestational age, delivery mode, feeding type, and antibiotic
use.

Given that inadequate gut microbiota development in early life is frequently
associated with neonatal and long-term adverse health conditions, understanding the
processes that govern initial colonization and development of the infant gut microbial

community is of great importance.

The aim of this Ph.D. thesis is to explore the engraftment and evolution of the infant
gut microbiota by exploiting the most reliable genomic, metagenomic, and
phylogenomic approaches. Within this framework, strain-level tracking of gut
commensals revealed that beneficial, maternally inherited bifidobacterial species
constitute highly stable and resilient communities, identifying host’s sex as a
potential variable affecting the long-term persistence of these microorganisms
through infancy. In addition to developmental changes in composition, this Ph.D.
thesis also explores the functional maturation of the healthy human gut microbiota
by tracing the microbial genetic potential for bioactive metabolites from infancy to
adulthood, specifically emphasizing the early stages of life.

As vaginal-derived microbes can be implicated in the first seeding of the infant gut

microbiota, one of the purposes of this Ph.D. thesis is to unravel the composition of
3



the vaginal microbiota across the population, performing detailed genome
comparative analyses of Lactobacillus crispatus and Gardnerella vaginalis species,
which are notoriously associated with vaginal health and potential dysbiotic status,
respectively.

As mentioned above, various perinatal factors can significantly impact the
developmental trajectories of the nascent gut-associated microbial community.
Among these, gestational age at birth is regarded as one of the most impactful, as it
dictates the degree of immaturity of several infant’s organs, including intestinal and
immune systems. Consistently, premature birth and low birth weight (< 1,500 gr)
have been associated with an increased risk of Necrotizing EnteroColitis (NEC). In
this context, this Ph.D. thesis explores the gut microbiota composition of preterm
infants affected by NEC and prior to NEC onset to identify possible early microbial
and functional biomarkers of this severe disease.

Given the broadly observed link between early-life depletion of Bifidobacterium
genus and host diseases, members of this genus are increasingly used as potential
players in restoring gastrointestinal functions. Accordingly, in this Ph.D. thesis, the
genetic traits involved in growth, microbe-host, and microbe-microbe interactions of
bifidobacterial strains were explored, with a particular focus on B. longum subsp.
infantis members. Moreover, common bifidobacterial genomes used in commercial
probiotic products were used to build a free-access genomic database named
Integrated Probiotic DataBase (IPDB).

Finally, considering the bidirectional association between host's factors and the gut
microbiota composition, in this Ph.D. thesis, we determine the impact of different
human lifestyles, i.e., sedentary or athletic, on the gut microbiota composition,
showing that the host and the bacterial community inhabiting the gut are continuously

crosstalking, mutually modulating each other throughout lifespan.



Chapter 1

General Introduction



A. The origin of the first microbial colonizer of the

neonatal gut

The "sterile womb paradigm"'

In the last century, it has been assumed that the intrauterine environment in healthy
pregnancies is sterile. However, this dogma has been challenged in the past decade,
particularly with the introduction of new molecular approaches. Indeed, studies
utilizing a combination of next-generation sequencing techniques, quantitative PCR
(qPCR), and fluorescence in situ hybridization (FISH) suggested the existence of a
specific microbiome in the placenta, amniotic fluid, fetal lung, and meconium'™,
offering an original perspective on early microbiome development. Nevertheless, the
concept of a fetal microbiome has not yet gained widespread acceptance within the
scientific community®!°. A central matter of discussion revolves around discerning
the presence of microbial genetic material from the existence of active, metabolically

functioning microorganisms” 12,

Interestingly, recent data have suggested that bacterial DNA within the neonatal
meconium may be transferred from the mother to the developing fetus during
pregnancy, potentially conveyed in extracellular vesicles renowned for their ability
to cross biological barriers, including the placenta'. Moreover, it has been argued that
the composition of the low bacterial biomass identified in placenta and meconium
samples is easily influenced by environmental exposures and post-birth factors®!>.
Notably, the composition of the microbiota detected in the first stool after birth,
formed in utero, appeared to be affected by the mode of delivery, corroborating the
potential perinatal colonization'"'*. In general, the debate over the existence of an in-
utero microbiota is fueled by several issues, and the existence of a fetal microbiota

remains under discussion.



Maternal inheritance of gut bacteria

In line with the widely recognized sterile womb paradigm, the initial formation of
the infant gut microbiota is a multifaceted process influenced by several factors, with
a key determinant being childbirth. Specifically, the first microbial colonization of
the neonatal intestine is believed to occur during delivery (or following rupture of
the amniotic membranes) and shortly after birth through a combination of vertical
transmission from the mother and horizontal acquisition from other humans or the
environment.

Several lines of evidence have revealed that a substantial fraction (ranging from 30
to 70%) of the microbial species in the infant's gut on the day of delivery was
transmitted from the gut, vaginal tract, oral cavity, or skin of the mother, remaining
relatively stable over the following months'>!® (Figure 1). Indeed, a recent
investigation based on single nucleotide variant profiles showed that most bacterial
strains found in newborns acquired from their mothers tend to persist in the infant's
gut for an extended period, while microorganisms from nonmaternal sources tend to
be replaced within the first year of age!®!”. This observation points to a natural
selection process favoring specific maternal-derived microbes demonstrating high
ecological adaptability to colonize the infant's gastrointestinal tract.

Consistently with recent strain-level metagenomic analyses, the gut microbiota is the
prominent maternal source of infant-inherited bacteria, followed by the vaginal, oral,
and skin microbiomes'®!® (Figure 1). Specifically, early-life specialists such as
Bifidobacterium bifidum, Bifidobacterium breve, and Bifidobacterium longum are
among the most frequently maternally transmitted species. Important functional roles
in newborn development have been attributed to these microorganisms, including
educating the immature immune system, balancing inflammation processes, and

secreting factors that improve host health and neurodevelopment!'®?2. The specific



adaptation of bifidobacterial species for the infant gut environment lies in their ability
to metabolize the complex oligosaccharides naturally found in human breast milk
that are indigestible to humans (see below)** 2. Along with Bifidobacterium species,
some Bacteroides species, such as Bacteroides fragilis, Bacteroides dorei, and
Bacteroides vulgatus, are shared with the mother’s gut microbiota within the first
days after birth?-2%,

In the days following childbirth, the proportion of microbes shared between the
mother and the newborns steadily expanded (Figure 1), facilitated by the close
physical contact and the continuing exchange of microbes that occurs through

breastfeeding.
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Figure 1. Schematic representation of the contribution of different maternal body sites
on the first seeding of the infant's gut. Data concerning the contribution of maternal body
sites are based on Ferretti et. al., 2018'¢ and Pannaraj et. al., 2017%.

However, maternal-derived microorganisms did not appear equally prone to stably
colonize the infant's gut. For example, Veillonella, Prevotella, and Streptococcus
mitis dominated the oral microbiota of pregnant women, but only V. parvula was
found in the paired infant fecal samples®®!. Interestingly, it has been observed that,
within the oral microbiota, Veillonella consumes lactate produced by Streptococcus
or Lactobacillus, producing propionate and acetate as metabolic byproducts *2. This

trophic behavior indicates that the frequent presence of Veillonella in the infant's gut



microbiota may result from cooperation with lactic acid-producing bacteria that feed
on the complex oligosaccharides in human milk. Contrarily, mother skin- and
vaginal-derived bacteria like Staphylococcus, Streptococcus, Propionibacterium, and
Lactobacillus are usually transient, not establishing long-term persistence in the
infant’s gut beyond the neonatal period (Figure 1), likely because of the differences
in biotic and abiotic factors characterizing these ecological niches.

The importance of early maternal colonization is underscored by the observation that,
in contrast to the skin, vagina, and oral cavity, most maternal gut-derived species tend

to establish a long-lasting persistence in the infant gut!’

. This indicates unique
compatibility between the maternal gut-derived bacteria and the infant, possibly
supported by partially genetically determined factors, such as breastmilk
oligosaccharide composition, intestinal mucus structure, and immune system

functioning.

The vaginal microbiome as a source of microbes to the
infant gut

To gain insights into the initial bacterial exposure that naturally occurs during vaginal
childbirth, it is convenient to characterize the maternal vaginal microbiome. Among
healthy non-pregnant women, researchers have identified five recurring microbial
profiles, named community state types (CSTs)**. Four of these CSTs, i.e., CST I-1II
and V, are typically dominated by Lactobacillus species, including Lactobacillus
crispatus, Lactobacillus gasseri, Lactobacillus iners and Lactobacillus jensenii,
respectively, while the CST IV is characterized by modest abundance of
Lactobacillus species, accompanied by several species of strictly anaerobic bacteria,
such as Streptococcus and Corynebacterium, or members of Gardnerella, Prevotella,

and Atopobium genera®*,
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The presence of Lactobacillus species, which can account for more than 50% of the

total vaginal commensals®**®

, 1s linked to a healthy state, and it is believed to protect
the women's reproductive tract from the colonization by potential pathogens, mainly
by producing hydrogen peroxide, bacteriocins, and lactic acid, which maintains a low
vaginal pH (<4.5)°%*". Indeed, the most common form of vaginal microbiota
dysbiosis affecting reproductive-aged women, i.e., bacterial vaginosis, is associated
with the alteration of the vaginal microbiome from Lactobacillus dominance to a
high abundance of anaerobic and facultative bacteria, such as Gardnerella vaginalis,
with concomitant increased pH > 4.5 and greater microbial diversity*®*°. Moreover,
bacterial vaginosis has been linked to various reproductive tract disorders®,
including infertility, preterm labor and delivery, and susceptibility to viral
infections*!**2. For this reason, in the past decade, many efforts have been directed
toward understanding this microbial community, its compositional changes

throughout pregnancy, and its relationship with perinatal infections and premature

birth.

Results from several recent studies showed that the cervicovaginal microbiome
experiences several changes over the course of pregnancy, emphasizing the role of

sex hormones in driving these transformations**.

In this regard, culture-
independent profiling methods revealed that the vaginal microbiota decreases
biodiversity and increases stability until shortly before delivery, potentially lowering
the risk of bacterial perturbations implicated in adverse pregnancy outcomes,
including preterm delivery and low birth weight. The vaginal microbiome during a
normal pregnancy is generally dominated by L. crispatus, which is responsible for

lowering diversity and reducing the risk of colonization by diverse anaerobes and

potential pathogens®.
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As mentioned above, the maternal vaginal microbiome can contribute to establishing
the infant microbiota in early life, providing a natural first exposure of the newborn
to microbes*S.

Consistently, it has been reported that a few days following birth, members of the
vaginal microbiome constitute up to 20 % of the total gut microbiota of their own
infants*’. Specifically, the gut microbiota of vaginally-delivered infants at birth
resembles the mother's vaginal microbiota, dominated by the Lactobacillus genus®’.
Nevertheless, as mentioned above, it has been found that most bacteria of vaginal
origin do not persist for an extended period in the newborn’s gut due to the distinct
chemical, physical and biological factors differentiating the microaerophilic vaginal
environment from that anaerobic of the gut. However, a recent study based on a
mouse model showed that birth-associated exposure to maternal vaginal microbiota
could have long-term effects on the offspring's health, modulating immune system

development and activities*®.

Perinatal factors influencing the early-life gut microbiota

The development of the infant gut microbiome involves a de novo assembly of a
highly intricate microbial community that establishes in a virtually empty niche.
Accordingly, this process is highly vulnerable and can be influenced by maternal and
infant-related factors, as well as environmental variables, acting in the perinatal
(between five months before birth and one month after birth) and postnatal periods*

(Figure 2).
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Figure 2. The main perinatal factors influencing the establishment and development of the
infant gut microbiota. Differential compositional data of key microbial members are
reproduced by Mancabelli et al. 2020°°.

As discussed above, the neonatal period represents a crucial early window of time
for acquiring key gut commensals from maternal reservoirs, and disruption of this
route can have profound consequences on the infant’s gut microbiota structure. For
example, considering different delivery modes (Cesarean section vs. vaginal
delivery), it has been observed that in vaginally delivered newborns, more than 80%
of the gut microbiota was shown to be derived from the mother, while infants born
through Cesarean section (C-section) acquired only 12.56% of their early gut

microbial community from maternal microbial reservoirs’'.
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Specifically, infants born through C-section (without amniotic membrane rupture)
exhibited a low presence of vaginal microbes (e.g., Lactobacillus and Prevotella
spp.) in their gut microbiome at birth due to the absence of contact with the vaginal
canal environment (Figure 2). Instead, they are more susceptible to being colonized
by bacteria from the mother's skin and other humans (e.g., Staphylococcus,
Corynebacterium, Propionibacterium spp.)*®>?, as well as by potential microbial
pathogens encountered in hospital environments, such as Clostridium, Streptococcus,
and Klebsiella>'* (Figure 2).

In addition, postnatal colonization of the neonatal intestine by Bacteroides and
Bifidobacterium spp., responsible for HMO metabolism and often vertically
transmitted from the mother, appeared delayed or completely absent in infants
delivered by C-section?®>* (Figure 2). Although differences in microbial composition
introduced by delivery mode tend to normalize within the first years after birth®!,
current research evidenced that shifts in the early microbial exposures can lead to
long-term health consequences, including increased risk of chronic immune diseases,

obesity, and allergic disorders® .

While the delivery mode is perhaps regarded as the strongest perinatal factor
modulating the first microbial colonization of the infant's gut, the feeding type can
profoundly modulate the immediately following stages of life. Similar to the
observations in vaginally delivered infants, several studies concur in emphasizing
that, within six months, Bifidobacterium genus is more represented in exclusively
breastfed infants compared to those receiving formula®’, who, in contrast, exhibit a
more diverse microbial profile with a relatively higher abundance of Bacteroides,
Enterococcus, Ruminococcus, Staphylococcus, Escherichia, and Clostridium
genera®®>? (Figure 2). This observation highlights that vertical transmission events

of bacteria from mother to child, coupled with intrinsic selective factors in breast
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milk, synergistically ensure the persistence of key microbial taxa in the infant’s
intestinal environment. This natural process promotes the proper formation of the gut
microbiota and prevents various infectious morbidities, eventually playing a crucial

role in the overall development and long-term well-being of the infant.

Along with delivery mode and feeding type, gestational age at birth is another
important perinatal factor influencing the establishment of the infant gut microbiota
(Figure 2). Preterm infants (< 37 completed weeks of gestation) usually have low
weight at birth and variable degrees of immaturity in their digestive, respiratory,

immune, and neurological systems®®¢!

, which may require hospitalization for
treatments such as intensive antibiotic use, artificial respiration, and parenteral
nutrition®?. Moreover, the common use of C-section for preterm newborns implies
the lack of contact with the vaginal/fecal mother’s microbiome. Altogether, these
situations can lead to an aberrant microbiota composition with increased risks of
colonization by pathogenic microorganisms.

Specifically, compared with the age-matched full-term counterpart, colonization
trajectories in preterm infants are characterized by a significant reduction in bacterial
biodiversity, with low abundance or delayed colonization by the Bifidobacterium,
and Bacteroides genera. Instead, within the first week of life, preterm infants are
often colonized by facultative bacteria, such as Klebsiella, Escherichia,
Streptococcus, Enterococcus, and Staphylococcus® % (Figure 2). However, partial
normalization of the gut microbiota composition has been demonstrated in preterm
newborns receiving breastmilk®®. These infants exhibited comparable gut
microbiomes regardless of birth weight, unlike formula-fed infants whose gut

microbiomes still showed distinct clustering patterns based on birth weight.

Postnatal antibiotic treatments can obviously disrupt the normal pattern of

colonization and maturation of the infant gut microbiota, inducing long-term
15



structure alteration®” (Figure 2). Most studies have agreed that Bifidobacterium is the
genus most affected by antibiotic use in early life. For example, a recent study
observed that, compared with the control group, newborns exposed to antibiotics in
the first week after birth experience a diminished abundance of Bifidobacterium (B.
adolescentis, B. breve and B. longum), Bacteroides, and Escherichia (E. coli) genera,
concomitantly with increased abundance of Klebsiella (K. pneumoniae and K.
oxytoca) and Enterococcus (E. faecium) genera®® (Figure 2). However, reinstatement
of Bifidobacterium abundance within two to three weeks was favored by short-term
antibiotic treatment, while prophylaxis longer than five days results in sustained low
levels of these microorganisms for up to six months®.

In addition to postnatal antibiotic administration, newborns can encounter
intrapartum antibiotics either as a prophylactic measure or to address maternal
infections. For example, in certain countries, all mothers carrying group B
Streptococcus receive antibiotic prophylaxis during labor to prevent transmission of
this pathogenic bacteria to the forthcoming infant. However, wide-spectrum
antibiotics are often used, also limiting the transmission of non-pathogenic bacteria
with a similar antibiotic sensitivity profile.

Results from studies examining the effect of intrapartum antibiotics in the gut
microbiome structure of healthy vaginally born infants highlighted a marked negative
effect on the bifidobacterial community’®’?, with increased abundance of
Staphylococcus and Clostridium genera. In contrast, the impact on members of the
Bacteroides genus appeared variable, ranging from negative’ to neutral”.
Nevertheless, by the age ranging from 12 weeks to 12 months, significant distinctions
in the general composition of the infant gut microbiota were no longer observable
between those exposed to intrapartum antibiotics and their unexposed counterparts’.

Hence, it appears reasonable to infer that any potential adverse effects of intrapartum

16



antibiotic prophylaxis are outweighed by the decrease in early-onset Group B

Streptococcus infections.

B. From birth to an adult-like gut microbiota

structure

Assembly and the main members of the early-life gut

microbiota

The prenatal gut can be considered an essentially uninhabited ecological environment
which, coinciding with birth, undergoes colonization by a group of initial species
denoted as ‘founder species’, initiating the assembly and the subsequent development
of the infant gut microbiota. This formative process follows discernible patterns
dictated by the ecological theory of “priority effect”, according to which pioneer
species anticipate or modify the ecological niche, resulting in the inhibition or
facilitation of later colonizing species’. Specifically, facultative anaerobic bacteria
constitute the initial gut colonizers, falling in the Proteobacteria phylum, including
members of Escherichia, Enterobacter, Enterococcus genus derived primarily from
the maternal gut microbiome, and Firmicutes, such as Staphylococcus and
Streptococcus, mainly acquired from the maternal skin and oral cavity (Figure 3).
These bacteria play a pivotal role in shaping the early gut environment, reducing
oxygen levels in the intestine, thereby facilitating the subsequent proliferation of a
complex community dominated by obligate anaerobic bacteria, such as members of
Bifidobacterium, Bacteroides, and Clostridium (Figure 3).

More specifically, a recent study revealed that the composition of the infant’s gut

microbiota during the strict lactation period is often dominated by Bifidobacterium,

17



Clostridium, Streptococcus, Escherichia, and Klebsiella genera, which delineated the
five main Infant Community State Types (ICSTs)*. In a separate study,
Bifidobacterium genus associated with members of Enterococcus, Lactobacillus,
Veillonella, and Collinsella genera were recognized as a signature of the 4-month-
old gut microbiome®®. Altogether, these studies concur in supporting that the
Bifidobacterium genus largely prevails in the early gut microbiota, playing crucial
roles in promoting and sustaining the infant's gut development, inhibiting the growth
of potentially pathogenic microorganisms, modulating mucosal barrier function, and

supporting immunological response maturation’®"?,

Within the infant gut, Bifidobacterium abundance begins to increase around the 3rd
to 4th day following birth, eventually becoming the predominant genus at
approximately one month of age, establishing a highly stable gut-associated
community that persists beyond the first year of life (Figure 3).

The ability of bifidobacterial species to successfully colonize and survive in the
newborn's intestinal tract is fundamentally linked to their efficient metabolism of the
complex oligosaccharides contained in human breast milk (HMOs). Indeed, HMOs
serve as a source of nourishment for selected bifidobacterial strains, resulting in a
substantial competitive advantage within the infant gut ecosystem. In this regard, a
case has been made for the unique genetic arsenal of B. longum subsp. infantis for
degrading a wide variety of HMOs®. This species harbors a comprehensive set of
enzymes, including fucosidase, sialidase, B-hexosaminidase, and B-galactosidase,
and dedicated carbohydrate transporters that collaboratively work to achieve full
internal breakdown of complex HMOs.

In contrast, although B. bifidum and B. breve have shown individual ability to

metabolize HMOs only partially, they participate in extracellular breakdown
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activities, thus relying on cross-feeding strategies to virtually expand their
glycobiome and readily assimilate HMOs® -3,

From the host perspective, these bifidobacterial species are crucial in promoting and
sustaining the infant gut development, inhibiting the growth of potential pathogenic
microorganisms, modulating mucosal barrier function, provisioning of vitamins®,
and promoting immunological response maturation®!. Accordingly, this demonstrates

an important microbe-host symbiotic relationship, serving as an example of the

intimate (bifido)bacteria-host coevolution underlying the concept of holobiont .

The bacterial community established in the infant's gut during the early postnatal
period usually remains dominant in the first weeks and months of life, as the
microbiome evolves gradually as long as the infant's diet remains uniform. Indeed,
while the early gut microbiota during the milk-based diet is enriched in bacteria with
genes that facilitate the utilization of milk-derived compounds®, the subsequent
weaning phase, with the introduction of solid foods, gradually promotes the growth
of bacteria enriched in protein-encoding genes that enable the utilization of a wider

variety of carbohydrates, vitamin biosynthesis, and xenobiotic degradation.
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Maturation of the healthy gut microbiota through infancy

The shared microbiota between mother and child evolves rapidly during the first year
of life by acquiring bacterial groups typical of the adult gut microbiota. In particular,
infant diet and the weaning period are the most influential factors that shape the early-
life microbiota, marking the establishment of a more complex microbiome (Figure
3). Indeed, as the introduction of solid food diversifies the infant's nutritional intake,
the nascent gut microbiota adapts to process a wider range of dietary components.
This transition is instrumental in shaping the long-term composition and functionality
of the microbiome, ultimately influencing the infants' health and metabolism as they
Srow.

According to The World Health Organization (WHO) guidelines, the optimal time to
start providing complementary foods is around the age of 6 months (Figure 3). A
large body of studies consistently reported pronounced compositional changes in the
healthy infant gut microbiome starting from the weaning, with a steady increase in
diversity, decrease in interindividual variations, and shifts in the abundances of major
bacterial taxa?®5%-87:88

As a general rule, the post-weaning age is characterized by a significant reduction in
the abundance of Bifidobacterium species associated with milk consumption during
the suckling phase, being gradually replaced by adult-associated gut commensals,
including members of Ruminococcus, Prevotella, Eubacterium, and Bacteroides
genera® (Figure 3). More specifically, according to recent research, at the end of the
first year of age, the healthy infant gut microbiota is generally dominated by
Bacteroides species, accompanied by the emergence of butyrate-producing species
such as Amnaerostipes, Faecalibacterium, Akkermansia, and Roseburia, whose
relative abundance tends to increase further as the infants grow older?®%%°. This
implies a transition towards a more mature intestinal environment correlated with an
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enhanced functional capability for carbohydrate degradation. Moreover, at 12 months
of age, the infant’s gut microbiome is enriched in genes involved in the degradation

of complex sugars and starch, as well as vitamins B1, B5, and B12°".

Interestingly, it has been proposed that, alongside increasing dietary diversity, the
cessation of breastfeeding profoundly contributes to shifting the microbial ecology
toward an adult-like composition’®*2, Indeed, continued breastfeeding after solid
food introduction determines the persistence of bacterial species associated with an
exclusively human milk diet, such as Bifidobacterium, Lactobacillus, Veillonella, and
Collinsella genera®®. In contrast, the gut microbiota of 12-month-old infants no
longer breastfed was dominated by Bacteroides, Roseburia, and Anaerostipes®.
Collectively, these investigations suggest a gradual adaptation of the microbiota to
utilize the nutrients in the intestinal environment efficiently, depending on
breastfeeding status and the introduction of solid foods. While Bifidobacterium
species occupy key positions in metabolizing HMOs, a variety of bacterial species
collaborate in the degradation of proteins and complex plant-derived
polysaccharides.

Generally, consensus among most studies indicates that, although the developmental
trajectory of the infant gut microbiota is highly individual and dependent on perinatal
factors (e.g., delivery mode, feeding regime, gestational age), a large part of
maturation in microbial composition and function is completed within the first three
years of life, coinciding with the observed stabilization of the infant microbiota into

a configuration resembling that of adults®.
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Neonatal intestinal dysbiosis: implication for the infant

and long-term diseases

Gut microbiome maturation is intimately linked with the development of the child.
Early maladaptive interactions between the nascent gut microbial community and the
host, as well as disturbances in the subsequent optimal temporal microbial
succession, could impact host’s immune functions, intestinal maturation, and

neurological development® %,

In a general sense, the occurrence of diminished abundance of Bifidobacteriaceae
(Bifidobacterium spp.) alongside high levels of Enterobacteriaceae (e.g., E. coli and
K. pneumoniae) and Clostridiaceae (Clostridium spp.) in the early months of life can
be considered as an initial hallmark of neonatal gut dysbiosis. This trend is prevalent
in various circumstances, including primarily preterm infants or full-term infants
requiring hospitalization or antibiotic administration, and could have immediate
health consequences. For example, one of the most severe neonatal diseases recently
associated with altered gut microbiota composition is Necrotizing Enterocolitis
(NEC), representing a harmful gastrointestinal disease occurring predominantly in
premature infants”. In NEC events, sections of the infant's gastrointestinal tract
experience ischemia and subsequent necrosis, constituting a gastrointestinal
emergency in neonates. This condition occurs in approximately 8% of premature
infants, with a reported mortality rate reaching up to 25%"%,

Recent studies showed that, compared to healthy premature infants, the immature gut
environment of NEC patients is populated by higher levels of Enterobacteriaceae
genera'®1%2 In this framework, it has been supposed that an intensified pro-
inflammatory cascade resulting from a dysfunctional or amplified immunological

response to elevated levels of intestinal lipopolysaccharides (LPS) could predispose
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infants to NEC pathogenesis!®.

Nevertheless, efforts to identify microbial
biomarkers of NEC onset have not yielded consistent results, and thus, further

research is necessary to gain insight into the etiology of this neonatal disease.

Beyond NEC, gut dysbiosis can predispose newborns to sepsis by translocation of
enteral pathogenic bacteria and dysregulated host response to infection!®®. Preterm
and very-low-birth-weight (VLBW) infants are particularly vulnerable to neonatal
sepsis, which is typically classified as early-onset sepsis (EOS), appearing within the
first 72 h of life, and late-onset sepsis (LOS), occurring more than 72 h after birth
105,106 “WWhile the pathogenic agents of EOS are thought to be obtained through
vertical transmission during delivery, LOS pathogens are supposed to be acquired
postnatally through the hospital environment!®’~1%  Specifically, several studies
concluded that decreased diversity and increased abundance of Staphylococcus and
Klebsiella genera and opportunistic Proteobacteria (including E. coli and
Pseudomonas spp) precede LOS onset''*"!!2. Moreover, in preterm infants with LOS,

bifidobacteria counts were consistently lower!!%!13

, underlining a disruption in the
progression of microbiota from facultative anaerobes to obligate anaerobes

dominance.

Inappropriate early-life gut microbiota development can also have long-term adverse
health outcomes, 373114116 For example, numerous epidemiological studies propose
a connection between the early establishment of infant gut microbiota and the risk of
allergic diseases in childhood. Specifically, gut microbiota dysbiosis within the first
three years after birth with the presence of specific microbial groups has been linked
with an increased risk of developing atopic eczema and asthma!'>!!". Indeed,
increased levels of Clostridium spp., Escherichia coli, and Klebsiella pneumoniae

associated with reduced levels of bifidobacteria were associated with a higher risk of
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several atopic outcomes, including eczema, wheezing (asthma), and allergic

sensitization' 8120,

The composition and functionality of the gut microbiota can also be implicated in
obesity and obesity-related disorders by altering energy harvest. Indeed, gut
microbiota composition at two years of age has been linked with Body Mass Index
(BMI) at 12 years'?!. Specifically, decreased proportions of Bifidobacterium genus
concurrently with high levels of Bacteroides spp. in early infancy have been linked
with a higher risk of pediatric overweight and obesity!?2. Consistently, a recent
metagenomic study on the contemporary infant gut microbiome in the USA, known
for the high prevalence of childhood obesity, reported a widespread gut dysbiosis
with a reduced capacity for microbial HMO utilization.

One of the possible mechanisms underlying the link between the early-life
microbiota and metabolic dysregulation appears to be centered in the proportions of
bifidobacterial species'?’. Indeed, these latter taxa are the major utilizers of HMOs,
whose metabolism generates SCFAs, which contribute to energy homeostasis and

modulate host adiposity'*.

Maintenance and restoration of the optimum infant gut

microbiome

Although it is not possible to define universally a specific “optimal” gut microbiota
composition, the identification of microbial signatures associated with diseased states
and the understanding of the risk factors related to early-life dysbiosis have opened
novel intervention opportunities. In this context, several studies showed that most
aberrant changes in the fecal microbiota of infants could be corrected or mitigated by

probiotic supplementation.
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Probiotics are living microorganisms known to confer health benefits upon the host,
and the supplementation of infant formula milk with probiotics is becoming
increasingly common, reflecting an increasing recognition of the potential
advantages for the infant's well-being and the establishment of a balanced gut
microbiome. Given their well-documented health-promoting effects and importance
within the infant gut microbiota, members of the genera Lactobacillus (L.
acidophilus, L. casei, L. plantarum, and L. rhamnosus) and Bifidobacterium (B.
bifidum, and B. longum subsp. infantis) have been recently used to manipulate the
infant’s gut microbiota, obtaining promising results in the prevention and treatment

of neonatal diseases, including NEC, sepsis, and acute infantile diarrhea!?~'?°,

Postnatal probiotic administration was also successfully used to prevent or reduce
the disruptive effects of antibiotics and Cesarean surgery on the microbiota
composition. For example, when associated with breastfeeding, daily oral doses of a
multispecies mixture composed of B. breve, L. rhamnosus, and Propionibacterium
freundenreichii have been demonstrated to correct the undesired depletion of gut-
associated bifidobacteria within cohorts of 3-months-old infants born through
Cesarean section and/or receiving antibiotic treatment'°.

Furthermore, in several separate studies, Lactobacillus reuteri significantly reduced

infantile colic!3!132

, while the oral administration of B. bifidum has been proved to
restore the gut microbiota composition in preterm infants, aligning it more closely
with that of full-term infants, thereby reducing the incidence of adverse outcomes!?>.
Although the optimal duration of probiotic intervention has not been determined, it

could be advantageous to continuously supplement vulnerable infants for the entire

critical time of microbiota and immune system maturation.

As discussed above, birth via C-section alters the neonatal microbial profile by

preventing the newborn from exposure to the maternal birth canal encompassing the
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maternal vaginal and fecal microbiota*®!**, In this context, an increasing scientific
interest has been directed toward assessing the safety and efficacy of postnatal
seeding with maternal vaginal or fecal microbiota, which may partially restore the
gut microbiota of cesarean-delivered newborns, reducing the risks of C-section-
associated diseases'*> 17,

Specifically, the temporal development of the gut microbiome composition of the
infants seeded with maternal fecal microbiota more closely resembled that of
vaginally born infants than C-section infants who were not treated'*’. In contrast,
other studies question the value of these practices, observing no modification in the
gut microbiome of C-section-delivered infants who received or did not receive
maternal vaginal microbes'®®. Overall, further research is needed to confirm the long-

term effects, potential benefits, and associated risks of the proposed microbiota

restoration therapies.

In the context of infant health, exclusive breastfeeding remains the most optimal and
natural way to promote and maintain a healthy neonatal microbiome. In cases where
maternal breastfeeding is not feasible, donor breast milk may be an alternative to
formula. In the USA, milk banking has been created to collect, process, and distribute
human milk donated by nursing mothers who are not biologically related to the
recipient infants. Although the pasteurization process to eliminate pathogenic
microbes also impacts beneficial bacteria, the polysaccharide component with
prebiotic functions, i.e., HMOs, is preserved, promoting the growth of
Bifidobacterium spp. in the infant gut. However, this resource is typically reserved
for premature or fragile infants and can be challenging to access for healthy
newborns.

If breast or donor milk is unavailable, fortified formulas containing prebiotic and

probiotic compounds can represent actual alternatives. Indeed, recent research has
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been aimed at comprehending the intricate microbial interactions in human milk,
enabling the optimization of mixtures comprising probiotics (e.g., beneficial bacteria
139) prebiotics (e.g., HMOs!'#%!41) "and postbiotic (bacteria metabolites'*?) to emulate

the bioactive nourishment provided by breastfeeding!*.

C. Interaction between infant gut microbiota and

host's physiology

The influence of the gut microbiome on host metabolism

Most microbial cells inhabiting the human gut are metabolically active, releasing
thousands of metabolites at the host-microbiota interface, constituting the gut
metabolome. Several of these molecules can act locally, shaping the gut microbiome
ecosystem through microbe-microbe interactions and cross-feeding events. However,
many others can reach tissues and organs through the blood circulatory system,
eventually exerting significant roles in training host immunity, regulating gut
endocrine function and neurological signaling, and supplying biological bioactive
molecules to the host!**. The effects of gut microbiota on host’s physiology are
mediated by metabolites that are either produced by the microbes or derived from the

transformation of environmental or host molecules (Figure 4).
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Figure 4. Microbiota and microbiota-derived metabolites effects. Bacteria have the
ability to modulate local and systemic environments through direct or indirect pathways. For
example, microbial AhR ligands (IAA and IPA) are able to induce mucosal healing and
antimicrobial production through ILC3-mediated 1L22 secretion. The microbial-derived
SCFAs can modulate immune responses and gut motility through the activation of G-protein-
coupled receptor. Bile acids can also modulate gut motility by activating the TGRS receptor
on enteric neurons.

Abbreviations: AhR, aryl hydrocarbon receptor; ILC3, innate lymphoid cell 3; TRP,
tryptophan; SCFAs, short-chain fatty acids; TGRS, Takeda-G-protein-receptor 5; 5-HT, 5-
idrossitriptamina. Created with BioRender.com.

Across infancy, the transition from a milk-based diet to a varied range of solid foods
shapes not only the gut microbiota composition as discussed above but also the
derived microbial metabolism. For example, during breastfeeding, the dominance of
the infant gut by Bifidobacterium species degrading HMOs results in the production

of short-chain fatty acids (SCFAs) with high proportions of lactate and acetate. In
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particular, this latter has been associated with improved intestinal defense against
infection and anti-inflammatory responses in the gut epithelium by enhancing the
expression of tight junction protein and anti-inflammatory cytokines'*>!1*¢ (Figure 4).
The bifidobacterial community also converts aromatic amino acids (i.e., tryptophan,
phenylalanine, and tyrosine) into aromatic lactic acids (i.e., indolelactic acid,
phenyllactic acid, and 4-hydroxyphenyllactic acid), which have demonstrated to
exert roles in modulating infant’s immune functions'®!47-148 In accordance with the
notion that breastfed infants are dominated by Bifidobacterium genus members,

aromatic lactic acids have been found with higher levels in feces from breastfed

149,150 151

newborns compared to those receiving formula or weaned infants”’,
emphasizing the interplay between early-life nutrition and specific gut microbes

affecting the levels of key microbial metabolites.

With the progression of diet complexity, more indigestible carbohydrates, proteins,
and fibers reach the colon, being metabolized by the developing autochthonous
microbiome into lactate, pyruvate, and formate during complementary feeding and
into propionate and butyrate after cessation of breastfeeding!**132. Accordingly, the
high abundances of lactate and acetate measured in the infant gut during the early
phase reflect a less-developed microbiome since these metabolites typically are
converted into butyrate by late infant gut-associated microbial species, such as
Faecalibacterium prausnitzii, Roseburia intestinalis, Eubacterium rectale, and
Eubacterium halli '>. Consistently, butyrate concentrations are relatively low during
milk feeding, steadily increasing across the weaning period and beyond, supporting
the growth of intestinal epithelial cells (IECs) (Figure 4). Similar to alterations in
microbial composition, deviations in the growth trajectories of gut metabolome may
manifest in adverse long-term health outcomes. Indeed, it has been shown that high

levels of formate during early infancy (3-4 months of age) have been associated with
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a lower BMI z-score in childhood, while high fecal levels of butyrate in early age

have been associated with a higher BMI z-score at three years of age!*.

Furthermore, proteins are degraded into amino acids, which are fermented by the
resident gut microbes into aromatic acetic and propionic acids (e.g., indoleacetic acid
and indole propionic acid), as well as amines (i.e., histamine, dopamine, tyramine, y-
aminobutyric acid [GABA], and tryptamine). In particular, these latter are notorious
neurotransmitters that link the gut with the central nervous system (CNS),
participating in the gut-brain axis!'>>!6,

This relationship between the gut microbiota and the brain is pivotal for
neurodevelopmental processes and neurophysiology in newborns, contributing to
regulating emotions, behavior, and higher cognitive functions. Indeed, autism
spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD) were
found to be associated with changes in the functioning of various neurotransmitters
and have also been highly associated with intestinal dysbiosis'>"~1¢!.

Among the array of microbe-derived bioactive molecules are also the tryptophan
(Trp) metabolites, such as indole and indole-derivatives, including indole-3-acid-
acetic (IAA), indole-3-propionic acid (IPA). While IAA and IPA are ligands of the
aryl hydrocarbon receptor (AhR), whose activation is considered crucial for intestinal
homeostasis by acting on epithelial renewal and barrier integrity!'¢? (Figure 4), indole
is an interspecies signaling molecule that controls aspects of bacterial physiology

such as antibiotic resistance, sporulation, and biofilm formation!63164,

Microbial molecules also can be produced from host-derived metabolites. Gut
commensal bacteria, including Clostridium, Eubacterium, and Bacteroides species,
can convert host-derived primary bile acids into secondary bile acids due to the action
of the key enzyme bile salt hydrolase (BSH). Secondary bile acids can then bind the

165

Takeda-G-protein-receptor 5 (TGRS) located in the intestinal endothelial cells ™,
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regulating epithelial cell integrity, immune responses, and liver functions'®® (Figure
4). The small intestine during the immediate postnatal period is characterized by the
presence of mainly primary bile acids'®’!%®. As the infant grows, the intestinal
abundance of the microbial BSH gene steadily increases, reaching the highest
intestinal levels approximately at one month after birth!%®. Consistently, the hepatic
concentration of bacterially modified secondary bile acids increases with infant’s
age, leading to notable changes in the total bile acid pool after weaning which

contribute to regulating lipid, sugar, and energy metabolism in infants'®’.

Infant gut microbiota and immune system development

The mammalian immune system is a highly intricate network comprising a complex
interplay of innate and adaptive components distributed across various tissues, whose
main role is to protect the organism from a multitude of potentially harmful external
factors and endogenous imbalances that could disrupt the delicate hemostasis of the
body. The first source of antibodies in early life is the passive acquisition from the
mother’s milk, which contains immunoglobulins A (IgA) and G (IgG). However, the
steady increase in gut-associated bacterial diversity necessitates the host to adapt and
“learn” how to tolerate the microbiome'’®!”!. Indeed, the establishment of the
microbial-host symbiosis depends on mutualistic co-development of the host’s

immune system and the gut microbiota'’>.

Multiple studies discuss how the development of the immune system relies on
exposure to conserved Microbial-Associated Molecular Patterns (MAMPs)!73:174,
For example, early responses to microbial ligands such as lipopolysaccharide (LPS),
the endotoxin located in the outer membrane of Gram-negative bacterial walls, train

gut epithelial cells to be less responsive to subsequent TLR stimulation, generating
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protective innate immune tolerance!”>!"7 (Figure 5). Similarly, recent studies have
revealed that Bifidobacterium longum subsp. infantis can stimulate dendritic cells
(DCs) to induce proliferation of regulatory T (Treg) cells, which play a central role
in the regulation of immune responses against self-antigens, allergens, and
commensal microbiota (Figure 5). Activated DCs may also induce helper T (Th) cells
responses and secrete anti-inflammatory cytokines (Figure 5), thus promoting
intestinal mucosal homeostasis'’®!”. Similarly, Treg cells are demonstrated to be
induced in the colon also by Bacteroides firagilis via polysaccharide A (PSA)'®, as
well as by many other gut commensals'®"!82, highlighting the importance of this
pathway for the control of mucosal-microbiota homeostasis via immunological

tolerance.
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Figure 5. Gut microbiota and host immunity. Microbe-associated molecular patterns
(MAMPs), expressed on the bacterial surface, are recognized by pattern recognition
receptors (PRRs), expressed by intestinal epithelial cells (IECs). Signals from the gut
microbiota is transferred by IEC-released factors, such as retinoic acid (RA) and TGF-§ (A),
or throught the direct binding to TLRs (B), eventually promoting the development of mature
DCs that stimulate the differentiation of T cells into Treg and Th17. Th17 cells can produce
IL-17 and IL-22, promoting inflammation at the local site and recruiting neutrophils from
the blood. In contrast, Tregs secret IL-10 and TGF-B, which can inhibit the activity of
multiple immune cells and create an anti-inflammatory cytokine milieu. Luminal antigens
can also be captured directly by DCs through extension of dendrites (membrane extensions)
between epithelial cells (C), or indirectly by endocytosis of specialized antigen-sampling
cells (called M cells) and transcytosis to DCs (D). B cells differentiate into plasma cells (PCs)
secreting IgA that translocate through the epithelium and are released into the mucus layer
where control bacteria adhesion to host tissues.

Abbreviations: PGN, peptidoglycan; LPS, lipopolysaccharides; DCs, dendritic cells; sIgA,
secretory IgA; MAMPs, microbial-associated molecular patterns; TLR, Tall-like receptor; M
cells, microfold cells. Created with BioRender.com.
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However, rather than specific bacterial taxa, most studies point to global changes in
the microbial community (diversity and metabolite shifts) as drivers of immune
development!'®*. In this context, increasing evidence showed that the weaning period
is critically important in the imprinting of the immune system through the so called
“weaning reaction”'®*. Indeed, it has been demonstrated that increased bacterial
richness during the weaning period leads to a vigorous immune reaction
characterized by a transient production of pro-inflammatory tumor necrosis factor
alpha (TNFa) and interferon gamma (IFNy) by lymphocytes (T cells)'®1%3,
Interfering with this process results in an inappropriate imprinting of the immune
system and subsequent increased susceptibility to allergy, colitis, and cancer later in
life. Indeed, microbial colonization after the weaning period cannot compensate for
the lack of microbiota-induced immune stimulus in early life and the weaning
reaction, providing further evidence that the maturation of the immune system in

infants relies on a temporally structured succession of the gut microbiome.

Early-life immune development is also reliant on the actions of a group of bacterial
metabolites known as short-chain fatty acids (SCFAs), which are direct byproducts
of bacterial colonic metabolism.

SCFAs, and in particular butyrate, are essential energy sources for colonocytes!®S,
and have been shown to induce proliferation and differentiation in the gut

187,188

environment of T cells, such as Treg and Th cells , and B cells, such as IgA or

IgG-secreting B cells'®’.
Collectively, compelling evidence suggested that key taxa, microbial community, and
bacterial metabolites represent modulatory triggers of host immune function

maturation by influencing the repertoire, amount, and activation of the cellular

component of the immune system. This contributes not only to the maintenance of
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the immune system-microbiota alliance but also to the systemic regulation of

immune responses.

D. Long-lasting effect on the gut microbiota.

Impact lifestyle and diet on the gut microbiota

As mentioned above, the infant gut microbiota is believed to achieve full maturation
and an adult-like conformation within the third year after birth. However, although
whole shotgun sequencing data show stability over time!”’, the gut-associated
microbial community continues to act as a transducer of environmental signals
lifelong, undergoing compositional and functional shifts in response to varying
circumstances. In this context, dietary and non-dietary lifestyle habits can shape the
gut microbiota in favor of altered composition that increases the risk of adverse health
outcomes (Figure 6).

For example, recurrent intake of a wide range of common non-antibiotic drugs has

been associated with specific microbial signatures'®!

. Among these, proton-pump
inhibitors (PPIs) appear to have large effects on the gut microbiome composition,
with an increased abundance of Streptococcus mutans and Veillonella parvula known

to typically inhabit the oral niche'*?

. While such effect of PPIs use can potentially be
explained by changes in acidity that facilitate the growth of upper intestinal bacteria
in the gut, a direct inhibitory effect of PPIs was observed for Dorea and

Ruminococcus species'?>1%,

Psychological stress is another lifestyle factor that can affect the activity of the colon
through the bidirectional gut-brain axis'®®. Psychological stressors manifest in
various forms, impacting individuals during both early childhood and adulthood,
with outcomes spanning from acute and chronic negative effects on health. Recently,
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acute, and chronic stress has been associated with altered gut microbiota profiles.
Specifically, although alpha- and beta-diversity did not appear significantly
affected!®’ 1% the relative abundance of Lachnospira, Veillonella, and Sutterella
decreased in high stress, while Roseburia and Rhodococcus were increased!®. In
another study, stressful life events were consistently associated with the reduced

abundance of Bacteroides genus in children'®”.
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Figure 6. Factors influencing the human gut microbiome throughout lifespan.

Despite the observed connections between psychological stress and gut microbiota
composition, the underlying mechanisms remain unclear. However, emerging

evidence proposes that dysregulation in tryptophan metabolism and specific
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hormones such as catecholamines and cortisol might contribute to these

associations20%-201

Furthermore, sedentary behavior and a lack of physical exercise are known to affect
the composition, diversity, and function of the gut microbiota regardless of age and
diet?*22%* (Figure 6). Indeed, gut microbial diversity is decreased in a sedentary
lifestyle, leading to an increasing incidence of chronic diseases?”. In contrast,
physical activity promotes the growth of bacteria that modulate mucosal immunity,
enhance barrier functions, and produce bioactive metabolites, such as short-chain
fatty acids (SCFAs), providing protection against gastrointestinal disorders, colon
cancer, obesity, and metabolic diseases?°%2"7.

However, the mechanism by which physical activity induces these changes is not
fully understood. Likely, it involves various interconnected factors and pathways,
including alterations in the bile acids profile with potential antimicrobial effects,
increased production of IgA linked to resistance against certain microorganisms,

elevated production of SCFAs, suppression of Toll-like receptor signaling pathways

leading to reduced serum LPS levels, and reduction of intestinal transit time?%,

Finally, the source, quality, and type of food clearly influences the composition of
the microbiota and host-microbe interactions (Figure 6). For example, animal studies
report that while monounsaturated and polyunsaturated fats can have beneficial
effects on the host microbial ecosystem and anti-inflammatory response, dietary
saturated fats have detrimental effects on the gut microbiota, intestinal permeability,
and inflammatory status’®+!°, This latter is notably evident in Western lifestyle,
which is associated with obesity and related comorbidities, including diabetes type
11, metabolic syndrome, and heart disease?!!, as well as chronic diseases and intestinal

inflammation®!2. Indeed, Westernized diet is characterized by a combination of high
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fat/high sugar diet, which creates a specific inflammatory environment in the gut,
thereby increasing host susceptibility to chronic inflammatory bowel disease?!>?!3,
Moreover, it has been proposed that the low-fiber intake of a Western diet leads to
the depletion of Akkermansia muciniphila and various butyrate-producing bacteria,
resulting in the absence of protective functions against inflammation and barrier
permeability?’>. In contrast, the high intake of fiber and complex carbohydrates
characterizing unindustrialized/rural population, as well as Mediterranean or
vegetarian diet, are related to higher abundance and prevalence of Ruminococcus,
Faecalibacterium, Eubacterium, Akkermania, and Prevotella genera?'*2'"  linked

with vitamins and SCFAs production, reduced risks of gastrointestinal inflammation

status, as well as cardiovascular and metabolic diseases.

The gut microbiota in aging

As described above, the human gut microbiota is established after birth, starting as a
dynamic ecosystem that stabilizes within the first 2-3 years. Subsequently, the
structure of this gut-associated microbial community increases in both diversity and
richness, reaching a homeostatic climax and its highest complexity in adulthood.
Nevertheless, at the later stages of life, the gut microbiota composition becomes

again less diverse and more dynamic®!’-*13

, characterized by a higher abundance of
Proteobacteria and Bacilli, with lower levels of F. prausnitzii?'®?2°. Moreover, the
age-related decrease in immune system functions, known as immunosenescence
19047800, is characterized by a persistent low-grade inflammatory state, termed
inflammageing 18240544, 18400689, which contributes to undermining the

homeostatic equilibrium in the gut, leading to changes in intestinal microbiota

structure and activity.
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Not surprisingly, advancing old age also affects the production of bacterial
metabolites. For example, SCFAs are produced with a lower concentration in elderly,
likely because of variations in the colonic bacterial metabolism that shift from the
predominantly saccharolytic metabolism observed in adults toward a predominantly
putrefactive metabolism 15466557. Consistently, several butyrate-producing
bacteria, including Ruminococcus obeum, R. intestinalis, E. rectale, and E. halii,

were found with low abundance in older individuals.

Interestingly, although 65 years is commonly utilized to classify physiological
senescence according to WHO standards, a more recent study sampling densely
individuals between 65 and 100 reports that the impact of the aging process on the
gut microbiota becomes noticeable around the ages of 75-80 years??!. Such changes
in the composition and functionality of the intestinal microbiota in older adults
coincide with modifications in the physiology and functions of the digestive tract, as
well as clinical conditions and diseases, such as Clostridium difficile colitis, colon
cancer, cardiovascular disease, and systemic inflammation. Discerning whether the
observed alterations in gut microbiota composition in age-associated diseases are
causal factors or mere consequences remains challenging.

However, several studies propose that manipulating the microbiota in the elderly
population is a promising strategy to prevent or reduce aging-associated diseases and
conditions??**7, From these works, it emerges that supplementations with strains of
the Lactobacillus and Bifidobacterium genera can effectively improve digestive and
immune functions, as well as alleviate various aging-related disorders, including
constipation, diarrhea, and bone loss.

Nevertheless, the effect of probiotic supplementation targeting fundamental aging

processes in humans remains inconclusive, and further investigations are still needed
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to gain insight into the mechanisms by which probiotics can potentially impact

healthy aging.
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Chapter 2

Outline of the thesis
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The purpose of this Ph.D. thesis is to provide insights into the dynamic changes
underlying the assembly and maturation of the infant gut microbiota. It is well known
that the first three years after birth represent a crucial moment for the establishment
of the human gut-associated microbial community, being influenced by perinatal
environmental conditions and host factors, including primarily the mode of delivery,
feeding practices, use of antibiotics, gestational age, and the introduction of solid
foods. These early-life circumstances are known to have profound and lasting
implications for an individual's health, affecting short- and long-term susceptibility
to various diseases. Therefore, understanding the mechanisms fundamental to the
establishment of human gut microbiota is crucial for promoting its optimal

development and, ultimately, lifelong well-being.

Chapter 3 investigates the strain-level dynamics of infant gut microbiota members
through infancy, as well as the host-microbe interactions underlying the persistence
of early key microbes throughout the lifespan. In this context, multi-omics
approaches allowed us to highlight a longer-lasting colonization of B. longum and B.
bifidum preferentially in the intestine of women compared to males, likely as microbe

reservoirs for future generations.

Chapter 4 explores the genomic diversity of the B. longum taxon through comparative
genomic and phylogenomic approaches, highlighting a remarkable genetic and
phenotypic diversity within this species. Additionally, this study examines horizontal
gene transfer events, suggesting a role in conferring this species with genetic features

for increased competitiveness in the gut environment of suckling infants.

Chapter 5 describes the variation at the single nucleotide level within protein-
encoding genes shared across human-derived L. crispatus strains. This taxon is
known to inhabit the human vaginal niche, contributing to establishing e healthy

environment. Findings of this work highlighted varying growth performances among
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members of this species, suggesting that the colonization and stable persistence

within the female reproductive tract could be strain-dependent.

Chapter 6 discusses the phylogenetic organization of the Gardnerella vaginalis
taxon, proposing the existence of nine genotypes associated with different virulence
potentials, suggesting the presence of both putative pathogenic and commensal G.
vaginalis strains. These insights, coupled with metagenomic microbial profiling of
human vaginal microbiomes, provided an understanding of genotype distribution
across the population, underscoring the existence of genetically diverse G. vaginalis

communities, which may impact the risk of bacterial vaginosis.

Chapter 7 inspects the gut microbiota composition of infants affected by NEC and
before NEC diagnosis, identifying members of the Clostridium genus and lactate as

possible early biofunctional markers of NEC onset.

Chapter 8 considers common bifidobacterial strains used in probiotic products to
build a genomic database named Integrated Probiotic DataBase (IPDB). The IPDB
was then utilized to perform comparative genomics analyses of genetic features
conferring structural, functional, and chemical characteristics possibly involved in
microbe-host and microbe-microbe interactions. Accordingly, the IPDB represents a
useful tool to rapidly access the genetic potential of widely-used bifidobacteria
probiotic strains, providing precise evidence behind the claimed beneficial effects of

each probiotic.

Chapter 9 details the dynamic changes in the microbial metabolism related to the
production of bioactive small molecules during the maturation stages of the human
gut microbiome. Moreover, metagenomic data from breastfed and formula-fed
infants were also investigated to inspect how feeding types can modulate the

metabolic functionality of the early gut microbiome.
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Chapter 10 aims to explore the long-lasting bidirectional relationship between the gut
microbiome and its host by performing a species-level meta-analysis. This survey
considers host' lifestyles as a factor that profoundly modulates the microbiome
structure and functionality, revealing significant differences between sedentary and

athletic individuals.
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Abstract

Although compositional variation in the gut microbiome during human development
has been extensively investigated, strain-resolved dynamic changes remain to be
fully uncovered. In the current study, shotgun metagenomic sequencing data of
12,415 fecal microbiomes from healthy individuals are employed for strain-level
tracking of gut microbiota members to elucidate the evolving biodiversity across the
human lifespan. This detailed longitudinal meta-analysis reveals host sex-related
persistence of strains belonging to common, maternally-inherited species, such as
Bifidobacterium bifidum and Bifidobacterium longum subsp. longum. Comparative
genome analyses, coupled with experiments including intimate interaction between
microbes and human intestinal cells, show that specific bacterial glycosyl hydrolases
related to host-glycan metabolism may contribute to more efficient colonization in
females compared to males. These findings point to an intriguing ancient sex-specific
host-microbe coevolution driving the selective persistence in women of key

microbial taxa that may be vertically passed on to the next generation.

Here, via analyses of shotgun metagenomic sequencing data of more than 12,000
fecal microbiomes from healthy individuals, the authors reveal the presence of
microbiome genetic traits involved in host mucin metabolism, supporting
colonization and persistence of specific bacterial strains preferentially in the

intestinal environment of women compared to men.

For Supplementary Materials see the article published in Nature Communication
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The intestinal microbial community of an infant gradually assembles through a
patterned developmental process following birth. In particular, the first three years of
life represent a critical window of opportunity during which short-term changes in
the gut microbiota composition occur in conjunction with rapid physical
development of the newborn'?. This initial dynamic process eventually evolves
towards stable microbe-host interactions that are of paramount importance to impart
beneficial effects on host health, such as metabolism of non-digestible dietary
carbohydrates and stimulation of endogenous intestinal mucus production, vitamin
synthesis, development and homeostasis of the immune system, as well as protection
against pathogens’. In particular, it is known that, at species level, the establishment
of a stable gut microbiota occurs through two main diet-guided stages in early
childhood*®, with the first one taking place immediately after birth when exclusive
milk-feeding begins®’. This stage is characterized by a gut microbial community
which, upon being partly (vertically) transmitted from the mother and partly acquired
through contact with the surrounding environment during and after delivery®'°,
represent the first microbial colonizers of the infant gut due to their ability to directly
or indirectly metabolize human milk oligosaccharides (HMOs)!""'2. Another
transition occurs during the weaning period, typically around the age of six months,
when infants are gradually introduced to a solid and more varied diet, which offers
new ecological niche colonization opportunities'*~°.

Whole-metagenome shotgun (WMGS) sequencing represents a powerful tool to
disentangle the composition of complex microbial communities and retrieve
genomes belonging to hard-to-culture microbial species'®'®. Accordingly, several
recent longitudinal studies have investigated the infant gut microbiome composition,
highlighting the sequential age-related changes at species level'>?°. For example,
bifidobacterial species, key microbial taxa of the infant gut microbiota, can persist at

a lower level (2-14% relative abundance) throughout adulthood and can
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subsequently be passed on to the next host generation by mother-to-infant vertical
transmission?!?2. Nevertheless, the impact of the host biological sex on the assembly
and maintenance of the gut microbial community remains poorly investigated.

In the current study, a total of 400 longitudinal fecal metagenomes from 124 healthy
infants (0-3 years) were investigated to inspect the intra-species variations underlying
the assembly of the infant gut microbiome during the first two years following birth.
In this context, we assessed if particular gut microbiota members elicited higher
persistence in female infant (compared to male counterparts), perhaps to maintain
cross-generational transmission. These analyses, coupled with inspection of shotgun
metagenomic data from 12,415 healthy subjects (6545 females and 5870 males) aged
from a few days to 90 years, allowed the identification of two glycosyl hydrolases,
i.e., members of GH101 and GH136, which appear associated with persistence of B.
bifidum and B. longum strains with preferential presence in the female
gastrointestinal tract. Moreover, sex-related (bifido)bacterial resilience was validated
in vivo by retrospective human clinical trial data involving the supplementation of

bifidobacterial strains displaying a persistent vs. non-persistent genotype.
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RESULTS

Strain dynamics of the gut-associated microbiota within the first 24 months of
life

Shotgun metagenomics sequencing approaches were applied to the microbiomes of
11 healthy, vaginally delivered, full-term (>37 weeks of gestation) newborns, which
were longitudinally sampled at 1-, 6-, 12-, and 24-months following birth (Figure S1,
Figure S2, Table S1). Consistent with previous scientific literature focusing on infant
community state types (ICSTs)?*, the species-level taxonomic classification of the
sequenced reads revealed that Bifidobacterium longum and Escherichia coli were the
most prevalent microbial infant gut components at the pre-weaning stage, followed
by Bifidobacterium pseudocatenulatum, Bifidobacterium breve, Collinsella
aerofaciens, and Bifidobacterium bifidum (Table S2). Furthermore, as reported
previously, the relative average abundances of these species decreased in post-
weaning (Kruskal-Wallis test, p-value < 0.01), simultaneously with the progressive
colonization by adult-associated bacterial species, including Eubacterium rectale,
Faecalibacterium prausnitzii, Ruthenibacterium lactatiformans, Akkermansia

muciniphila, and members of the Bacteroides genus, such as Bacteroides uniformis

(Figure S2, Table S2)?*-%4,

With the aim of investigating strain dynamics in the developing infant gut ecosystem,
a total of 63 metagenomically assembled genomes (MAGs), corresponding to the 11
above-listed main gut-associated microbial species (Table S3), were coupled with
conspecific publicly available genome sequences in order to build 11 species-specific
databases of reference strains (Table S4). Following assessment for completeness

(>90 %) and ANI-driven dereplication, these 11 databases were employed to
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investigate strain-specific persistence and stability, i.e., the time span during which
longitudinal samples harbored identical strains (Figure S3)%.

Collected data revealed that strains belonging to species associated with the
introduction of solid diets, such as E. rectale and C. aerofaciens, assemble into
heterogeneous strain communities, appearing vulnerable to intestinal niche changes
that occur during the first two years of infant life (Figure S3). Conversely, specific
B. longum subsp. longum, B. bifidum, B. breve, and B. pseudocatenulatum strains
established stable host-microbe symbiotic relationships lasting beyond the weaning
phase in 91%, 72 %, 54.5 %, and 45.4% of the inspected infants, respectively (Table
S2, Figure S3), thereby representing the most resilient, unvarying, and stable
bacterial communities of the assessed infant gut microbiome (See supplementary text
for details). Specifically, after accounting for sequencing depth, an adjusted average
number of 1.58 B. longum subsp. longum, 1.44 B. bifidum, 0.82 B. breve, and 0.80 B.
pseudocatenulatum strains were found to be shared among multiple time points
within the first birth year (Figure S3), thusn emerging as significantly more persistent
than other principal members of the suckling infant’s gut microbiome (Kruskal—
Wallis with Dunn’s post-hoc test, p-values after the Benjamini-Hochberg correction
< 0.05; Table S5; Figure S4). Moreover, specific B. bifidum and B. longum subsp.
longum strains were detected in the infant gut up to the second year after birth,
coinciding with the last sampling time (Table S5). Consistently, these bifidobacterial
species are known to be genetically adapted to colonizing the infant intestine, due to
particular metabolic activities and cooperative trophic interactions, i.e., cross-feeding
actions, toward complex carbohydrates, such as HMOs and human mucin?®-2%.

The strain-resolved dynamics of the decoded infant gut microbiome were
experimentally validated using strain-specific primers through quantitative real-time

PCR (qRT-PCR) (Table S6), confirming that fluctuating and/or persistent patterns
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occurring during the infant gut microbiome development are strictly dependent on

the microbial species.

To validate the results from our population-wide metagenomic study and to ensure
that the bioinformatic approaches did not bias the observed bacterial persistence
patterns, an independent validation cohort was constructed employing a large,
publicly available infant dataset that includes fecal samples from multiple time points
spanning the first year after birth®® (Table S1). The strain-resolved microbial
community composition of this particular metagenomic dataset was determined
employing the pipeline implemented by Miklin et al.’*® As detailed in Table S7, the
development trajectories of the infant gut microbiome observed within the validation
cohort confirmed what we noted in our study population, highlighting a longer-term
persistence of bifidobacterial strains compared to those belonging to non-
bifidobacterial species, i.e., C. aerofaciens, and E. coli (Chi-Squared post-hoc test,
p-value < 0.05) (Table S7). Moreover, a statistically significant higher persistence of
the early B. bifidum and B. longum colonizing strains was observed in vaginally
delivered infants when compared to those born by C-section (Chi Squared test, p-
values < 0.05) (Table S7). These results expand on our previous findings, suggesting
a potential greater ability of maternally-derived bifidobacterial strains to persist in

the infant gut microbiome during the neonatal period.

Correlation between microbial resilience and host sex

As we mentioned above, the first seeding of (members of) the gut microbiota is
believed to occur during delivery, involving the transfer of microbial lineages from
the mother to the respective newborn >>3!, In this context, we questioned if microbial
strain persistence is more effective in females to sustain the intergenerational

transmission of ecologically well-adapted gut microbiota members. For this purpose,
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the vaginally delivered fraction of the above mentioned longitudinal metagenome
infant dataset (72 females and 73 males, for a total of 145 vaginally delivered infants)
were integrated with 357 additional, publicly available shotgun samples from
longitudinal studies of the infant gut microbiome (54 females and 59 males),
encompassing pre-weaning (0-6 months) and post-weaning (over six months) time-
points (Figure S1, Table S1)!!*2. All infants were healthy, delivered vaginally at term,
and were not subjected to antibiotic treatment (Table S1). Hence, considering the
above-described high persistence of bifidobacterial strains throughout the transition
phase of weaning, we evaluated the sex-specific stability of strain communities
belonging to B. bifidum, B. longum subsp. longum, B. breve, and B.
pseudocatenulatum between pre- and post-weaning stages by using the StrainGE tool
(see Methods).

Specifically, for each infant, the bifidobacterial strain dominating the gut microbiome
at 0-6 months of age was compared with those preeminent after the introduction of
complementary solid foods (around 12 months). At species level, B. bifidum was
detected from lactation to the post-weaning phase in 31 % of the 258 inspected
infants, including 36 females and 44 males (Figure 1a, Table S9). While no sex-
related difference in species-level stability was observed across weaning (Fisher test,
p-value=0.349), the dominant B. bifidum reference strains detected at 0-6 months
persisted after the weaning phase in 24 out of 36 female infants (67 %) and in 15 of
the 44 males (34 %) (Figure 1a, Table S9), suggesting greater strain-level stability in

the large intestine of female infants (Fisher test, p-value=0.007).
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Figure 1. Gender-specific persistence of B. bifidum, B. longum subsp. longum, B. breve,
and B. pseudocatenulatum species and the 14 genes shared between the female-
associated persistent bifidobacterial species. In panel (a), the bar chart on the top displays
the species-level persistence from pre- (1-6 months) to post-weaning stages (12—24 months)
of B. bifidum, B. longum subsp. longum, B. breve, and B. pseudocatenulatum in the infant
population. Below, bar plots represent the 12—24-months gender-specific stability of the
bifidobacterial strains, expressed as the percentage of (infant) females and males showing

54



after-weaning persistence of the same bifidobacterial strains identified at 0—6 months.
Statistically significant gender-related differences were highlighted with an asterisk on the
top of the columns (Fisher test, p-value = 0.006 and p-value =0.005). Panel (b) refers to the
inspection of the whole B. longum subsp. longum strain communities in female and male
infants. Each pair of bar plots shows the number of strains identified in the pre-weaning (left)
and post-weaning phase (right). Different colors highlight the number of B. longum subsp.
longum strains found only in pre-weaning age (light blue), only in the post-weaning phase
(light green), and shared between pre- and post-weaning time-point (pink). Panel (¢) depicts
the statistically significant difference in an estimated relative abundance (obtained by
normalizing the genome coverage on the corresponding genome length) of persistent (n = 83,
light blue) and non-persistent (n= 171, orange) B. longum subsp. longum strains in the infant
post-weaning time points (Mann—Whitney test, p-value =0.001). The boxes are determined
by the 25th and 75th percentiles. The whiskers are determined by 1.5 interquartile range
(IQR). The line in the boxes represents the median, while the cross marker (X) represents the
average. In panel (d), the Venn diagram on the left highlights the 14 genes shared by B.
longum subsp. longum and B. bifidum, while bar charts on the right-side report the prevalence
of each PDC in publicly available complete genomes B. longum and B. bifidum.

Similarly, 49.6 % of all assessed infants (67 females and 61 males) exhibited cross-
weaning persistence of the B. longum subsp. longum species, whose dominant
reference strains identified at 0-6 months were also found at 12-24 months in 45 %
of the females, being significantly higher than what was observed for male infants
(21 %) (Fisher test, p-value = 0.005) (Figure 1a, Table S9). Specifically, it appears
that males undergo higher fluctuations in (bifido)bacterial strain composition
compared to female infants, whose early-engrafted dominant B. bifidum and B.
longum subsp. longum strain was maintained through the weaning phase with a
higher frequency.

In contrast, B. breve and B. pseudocatenulatum species were detectable across time-
points (pre- and post-weaning) only in 14.3 % and 9.6 % of infants, respectively
(Figure la), showing no significant sex-associated difference in strain persistence
(Fisher test p-value > 0.05) (Figure la, Table S9). As B. longum subsp. longum
exhibited higher sex-biased stability/persistence in the infant gut, we extended the

above-described analysis of dominant strains by exploring the whole B. longum
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subsp. longum strain composition throughout the weaning phase by using different
bioinformatic approaches. For this purpose, we obtained 377 non-redundant B.
longum subsp. longum genomes by assembling metagenome-derived data from the
infant longitudinal datasets (258 infants, 126 females and 132 males). This genome
collection was integrated with publicly available B. longum subsp. longum
chromosomal sequences and, following completeness assessments and dereplication,
was employed as a genome database for the inStrain tool**. Considering the infants
detected by inStrain with cross-weaning persistence of B. longum subsp. longum at
the species level (71 females and 65 males), we observed that at least one strain found
in the pre-weaning age was maintained in the post-weaning phase in 52 females (76
%) and 31 males (47 %) (Fisher test, p-value = 0.003) (Figure 1b), thus corroborating
the findings reported above.

Moreover, after a persistence event (n=83), the early-engrafted B. longum strains
reached an average relative abundance of 71 % + 21 % in the overall post-weaning
B. longum subsp. longum strain communities (Figure 1¢). These figures, although
similar between infant males and females, were significantly higher than those
calculated for the B. longum subsp. longum strains not involved in persistence
episodes (n=171, average relative abundance of 29 % =+ 29 %, Mann-Whitney test,
p-value = 0.001) (Figure 1c). These findings imply that when a persistence event
occurs, it involves strains ecologically favored to colonize the infant gastrointestinal
tract at higher relative abundance, thus dominating the conspecific strain population.
Notably, analysis of the overall B. longum subsp. longum strain population showed
that persistence of specific strains seems to occur at a statistically significant higher
rate in female infants compared to male infants, also highlighting a superior
colonization capability of the persistent B. longum subsp. longum members compared

to the coexisting non-persistent strains.

56



Based on current scientific data, one may argue that following initial inoculation by
the maternal fecal bacteria, diet ingredients such as host-derived glycans play a role
in selecting persistent (bifido)bacterial strains, such as B. bifidum and B. longum
subsp. longum members, based on their ability to metabolize these amino sugars>*>>.
Such bifidobacterial strains first forage on lactose, HMOs, and perhaps other milk-
associated glycans or glycoproteins, subsequently taking advantage of intestinal

mucin glycans both as binding sites and as a carbon source in a strain-specific

manner, leading to their long-lasting persistence >°.

Identifying genes associated with sex-specific microbial persistence

As B. bifidum and B. longum subsp. longum strains exhibited sex-specific resilience
across infant weaning, we performed a comparative genomic analysis to explore the
potential genetic features distinguishing these bifidobacterial species from B. breve
and B. pseudocatenulatum, which displayed no or poor persistent behavior or sex-
related differences (Figure S1). To gain an accurate overview, the analysis
encompassed all complete and well-annotated genome assemblies available from
public repositories for a total of 119 genomes belonging to these bifidobacterial taxa.
From these surveys, a total of 14 protein families were identified within the
core/accessory gene repertoire unique to B. bifidum and B. longum subsp. longum,
while they were absent in B. breve and B. pseudocatenulatum chromosomes (See
supplementary text for details) (Figure 1b, Table S10). Among these, we found two
GH-encoding genes that were selected for further exploration considering the known
importance of host glycans in modulating host-microbe interactions, i.e., the
predicted extracellular membrane-anchored mucin-degrading glycosyl hydrolase
family 101 (GH101)**, and the glycosyl hydrolase family 136 (GH136) which is
predicted to act as an extracellular lacto-N-biosidase®® (Figure S5). Specifically,

genes encoding GH101 and GH136 enzymes were found in all screened B. bifidum
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genomes, while 89% and only 38% of the chromosomes belonging to B. longum
subsp. longum showed the presence of genes specifying GH101 and GH136,
respectively (Figure 1b; Figure S6; Table S10). The involvement of GH101 and
GH136 activities in host glycan metabolism was verified through a transcriptomic
survey on B. bifidum PRL2010 cultivated under in vitro conditions, showing the up-
regulation of these GHs when mucin was used as the sole carbon source rather than
glucose (MRS-based medium) (Table S11) (See supplementary text for details).
These findings suggest that the GH101 and GH136 enzymes, acting on mucin glycan
core structures, are involved in the observed long-term colonization in the host gut
of B. bifidum and B. longum subsp. longum strains by providing an endogenous

source of nutrients in the absence of dietary glycans.

Sex-specific gut persistence of B. longum and B. bifidum strains from birth to
later stages of host life

To validate the hypothesis that B. bifidum and B. longum subsp. longum strains can
achieve higher colonization in the human (female) gut across human lifespan, a total
of 12,415 cross-sectional metagenomic fecal samples (of which 6,545 or 54 % were
of female origin and 5,870 or 46 % were derived from males) from roughly 3,000
infants (0-4 years old, 1,456 female and 1,541 males), 918 children (5-18 years old,
434 females and 484 males), 6,147 adults (19-55 years old, 3,379 females and 2,768
males), and 2,353 elderly (56-90 years old, 1,276 females and 1,077 males) were
subjected to strain-level analyses employing the same approach and involving the
above described B. longum subsp. longum and B. bifidum reference genome
databases in order to analyze the longitudinal infant data (Figure S1). As expected,
suckling infants showed the highest prevalence of B. longum subsp. longum and B.
bifidum species, exceeding 70 % and 40 %, respectively (Figure 2a, Table S10).

Interestingly, when we explored adult populations, we observed that sex markedly
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impacted the prevalence of these bifidobacterial taxa (PERMANOVA R? = 0.0627
and 0.0558; F =494.18 and 420.03, both p-values = 0.0099; Table S12). Specifically,
41 % and 28 % of the adult female subjects harbored members of B. longum subsp.
longum and B. bifidum species, respectively, which, conversely, colonized only 26 %
and 11 % of the age-matched male individuals (Fisher test, p-values <0.001) (Figure
2a, Table S10). In contrast, elderly subjects showed the lowest prevalence of
bifidobacterial species, ranging from an average of 26 % for B. longum subsp.
longum to an average of 9 % for B. bifidum species, with similar values between
female and male individuals (Figure 2a, Table S10). Possible confounding factors
such as dairy food consumption and lactase persistence were accounted for the
differences in B. longum subsp. longum and B. bifidum prevalence between adult
females and males. Notably, since this type of information was not available in public
datasets, we used geographic regions as proxy variables (south/north Europe for
lactase persistence and Europe/China for dairy food consumption), evidencing no
significant association between geographic region and sex-dependent prevalence of
the target (bifido)bacterial species (Fisher test p-values > 0.05) (Supplementary Table
S13).
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Figure 2. Persistence of B. bifidum and B. longum subsp. longum across human life
stages. In panel (a), the vertical bar graph depicts the persistence of B. bifidum and B. longum
subsp. longum across the human life span. On the top, bar plots show the differences in the
persistence of these bifidobacterial species between female and male individuals aged 5-55
years. In panel (b), horizontal bar charts represent the prevalence of the 14 genes shared by
B. bifidum and B. longum subsp. longum across populations. Statistically significant gender-
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based differences in the occurrence of GH136 are highlighted with a red frame, and the
respective prevalence (percentage) are reported alongside (Fisher test, p-value <0.05).

These findings support the intriguing notion that B. bifidum and B. longum subsp.
longum can stably colonize the human gut from infancy to adulthood with an
apparent preference in women during their reproductive age, possibly as potential
reservoirs for microbial transmission to new generations.

The genomes of B. bifidum and B. longum subsp. longum with completeness equal
to or greater than 90 % detected within the infant, child, adult, and elderly gut
microbiomes were subjected to a genome-wide screening to assess the occurrence of
genes encoding predicted GH101 and GH136 enzymes and thus to deduct their
prevalence across populations (Figure 2b, Table S10). According to the survey
results, the GH101 of B. bifidum and B. longum subsp. longum were detected between
88 % and 100 % of the 12,415 fecal metagenomic datasets, which, being greater than
expected from public genome screening, supports their potential key role in
colonization and survival of the human gastrointestinal tract across the entire host
lifespan (Table S10).

Instead, the GH136 was found in an average of 45 % of metagenomic samples, with
the highest frequency found in adult women (63 %), which is 50 % higher than that
observed in age-matched males (42 %) (Fisher test, p-value < 0.05) (Table S10).
However, such sex-specific differences were not evident in early infancy and older
adulthood. Intriguingly, the higher colonization performances observed in females
compared with males seem to disappear in individuals older than 50 years, which is
concordant with menopause age (Table S10). Recently, sex hormones have been
regarded as potent drivers of sexual dimorphism at the gut microbiome level, being
associated with compositional differences between sexes and profound changes in

the gut microbial community of pregnant women®’ . It has been proposed that,
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besides its role in the modulation of the immune system and bile acid secretion, which
may then regulate the gut microbiota, steroid sex hormones can be metabolized by
specific gut-associated bacterial enzymes, thus directly impacting microbial
metabolism and growth®”*!42 Although little is yet known about the impact of sex
on the human gut microbiota and even less about the underlying mechanisms, it has
been reported that a higher level of sialylation characterizes the intestinal mucus of
the female gut compared to that of the male population®. Furthermore, it has also
been argued that the female sex hormone estradiol may up-regulate the expression

and glycosylation of human mucins**#

, possibly shaping the female gut microbiota
in favor of mucin-utilizing (bifido)bacteria. Interestingly, the estradiol level is higher
in females than males, even in the prepubertal phase*’. Indeed, the hypothalamic-
pituitary-gonadal axis, which is involved in the development and regulation of the
reproductive system, undergoes transient activation during the first six months of life
in males and the first two years in females***. This event, called minipuberty, or
“endocrine puberty", induces testosterone production in males and estradiol in
females>® 2,

In addition to these hormone-driven effects, it should be noted that complex
mechanisms of DNA methylation patterns in colon tissue-specific genes (excluding
loci located in the X and Y chromosomes) may contribute to the establishment of
sex- and age-related differences in the intestinal environments>*-*. Consistently,
variability in methylation signatures was observed in subjects of various ages,
including both newborns and adults, when comparing females to males®>>>.
Altogether, these findings suggest that, compared to males, the female-specific
intestinal surroundings, including glycan structures, may be structurally more
predisposed to creating a suitable environment for certain early colonizing microbial

species, such as B. bifidum and B. longum. In particular, when the gene encoding the

GH136 enzyme is present, it could play a part in enhancing (bifido)bacterial
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persistence in women of reproductive age, possibly due to a sex-specific mucus

structure.

The role of GH136 in bacterial vertical transmission from mother to newborn.
B. bifidum and B. longum represent two of the main species that can be maternally
inherited by means of vertical transmission>®. In particular, colonization of the infant
gut from maternal gut-associated strictly anaerobic species, such as Bifidobacterium,
is believed to occur through direct contact with maternal gut microbiota during birth
and/or involve an entero-mammary pathway, which may transfer ecologically well-
adapted bacteria via breastmilk to infants>’ . Starting from this scientific evidence
and exploiting the non-ubiquitous presence of GH136-encoding genes in B. longum
strains, we decided to estimate the involvement of GH136 in mother-to-infant
vertical transmission events through inspection of publicly available metagenomic
fecal samples from 132 full-term vaginally delivered healthy newborns and their
corresponding mothers®’%? (Figure S1). Notably, fecal samples collected from
mothers at childbirth and newborns at one month were subjected to B. bifidum and
B. longum subsp. longum strain tracking analyses, and the reads were then mapped
to the GH136 gene sequence.

Our results indicated that specific strains of B. longum subsp. longum and B. bifidum
were present in the samples from mother-infant dyads in 36.4 % and 29.5 % of the
screened cases, respectively, suggesting perinatal vertical transmission events.
Interestingly, 72.9 % of the B. longum subsp. longum strains detected as vertically
transmitted from mothers to newborns harbour the GH136-encoding gene, while just
28.6 % of the B. longum subsp. longum strains that did not appear to be involved in
vertical transmission events were shown to possess the GH136 gene (Fischer Test p-
value < 0.001, Table S14). Accordingly, sex-related genetic and epigenetic host

factors seem to be associated with specific microbial genomic features to ensure
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persistence and, therefore, establishment of selected consortia of bifidobacterial

strains that may be maternally transmitted through delivery to the offspring.

Retrospective clinical studies support the GH136-driven, long-term gut
persistence of B. longum subsp. longum in women. In order to assess the role of
the accessory GH136 in the colonization and persistence of B. longum subsp. longum
in the human gut, we analyzed data from published retrospective clinical studies in
which healthy human participants received daily oral doses of viable cells of two
genetically different B. longum subsp. longum strains®>** (Figure S1). Specifically, a
total of 21 healthy individuals (52% females) received a treatment consisting of a
daily dose of 10'° viable cells of B. longum subsp. longum AH1206, a strain that
harbours genes encoding the GH136 and GH101 enzymes (Table S10). A second
group of 10 individuals (40 % females) consumed the same daily dosage (10! viable
cells) of a B. longum subsp. longum strain named AGI, possessing GH101 but
lacking the GH136 gene (Table S15).

Shotgun metagenomic data of stool samples collected before the intervention
(baseline), after 21-28 days of oral bacterial administration (treatment), and after the
follow-up period (persistence) were exploited to evaluate the persistence of B.

longum subsp. longum AH1206 and AG1 strains (Figure 3a).
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Figure 3. Analysis of data from human retrospective clinical studies based on the
supplementation of B. longum subsp. longum AH1206 and AG1 strains. Panel (a) shows
the experimental outline of the human retrospective trials considered in this study. Panel (b)
reports the average relative abundance of mapped reads of B. longum subsp. longum AG1206
and AG1 in the metagenomic samples during the bacterial supplementation and follow-up.
In panel (¢), the significant difference in the average abundance of AH1206 and AG1 mapped
reads between follow-up (persistence) and the corresponding baseline is indicated by an
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asterisk in the Box and Whisker plot (**p-value <0.01; Wilcoxon signed-rank test, p-
value = 0.009). The boxes are determined by the 25th and 75th percentiles. The whiskers are
determined by 1.5 interquartile range (IQR). The line in the boxes represents the median,
while the cross marker (X) represents the average. In panel (d), the trend of AG1206 and
AG1 mapped reads (relative abundance) across the corresponding interventional studies
(n=22 and n= 10, respectively) is shown for each sample. Differences in the persistence of
AHI1206 strains between female and male populations (n=21, 11 females and 10 males) are
detailed in the bar plots depicting the average relative abundance of AH1206 mapped reads
detected at baseline (n=21, 11 females and 10 males) and after the termination of treatment
(n=21, 11 females and 10 males) (**p-value<0.01; Wilcoxon signed-rank test, p-
value =0.039).

Fecal metagenomic reads from each subject were mapped against the administered
bifidobacterial strain genome sequences (AH1206 or AG1), considering only > 99%
homology matches. The results showed that both AH1206 and AGI strains were
detectable at the end of the 28-day treatment period and then decreased after the
termination of microbial supplementation in a strain-specific manner (Figure 3b,
Table S15). Remarkably, the relative abundance of AH1206 mapped reads remained
significantly higher compared with the pre-treatment baseline even 200 days after
completion of treatment (Wilcoxon test, p-value < 0.01) (Figure 3b, Table S15). In
contrast, the relative average abundance of AG1 mapped reads was not significantly
higher when compared to the situation before the microbial intervention as early as
28 days after interruption of consumption (Wilcoxon test, p-value > 0.05), indicating
that the level of AG1 one month after treatment was reverted to that observed in the
pre-treated microbiomes. Intriguingly, when assessing the degree of long-term
AH1206 colonization among female and male volunteers, we identified gender-
related differences in the level of strain persistence. Indeed, at the persistence test
time-point (around 200 days of follow-up), the average relative abundance of
AH1206-related mapped reads from females was found to be significantly higher
compared with their own baseline (Wilcoxon test, p-value < 0.01), while male

participants did not exhibit such long-term persistence of AH1206 (paired t-test of
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average mapped reads at 200 days vs. baseline, p-value > 0.05) (Figure 3c, Table
S15).
Overall, these findings possibly indicate that GH136 positively impact the (female

host-associated) persistence of B. longum subsp. longum strains.

Evaluation of the molecular interaction of persistent and non-persistent B.
longum strains with human intestinal cells through transcriptomics analyses
To assess the role of the non-ubiquitously present B. longum-encoded GH136 in host-
microbe cross-talk and to investigate molecular interactions between persistent and
non-persistent B. longum subsp. longum strains and the host cells, we applied an in
vitro approach involving human cell lines placed in contact with bacterial cells
(Figure S1). Specifically, we cultivated Caco2/HT29-MTX cell monolayers in direct
physical contact with B. longum subsp. longum PRL2022 or 1898B strains, which
had been selected based on the presence or absence of the gene encoding the
accessory GH136, respectively. Subsequently, the transcriptomes from both bacterial
and human cell lines were investigated through RNA-Seq experiments aimed at
evaluating the differentially expressed genes (DEGs) between each treatment
(PRL2022- and 1898B-Caco2/HT29-MTX contact) and the respective control
conditions (absence of contact), considering statistically significant a fold-change >
2 at a p-value < 0.05 after correction for multiple comparisons using the False
Discovery Rate (FDR) procedure (Figure S7, Figure S8, Table S16, Table S17).
Following host cell contact, a total of 334 and 492 bacterial genes from PRL2022
and 1898B strains, respectively, were classified as DEGs when compared to control
samples (Table S16). Among the statistically significant up-regulated transcriptomes
(~50 % of total DEGs) (Figure 4a, Figure S6), we found transcripts corresponding to
genes encoding priming and processing glycosyltransferases involved in

exopolysaccharide (EPS) production, several carbohydrate and amino acid
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modifying enzymes, and various protein kinases (Table S16). Focusing on
(bifido)bacterial host-glycan and carbohydrate metabolism genes, it was found that
both PRL2022- and 1898B-related transcriptomes showed significantly higher
expression of the GH101-corresponding gene (JL750 RS06690, BLSL. _RS08555)
when compared to control samples, in addition to genes predicted to encompass a
number of 16-19 ABC transporters involved in carbohydrate uptake, including that
identified above among the 14 genes shared between B. longum and B. bifidum
(Figure 4a, b, d, e; Figure S7). Moreover, the GH136 gene (JL750 RS09800), present
only in B. longum subsp. longum PRL2022, was shown to be up-regulated (Figure
4b, Table S16).
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Figure 4. Focus on differentially expressed bacterial mucin-degrading genes and host
mucin-producing. In panel (a), the chart graph highlights the number of different gene
functional categories among the up-regulated genes of B. longum subsp. longum PRL2022
when grown in contact with Caco2/HT29-MTX host cells. In panel (b), the horizontal bar
plot shows the differentially expressed GH101 and GH136 mucin-degrading genes between
B. longum subsp. longum PRL2022 grown in contact with Caco2/HT29-MTX human cells
and control. In panel (c), the horizontal bar plot reports the mucin-producing genes found
up-regulated in the eukaryotic host transcriptome from B. longum PRL2022-exposed
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Caco2/HT29-MTX vs. control. Panel (d) depicts the number of different gene functional
categories among the upregulated genes of B. longum subsp. longum 1898B when grown in
contact with Caco2/HT29-MTX host cells. Panel (e) shows the differentially expressed
GH101 mucin-degrading genes between B. longum subsp. longum 1898B grown in contact
with Caco2/HT29-MTX human cells and control. In panel (f), the horizontal bar plot
reports the mucin-producing genes found up-regulated in the eukaryotic host transcriptome
from B. longum 1898B-exposed Caco2/HT29-MTX vs. control. Error bars represent
standard deviations from three independent replicates. After normalization of row counts,
genewise exact tests were computed to assess the differential expression of each gene.
Adjustment of p-values for multiple hypotheses was performed through the false discovery
rate (FDR) procedure.

As aresult, intestinal bacterial colonization appears to be a multifactorial process that
involves various carbohydrate modifying enzymes and microbial surface
components. These appear to corroborate the involvement of the (bifido)bacterial
mucin-degrading enzymes GH101 and GHI136 in host-microbe interplay and
mucosal surface colonization. However, as mammalian hormones may affect

6567 we evaluated whether the endocrine milieu contained

bacterial gene expression
in the fetal bovine serum (FBS, used in combination with DMEM for human cell
culture, see Materials and Methods section) could impact the expression of the
GH136 gene. Specifically, we differentially grew PRL2022 on the culture medium
DMEM with and without FBS, obtaining no significant changes in RT-qPCR-based
GH136 gene expression results (t-test p-value > 0.05).

Furthermore, the transcriptome of human cell lines placed in contact with B. longum
subsp. longum was assessed and compared with that achieved in the absence of
bacterial cells. Notably, a total of 1253 (874 up-regulated) and 1404 (892 up-
regulated) host cell-related genes were identified as DEGs in the PRL2022-exposed
and 1898B-exposed groups, respectively (Figure S8, Table S17). Among the B.
longum-induced up-regulated host transcripts, we found genes encoding pattern

)68,69

recognition receptors, which react to bacteria (e.g., Toll-like receptors , and cell
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signaling molecules that aid cell communication in immune responses (e.g.,
cytokines)’® (Table S17).

Focusing on the expression of human mucin genes, transcriptome analysis of
Caco2/HT29-MTX cells upon exposure to B. longum subsp. longum PRL2022
(which harbours a GH136-encoding gene) revealed up-regulation of genes encoding
mucin5B (mucus/gel-forming), mucin3A, and mucinl7 (cell surface-associated)’’,
as well as glucosaminyl (N-acetyl) transferase 3, which catalyzes the formation of
core 2 and core 4 O-glycans on mucin-type glycoproteins’>"* (Figure 4c, Table S17).
Remarkably, only mucin3A and mucin5B were expressed at significantly higher
levels in the non-persistent B. longum subsp. longum 1898B-exposed host-derived
transcriptome compared with control samples (Figure 4f, Table S17).

Overall, these findings suggest that B. longum subsp. longum strains significantly
influence the transcriptome of human intestinal cells, modulating the expression of
genes involved in the synthesis of mucus layer components. Remarkably, B. longum
subsp. longum PRL2022 (encoding the GH136 enzyme) appeared able to stimulate
the expression of host mucin and mucin-related genes to a greater extent (100 %
increase in the number of up-regulated host mucin-related genes) than the conspecific
1898B strain lacking the GH136 gene, implying a possible competitive advantage

and enhanced persistence in the gut of (female) human hosts.

Conclusions

Several studies have demonstrated that vertical transmission from mother to infants
is a pivotal route for early establishment of (certain) members of the gut microbiota,
which can persist across subsequent stages of human life, although with a reduced
abundance®?®. In this context, it is particularly important for the human female host
to sustain the persistence of those early colonizers that may later be maternally

transmitted to new generations.
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In the current study, through multi-omics approaches, we revealed that B. bifidum
and specific strains of B. longum subsp. longum can establish a long-lasting
colonization behavior preferentially in the intestinal environment of females
compared with male individuals. Notably, these taxa are renowned for their highest
level of vertical transmission among bifidobacterial species®’*. Interestingly,
screening for the genetic determinants possibly involved in (female) human gut
persistence led to the identification of two mucin-degrading GH families, GH101 and
GH136, present in all B. bifidum and particular B. longum subsp. longum strains.

Specifically, the non-ubiquitous distribution of the GH136 gene within B. longum
subsp. longum taxon highlights the involvement of this gene in mother-to-infant
vertical transmission and led to its identification as a strain-specific genetic key
determinant for stable female gut colonization. Recent studies have considered the
importance of sex hormones in sex-dependent trajectories of the gut microbiome,
besides the well-known environmental factors, age, dietary habits, geographical
origin, and antibiotics®’*%*2. Consistently, a higher level of sialylation, likely driven
by sex-related hormones and potentially complex epigenetic mechanisms, was
previously noted in the intestinal mucus of the female gut compared with that of the

male population**~46

, suggesting that a sex-specific intestinal environment could be
in a prime location to actively select persistent mucin-degrading (bifido)bacterial
colonizers.

Overall, our findings propose an intriguing and novel strict cooperation between host
physiology and microbial genetics as a result of ancient (bifido)bacteria-human

coevolution aimed at ensuring the maternal persistence of those microbial species

that may at some point be vertically transferred to the next generation.
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MATERIALS AND METHODS

Study population

The study included 11 vaginally delivered infants born after an uncomplicated
pregnancy and recruited at the Central University Hospital of Asturias (Northern
Spain). The study was approved by the Regional Ethical Committee of Asturias
Public Health Service (Ref.N° 51/18) and the Ethical Committee of CSIC (Ref
136/2018). Informed written consent was obtained from each infant's parent. Fecal
samples were collected at scheduled appointments from one month to two years after
birth (Table S1). After sequencing (see below), the number of persistent strains
detected in each post-weaning sample (corresponding to 12 or 24 months after birth)
was normalized to account for differences in sequencing depth. Specifically, a
normalizing factor was calculated for each sample as the ratio between the mean
sequenced reads across the whole dataset and the number of sequenced reads in the
sample. The obtained normalizing factor was then applied to the number of persistent
strains identified in the metagenomic sample, thus obtaining an adjusted number of
persistence strains.

To corroborate the findings observed in the study cohort, a validation cohort was
constructed employing a large and deep-sequenced publicly available longitudinal
infant dataset?® (PRJEB32631) (Table S1). Specifically, infant fecal samples
collected in the first 21 days after birth (pre-weaning phase) and after six months
postnatally were selected as suitable for validating the (bifido)bacterial persistence
pattern (Table S1). This validation dataset was parsed by combining the recent
mGEMS and mSWEEP methods®®’>77, which assign short metagenomic reads to
genomic bins corresponding to individual genomes of predefined species and
estimate the relative abundances of reference bacterial strains, respectively. The k-

mer-based pseudo-alignments against pre-build reference sequence databases were
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obtained through the Themisto software (version 3.1.2). Notably, this procedure was
also employed to recover a set of reference genomes belonging to the target species
characterizing the pre-weaning infant gut microbiome. In detail, a total of 371 MAGs
belonging to B. bifidum, B. longum subsp. longum, B. breve, B. pseudocatenulatum,
and E. coli were successfully reconstructed with an average completeness degree of
86.7 % + 10 % (based on checkM method) and were employed as reference genomes
to confirm the within-host strain variation patterns observed throughout the weaning

phase in the infant study population.

Publicly available datasets

To extensively investigate the host sex-related bacterial persistence pattern, the newly
sequenced longitudinal dataset was supplemented by 357 publicly available shotgun
metagenomic samples from two studies that sampled 113 infants longitudinally''2.
In particular, we selected datasets corresponding to the analysis of the healthy infant
gut microbiome at pre- (< 6 months old) and post-weaning (> 6-12 months old)
development stages. Additionally, to create a comprehensive population-based cohort
covering different age groups, cross-sectional fecal metagenomic samples of 12,415
healthy individuals aged from a few days after birth to 90 years were retrieved from
146 different publicly accessible studies. Specifically, only healthy (control)
individuals and a single sample per each individual were retained from every study.
A complete list of samples and metadata is available in the supplementary material
(Table S1). Notably, while this collected population dataset does not include subjects
for whom any parental relationships emerged from corresponding metadata, shotgun
data from mother-infant dyads were considered separately. Batch effects caused by
different sequencing technologies were controlled by selecting only raw data

produced through Illumina DNA sequencing platforms. Moreover, to overcome the

potential confounding effects of library size, we randomly selected 5,000,000 reads
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from each sample, such that all samples have the same library size, while samples
with fewer reads than 5,000,000 were discarded. Before applying this procedure, we
used 250 deep-sequenced metagenomic samples (PRJEB32631) to compare the
results obtainable by strain-level profiling using all the available reads (average of
8,826,752 + 1,931,731 after Homo sapiens filtering) and a random subsample of
5,000,000 reads to ensure that no valid information on the microbial community
structure was lost. The Mann—Whitney U test calculated on the strain profiles of four
target species revealed comparable ability in detecting within-species variation in the
metagenomic reads (Table S8).

Confounding variables related to population structure, such as ethnicity/geographical
origin and age, were tested through the permutation analysis of variance
(PERMANOVA). Specifically, we stratified by age groups and assessed the statistical
significance (p-value), the proportion of explained variance (R?), and the effect size
(F value) for each categorical variable. In addition, confounding effects of possible
dairy food consumption and lactase persistence were tested by assuming
geographical region as a proxy parameter. Specifically, subsets of metagenomic
samples from Southern Europe (n=417, 217 males and 200 females) and Northern
Europe (n=413, 186 males and 227 females) were selected to test the association
between sex-dependent prevalence of B. longum subsp. longum and B. bifidum and
lactase persistence, while fecal samples of subjects from China (n=831, 413 males
and 418 females) were compared with those from Europe (n=830, 403 males and 427

females) to account for dairy consumption.

Bacterial DNA extraction
Stool samples were stored on ice immediately after collection and shipped to the
laboratory under frozen conditions, where they were preserved at —20°C until

processing. DNA extraction was performed using the QIAmp DNA Stool mini-kit
75



according to the manufacturer’s instructions (Qiagen, Germany). DNA quantification

was achieved employing the Qubit fluorometer (Thermo Fisher Scientific).

Whole-genome sequencing and taxonomic classification

Shotgun metagenomic sequencing was performed by GenProbio srl
(www.genprobio.com). DNA library preparation was performed using the Nextera
XT DNA sample preparation kit (Illumina, San Diego, CA) according to the
manufacturer's instructions. One ng input DNA from each sample was used for
library preparation. The isolated DNA underwent fragmentation, adapter ligation,
and purification. The ready-to-go libraries were pooled equimolarly, denatured, and
diluted to a sequencing concentration of 2 pM. Sequencing was performed on a
NextSeq 500 instrument (Il1lumina, San Diego, CA), according to the manufacturer's
instructions, using the 2x150 bp High Output sequencing kit and spike-in of 1 %
PhiX control library. Whole-metagenome shotgun (WMGS) sequencing of the
abovementioned 43 infant gut microbiomes produced an average of 7,940,484 +
2,078,529.565 paired-end 150 bp reads per sample. Following quality filtering
(minimum mean quality score, 20; window size, 5 bp; and minimum length, 80 bp)
and removal of reads that map on the Homo sapiens genome, an average of 6,355,063
+ 1,425,089 microbial reads per sample were retained (Table S1).

Taxonomic profiling of sequenced reads, including those retrieved from publicly
available shotgun datasets, was achieved with the METAnnotatorX2 bioinformatics
platform’®, using the up-to-date RefSeq (genome) sequence database retrieved from
the National Center for Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov/refseq/). Species-level taxonomic classification of
each read was achieved through Megablast’ (with option -e-value le-5, -
qcov_hsp perc 50) using > 94% alignment identity. Reads that showed the same

sequence identity against more than one bacterial species were discarded. Similarities
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between samples (beta-diversity) were computed by Bray-Curtis dissimilarity based
on species abundance. PCoA representation of beta-diversity was performed using

ORIGIN 2021 (https://www.originlab.com/2021).

Bacterial genome assembly

For each unique host infant, representative genomes of 11 main gut-associated
microbial species (Table S3) were reconstructed as previously reported'”’8, leading
to de novo metagenomics assembly and taxonomic classification of 67 bacterial
genomes with a minimum average read coverage of 12X and a total genome size
compatible with what was reported in literature. In detail, raw data of shotgun
metagenomic sequencing (fastq files) that passed quality filtering and human genome
mapping were used as input for SPAdes assembler v3.12%°, using default parameters
enabling the metagenomic flag option (-meta). SPAdes parameters were combined
with minimum k-mer sizes of 21, 33, and 55 to a maximum of 77, 99, and 127 based
on the paired-end read length, as previously described®!. Following assembly, ORFs

182

of each assembled contig were predicted with Prodigal®® with default parameters and

then annotated using MEGAnnotator software®>%4,

Construction of reference microbial genome databases and metagenomic strain-
level analyses

To untangle strain communities and investigate strain dynamics in the infant, adult,
and elderly gut microbiomes, 11 species-specific databases of reference genomes
were constructed using 63 MAGs coupled with the genome sequences publicly
available on the NCBI RefSeq database (complete and draft high-quality genome
sequences with less than 90 contigs) (Table S4). Specifically, for each species,
collected genomes (MAGs and publicly available) were processed through the open-

source software Strain Genome Explorer (StrainGE)
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(github.com/broadinstitute/strainge) and dereplicated (clustered) according to the
Average Nucleotide Identity (ANI) values (threshold of 99 % ANI value) (Table S4).
Subsequently fastq from shotgun metagenomic sequencing were analyzed using the
Strain Genome Search Tool (StrainGST, an integrated component of the StrainGE
tool suite)® that, following k-merizing both input fastq and reference genomes
(straingst kmerize -k 23), iteratively compares the sample-associated k-mers set with
those obtained from the reference genomes. As a result, StrainGE returns the
reference genomes more similar (strongest StrainGST score, default threshold of
0.02, which is optimized to maximize sensitivity and minimize false positives) to
those present within the metagenomic samples. This approach was used to investigate
longitudinal strain stability in infants by comparing the strains profiled at 0-6 months
(pre-weaning) with those identified at 12-24 months (post-weaning). To compare the
whole B. longum subsp. longum strain communities between infant females and
males throughout the weaning phase, we metagenomically assembled an additional
542 B. longum subsp. longum genomes from the 113 publicly available infant
metagenomes (357 longitudinal samples) as described above. This collection was
enriched with 404 B. longum subsp. longum genomes (complete and draft genomes
with less than 90 contigs) retrieved from public repositories. Subsequently, the
obtained 946 B. longum subsp. longum chromosomes were processed through the
DRep®® and checkM®’ tools to cluster essentially identical genomes (ANI values =
99 %) and select high-quality reference genomes from each replicate set. As a result,
we obtained a non-redundant database of 277 B. longum subsp. longum strains, which
was used for processing metagenomic fastq with inStrain tool under default
parameters *3. We used the value obtained by normalizing the genome coverage on
the corresponding genome length as a proxy of the relative abundance of each B.

longum subsp. longum reference strains.
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qRT-PCR analyses

To validate the highlighted strain dynamics of the infant gut microbiome, we
performed a qRT-PCR-based assays focused on 3 cases in which a marked switch of
the dominant genetic variant over time was observed.

Firstly, strain-specific primers were designed to target unique genetic sequences of
the predicted persistent strains (Table S6). The strain specificity of each designed
primer pair was assessed in silico through primer-BLAST and in vitro validated by
end-point PCR reactions performed by using the following thermal cycling protocol:
5 min at 94 °C for one cycle, followed by 30 cycles at 94 °C for 30 s, primer pair-
specific annealing temperature for 30 s and 72 °C for 50 s, and a final cycle of 72 °C
for 5 min. For this validation step, each PCR reaction was performed on the DNA
extracted from each sample of the longitudinally collected fecal samples from a
specific infant, together with DNA extracted from other taxa belonging to the same
species of the targeted strain. Once the primer strain-specificity had been confirmed,
a second end-point PCR was carried out using the DNA extracted from the fecal
sample showing the higher average relative abundance of the strain containing the
unique genetic sequence target of the designed primers. The obtained amplicon was
then purified using the NucleoSpin PCR & Gel Clean Up kit (Macherey-Nagel,
France), following the manufacturer’s guidelines. The purified amplicon was
subsequently used in a qRT-PCR run as the standard DNA to build a standard curve
since no chromosomal DNA was available. Specifically, each qRT-PCR reaction mix
contained 7.5 ul 2x SensiFast Sybr No-Rox kit (Meridian Bioscience, USA), 5 ul of
DNA diluted to 10 ng/ ul, each of the forward and reverse primer at 0.5 uM and
nuclease-free water was added to obtain a final volume of 15 pl. Each gqRT-PCR run
was carried out on a CFX96 system (BioRad, CA, USA) using the following
protocol: 95 °C for 2 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s,

and a melting curve from 65 °C to 95°C with increments of 0.5 °C/s. Negative
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controls (no DNA) for each primer set were included in each run, while standard

curves were built using the CFX96 software (Biorad).

Glycobiome prediction

The metagenomically-assembled bifidobacterial genomes predicted to be either
persistent or transient in the infant gut were screened for genes encoding the catalytic
hydrolysis of the glycosidic bond. Prediction of glycosyl hydrolase (GH)-encoding
genes and their classification into GH families were achieved through similarity
search in the carbohydrate-active enzyme (CAZy) database®® (BLAST cutoff e-value
of 1 x 1071,

Comparative genomic analyses

Only complete genome sequences belonging to B. bifidum, B. longum, B. breve, and
B. pseudocatenulatum were retrieved from NCBI’s RefSeq genome database and
subjected to core-genome analysis using the Pangenome Analysis Pipeline (PGAP)
vl.l (-identity 0.5 --coverage 0.8 --cluster --method GF)¥. Specifically, the
predicted proteome of each bifidobacterial genome was screened for orthologues
against the proteome of the other conspecific strains by BLAST analysis (cutoff e-
value < 1 x 107 and 60% identity over at least 80% of both protein sequences). The
resulting data were cataloged into functional gene clusters, also designated as Cluster
of Orthologous Groups (COGs), employing MCL (graph-theory-based Markov
clustering algorithm)’, through the gene family (GF) method (cutoff e-value of 1x10°
19). A pan-genome profile was built using the algorithm provided as part of the PGAP
software, based on a presence/absence matrix encompassing all COGs identified in
the considered genomes. Accordingly, the protein families shared between B. bifidum
and B. longum and absent in the B. breve and B. pseudocatenulatum genomes were

collected.
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Genetic characterization of the shared B. bifidum and B. longum genetic traits
and evaluation of their occurrence in infant, adult, and elderly populations

Protein sequences of the identified 14 COGs shared by B. longum and B. bifidum
were subjected to extensive homology searches, and domain and localization
predictions. In detail, Pfam v34.0 (https://pfam.xfam.org/), InterPro 86.0
(https://www.ebi.ac.uk/interpro/), and the Simple Modular Architecture Research
Tool (SMART) (http://smart.embl-heidelberg.de/)’! were employed to identify the
protein domains, while SignalP v5, Psort v3.0.3, and THMM v2 were used for
cellular localization prediction. SWISS-MODEL (https://swissmodel.expasy.org/)
online tool was for 3D protein structure models and comparative modeling®?.
BLASTP and tBLASTN search with an E-value of 1e™> was performed against the
integrated non-redundant protein sequence data resources (nr) for functional
annotation of the coding sequences. BLASTP analysis (E value cutoff of 1e°) was
also used to screen for PDC homologs in the B. bifidum and B. longum genomes
identified in the multi-population metagenomes. Moreover, each of the 14 identified
PDCs was aligned with the WGS reads to determine their prevalence and abundance
in the population cohort, as previously described’®. Briefly, following quality
filtering (minimum mean quality score, 20; window size, 5 bp; quality threshold, 25;
and minimum length, 100 bp) and removal of reads that map on the Homo sapiens
genome, the final mapping against the 14 PDCs was performed using Bowtie2**
through multiple-hit mapping and ‘“very-sensitive” policy. The mapping was
performed using a minimum score threshold function (—score-min C,—13,0) to limit
reads of arbitrary length to two mismatches and retain those matches with at least
99% full-length identity. HTSeq software®® (running in union mode) was employed

to calculate read counts corresponding to each PDC gene.
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Analysis of fecal metagenomic samples of 132 mother-infant pairs

A total of 164 metagenomic fecal samples from mothers and their healthy term
vaginally derived newborns were retrieved from public repositories (PRJEB6456,
PRINA475246). Specifically, we selected DNA sequencing data generated from
shotgun metagenomic sequencing using Illumina platforms. For identification of
vertical transmission events involving B. longum subsp. longum strains, we used
StrainGE tool on fecal samples from the mother at delivery and newborn at 14-30
days after birth as described above. Additionally, Bowtie2 was employed to map
metagenomic reads against the sequence of GH136, and HTseq software was used to

compute reads row counts as described above.

Growth of B. bifidum PRL2010 on mucin and RNA-Seq analyses

B. bifidum PRL2010 cells were grown at 37°C under anaerobic conditions (2.99%
H2, 17.01% CO2, and 80% N2) (Concept 400; Ruskin) in De Man-Rogosa-Sharpe
(MRS) broth (Sharlau Chemie, Barcelona, Spain) supplemented with 0.05% (wt/vol)
l-cysteine hydrochloride. Viable cells were inoculated in 30 ml of freshly prepared
modified MRS without glucose (mMRS) supplemented with 0.5% mucin. Cells were
inoculated with an ODgoonm 0f 0.1. After inoculum, growth was monitored, and at an
ODegoonm between 0.6 and 0.8 (exponential phase), cells were harvested by
centrifugation at 6000 rpm for 5 min. Growth assays were carried out in triplicate.
Total RNA of B. bifidum PRL2010 cultures was isolated as previously described®’.
The quality of the RNA was verified by employing a Tape station 2200 (Agilent
Technologies, USA). RNA concentration and purity were evaluated using a
spectrophotometer (Eppendorf, Germany). For RNA sequencing (RNA-Seq), from
100 ng to 1 pg of extracted RNA was treated to remove rRNA using the QIAseq
FastSelect — 5S/16S/23S following the manufacturer’s instructions (Qiagen,

Germany). The yield of rRNA depletion was checked using a Tape station 2200
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(Agilent Technologies, USA). Subsequently, a whole transcriptome library was
constructed using the TruSeq Standard mRNA Sample preparation kit (Illumina, San
Diego, USA). Samples were loaded into a NextSeq high-output v2.5 kit (150 cycles,
single end) (Illumina) following the technical support guide. Demultiplexed reads
were quality filtered (with overall quality and length filters) and aligned to the B.
bifidum PRL2010 reference genome through BWA®®. Counts of reads that overlap
ORFs were performed using HTSeq software®®. Analysis of the RPKM values and
false discovery rate correction (cut-off 0.01) was performed using DESeq2° and the
formula RPKM = numReads/(geneLength/1,000 x totalNumReads/1,000,000)*®. The

experiment was conducted in triplicate.

Human cell line trials

Caco-2 cells, derived from a colorectal adenocarcinoma of a human male donor
(purchased from ATCC) and HT29-MTX, a human colon carcinoma-derived, mucin-
secreting goblet cell line from a female donor (kindly provided by prof. Antonietta
Baldi, University of Milan) were cultured in Minimum Essential Medium (MEM)
and Dulbecco’s Modified Eagle’s medium (DMEM) with high glucose (4.5 g/L) and
10 mM of sodium pyruvate, respectively, as previously described”®. Both media were
supplemented with 10% Fetal Bovine Serum (FBS), 2 mM glutamine, 100 pg/ml
streptomycin, and 100 U/ml penicillin. Cultures were maintained at 37°C in a 5%
CO> humidified atmosphere in 10-cm dishes and passaged three times a week.
Subsequently, a mixed suspension of Caco-2 and HT29-MTX cells was seeded in
DMEM + FBS at a density of ~10° cells/cm? into cell culture inserts with membrane
filters (pore size 0.4 pm) for Falcon 24-well-multitrays (Becton, Dickinson &
Company, Franklin Lakes, NJ, USA). Cells were grown for 21 days until a tight
monolayer was formed (TEER > 600 Q cm?) with a medium replacement every three

days.
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Co-cultures of human cell monolayers and bifidobacterial

After 21 days from seeding, the culture medium of the 24-well plates was replaced
with fresh, antibiotic-free DMEM. Subsequently, bifidobacterial cells with a final
concentration of =10® cells/ml were inoculated on the Caco-2/HT29-MTX cell
monolayers, as previously described!”®’. The 24-well plates were then incubated at
5% CO; at 37°C. After 4h of incubation, bacterial cells were recovered in RNA later
and stored at -80°C until processing.

For these experiments, B. longum subsp. longum PRL2022 (harboring the GH136-
encoding gene) and B. longum subsp. longum 1898B (lacking the GH136-encoding
gene) were grown in MRS broth in anaerobic conditions at 37°C. Once the
exponential growth phase (0.6 < ODsoonm < 0.8) was reached, bifidobacterial cells
were enumerated by using the Thoma cell counting chamber (Herka), diluted to reach
a final concentration of 10® cells/ml, washed in PBS, resuspended in 400 ul of
antibiotic-free DMEM, and seeded on Caco-2/HT29-MTX cell monolayers.
Furthermore, bifidobacterial strains resuspended in DMEM and maintained at the
same incubation conditions of the 24-well plates without any contact with human cell
lines were used as sample control. All experiments were carried out in triplicate.

In addition, to test whether the hormonal fraction of the serum-supplement FBS did
affect expression of the GH136 gene, B. longum subsp. longum PRL2022 was
differentially grown on the culture medium DMEM with and without FBS, following
the same protocol described above. Subsequently, the obtained RNA was used to
perform qRT-PCR experiments to assess any differences in the expression of GH136
between the two considered conditions (DMEM+FBS or DMEM without FBS).
Specifically, reverse transcription to cDNA was performed with the iScript Select
cDNA synthesis kit (Bio-Rad Laboratories, USA) using the following thermal cycle:

5 min at 25°C, 20 min at 46°C, and 1 min at 95°C. The mRNA expression levels were
84



assessed with SYBR green technology in qRT-PCR using the Power Up SYBR Green
Mastermix (ThermoFisher Scientific, USA) on a Bio-Rad CFX96 system according
to the manufacturer’s instructions. For this purpose,

rpoB-fw (CACGATGGTGCTGCGACCTTCCCO),

rpoB-rv (GACCTGACGGATACGACGGTTGCC),

atpD-fw (CGTATGCCTTCCGCCGTGGGTTAC),

atpD-rv (ACGTAGATGGCTTGCAGCGAGGTG),

ldh-fw (GTGATGGGCGAGCATGGCGACTC),

ldh-rv (GGAGGCGAAGCGGTCTTGGTTGTC) were used as primers for the
amplification of the housekeeping genes rpoB, atpD, and Idh, while primer pair
GH136-fw (AGCGTCTCGAAGCACATCAA) and

GH136-rv (AGATCATCAGCGAGGCGAAG) was used to quantify GH136 gene
expression. The PCR was carried out according to the following cycle: initial hold at

95°C

Eukaryotic RNA-Seq data analysis

Total RNA was extracted from human cell monolayers with RNeasy Mini Kit
(Qiagen). All samples had an RNA integrity number (RIN) > 8. For RNA sequencing
(RNA-Seq), TruSeq Standard mRNA Sample preparation kit (Illumina, San Diego,
USA) was used to prepare stranded cDNA libraries with poly dT enrichment from
0.1 pg to 4 ng of RNA extracted from each sample according to the manufacturer’s
instructions. The quality and quantity of each cDNA sample was assessed by a Tape
station 2200 (Agilent Technologies, USA) and Qubit Fluorometer (Thermofisher).
Subsequently, the cDNA libraries were sequenced using an Illumina NextSeq 500
high-output v2.5 kit (150 cycles, single end) (Illumina) according to the technical
support guide. The fastqg-MCF program was used for trimming RNA-Seq raw data

(fastq) based on quality score and presence of adapter sequence. High quality fastq
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were aligned to the Human reference genome sequence (GRCh38.p13) by using the
splice-aware STAR algorithm (version 2.7.10a)!°!, and the quality of alignments was
evaluated using Picard software tool (version 2.26.11)
(https://broadinstitute.github.io/picard/). Subsequently, quantification of reads
mapped to individual gene transcripts was achieved through htseq-counts script of
HTSeq software in “union” mode®>. Raw counts were then normalized using CPM
(Counts per million mapped reads) for filtering genes with low counts (CPM <1) and
TMM (Trimmed Mean of M-Values) for statistically robust differential gene
expression analysis through the EdgeR package'®?. The expression difference was
evaluated as log2 fold change (logFC) of average expression in each sample pair of
compared groups (co-cultures Caco-2/HT29-MTX/B. longum subsp longum 1898B
and Caco-2/HT29-MTX/B. longum subsp. longum PRL2022). Additionally, a
Volcano plot was created for each comparison to simultaneously visualize expression

changes (log fold change) and their statistical significance (p-value).

B. longum subsp. longum RNA-Seq data analysis

Extraction of total RNA from B. longum subsp. longum strains, RNA sequencing,
and raw fastq processing were performed as described above for the B. bifidum RNA-
sequencing experiment. Generation of raw counts and identification of DEGs were

achieved as described above for the eukaryotic RNA-seq data analysis.

Human retrospective clinical studies

Shotgun metagenomic datasets of fecal samples were retrieved from publicly
available human clinical trials in which female and male subjects consumed daily
doses of microbial formulations containing B. longum subsp. longum strains
(PRINA324129, PRJEB28097). The chromosomes of the bacterial strains used in the

selected studies (ANI value of 98.5%) were manually inspected to assess the
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presence/absence of the GH136 gene, resulting in two different treatment patterns. A
group of 21 healthy volunteers (11 females and 10 males) received B. longum subsp.
longum AH1206, which was found to possess the GH136 gene (daily dose of 10'°
viable cells for a 4-week period). For this latter cohort, fecal samples were collected
at the baseline period, after 28 days of treatment, and about 200 days after
consumption cessation. A second group of healthy individuals (n = 10; 4 females and
6 males) consumed a probiotic supplement (5 x 10° CFU bi-daily for a 4-week
period) containing B. longum subsp. longum devoid of the GH136 gene (named strain
AGT1). Corresponding fecal samples were analyzed at baseline, on day 21 of
microbial intervention, and after 28 days of follow-up. Genome sequence of the strain
AHI1206 was acquired from the NCBI database, while the chromosome of AG1 was
recovered from the publicly available metagenomic sequenced reads of the used
probiotic supplement using Spades v3.15 (metagenomic mode) with default
parameters. Taxonomic classification of the assembled contigs was achieved using
METAnnotatorX2 pipeline with manually curated genome databases. Completeness
and contamination of reconstructed chromosome B. longum subsp. longum AG1 were
validated through CheckM analysis®’. Test of B. longum subsp. longum persistence
was performed through reads mapping with Bowtie2, as described above. Briefly,
metagenomic reads were filtered to remove low-quality (score lower than 20), tRNA,
and rRNA sequences. Moreover, the sequences mapping against Homo sapiens
genome were also eliminated. Filtered reads were used as input for Bowtie2 (--very-
sensitive option, with at least 99% full-length identity). HTSeq software (running in
union mode) was used to calculate read counts corresponding to each reference
genome”. For each metagenomic sample, the relative abundance of mapped reads
was estimated by normalizing the raw reads count on the total number of sequenced

reads.
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Statistical analyses

The software SPSS wversion 25, and ORIGIN version 9.8.0.200
(www.ibm.com/software/it/analytics/spss/) (https://www.originlab.com/) were used
for statistical data analyses and graphing. PERMANOVA was calculated using the
adonis2 function from the vegan R package. PERMANOVA analyses based on Bray-
Curtis measures of species-level abundance data were conducted using 1000
permutations to estimate p-values for the observed differences between the compared
groups in PCoA analyses. In differential gene expression analysis, EdgeR package
was used to estimate the statistical significance of differences between fold changes

as the False Discovery Rate (FDR).
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Abstract

Members of the Bifidobacterium longum species have been shown to possess
adaptive abilities to allow colonization of different mammalian hosts, including
humans, primates and domesticated mammalian species, such as dogs, horses, cattle
and pigs. To date, three subspecies have formally been recognized to belong to this
bifidobacterial taxon, i.e., B. longum subsp. longum, B. longum subsp. infantis and
B. longum subsp. suis. Although B. longum subsp. longum is widely distributed in
the human gut irrespective of host age, B. longum subsp. infantis appears to play a
significant role as a prominent member of the gut microbiota of breast-fed infants.
Nevertheless, despite the considerable scientific relevance of these taxa and the vast
body of genomic data now available, an accurate dissection of the genetic features
that comprehensively characterize the B. longum species and its subspecies is still
missing. In the current study, we employed 261 publicly available B. longum genome
sequences, combined with those of 11 new isolates, to investigate genomic diversity
of this taxon through comparative genomic and phylogenomic approaches. These
analyses allowed us to highlight a remarkable intra-species genetic and physiological
diversity. Notably, the more extensive genome content observed for members of the
B. longum subsp. infantis subspecies was shown to be linked to the acquisition of
genetic features that appear to endow it with increased competitiveness in the gut
environment of suckling hosts. Furthermore, specific B. longum subsp. infantis
genomic features appear to be responsible for enhanced Horizontal Gene Transfer
(HGT) occurrences, underpinning a remarkable dedication toward acquisition of
foreign DNA by HGT events, thereby earning itself the title of “genetic vacuum

cleaner” of the gut microbiota.
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Impact statement

In this study, through comparative genomic analyses and phylogenomic
reconstruction of 261 publicly available B. longum genomes, we gained insight into
intra-species genetic and physiological diversity, identifying specific B. longum
subsp. infantis genomic features which appear to be linked with its enhanced ability
to acquire foreign DNA. This remarkable genome plasticity may provide an
explanation for the specific adaptation of B. longum subsp. infantis toward

colonization of the gut of suckling mammals.

Data summary
Decoded genome sequences of 11 newly isolated B. longum strains were deposited
at NCBI database under BioProject code PRINA692178. A full listing of NCBI

accession data for B. longum strains described in this paper is available in Table S1.

For Supplementary Materials see the article published in Microbial Genomics
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INTRODUCTION

The human gut harbors at least 100 trillion (10'*) microbial cells [1], collectively
organized in a complex and dynamic microbial community that plays a fundamental
role in defining human health status [2]. It is well known that members of the gut
microbiota engage in complex microbe-microbe and microbe-host interactions, with
physiological consequences, including participation in metabolic activities such as
(sometimes syntrophic) degradation of non-digestible carbohydrates, with
consequent production of short-chain fatty acids (SCFAs) [3, 4]. The assembly of the
human gut microbiota is believed to commence during delivery when the newborn
passes through the mother’s birth canal [5]. During the developmental period
following birth, the early gut microbiota is influenced by various factors, including
mode of delivery, duration of gestation, antibiotic exposure, as well as feeding type
[6, 7]. This latter factor is particularly noteworthy since breast-feeding can shape the
gut microbiota composition of the newborn by promoting a microbial community
enriched by members of the Bifidobacterium genus [8]. In addition to the
fermentation of non-digestible food compounds, in particular glycans, the
(bifido)bacterial consortia also engage with the host immune system, stimulating and
modulating both innate and adaptive host immune responses, ultimately influencing
overall intestinal functionality and homeostasis [9, 10]. Interestingly, it has been
reported that particular bifidobacterial species, such as Bifidobacterium longum
subsp. infantis, Bifidobacterium bifidum, and Bifidobacterium breve, are able to
efficiently utilize (certain) human milk oligosaccharides (HMOs) [11-15]. HMOs
constitute complex milk glycans known to elicit prebiotic activity by allowing the
above-mentioned bifidobacterial species to establish and persist in the infant gut,
thereby representing a clear example of host-microbe co-evolution in humans [16-

20].
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Members of the Bifidobacterium longum species have been identified as very
common inhabitants of the mammalian gut, reaching a prevalence of 95.5 %,
representing the percentage of individuals harboring this species within the
population, as shown by a recent survey conducted in 67 assessed mammalian hosts
[21]. In recent decades, members of the B. longum species have been grouped into
three distinct subspecies, 1i.e., Bifidobacterium longum subsp. longum,
Bifidobacterium longum subsp. infantis and Bifidobacterium longum subsp. suis [22],
the latter isolated from the gut microbiota of swine [22, 23]. Despite the progressive
reduction in the relative abundance of bifidobacteria in the human gut starting from
one/two years of age [7], members of B. longum subsp. longum are known to
commonly inhabit the infant, adult and elderly human gut [24], perhaps exerting their
positive health footprint throughout the human lifespan [24, 25]. In contrast, B.
longum subsp. infantis i1s most frequently isolated from breast-fed infant feces [26,
27]. Consistently, the decoding of B. longum subsp. infantis ATCC15697 genome
sequence, which was published in 2008, revealed a genome that is dedicated to the
degradation and utilization of a wide range of HMOs [15, 28].

Due to the substantial scientific and commercial interest in members of this species,
which are able to colonize different hosts at different stages of life, during which they
may contribute to host health, a large number of B. longum strains have been
sequenced. Nevertheless, a comprehensive dissection of the genetic potential of B.
longum and its subspecies is still lacking. For this reason, we decided to investigate
the genomic diversity of and phylogenetic relationships between members of the B.
longum species. This prompted a complete revision of subspecies classification and
allowed a detailed dissection of their genetic features presumed to be responsible for

efficient niche adaptation.
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RESULTS AND DISCUSSION

General genome features of B. longum genomes included in the comparative
genomics analysis

In order to investigate the phylogenomic diversity of members belonging to the B.
longum species, we undertook a comparative genomics analysis involving high-
quality B. longum genome sequences selected amongst those publicly available
(complete and draft genome sequences, see M&M section for the inclusion/exclusion
criteria used). Remarkably, among the latter, B. longum subsp. infantis strains
exhibited the highest number of suspected duplicated genomes (ANI > 99.99 %).
Accordingly, we removed such apparent copies of identical chromosomes that had
been deposited under different strain IDs, thereby allowing the generation of a
curated B. longum subsp. infantis genome collection without duplicated
chromosomal sequences (Table S1).

The final collection of 272 B. longum genomes, including the 11 sequenced in this
study, encompassed chromosomal sequences ranging in size from 2.2 Mb for B.
longum APC1478 to 2.8 Mb for B. longum subsp. infantis ATCC 15697. As outlined
in Table S1, the number of predicted Coding DNA Sequences (CDS) ranged from
1,685 for B. longum subsp. longum 296B to 2,412 for B. longum subsp. infantis
ATCC 15697, with an average value of 1,927.17 + 114.61 CDSs per genome (Table
S1). Notably, the chromosomes belonging to the B. longum subsp. infantis subspecies
emerged as the largest ones among the assessed B. longum genomes, ranging in size
between 2.6 Mb and 2.8 Mb (ANOVA p-value < 0.05). These results showed that
genome size might vary considerably even in closely related strains of the same
species, thus indicating remarkable intra-species genetic and physiological diversity,
unlike what was previously found for other bifidobacterial species such as

Bifidobacterium bifidum and Bifidobacterium dentium [46, 47].
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Pan-genome and core genome of B. longum species

In recent years, computation of the pan-genome has been employed as an approach
to investigate overall genomic differences and infer precise phylogenomic
relationships between (bifido)bacterial taxa [29, 48-51]. Accordingly, the genomes
of B. longum strains were subjected to pan-genome analysis, allowing the
identification of a total of 22,591 Clusters of Orthologous Groups (COGs). Analysis
of the pan-genome size increasing as genomes are sequentially included showed an
average of 49.7 newly added COGs at the last three iterations (see Supplementary
text for details). This trend is indicative of a pan-genome that has not yet fully reached
its completion, though approaching a saturation plateau (Figure S1).

A total of 510 COGs were classified as a collection of genes shared by all assessed
strains, thereby representing the core genome of the B. longum species. Furthermore,
the Truly Unique Genes (TUGs) for each B. longum strain were also identified,
revealing an average of 48.5 TUGs per genome (see Supplementary text for details).
The relatively small number of core genes observed suggests the presence of rather
high intra-species variability, particularly when compared to other previously
investigated bifidobacterial species, such as B. bifidum, Bifidobacterium breve (1,295
and 1,307 conserved COGs, respectively) [46, 52]. On the other hand, the relatively
small number of TUGs is comparable with that previously observed for the genomes
of Bifidobacterium pseudolongum and B. dentium (41 and 60 average TUG:s,
respectively) [29, 47], implying that a large part of the genetic diversity resides in the
dispensable gene pool, i.e., those genes that are shared by a subgroup of strains,
possibly due to adaptation to specific ecological niches/hosts.

Interestingly, B. pseudolongum species, for which the subspecies pseudolongum and
globosum are recognized, showed a much larger number of core genes, i.e., 1,069
COGs, when compared to those identified in B. longum genomes. Therefore, these

findings suggest that the latter taxon is characterized by a relatively high intra-
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specific variability, which may be imputed to distinct genetic traits possessed by each

B. longum subspecies.

Phylogenetic analyses the B. longum taxon

The pairwise percentage Average Nucleotide Identity (ANI) is currently considered
to represent the gold standard for inference of close phylogenetic relationships and
(sub)species classification of bacterial genomes [40]. Evaluation of the overall
genomic differences between the 271 B. longum genomes through ANI analysis
resulted in values ranging from 94.2 % to 98.9 % (Table S2). Notably, previous
Bifidobacterium phylogenomic studies showed that an ANI threshold value of 94 %
properly discriminates between bifidobacterial species [51, 53], being consistent with
what has been observed for other phylogenetically related taxonomic groups in the
Bifidobacteriaceae family, such as Gardnerella [54]. Accordingly, the finding that
this phylogenomic analysis generated ANI values above 94.2 % indicates that the
included genome sequences correctly fall within the boundaries of a single species,
i.e., B. longum. Nonetheless, based on the ANI matrix (Table S2), it was possible to
identify three subgroups corresponding to the three so far recognized subspecies of
B. longum, within which the observed ANI values ranged from 96.3 % to 98.9 %
(Table S2).

In order to precisely track the phylogenetic relationships between the strains of this
species, we computed a phylogenetic tree based on the amino acid sequence
alignment of the 510 COGs that constitute the core genome of this species (Figure
S2). Due to the high number of analyzed genomes belonging to the B. longum subsp.
longum subspecies, we decided to generate an additional tree encompassing a pool

of 42 representative genomes of this taxon, chosen to maximize the genetic diversity
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coverage, in order to obtain a clearer graphical visualization of the complete B.

longum phylogeny (Figure 1) (See Supplementary text for details).
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Figure 1. Phylogenomic tree based on the core genome of B. longum species. The
phylogenomic tree, showing a selection of 42 representative genomes belonging to the B.
longum species, was based on the concatenation of the 510 B. longum core genes and was
built through the neighbor-joining method. Bootstrap percentages above 50 are shown at
node points, based on 1,000 replicates. Misclassified strains were underlined while the 11
new isolates were highlighted in bold. Phylogenetic clusters are highlighted with similarly
colored branches. Circles surrounding the tree represent the genome sizes (in dark pink),
numbers of CDS (in purple), percentages of genes predicted to have undergone horizontal
gene transfer (in orange), number of R-M systems (in dark green), occurrence of CRISPR-
Cas systems (in light green), and isolation source (black=human, red=animal, yellow=milk).

As expected, the resulting B. longum-based phylogenetic tree revealed the presence
of three main clades (Figure S2; Figure 1), consisting of the B. longum subsp. longum
taxonomic group (BIl), the B. longum subsp. infantis taxonomic group (B/i) and the

B. longum subsp. suis (Bls) taxonomic group (Figure 1).
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In depth analysis of the tree revealed that strains B. longum subsp. infantis 157F [55],
B. longum subsp. infantis CCUG 52486 [56] and B. longum subsp. longum JDM301
[57] had been misclassified. Specifically, consistent with what had previously been
observed through ANI analysis (Table S2), strains 157F and CCUG 52486 had been
assigned to the B. longum subsp. longum subspecies, while JDM301 had been
classified as a member of the B. longum subsp. suis subspecies. Interpretation of the
phylogenomic tree suggests a clear phylogenetic separation between members of B.
longum subsp. infantis cluster and the other B. longum strains, indicative of earlier
speciation with respect to B. longum subsp. longum and B. longum subsp. suis, which
showed a closer phylogenetic relationship (Figure S2; Figure 1; Table S2).

Moreover, the phylogenomic-based approach, combined with ANI value assignment,
was applied to taxonomically classify the 11 newly isolated B. longum strains in other
to include them in subspecies-specific analyses (see below). Specifically, three
genomes were shown to belong to B. longum subsp. suis subspecies, i.e., 209B,
2015B and 2074B, while the remaining eight were classified as members B. longum
subsp. longum subspecies (Figure 1). Interestingly, B. longum subsp. longum 1897B,
which had been isolated from human milk, was shown to belong to a separate branch
with respect to all other B. longum subsp. longum strains (Figure 1), denoting a
different evolutionary history compared to the other assessed B. longum members

isolated from the mammalian gut.

The Pan- and Core- genome of the B. longum subspecies. Evolutionary processes
have shaped bacterial genomes by driving changes in their genetic repertoire in order
to facilitate adaptation to a specific environmental niche [58, 59], thus leading to
(sub)speciation events. Pan-genome reconstruction may provide insights into these
evolutionary events by unveiling genomic peculiarities and shared genetic traits that

characterize a given bacterial taxon [60]. In the context of a B. longum subspecies-
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focused comparative analysis, we separately analyzed subspecies-specific pan-
genomes (Figure S3) (See Supplementary text for details). The 251 B. longum subsp.
longum genomes and the ten members of B. longum subsp. suis used in these analyses
showed similar average genome sizes, i.e., of 2.39 Mb and 2.43 Mb (Table S1). These
latter are significantly smaller compared to that observed for B. longum subsp.
infantis (average of 2.65 Mb) (Table S1), which also showed an average of 253
additional CDSs when compared to those found in B. longum subsp. longum and B.
longum subsp. suis genomes (ANOVA p-value < 0.001) (Details in Supplementary
text). This finding suggests that members of the B. longum subsp. infantis taxon may

have evolved as a result of progressive acquisition of new genetic features [58].

The subspecies-specific pan-genome analyses also allowed the definition of the B//-
, Bls- and Bli-Core Genome (CG), intended as the subspecies-specific core genes
repertoire. In detail, these subspecies-specific core genomes were defined by taking
into account those COGs shared by at least 85 % of the strains belonging to a given
B. longum subspecies while being absent in the other two subspecies. The decision
to consider an 85 % gene sharing level, rather than the typically employed 100 %,
was motivated by the presence of a high number of draft genomes within the analyzed
genome collection, which therefore could influence the accuracy of the calculation
of subspecies-specific core genomes. In this manner, a total of 24 and five core genes
represented the B//-CG and Bls-CG, respectively, whereas 53 genes were identified
as constituting Bli-CG (Figure S3) (Details are reported in Supplementary text).

The relatively small size of the B//-CG and Bls-CG may, at least in part, be due to
their close phylogenetic relationship and to the high number of analyzed B// genomes.
However, it suggests that the evolutionary path taken by these subspecies may not
have led to the acquisition of a substantial number of subspecies-specific

competencies compared to their common B. longum ancestor. In contrast, the higher
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number of genes constituting B/i-CG suggests that this subspecies was subject to a

higher evolutionary pressure that instigated the acquisition of novel genetic traits.

Interestingly, 31 (58 %) of Bli-CG, 17 (71 %) of BlI-CG and four of the five (80 %)

of Bls-CG were found in other bifidobacterial species with identity > 50 % and

coverage > 80 % by BLASTp search in currently available bifidobacterial genomes

(Table S3). These data suggest, at first glance, that a subgroup of subspecies-specific

core genes may have been acquired by a common bifidobacterial ancestor (as

indicated by presence in other bifidobacteria) and subsequently lost at subspecies

level. Nevertheless, each subspecies seems to have independently acquired new

genetic features, with B. longum subsp. infantis showing the highest number of genes

acquired by presumed HGT events (18.8 % of the B/i-CG) (Table 1).

Table 1. B. longum subspecies-specific core genes.

B. longum subsp. longum

Prevalence Function Transporter Classification Database HGT
Core Gene | across the events
subspecies Interpro Database Refseq Database Function Family v
B1_0665 99% Selenoprotein, putative YbdD/Yj lX. family Native
protein
5STM C-terminal . .
B1_0666 98% transporter carbon (Ceiss st.a rvation Peptlde LBEIRRO e Carbor.l 2.A.114.- Native
. protein A Starvation CstA (CstA) Family
starvation CstA
Protein of unknown DUF3073 domain- .
0,
B1_1343 98% function (DUF3073) containing protein Native
B1_0094 98% NADH Oxidase nitroreductase Native
Bl 0106 98% Perlplasr_nlc_blndmg extrgce_llular sol}lte— Native
- protein-like 11 binding protein
B1_0884 98% - aldo/keto reductase Native
- family protein
B1_1277 97% Glycosidases Pullulanase type I Native
L,D-transpeptidase . .
0, -
B1_0628 97% YCIB-related L,D-transpeptidase Native
Bl 0345 97% Metal-dependent Amldohydrolgse family Native
- hydrolase protein
Bl 1278 97% Alpha-amylase Native
B1_0156 95% - DUF2400 domain- Native
- containing protein
ABC transporter . . .
B1 1275 95% permease protein — transpgrtert Ll a-(éﬁ)i lmtkefidglucomdes 3.A.1.1.53 | Native
MG 189-related permease subuni and galactosides
BI1 0738 94% ; DUF1846 domain- Native
containing protein
Acyl-CoA N- GNAT family N- .
0,
kS B0 acyltransferases (Nat) acetyltransferase Native
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Uncharacterized protein

DUF3322 and

B1 0431 91% conserved in bacteria C- DUF2220 domain- Native
term(DUF2220) containing protein
Substrate-binding
Bl 1294 90% - domain-containing Native
protein
BI0735 |  90% - DUF87 domain- Foreign
containing protein
Transcriptional dual LysR family .
0,
LS (D AU regulator hcar-related | transcriptional regulator Native
Type VII secretion .
0, -
B1_0737 89% system protein EsaG-like Foreign
134B_0607 |  88% - DNA/RNA non- Native
- specific endonuclease
134B_0472 88% MATE_MepA _like MATE family efflux Native
transporter
B1 1296 88% K+ potassium transporter KUP/HAK/KT ol Native
potassium transporter
B1_0107 86% Glycosidase family 31 Alpha-xylosidase Native
B1_0786 86% zinc-ribbon domain | ¢ ribbon domain- Native
containing protein
B. longum subsp. infantis
Prevalence Function Transporter Classification Database
HGT
Core Gene | across the K I events
subspecies Interpro Database Refseq Database Function Family
ACJ51545.1 100% MES general subst_rate MEFS transporter Glucose Transporter (GT) Family | 2.A.1.68.1 | Native
transporter domains
ACT53225.1 100% Tetratr}copeptldt?—llke DUF{O37 domalp— Native
helical domain containing protein
Ttransporter .
ACJ52470.1 | 100% | solute:sodium symporter Sodium/solute | Glucose or 2.A.1.68.1 | Native
family symporter galactose:Na+ symporter
ACJI52099 1 100% Requnse regula.ltor Responbse‘regulator Foan
receiver domain transcription factor
ACJ51227.1 100% - - Native
ACI52098.1 100% Lantlblotl_c immunity N1_sI_/ SpaI_ famll)_/ Native
protein Spal lantibiotic immunity
ACT53071.1 100% Pyridoxal-phosphate Pyridoxal-phosphate Native
dependent enzyme dependent enzyme
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AeEEAl | S | il e aer || B T Native
subunit ITA

ACJS51983.1 | 90% Carbt:’.hy‘.irate substrate- | Carbohydrate ABC xylobiose porter 3.A.1.121 | Native
inding protein transporter

B. longum subsp. suis
Prevalence Function Transporter Classification Database
HGT
Core Gene | across the K - events
subspecies Interpro Database Refseq Database Function Family
AIF90321 1 100% ABQ transporter, atp- ABCV transporter ATP— The Macrolide E)_(poner (MacB) 3 AL122- | Native
binding protein binding protein Family

AIF90322.1 | 100% ABC transporter MR PR mE | e ety || SALEA | Nt
permease core domain

SD034397.1 70% Heavy metal transporter ABC. transporter .ATP_ Native

binding protein
SDO30658.1 | 70% ABC-2 type transporter IBR Glorine AIIC GoEier O o) 4 g | N
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Functional assessment of B. longum subspecies-specific core genomes

In order to gain further insight into the physiological characteristics of each B.
longum subspecies, we investigated the BI//-CG, Bls-CG, and B/i-CG from a
functional perspective by similarity searches in the NCBI RefSeq nr database [61]
and protein domain prediction by InterProScan [62].

Of the 24 core genes unique to B. longum subsp. longum, eight could not be
functionally annotated due to the absence of homologs with known function in the
RefSeq nr database and known protein domains. In contrast, four were predicted to
encode carbohydrate-utilization enzymes (Figure 2a).

Specifically, genes encoding pullulanase type I belonging to glycoside hydrolase
family 13 (GH13), alpha-amylase (GH57), and a member of the amidohydrolase
family proteins were found to be present in 97 % of the analyzed genomes. Moreover,
a gene whose protein product resembles members of glycosyl hydrolase family 31,
representing enzymes such as alpha-glucosidase, glucoamylase, alpha-xylosidase,

and sucrase-isomaltase, was detected among 86 % of the analyzed B. longum subsp.
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longum genomes (Table 1). Interestingly, the abovementioned enzymes are typically
involved in the utilization of plant-related carbohydrates, which, being undigested by
the host, are thus available as a carbon source by the microbiota resident in the colon.
This finding corresponds with B. longum subsp. longum being commonly present in
fecal samples of human adults, whose diet includes such plant carbohydrates [14].

The functional dissection of genes attributed to Bls-CG revealed the ubiquitous
presence of two genes encoding ATP-binding cassette (ABC) transporters that are
implicated in macrolide resistance. At the same time, among 90 % of the strains, an
additional ABC transporter was found to be involved in the detoxification of heavy
metals (Table 1, Figure 2a), allowing us to infer that these transporters play a critical
role in niche adaptation of this subspecies. Notably, macrolides have been reported
to be among the most frequently used classes of antimicrobials in pig breeding [63].
Therefore, they may have facilitated the development of antimicrobial resistance in

bacteria present in the porcine gut microbiota [64].
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Figure 2. Functional annotation of core genes and growth performance of B. longum
subspecies. Panel (a) shows the distribution in functional categories of the core genes
identified in each B. longum subspecies. The number of genes assigned to each category is
reported at the top of the columns. Panel (b) displays the growth performance of each B.
longum type strain on different carbohydrates expressed through measurement of ODsoonm.

Focusing on the B. longum subsp. infantis-specific core genetic repertoire, the most
noticeable difference with respect to B. longum subsp. longum is the presence of
genes involved in transporting a broad range of carbohydrates (Figure 2a).

Specifically, all assessed B. longum subsp. infantis genomes encompass genes that
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are predicted to encode a glucose transporter and a glucose/galactose-Na* symporter.
Interestingly, since glucose and galactose are the building blocks constituting lactose
through glycosidic linkage, this finding suggests the presence of an extracellular
(bifido)bacterial B-galactosidase (GH42), as also reported in previous genomic
surveys [65], and improved specialization toward the uptake of released simple
sugars. Moreover, we also identified transporters related to Tetracycline resistance,
including the tetracycline resistance determinant Tet(V) and 7et38 gene.
Tetracyclines are one of the most widely used groups of antibiotics worldwide, and
resistance to this class of antibiotics is widespread even among bacteria that colonize
the infant gut [66, 67]. Therefore, it may represent a trait that increases

competitiveness of B longum subsp. infantis in the gastrointestinal tract.

Progressively extending the analysis of B/i-CG by decreasing the level of gene
sharing amongst members of this subspecies, i.e., prevalence, we identified genes
that were involved in the wuptake of pectic oligosaccharides (POSs),
fructooligosaccharides (FOSs), maltose/maltotriose, and xylobiose with a prevalence
0of 90 % (Table 1).

Intriguingly, these observations corroborated the well-known bifidogenic properties
exhibited by POSs and FOSs, routinely used in commercial prebiotics due to their
beneficial impact on the gut microbiota [68, 69]. Furthermore, within 90 % of B.
longum subsp. infantis genomes, we identified an exo-alpha sialidase (GH33) and a
member of glycosyl hydrolase family 20 (GH20) (Table 1), which represent enzymes
known to be implicated in the metabolism of HMOs. These latter glycans are not
processed by human digestive enzymes, thus reaching the colon intact where they
are metabolized by certain members of the resident microbial community, such as B.
bifidum, B. breve as well as B. longum, which encode gene clusters specifically

dedicated to HMO metabolism [13, 70].
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In particular, sialidases (GH33) catalyze the removal of terminal sialic acid residues,
thus playing a critical role in the degradation of sialylated HMOs, such as 3'- and 6'-
sialyllactose [71]. In line with previous publications, these findings show that
degradation of sialylated HMOs is an ability that seems to be distinctive for B.
longum subsp. infantis, thus being a characterizing genotypic and phenotypic feature
of this subspecies [15]. In contrast, the above described GH20 family comprises
enzymes with B-hexosaminidase and lacto-N-biosidase activities, which act on
substrates that form part of the HMO backbone, thereby releasing N-
acetylglucosamine and lactose molecules, respectively [15, 72].

Previous investigations of the bifidobacterial glycobiome have highlighted that most
B. longum subsp. longum strains (75-100% of the strains) are predicted to encode the
B-hexosaminidase (GH20), the lacto-N-biose phosphorylase (GH112), as well as an
extracellular lacto-N-biosidase (GH136) [14, 73]. Intriguingly the finding of
additional genes belonging to GH20 family encoded only by members of the B.
longum subsp. infantis suggests that this subspecies has been subject to specific
evolutionary selection. Remarkably, the latter seems to have driven B. longum subsp.
infantis towards the acquisition of HMO-metabolizing genes, in addition to those
shared with other members of the B. longum species.

Overall, the observed uneven distribution of the carbohydrate-active enzyme arsenal
may reflect the distinct colonization strategy adopted by each B. longum subspecies,
indicating that B. longum subsp. longum is more adapted to a (human) adult diet, as
also supported by previous findings [15]. In contrast, members of the B. longum
subsp. infantis subspecies may have evolved from a plant-derived glycan utilization
gene-makeup towards a genomic repertoire that aims to achieve efficient
colonization of the suckling mammalian gut.

To validate these in silico results, which indicate a more dedicated commitment of B.

longum subsp. longum toward the breakdown of plant-related carbohydrate when
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compared to B. longum subsp. infantis, growth of the type strains of each B. longum
subspecies, namely B. longum subsp. longum DSM20219, B. longum subsp. suis
DSM20097, and B. longum subsp. infantis ATCC15697, was evaluated on ten
different carbohydrates. In detail, for growth profiling experiments, we used a
carbohydrate-free basic MRS medium which was supplemented with either
amylopectin, pullulan, starch, maltotriose, maltodextrin, xylose, 2’-FL, 3°-SL, FOS,
or maltose as the sole carbon source (Table S4, Figure 2b).

Based on our analyses, B. longum subsp. suis was the only subspecies able to grow
on pullulan-based medium (final OD above 0.5). Appreciable growth was also
observed on xylose, maltose, and maltodextrin (final OD ranging from 0.67 to 1.11).
Conversely, both B. longum subsp. longum and B. longum subsp. infantis was shown
to be able to grow on starch and starch-like glycans (final OD above 0.5), with the
exception of amylopectin and pullulan, for which no appreciable growth was noticed
(Table S4, Figure 2b). Nevertheless, as is displayed in Figure 2b, B. longum subsp.
infantis was shown to exhibit a reduced level of metabolic abilities on various
assessed plant-related glycans when compared to those elicited by B. longum subsp.
longum. Furthermore, B. longum subsp. longum was shown to possess the most
elaborate plant-related carbohydrate degrading activities among the B. longum
species, being consistent with the above described in silico reports (Table S4, Figure
2b) [74].

Furthermore, B. longum subsp. infantis appears to be the only subspecies type strain
capable of metabolizing 2'-FL and 3°-SL (Table S4, Figure 2b). Consistently, the
pronounced ability of B. longum subsp. infantis to metabolize a wide range of HMO
compounds has been extensively reported [75-77]. However, carbohydrate
metabolism data available in the literature have also highlighted specific HMO-
utilizing abilities for certain members of the B. longum subsp. longum. While all

strains can efficiently metabolize lacto-N-tetraose (LNT) and lacto-N-biose (LNB),
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only certain strains have shown growth capabilities on fucosylated HMOs and Lacto-
N-neotetraose (LNnt) [76, 78]. In fact, growth profiles of the latter subspecies
resemble that of Bifidobacterium adolescentis [74], which represents a gut-resident
bifidobacterial taxon typical of the post-weaning period [79].

Overall, the findings related to the in vitro growth experiments corroborate our in
silico data and may be a reflection of the ecological niche in which each B. longum
subspecies dominates. Our data therefore suggest that B. longum subsp. longum plays
an ecological role in the metabolism of dietary, plant-derived carbohydrates during
weaning and post-weaning phases when infants are gradually introduced to a solid
diet containing such complex carbohydrates [80-82]). Accordingly, the identified
fermentation capabilities may provide an explanation as to how B. longum subsp.
longum is able colonize both the infant and adult gut. In contrast, B. longum subsp.
infantis is more adapted to colonization of the pre-weaning gut environment due to

its particular HMO degradation abilities [15, 83].

Mobilome prediction in B. longum genomes

Horizontal Gene Transfer is the process by which genetic material is exchanged
between and within microbial taxa/taxon [84, 85]. This phenomenon of acquisition
of new genomic properties is crucial for adaptation to new ecological niches [86],
while it generates genetic diversity across bacterial taxa [87]. To a large degree,
among (bifido)bacteria, HGT is assumed to occur through mobile genetic elements,
such as plasmids, transposons or bacteriophages, with the latter considered one of the
main vectors for gene transfer [88, 89]. To explore the possibility that HGT events
are responsible for the substantial intra-specific genomic diversity observed between
B. longum subspecies, the genomes of the representative 42 strains previously
selected for phylogenetic analyses (Figure 1) were screened using the software

Colombo [41].
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Following bioinformatic inspection of the B. longum subsp. longum and B. longum
subsp. suis genomes, an average of 431 and 407 putative HGT genes, corresponding
to an average of 22.5 % and 20.9 % of the total number of CDS, respectively, were
identified (Figure 3a, Table S5). In contrast, an average of 640 CDS, corresponding
to 29.5 % of the total number of predicted CDS, were identified as being potentially
acquired by HGT in B. longum subsp. infantis (Figure 3a, Table S5). To get an idea
of the extent to which HGT events have contributed to shaping the genome
architecture of B. longum subspecies, these values were compared to those obtained
from 85 type strains belonging to different bifidobacterial species. Overall, the latter
genomes showed an average of 12.8 % putative HGT-acquired genes, which was
significantly lower than those identified in B. longum subspecies (ANOVA p-value <

0.01) (Figure 3a, Table S6), as was previously reported [90].

Furthermore, it is particularly noteworthy that B. longum subsp. infantis elicits the
highest HGT gene numbers among the assessed bifidobacterial (sub)species,
highlighting that this subspecies appears to be more suitable or to have been subject
to higher selective pressure to acquire alien DNA when compared to not only other
bifidobacterial species, but also compared to other B. longum subspecies (ANOVA
p-value < 0.01). Accordingly, these results provide an explanation for the higher

average genome size of the B. longum subsp. infantis chromosomes.

118



a)
Bifidobacterial type strains —
B. longum subsp. longium F

B. longum subsp. infantis

B. longum subsp. suis

0 10 20 30 40 50 60 70 80 90 100

B Pputative foreign genes B Native genes

b)

L

N

B. longum subsp. infantis B. longum subsp. longum B. longum subsp. suis
. Enterococcus Collinsella
B Lactobacillus ] Actinomyces
W racniclostridium Bacteroides
W Streptococcus B Actinobacteria
B Olsenclla M others

Figure 3. Prediction of B. longum subspecies HGT events. Panel (a) shows the average
percentages of the predicted foreign genes in each B. longum subspecies, compared with
those obtained from 85 type strains belonging to different bifidobacterial species. Panel (b)
displays the predominant non-bifidobacterial donor genera of the putative alien genes found
in each B. longum subspecies.

Subsequently, the genes predicted to have been horizontally acquired by each of the
B. longum subspecies were subjected to similarity searches in the NCBI refseq nr
database in order to obtain an overview of the potential donor taxa. In particular, 124
(35 %) of the identified foreign genes of B. longum subsp. longum, 153 (30 %) of
those of B. longum subsp. suis, and 280 (44 %) of the alien genes detected in B.
longum subsp. infantis returned significant database hits in terms of similarity.
Interestingly, of these identified HGT genes, 118 (95 %) of B. longum subsp. longum,

124 (81 %) of B. longum subsp. suis, and 191 (68 %) of B. longum subsp. infantis,
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corresponding respectively to 27 %, 30 %, and 30 % of the total HGT-acquired genes,
appear to be derived from other bifidobacterial species, most frequently by B.
bifidum, B. breve, and Bifidobacterium adolescentis (Tables S7-S9). These latter
species are also commonly found in the gastrointestinal tract of infants, thus
representing a common niche that would facilitate horizontal transfer events.
Furthermore, following the exclusion of hits corresponding to genera belonging to
the Bifidobacteriaceae family, the analysis revealed a preferential origin of alien
DNA from Enterococcus, Lactobacillus, Streptococcus, Collinsella, Bacteroides,

Actinomyces as well as Paeniclostridium (Tables S7-S9).

In particular, Enterococcus (7.2 %), Lactobacillus (7.2 %), and Collinsella (7.2 %)
were identified as major donors of the B. longum subsp. longum horizontal genes
(Figure 3b, Table S8), while Lactobacillus (7.1 %), Enterococcus (5.8 %), and
Streptococcus (5.8 %) were recognized as the prominent donors of the B. longum
subsp. suis foreign genes (Figure 3b, Table S9). In a similar fashion, the B. longum
subsp. infantis genes putatively acquired by HGT were predicted to be originated
mainly from Enterococcus (6.1 %), Lactobacillus (4.6 %) and Actinomyces (4.6 %)
(Figure 3b, Table S7). Interestingly, these donor genera, including the bifidobacterial
ones, are known to share the human (infant) gut environment with members of B.
longum species [7, 91], thus providing the opportunity for genetic transfer events,
which can act as the driver of niche adaptation in members of the B. longum species
[92].

To further investigate how HGT can contribute to differentially shape the B. longum
subspecies, we assessed to what extent potential HGT events affect the specific core
genome of each B. longum subspecies (Table 1). Notably, we found two alien core
genes in the B/I-CG, and 10 putative alien genes in the Bli-CG, corresponding

respectively to 8.3 % and 18.8 % of their own total number of core genes. Instead,
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no horizontal core genes were found among the five constituting the Bls-CG (Table
1).

As expected, HGT seems to contribute only marginally to the core genome of the
three B. longum subspecies. This observation is consistent with the notion that core
genes are the most ancient genes, whose acquisition shaped the ancestors of each B.
longum subspecies [93, 94]. Nevertheless, B. longum subsp. infantis was predicted
to possess a higher number of foreign core genes compared to the other B. longum
subspecies. Furthermore, based on RefSeq database annotation, horizontally
acquired core genes in Bli-CG encompassed five genes putatively involved in the
production of antimicrobial peptides, such as bacteriocins, and genes related to a
toxin/antitoxin system (Table 1). Notably, bacteriocins are commonly produced by
lactic acid bacteria, including Lactobacillus, Streptococcus, and members of the
Enterococcus genus [95, 96] that were consistently found amongst the major donor

genera of foreign B. longum genes.

Survey of the genetic features supporting HGT events

Mobile genetic elements, such as transposable elements and prophage-like elements,
can promote DNA acquisition and facilitate the genetic material transmission
between different bacterial taxa [87]. Conversely, Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) and restriction-modification (R-M) systems,
which both represent microbial defense mechanisms against invasion of alien genetic
material, are responsible for the degradation of nonself-DNA thereby preventing
HGT events [97]. In order to investigate the genetic features of B. longum subspecies
involved in the acquisition of foreign DNA, the representative 42 genomes were

screened for R-M and CRISPR-Cas systems (Figure 4a-b, Table S10).
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Figure 4. R-M and CRISPR-Cas systems in B. longum subspecies. Panel (a) shows the
number of genomic R-M systems found in each of the 58 representative B. longum strains.
Panel (b) depicts the presence (orange) or absence (black) of CRISPR-Cas systems in each
of the 58 representative B. longum strains.

Overall, these analyses revealed that B. longum genomes mainly harbor type II and
type I R-M systems, with a higher average number of R-M enzymes found in the
subspecies B. longum subsp. longum. In detail, this latter subspecies exhibited an
average of 2.2 £0.8 R-M genes (Figure 4a, Table S10), while assessments of B.

longum subsp. suis and B. longum subsp. infantis revealed the presence of 1.7 1.1
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and 0.45 +0.5 R-M genes, respectively (Figure 4a, Table S9). Interestingly, these
results negatively correlate with the number of alien genes as mentioned above for
each B. longum subspecies (t-test p-value < 0.05), corroborating the hypothesis that
R-M systems counteract HGT events.

As mentioned above, CRISPR-Cas systems represent another bacterial defence
mechanism against invading alien DNA [98]. Based on our screening, out of the 21
representative B. longum subsp. longum strains considered, 11 were shown to contain
at least one complete CRISPR-Cas locus in their genome (prevalence of 52.4 %)
(Figure 4b, Table S10). Besides, complete CRISPR-Cas systems were detected in 3
out of the 10 B. longum subsp. suis genomes, corresponding to a prevalence of 30 %,
as well as within 3 out of the 11 B. longum subsp. infantis chromosomes,
corresponding to a prevalence of 27 % (Figure 4b, Table S10). Furthermore, the
screening highlighted the occurrence of type I (subtypes I-C, I-E, and I-U) and type
IT systems (subtypes II-C), characterized by the presence of cas3 and cas9 genes,
respectively [99].

Specifically, a type II CRISPR-Cas system was detected only among B. longum
subsp. longum strains, while such a system seems to be absent in B. longum subsp.
suis and B. longum subsp. infantis. Overall, profiling of defense mechanisms
highlighted that B. longum subsp. longum genomes seem to be equipped with a more
efficient defense against foreign DNA invasion compared to those of both B. longum
subsp. suis and B. longum subsp. infantis [100].

To obtain an overview of the B. longum genetic elements that may be implicated in
HGT events, we screened for the presence of prophage-like and IS elements as well
as plasmid sequences (Table S10). This allowed the identification of 21 (average of
1 per genome) and 8 (average of 0.8 per genome) prophage-like sequences in the
inspected B. longum subsp. longum and B. longum subsp. suis genomes, respectively.

In contrast, 22 (bifido)prophages, corresponding to an average of 2 integrated phages
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per genome, were observed in the chromosomes of B. longum subsp. infantis (Table
S10).

The genomic structural features of these retrieved bifidoprophages suggest that they
represent members of the Siphoviridae family, consisting of lysogeny, DNA
replication, DNA packaging, head and tail synthesis, and host lysis modules (Table
S11). Furthermore, on average, 26.3 + 11.8 and 23.4 + 8.8 transposase genes per
genome were found by inspecting B. longum subsp. longum and B. longum subsp.
suis genomes, respectively, while B. longum subsp. infantis harbors 24.2 + 19.9
transposase genes per genome. In contrast, in silico prediction did not reveal any
plasmid sequences among the inspected B. longum genomes.

Altogether, these results, coupled with data obtained from the analysis of HGT
occurrences, suggests that B. longum subsp. infantis seems to be more prone to
acquire alien genes than the other two B. longum subspecies, highlighting how HGT
events may have played a prominent role in shaping the genome of this taxon,

ultimately providing it with specific ecological niche adaptations.

Conclusions

We investigated the genome diversity of B. longum species and its subspecies B.
longum subsp. longum, B. longum subsp. infantis and B. longum subsp. suis through
comparative genomic analyses and phylogenomic reconstruction of 261 publicly
available and high-quality genomes, along with 11 novel strains sequenced as part of
this study. These analyses revealed that members of B. longum subsp. infantis appear
to contain a more extensive genetic repertoire than the other B. longum strains,
highlighting how the former was shaped over the course of evolution through the
acquisition of new genetic features. Notably, the functional analyses of the core

genome unveiled that members of B. longum subsp. infantis possess unique
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carbohydrate utilization capabilities toward host glycans, particularly those for HMO
degradation.

When we investigated to what extent HGT events had been responsible for shaping
B. longum subsp. infantis genomes, we revealed the increased frequency by which B.
longum subsp. infantis had acquired alien DNA when compared to the other B.
longum subspecies and to the type strains of other known bifidobacterial species.
Notably, such higher genome plasticity, supported by specific genetic features such
as lower number of restriction/modification and CRISPR-Cas systems coupled with
a higher occurrence of prophage-like elements, appears to be the main reason that
allowed B. longum subsp. infantis to adapt to early life mammalian gut colonization.
Furthermore, prediction of putative donor taxa of alien DNA revealed a preferential
origin from other bifidobacterial and non-bifidobacterial species inhabiting the gut
environment, suggesting that the extensive milk-related carbohydrate utilization
capabilities that characterize the B. longum subsp. infantis subspecies seems to have
been obtained through extensive gene harvesting from co-colonizing bacterial taxa.
Though our findings provide insights into how the three B. longum subspecies
developed through differential gene acquisition and subsequent niche occupation, it
should be kept in mind that our conclusions are predominantly based on
bioinformatic analyses. Our future efforts will therefore aim to further support these
in silico data with experimental evidence.

Nevertheless, certain limitations of this study should be kept in mind. In particular,
the fact that the number of publicly available sequenced chromosomes belonging to
B. longum subsp. infantis and B. longum subsp. suis is significantly lower compared
with that of B. longum subsp. longum subspecies. This may imply that the genetic
variation within the first two subspecies may not have been completely disentangled,
as also demonstrated by the identification of an open pan-genome characterizing B.

longum subsp. infantis as well as B. longum subsp. suis (see Supplementary Text).
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In addition, our study very much focused on the in silico assessment of the genetic
traits distinguishing each B. longum subspecies, highlighting the need for

experimental validation of our presented bioinformatics data.

MATERIALS AND METHODS

Ethical statement

Animal research was performed in compliance with the rules, regulations and
recommendations of the Ethical Committee of the University of Parma. The
corresponding protocols were approved by the ‘Comitato di Etica Universita degli
Studi di Parma’, Italy. All animal procedures were carried out in accordance with
national guidelines (Decreto legislativo 26/2014).

Furthermore, the human study protocol was approved by the Ethics Committee of
the ‘Azienda Unita Sanitaria Locale di Reggio Emilia - IRCCS’ in Reggio Emilia,
Italy, as well as by the Ethics Committee of the University of Parma, Italy, and

informed written consent was obtained from all participants or their legal guardians.

B. longum genome sequences

At the time of writing (November 2020), 363 publicly available B. longum genomes
(complete and draft genome sequences) were retrieved from the National Center for
Biotechnology Information (NCBI) public database and then subjected to genome
quality-based selection. In detail, genome sequences showing a genome size less than
2.20 Mb or/and with a number of predicted CDSs less than 1600 as well as those
exhibiting low sequencing quality (genome coverage lower than 30-fold or
containing more than 100 contigs) were manually identified and discarded.
Furthermore, duplicated bacterial genomes (ANI value > 99.99 %) were removed,

resulting in a final collection of 261 high-quality B. longum genomes encompassing
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243, seven, and 11 chromosomes belonging to B. longum subsp. longum, B. longum
subsp. suis, and B. longum subsp. infantis subspecies, respectively. Furthermore, we
decoded the chromosomes of 11 newly isolated B. longum strains that were also
included in this study (Table S1). Notably, these latter isolates were obtained from
human, bovine, and canine fecal samples within the context of a bifidobacterial strain
isolation project aimed at exploring the genetic variability of the Bifidobacterium

genus.

Identification of novel B. longum strains and chromosomal DNA extraction

Based on a previous cultivation effort aimed at isolating Bifidobacterium
pseudolongum strains from fecal samples of various mammalian species [29],
bifidobacterial strains that did not belong to the above mentioned bifidobacterial
species were further subjected to species-specific PCR-based characterization in
order to identify novel B. longum strains. Briefly, bifidobacterial strains were
incubated in an anaerobic atmosphere (2.99 % Hz, 17.01 % CO; and 80 % N2) in a
chamber (Concept 400, Ruskinn) in de Man-Rogosa-Sharpe (MRS) (Sharlau
Chemie) supplemented with 0.05 % (wt/vol) L-cysteine hydrochloride and incubated
at 37°C for 16 hours. Subsequently, cells were harvested by centrifugation at 3,500
x g for 8 min, and the obtained cell pellet was used for DNA extraction using the
GenEluteTM Bacterial Genomic DNA kit (Merck, Germany), following the
manufacturer’s instructions. The extracted DNA was then subjected to a B. longum
species-specific identification protocol through a PCR-based methodology using
primers Blongl 5’-TCCCAGTTGATCGCATGGTC-3° and Blong2 5’-
GGGAAGCCGTATCTCTACGA-3’, which are based on the 16S rRNA gene
sequences of this taxon [30]. PCR amplification was carried out according to the
following protocol: one cycle of 94 °C for 5 min, followed by 30 cycles of 94 °C for

30s s, 54 °C for 30 s and 72 °C for 50 s, and a final cycle of 72 °C for 5 min.
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Furthermore, the DNA of strains identified as B. longum ssp. were further subjected
to a genotyping PCR using primers ERIC1 5’-ATGTAAGCTCCTGGGGATTCAC-
3> and ERIC2 5’-AAGTAAGTGACTGGGGTGAGCG-3’ in order to sequence the
genome of only one representative per genotype [31]. PCR amplification was
performed according to a previous protocol: one cycle at 94 °C for 3 min, followed
by 35 cycles of 94 °C for 30 s, 48 °C for 30 s and 72 °C for 4 min, and a final cycle
at 72 °C for 10 min [31].

B. longum genome sequencing and assemblies

Chromosomal DNA of the 11 newly identified B. longum strains was sequenced by
GenProbio Srl (http://genprobio.com) using a MiSeq platform (Illumina, San Diego,
CA, USA) according to the supplier’s protocol employing the Nextera XT DNA
Library Prep Kit (Illumina), resulting in fragments of about 500-900 bp. The library
samples obtained were then pooled into a Flow Cell V3 600 cycle (Illumina) in order
to retrieve paired-end reads of 250 bp resulting from sequencing of fragment ends.
Fastq files of paired-end reads generated from each genome sequencing effort were
used as input for the genome assembly through the MEGAnnotator pipeline
(https://github.com/GabrieleAndrea/MEGAnnotator) [32]. The SPAdes v3.14.0
program included in the MEGAnnotator platform was used for de novo assembly of
each bifidobacterial genome sequence with the pipeline option “--careful” and a list
of k-mer sizes 21,33,55,77,99,127 as suggested in the SPAdes’ manual [33].
MEGAnnotator then employed contigs greater than 1000 bp to predict protein-
encoding open reading frames (ORFs) using Prodigal v2.0 [34]. Predicted ORFs
were then functionally annotated using RAPSearch?2 (reduced alphabet based protein
similarity search) (cutoff e-value of 1 x 10 and minimum alignment length 20)

employing the NCBI reference sequences (RefSeq) database [35] together with
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hidden Markov model profile (HMM) searches (http://hmmer.org/) performed

against the manually curated Pfam-A database (cutoff e-value of 1 x 10717),

Pan-genome analyses of B. longum genomes

All 272 genome sequences of B. longum were employed for a pan-genome analysis
using the Pangenome Analysis Pipeline (PGAP) v1.1 [36] (http://pgap.sf.net).
Predicted CDSs of each B. longum genome were classified into functional gene
clusters through the gene family (GF) method, consisting of pairwise protein-
similarity search employing BLAST software v2.2.28+ (cutoff e-value of 1x1071° and
exhibiting at least 50 % identity across at least 80 % of both protein sequences).
Following this, using MCL (graph-theory-based Markov clustering algorithm) [37],
the data obtained were used to assign proteins to so-called Clusters of Orthologous
Groups (COGs). A pan-genome profile was then built using an optimized algorithm
as part of the PGAP software v1.1, based on a presence/absence matrix encompassing
all COGs identified in the analyzed genomes (Linux command line “./PGAP.pl --
strains [input_strain_list] --input input path/ --output output path/ --thread 20 --
identity 0.5 --coverage 0.8 --cluster --method GF --evolution --pangenome”).
Subsequently, the core genome of B. longum species was obtained by selecting
protein families which are shared between all genomes, while truly unique genes
(TUGSs) encoded by a single genome were identified based on those protein families
that are present in one B. longum genome yet absent in all other B. longum genomes.
Separate pan- and core- genome analyses were performed on each B. longum
subspecies as described above, involving genomes of 251 B. longum subsp. longum,

11 B. longum subsp. infantis and ten B. longum subsp. suis genomes.
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Phylogenomic comparison between B. longum strains

In order to assess the genetic relatedness among the 272 members of B. longum
species, the COGs constituting the core genome of each B. longum strain were
concatenated, and they were then aligned using MAFFT v7.222 [38] through the
Linux command line “mafft --thread 20 --retree 2 --clustalout --reorder
[input_sequences.fasta] > output.aln”. The resulting phylogenomic tree was
constructed using the neighbor-joining method in ClustalW v2.1 [39] through the
Linux command line “clustalw -bootstrap=100 -seed=100 -bootlabels=NODE -
outputtree=phylip -infile=file.aln”. Then, utilizing the graphical viewer of
phylogenetic trees FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/), the core
genome-based visual tree was developed. Furthermore, a value for the average
nucleotide identity (ANI) was calculated for each genome pair using the fastANI
software v1.3 [40] through the Linux command line *“./fastANI --ql
[genome list path] --rl [genome list path] -t 20 --matrix -o output.txt”. Out of 272
obtained B. longum genomes, we selected 42 B. longum strains in order to perform
downstream analyses (Figure 1). For this purpose, we included all ten genomes that
clustered with the B. longum subsp. suis type strain DSM20097 (seven publicly
available and three newly isolated), 11 of the non-redundant identified B. longum
subsp. infantis chromosomes with suitable quality (see above), along with 21
representative of B. longum subsp. longum. Notably, these latter comprised the type
strain DSM 20219, eight newly isolated, and an additional 12 publicly available
genome sequences, selected to maximize the description of the intra-subspecies
diversity from the branch of the tree encompassing the whole selection of B. longum

subsp. longum (Figure S2).
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Prediction of the mobilome of B. longum

The identification of the genes that may have been acquired by Horizontal Gene
Transfer (HGT) events was achieved using the suite COLOMBO v3.8, with a
sensitivity value of 0.7 (https://github.com/brinkmanlab/colombo/releases) [41].
Furthermore, the proteome of each B. longum strain was screened for the presence of
Restriction-Modification (R-M) systems based on sequence similarity to genes
classified in the REBASE database [42] (http://rebase.neb.com/rebase/rebhelp.html;
BLAST cutoff e-value of 1x107). The presence of transposable elements was
performed through the IS Finder online tool with predefined parameters
(https://isfinder.biotoul.fr/), while identification of clustered regularly interspaced
short palindromic repeats (CRISPRs) was achieved through the web application
CRISPRfinder (https://crispr.i2bc.paris-saclay.fr/Server/; default parameters were
used) [43]. Prediction of prophage-like elements was conducted using a custom
BLAST database (cutoff e-value of 1x10°) encompassing previously
bifidoprophage-validated sequences obtained from bifidobacterial type strains
previously described [44]. Then, genomic regions encompassing predicted phage-
related genes were manually examined to identify complete prophage-like sequences.
Assessment of complete or partial plasmid sequences was carried out employing a
combination of the PlasmidFinder 2.1 web service
(https://cge.cbs.dtu.dk/services/PlasmidFinder/ ; minimum identity = 50 % and
minimum  coverage = 80 %) [45] and ABRicate  software

(https://github.com/tseemann/abricate).

B. longum type strains carbohydrate growth assays
In order to validate the in silico findings, we performed growth assays on selected
carbon sources involving the type strains of each B. longum subspecies, i.e., B.

longum subsp. longum DSM20219, B. longum subsp. suis DSM20097, and B.
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longum subsp. infantis ATCC15697. Notably, in silico analyses performed in this
study generated predictions with regards to (carbohydrate) metabolic abilities of the
abovementioned strains and further discussed in the Results section. B. longum type
strains were cultivated overnight on semisynthetic MRS medium supplemented with
0.05 % (w/vol) L-cysteine hydrochloride at 37°C under anaerobic conditions.
Subsequently, cells were diluted in MRS without glucose in order to obtain an
ODgoonm=1 and 15 pl of the diluted cells were inoculated in 135 pl of MRS without
glucose supplemented with 1 % (wt/vol) of a particular sugar in a 96-well microtiter
plate, and incubated in an anaerobic cabinet. Specifically, each carbohydrate was
dissolved in MRS without glucose previously sterilized by autoclaving at 121 °C for
15 min. Subsequently, each obtained solution was filter sterilized using a 0.2 pum filter
size prior to use. Cell growth was evaluated by monitoring the optical density at 600
nm with the use of a plate reader (Biotek, VT, USA). The plate was read in
discontinuous mode, with absorbance readings performed at 3 min intervals for three
times after 48 h of growth, and each reading was ahead of 30 s of shaking at medium
speed. Cultures were grown in triplicates, and the resulting growth data were
expressed as the average of these replicates. Carbohydrates tested in this study were
purchased from Merck (Germany) and Carbosynth (Berkshire, United Kingdom),
and include soluble starch from potato, amylopectin from maize, pullulan,
maltotriose, maltodextrin, FOS, D-(+)-maltose, D-(+)-xylose, 2’-Fucosyllactose (2’-

FL), 3°-Sialyllactose (3°-SL), and a-D-glucose.

Statistical analyses

All  statistical —analyses were performed with SPSS software v25

(www.ibm.com/software/it/analytics/spss/).
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Abstract

The lower female reproductive tract is notoriously dominated by Lactobacillus
species, among which Lactobacillus crispatus emerges for its protective and health-
promoting activities.

Although previous comparative genome analyses highlighted genetic and phenotypic
diversity within the L. crispatus species, most studies have focused on the
presence/absence of accessory genes. Here, we investigated the variation at the single
nucleotide level within protein-encoding genes shared across a human-derived L.
crispatus strain selection, which includes 200 currently available human-derived L.
crispatus genomes as well as 41 chromosome sequences of such taxon that have been
decoded in the framework of this study. Such data clearly pointed out the presence
of intra-species micro-diversities that could have evolutionary significance
contributing to phenotypical diversification by affecting protein domains.
Specifically, two single nucleotide variations in the type II pullulanase gene sequence
led to specific amino acid substitutions, possibly explaining the substantial
differences in the growth performances and competition abilities observed in a multi-
strain bioreactor culture simulating the vaginal environment.

Accordingly, L. crispatus strains display different growth performances suggesting
that the colonization and stable persistence in the female reproductive tract between

the members of this taxon is highly variable.

For Supplementary Materials see the article published in Microbial Biotechnology
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INTRODUCTION

Bacteria evolved over millions of years to colonize different districts of the human
body, e.g., skin, pulmonary, gastrointestinal, and vaginal tracts, giving rise to
complex and dynamic populations of microorganisms engaged in close relationships
with the human host, referred to as the microbiota (1). In particular, the gut
microbiota, with its vastity of microbial genera and species, has attracted increasing
interest in the last decades for its ability to impact several aspects of human health,
development, and systemic physiology from infancy to adulthood (2—7). In contrast,
the vaginal microbiome is typically manifested by a low degree of (bio)diversity and
is commonly dominated by members of the Lactobacillus genus, such as
Lactobacillus iners, Lactobacillus gasseri, Lactobacillus jensenii, and Lactobacillus
crispatus. This latter is regarded as the primary determinant of vaginal health (8,9).
Indeed, in healthy cervicovaginal microbiota, L. crispatus species prevails,
producing D- and L-lactic acid, hydrogen peroxide, and bacteriocins, which prevent
the overgrowth of possible pathogens, hence preventing upper genital tract infections
in the host (10,11). For such reason, probiotic supplements based on L. crispatus are
widely used as vehicles of health-promoting strains in the vaginal environment (12—
14).

Recently, the evolution of the genome sequences of L. crispatus species has been
studied in relation to its adaptation to the human vaginal niche, underlining strain-
dependent efficiency to grow on glycogen as well as to inhibit pathogens (15-20).
Moreover, besides the human vaginal tract, L. crispatus have also been identified and
isolated from various (sub)niches, ranging from healthy poultry gut to various
districts of the human body, including the oral cavity, rectum, and urinary tract,
highlighting within-species genetic diversity, and variegated metabolic capabilities
(21-24). Taken together, this evidence suggests the presence of distinct evolutive

trajectories underlying the observed phenotypic diversification within this species.
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However, comparative genomic analyses involving chromosome sequences of L.
crispatus species have often focused on the relationship between the
presence/absence of accessory genes and a particular phenotype (21,24),
overshadowing the importance of mutations to within-species evolution (25-27).

In this framework, the aim of this study is to evaluate genome sequence variations at
the single nucleotide level within protein-encoding genes shared across non-identical
L. crispatus chromosomes, providing a close-up view of genetic (micro)diversity,
which can contribute significantly to strain diversification within this species. In
addition, to investigate the possible implications of the identified genetic differences
in the L. crispatus intraspecies competition within the vaginal microbiota, we
performed in vitro experiments consisting of carbohydrate-growth assays involving
L. crispatus multi-strain co-cultivation in a bioreactor simulating the vaginal tract.
Our findings revealed inter-strain genotypic variation and phenotypic differences
between L. crispatus strains, highlighting distinct evolutionary developments that
may provide this species with differential abilities to long persist and predominate in

the human vaginal tract.
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RESULTS AND DISCUSSION

Identification of representative Lactobacillus crispatus genomes

To investigate the genomic differences between human L. crispatus strains, an
extensive comparative genome analysis was performed on L. crispatus genomes
recovered from human specimens of healthy donors, including fecal, vaginal, saliva,
and urine samples (Supplementary Table S1). Specifically, seven L. crispatus strains
were obtained from international bacteria culture collection (Table 1), and their
genomes were sequenced along with those of 34 strains isolated from the human
vaginal tract in the context of a previous study (Table 1). Additionally, with the aim
of expanding the overview of the genetic variability of this taxon, 200 genome
sequences (complete and draft) of L. crispatus strains isolated from human biological
samples were selected from public repositories (Table S1). Following dereplication
aimed at removing the genomic redundancy by grouping essentially identical
genomes (using dRep tool, version 2.2.0, with average nucleotide identity > 99 %,
[https://drep.readthedocs.io/en/latest/choosing parameters.html]), 22 L. crispatus
chromosomes with average completeness of 98.97 % + 0.14 % were retained as
representatives of the sequence variation observed in our genome repertoire and
therefore used for comparative analysis (Supplementary Table S2).

The general features of the 22 representative L. crispatus genomes are reported in
Table 1 and include an average of 2,105 + 179 predicted Coding Sequences (CDSs)
per chromosome (ranging from 2,632 to 1,865), with an average genome length of

2.20 +0.18 Mbp.

Table 1. Genome features of the 22 representative L. crispatus genomes.
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Genome

Assembly Strain Genome size CDS Completeness Isolation
ID name Mbp number (%) source
GCF 000162255.1 | 125-2-CHN 2.30525 2,032 99.03 human vagina
GCF 000162315.1 | MV-3A-US 2.43708 2,252 98.38 human vagina
GCF 002861805.1 | UMB0824 2.17405 2,061 99.03 human urine
GCF 002861815.1 | UMBO0085 2.17506 2,081 99.03 human urine
GCF 009857395.1 | Indica2 2.20949 2,028 99.03 human vagina
GCF 007713895.1 | NCK1350 2.04734 1,932 99.03 human stool
GCF 013456995.1 | B4 2.03959 1,902 99.03 human stool
GCF 000160515.1 | JV-VO01 22172 1,992 98.03 human vagina
GCF 014654865.1 | BCS 2.06419 1,901 99.03 human vagina
GCF 015669875.1 | D31tl 2.2782 2,120 99.03 human stool
GCF 018987235.1 | ATCC 33820 2.23909 2,020 99.03 human saliva
GCF 020042005.1 | Lc1700 2.81896 2,632 98.86 human vagina
GCF 021278925.1 | 1c83 2.30843 2,112 98.9 human vagina
GCF 025194085.1 | CIRM-BIA 2111 2.00737 1,865 99.03 human stool
GCF 025194045.1 | CIRM-BIA 2233 2.24513 2,127 99.03 human vagina
This study LMG11440 2.032412 2,087 98.86 human vagina
This study LMG12005 2.019682 2,014 98.94 human vagina
This study LMG18189 2.094399 2,079 99.03 human saliva
This study LMG11415 2.030901 2,004 99.03 human saliva
This study LMG18200 2.208098 2,182 99.03 human stool
This study LB93 2.202822 2,340 99.03 human vagina
This study LB97 2.263389 2,422 99.03 human vagina

Intra-species genetic variability within the Lactobacillus genus

To investigate the level of genomic diversity among L. crispatus strains

compared

with other species of the Lactobacillus genus, we selected publicly accessible

chromosomes belonging to seven different Lactobacillus species known to inhabit

various human body sites. Notably, for a robust comparison with the dereplicated 22

representative L. crispatus genomes, we focused on Lactobacillus species for which

at least 20 independent conspecific genomes with ANI values between 95% and 98%

were retained after accounting for genome completeness > 95 % (Supplementary

Table S3). Accordingly, 499 Lactobacillus chromosomes were collected and
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combined with the 22 representative genomes of L. crispatus for pangenome
analysis, which led to the identification of 159 core genes, defined as the set of gene
families (clusters of orthologous groups [COGs]) shared by each Lactobacillus
chromosome tested (Figure 1a).

Exploiting this set of 159 core genes, the level of variability at the single nucleotide
level was evaluated individually within each Lactobacillus species. In detail,
sequences homologous to the 159 core genes (corresponding to an average of 46,760
+ 987 nucleotides) were recovered from each collected genome and compared
between strains belonging to the same Lactobacillus species, eventually recording
Single Nucleotide Polymorphisms (SNPs) at each nucleotide position.

Considering the nucleotide variations with an occurrence rate above 20% to exclude
sequencing errors, the eight inspected Lactobacillus lineages exhibited a total
number of intra-species SNPs per Mbp ranging from 20.6 to 442.3, with L. johnsonii
and L. acidophilus showing the lowest and the highest number of SNPs, respectively
(Figure 1a). Thus, these data highlighted how, on average, the various species of the
Lactobacillus genus display different levels of intra-species genetic diversity, which
has the potential to translate into intra-species phenotypic variability.

Remarkably, the L. crispatus core gene set returned an average of 364.7 SNPs per
Mbp, emerging among the species with the higher genetic variation, even compared
with other notorious Lactobacillus species inhabiting the human vaginal tract, such

as L. gasseri, L. iners, and L. jensenii (Figure 1a).
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Figure 1. Comparative analysis between different Lactobacillus species and between 22
non-identical L. crispatus strains. In panel (a), Venn diagram shows the eight Lactobacillus
species sharing the 159 genes used to measure the magnitude of intra-species genetic
diversity. Below, the species-specific number of SNPs identified within the common protein-
encoding genes is reported for each of the considered Lactobacillus species. Panel (b) depicts
the L. crispatus pan- and core-genome size. The number of discovered genes (vertical axe)
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is plotted as a function of the number of sequentially added genomes (horizontal axe). Panel
(c) shows the phylogenomic tree based on the concatenated 959 core genes shared among
the 22 non-identical L. crispatus genomes. The tree was constructed by the neighbor-joining
method. Bootstrap percentages based on 1,000 replicates above 50 are shown at node points.
For each strain, the isolation source is highlighted with a colored circle. On the right, an
aligned portion of the L. crispatus core genome exemplifies the relationships between
phylogenomic clusters and SNP patterns. In the top row, nucleotide positions showing
variants are highlighted with an asterisk, while a dot highlights non-variant sites.

In particular, among L. crispatus members, most SNPs were found within gene
sequences coding for transmembrane transport mechanisms (26 %), followed by
genes involved in the biosynthesis of extracellular protein components (14.5 %) and
carbohydrate metabolism (10.4 %). In contrast, within more niche-specialized
Lactobacillus species, e.g., L. gasseri, the genes with higher SNPs were involved

DNA-related processes (21.4 %) and protein-protein interaction (12 %).

Pan- and Core-genome analysis of the L. crispatus species

Chromosome sequences of the 22 non-identical L. crispatus strains were submitted
to gene re-annotation and subsequently analyzed from a pangenome perspective,
providing information on the ubiquitous genetic backbone of conspecific
chromosomes and the intra-species genetic diversity (28). In total, the pangenome of
L. crispatus includes 6,512 COGs, whose accumulation curve, depicting the
expansion of the pangenome as a function of the number of genomes included, is still
far from being saturated. Thus, indicating that L. crispatus species is characterized
by an open pangenome where the total gene pool obtainable for this species has not
yet been fully disclosed (Figure 1b). Moreover, we determined the current L.
crispatus core genome to be comprised of 959 COGs that were conserved across all
the 22 analyzed strains (15 % of the pangenome), while an average of 157.3 + 54.3

genes per genome were associated with only one strain.

148



Based on the core gene sequences obtained from the 22 non-redundant L. crispatus
genomes, a phylogenetic tree was constructed to evaluate the evolution of the species
(Figure 1c). According to the clustering relationship, the 22 strains assessed were
divided into two main clusters, one of which was intriguingly composed only of L.
crispatus strains isolated from the female reproductive tract (Figure Ic, violet
shadows). Moreover, this phylogenetic tree also displayed a second phylogenetic
cluster of strains isolated from different human body districts, encompassing vagina,
gut, saliva, and urine (Figure lc, green shadow). Notably, this mixed group may
include a few strains that can survive/colonize in closely related niches, like different

human body districts.

To investigate the intra-species genomic variability of L. crispatus taxon, we
measured the genetic diversity at the single-nucleotide level by comparing the whole
genome sequences (WgSNPs) and the corresponding core genome (cgSNPs).
Specifically, from the core genome-based phylogenomic tree (Figure 1), we selected
the L. crispatus strain placed at the deepest split, i.e., the most divergent chromosome
(RefSeq genome assembly GCF _015669875), which was used as a reference
sequence to compute pairwise alignments and SNPs extraction. Overall, the 22 L.
crispatus strains showed an average of 28,811 wgSNPs (representing about 2 % of
the genome sequence), most of which (about 90 %) resided within coding sequences.
For cgSNPs evaluation, each of the 22 homologous nucleotide sequences obtained
by concatenating the 959 COGs shared among all the non-identical L. crispatus
strains (corresponding to an average of 904,903 bases) were examined for sequence
variations against the concatenated (core) gene set of the reference L. crispatus
assembly. This procedure resulted in the identification of an average of 15,007
cgSNPs (representing a variation rate of 1 for every 56 nucleotides), that were

lowered when compared with previous analyses of polymorphic sites within
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clinically relevant organisms such as Pseudomonas aeruginosa and Escherichia coli
(showing 159,609 SNPs within the concatenated core genes of 3,629,979 bp and
266,969 SNPs within a core genome of 2,159,296 bp, respectively) (29,30). Albeit
the core genome resulted rather conserved within these 22 L. crispatus strains, it
might be worth mentioning that the observed micro-diversity lies within DNA
sequences that code for proteins. Therefore, it could have evolutionary importance
contributing to intra-species diversity by affecting protein domains. Indeed, the
nucleotide sequence variation among the L. crispatus core genome was not randomly
distributed, but phylogenetically co-clustered strains showed common patterns of
SNP profiles (Figure 1c), thus indicating that the observed SNPs are representing

evolutionary trajectories and not mere random mutations or sequencing errors.

Exploration of the micro-diversity in the ubiquitous features of L. crispatus
genome and identification of fast evolving genes

With the aim of defining whether and which categories of genes are more concerned
by a rapid sequence evolution, we calculated the level of polymorphisms for each
protein-coding gene constituting the L. crispatus core genome. Like what has been
performed above, the homologous gene sequences from the L. crispatus
GCF _015669875 were used as reference in pairwise comparisons of each individual
core gene. Accordingly, the number of SNPs resulting from the average of all
alignment pairs ranged from zero to 347.45 + 150.30 per gene (Supplementary Table
S4).

Among the genes with the lower average number of SNP sites (lower than 5.8,
corresponding to the data below the 25" percentile, Figure 2a), we identified protein-
coding sequences involved in putative housekeeping functions, including ribosome
assembly and function, central glycolysis regulation, as well as DNA replication and

cell division (Supplementary Table S4).
150



In contrast, by considering the data above the third quartile (Q3+1.5-Inter-Quartile
Range, Figure 2a), we identified 52 genes with the highest average number of SNP
sites (ranging from 347.45 + 150.30 to 90.25 £ 28.76), i.e., the most highly variable
genes (HVGs), which therefore represented the set of genes that have been likely
under the strongest selection pressure (Figure 2b, Supplementary Table S4).
Interestingly, among the HVGs, we identified mainly genes involved in the
biosynthesis and rearrangement of cell wall components, such as lipoteichoic acids
and peptidoglycan, as well as transmembrane transport of a variety of substrates,

including carbohydrates and micronutrients (Figure 2b, Supplementary Table S4).
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Figure 2. Identification of the 52 HVGs. In panel (a), Box-Whisker plot was used to
represent the gene distribution based on the number of SNP sites obtained by comparing the
nucleotide sequence of every 959 protein-coding genes shared among all the 22 L. crispatus
chromosomes. For each gene, the number of SNP sites was expressed as the average of all
the pairwise comparisons against the reference sequence (homologous gene sequence of L.
crispatus GCF_015669875). The Q3+1.51QR was used as a cut-off to select the 52 HVGs.
Panel (b) reports the functional annotation and the number of SNP sites of each HVG.
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The presence of such micro-diversity in proteins directly mediating interactions with
the environment likely reflects adaptive mechanisms to the changing biotic and
abiotic components, thereby leading to possible different competitive abilities and
(sub-)niche specialization. Indeed, the intra-species heterogeneity observed in the L.
crispatus core genes emerged less marked when the 22 L. crispatus strains were
compared based on their ecological niche, thus showing greater gene sequence
homogeneity among genomes that share the same environment (Figure 2a). However,
vaginal-derived L. crispatus strains showed a significantly higher number of HVGs
than those isolated from the human gut (Mann-Whitney test, p-value = 0.007),
indicating that the vaginal environment exerts crucial ecological forces driving the

L. crispatus genome evolution.

A new phylogenomic tree, representing the evolutionary outcomes determined by
mutational hotspots within the L. crispatus species, was generated employing the
nucleotide sequences of the 52 HVGs (Figure 3). Specifically, this tree was composed
of three main clusters, where not all the strains maintained the same distribution
compared to the original phylogenomic tree based on the whole core genome (Figure
3). Indeed, the HVG-based tree better distinguished among strains from closely
related niches, highlighting that the evolution of the HVGs does not strictly follow
the overall strain speciation, probably reflecting a relatively recent adaptation to
specific environmental stimuli, such as multiple human body site colonization or
inter-strain niche competition. Accordingly, based on the picture emerging from the
HVG-derived phylogenetic distribution, we selected four highly divergent L.
crispatus strains, i.e., LB97, LMG11440, LMG18200, and LMG11415, that were
used for in vitro phenotypical assays aimed at investigating the link between

evolutionary trajectories, grow performances, and competitive abilities.
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Figure 3. Phylogenetic analysis based on the 52 HVG sequences. Proteomic tree based on
concatenating the 52 protein-encoding core genes identified as highly variable across the 22
non-identical L. crispatus genomes. Phylogenetic groups are highlighted in different colors.
For comparison, the phylogenomic tree resulting from the whole core genome (presented in
Figure 1) is visualized using the redial layout. For each strain, the colored circle represents
the isolation source, while the diameter of the black circle is proportional to the number of
SNPs identified within the core genome using the GCF_015669875.1 genome sequence as

reference.
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In vitro evaluation of L. crispatus growth performances on selected carbohydrate
sources in an in vitro human vaginal model

To investigate how the high level of genetic heterogeneity identified within L.
crispatus could influence the respective growth abilities, the four selected L.
crispatus strains (LB97, LMG11440, LMG18200, and LMG11415, whose genome
diversity corresponded to ANI pairwise values < 98 %, Supplementary Table S2)
were cultivated on six different carbohydrate sources including glycogen, which is
the primary bacterial nutritional source in the vaginal lumen (31,32), along with other
glycogen-like o-glucans which may also represent a substrate for the bacterial
enzymatic arsenal involved in carbohydrates breakdown of the vaginal environment
(Figure 4a, Supplementary Table S5). The optical density (OD) was registered after
48h of anaerobic growth, and the growth on MRS was used as control condition
(Supplementary Table S5). Upon one-way ANOVA test with Bonferroni correction
(cut-off p-value < 0.05), the comparative growth assay showed widespread
statistically significant differences across the four L. crispatus strains. In particular,
L. crispatus LB97, isolated from the human vagina, showed greater growth
performances on most of the carbohydrates tested, including glycogen (final OD >
1.2; all Bonferroni-corrected p-values < 0.05), thus demonstrating a metabolic

specialization consistent with its isolation niche.
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Figure 4. Differential growth and competitive abilities between L. crispatus strains.
Panel (a) shows the optical density (OD) registered after 48h of anaerobic growth in different
nutritive substrates. Panel (b) illustrates the design of the bioreactor-based experiment
simulating the vaginal environment. In panel (c), the bar chart reports the quantification of
the metagenomic reads (using average RPKM measures) mapping marker genes unique to
each L. crispatus strain throughout the 48 hours of growth in the bioreactor.

The standard deviations are plotted as error bars. Different lowercase letters indicate
significant differences at p-value < 0.05 according to the Bonferroni test.

In panel (d), alignment of partial amino acid sequences corresponding to the type II
pullulanase genes of L. crispatus LB97 and LMG11440 strains genes highlights two amino
acid substitutions Gln (Q) to Lys (K) and Arg (R) to Thr (T).
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Conversely, the gut-derived L. crispatus LMG18200 exhibited the lowest growth
when glycogen, starch, and pullulan were used as the unique carbon source (all final
OD measures ~ 0.3; all Bonferroni-corrected p-values < 0.05), suggesting the
incapability of this strain to metabolize long-chain o-glucans (Figure 4a,
Supplementary Tables S5, S6). Moreover, all strains appeared nearly equally limited
in mucin utilization (all final OD < 0.3; Bonferroni-corrected p-values > 0.05)
(Figure 4a, Supplementary Tables S5, S6).

Furthermore, to determine the reciprocal competitive ability of the different L.
crispatus strains, the growth performances of the four selected strains were evaluated
through a co-cultivation experiment involving a bioreactor model simulating the
nutritional and chemical-physical conditions of the vaginal environment (24) (Figure
4b). The proliferation trend of each strain was followed for 48h by mapping the
sequenced metagenomic reads at multiple time points against a set of strain-specific
marker genes (Supplementary Table S7, Supplementary Table S8). In accordance
with what was observed in the carbohydrate grow assay, the vaginal isolate LB97
showed a notable proliferation ability, over dominating the four-strain L. crispatus
community at every co-cultivation time-point (Supplementary Table S8, all
Bonferroni-corrected p-values < 0.05) (Figure 4c).

In contrast, the strains LMG11415 (isolated from the human saliva) and LMG18200
(isolated from the human intestine) were clearly overwhelmed (Figure 4c).
Consistently, close examination of the genomes of these four L. crispatus strains
revealed that these latter were lacking in any glycogen-degrading encoding gene,
while the proliferating vaginal-derived LB97 and LMG11440 strains carried a type
II pullulanase acting on both a-1,6- and o-1,4- glycosidic bonds, which therefore
achieves complete glycogen degradation, as reported in recent studies (17,32).

Nevertheless, LB97 and LMG11440 substantially differ in their proliferation
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capabilities (Supplementary Table S8, Bonferroni-corrected p-values < 0.05) (Figure
4c).

Accordingly, the metabolic potential of the gene sequences identified in the
comparative genome analysis as associated uniquely with the L. crispatus LB97 was
investigated using the MetaCyc database (33). The results revealed that the predicted
proteome of this strain is characterized by the presence of protein-encoding genes
involved in the uptake and metabolism of galactitol and polyamines, as well as a
locus encoding proteins dedicated to the ascorbate degradation, which can contribute
to the maintenance of the host’s vaginal health (34) (Supplementary Table S9).
Moreover, the unique gene repertoire of the LB97 strain also contained a gene
encoding for a mucin-binding protein (MucBP domain), thus corroborating for this
strain the hypothesis of a host mucin role as adhesion site rather than a carbon source,
as previously reported in the literature (29-31) and confirmed by the growth assay
described above (Figure 4a). However, our functional investigation did not detect
genes possibly involved in the metabolism of the nutritional sources constituting the
used glycogen-based culture medium (Supplementary Table S9).

Interestingly, when SNPs were calculated between these latter two L. crispatus
genome sequences, a total of 27,906 nucleotide positions showed differences, of
which 8,238 (29 % of the total SNPs) corresponded to amino acid replacements, thus
resulting in strain-specific intragenic variants, which can contribute to generating
phenotypic differences (Supplementary Table S10). Moreover, alignment of their
type II pullulanase gene revealed four variations at single nucleotide level
(Supplementary Table S11, Supplementary Figure S1), two of which resulted in
amino acid substitutions (Figure 4d, Figure S1). In more detail, these non-
synonymous SNPs lie within the protein Carbohydrate Binding Module (CBM)

(Figure 4d), with possible repercussions on the efficiency of the protein binding to
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its substrate, as also evidenced by the 3D protein structure prediction (Supplementary
Figure S2).

Overall, the finding of isolate-specific intragenic SNPs, and particularly those within
the pullulanase-encoding gene, possibly explain the growth and competitiveness
differences observed between the vaginal-isolated L. crispatus LB97 and LMG11440

strains cultivated on the simulated vaginal medium.

CONCLUSIONS

In this study, a comparative genome analysis involving 41 newly decoded human L.
crispatus genomes coupled with 200 publicly available genome sequences from this
species allowed us to deeply investigate the L. crispatus core gene evolution by
connecting data from single nucleotide variations, phylogenomic reconstructions,
and in vitro experiments.

Compared with other Lactobacillus species, including those inhabiting the human
vaginal tract, i.e., L. iners, L. gasseri, and L. jensenii, a higher level of sequence
variation at the single nucleotide level was observed within the gene pool shared
among the inspected L. crispatus strains, thus highlighting a within-species diversity
driven by conserved genes evolution.

Interestingly, the genetic heterogeneity observed within the L. crispatus species
appears to be reflected at the phenotypic level. In fact, when different L. crispatus
strains were co-cultivated in a bioreactor-based model simulating the vaginal
environment, substantial differences were noted in the colonization and competition
efficiency.

Although members of the L. crispatus species was previously thought to utilize the
glycogen hydrolysis products generated in the vaginal environment by the human a-
amylase (31,35), recent evidence showed that members of this taxon produce the

enzyme to independently degrade glycogen, annotated as a type II pullulanase
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(17,32). In this context, while the absence of this gene was noted for those L.
crispatus strains unable to stably proliferate on glycogen under in vitro conditions,
we identified two amino acid substitutions within the type II pullulanase
carbohydrate-binding module arising from non-synonymous single nucleotide
polymorphisms (SNPs) which could explain the different proliferation and
dominance abilities observed in vitro for the L. crispatus strains investigated in this
study.

Remarkably, while the strain-specific accessory genetic content has been historically
pointed out as one of the main sources of variability resulting from intra-species
evolution, data collected in the framework of this study revealed that the evolution
of the core genome could contribute to generate marked strain-specific phenotypic
traits. Thus, understanding this evolutionary driving force could be relevant for
unraveling strain-specific capabilities to successfully dominate the female
reproductive tract and, ultimately, selecting suitable L. crispatus strains that could be

applied for novel bacterial therapy strategies.

MATERIAL AND METHODS

Isolation of L. crispatus strains and retrieval of publicly available genome
sequences

Candidate Lactobacillus strains were obtained from an isolation effort performed in
a framework a previous study.

Identification of newly isolated L. crispatus strains was achieved through the Matrix
Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-
TOF MS) Biotyper Sirius (Bruker, Germany) using the manufacturer’s software
FlexControl and the MALDI-Biotyper software (MBT). In detail, a single bacterial

colony grown on MRS agar was transferred onto a spot of the MSP 96 target polished
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steel BC MALDI target plate (Bruker, Germany). Subsequently, the bacterial sample
was overlaid with 1 pL of matrix solution containing 10 mg/mL HCCA (a-cyano-4-
hydroxycinnamic acid, Sigma-Aldrich, Poland) resolved in 50% acetonitrile (Carlo
Erba, Italy) and 2.5% TFA (trifluoro-acetic acid, Carlo Erba, Italy) and air-dried
(36,37). The MALDI target plate was then introduced into the spectrometer for
automated measurement and data interpretation. The mass spectra were processed
with the MALDI Biotyper 3.0 software package (Bruker, Germany) containing
reference spectra, including different lactobacilli species. According to the criteria
recommended by the manufacturer, a score of>2.000 indicates a significant
similarity between the obtained spectrum and the database entry. Each sample was
analyzed in duplicate (2 spots for each sample).

The default parameter settings are as follows: positive linear mode, laser frequency
200Hz, ion source 1 = 19.84 kV, ion source 2 = 18.07 kV, Bruker’s MBT FC and
MBT_ AutoX methods, mass range: 2000-20000Da. Moreover, before analysis,
calibration was performed with a bacterial test standard (Bruker, Germany)
containing an extract of Escherichia coli DHS alpha.

A total of 34 L. crispatus strains were identified and taken forward for whole genome
sequencing. In addition, seven L. crispatus strains isolated from human biological
samples were purchased from international bacterial collections. To perform
chromosomal DNA extraction, the 41 L. crispatus strains were cultivated in MRS
broth supplemented with 0.05% (wt/vol) L-cysteine hydrochloride in an anaerobic
atmosphere at 37°C (2.99% [vol/vol] Hz, 17.01% [vol/vol] CO,, and 80% [vol/vol]
N»2) for 12 h. Subsequently, cells from 10 ml of the culture were harvested by
centrifugation at 6,000 rpm for 8 min, and the obtained cell pellet was used for DNA
extraction using the GenElute bacterial genomic DNA kit (Sigma-Aldrich) following

the manufacturer’s guide.
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Furthermore, 200 L. crispatus genome assemblies with completeness > 95% derived
from strains isolated from biological material of human subjects were retrieved from

the NCBI database.

Genome Sequencing, Assembly, and Annotation
The DNA extracted from the 41 L. crispatus strains was subjected to whole-genome
sequencing using MiSeq (Illumina, UK) at GenProbio srl, Parma, Italy

(www.genprobio.com) according to the supplier’s protocol (Illumina, UK). Individual

genome libraries were generated using the Nextera XT preparation kit and loaded
into a 600-cycle (250-bp paired-ends) flow cell version 3 (Illumina). Raw DNA
sequence reads (fastq files) obtained from genome sequencing were assembled using
the MEGAnnotator pipeline (38). Briefly, SPAdes software was used for de novo
assembly of the genome sequences with the pipeline option “--carefull” and a list of
k-mer sizes of 21; 33; 55; 77; 99; 127 (39) and protein-encoding genes were predicted
for contig greater than 1,000 bp using Prodigal (40). Functionally annotation of the
predicted genes was achieved through RAPSearch2 (cut-off E value, 1x 107>
minimum alignment length, 20 amino acids) (41) and hidden Markov model profile

(HMM) searches (cut-off E value, 1 x 10—10) (http://hmmer.org/) performed against

the NCBI nr database and the manually curated Pfam-A database, respectively.
Moreover, tRNA genes were determined using tRNAscan-SE version 1.4 (42), and
rRNA loci were identified with RNAmmer version 1.2 (43).

Furthermore, to obtain comparable quality standards for the analyzed genomes, all
the 200 L. crispatus genomes retrieved from the NCBI database were re-annotated
employing the same approach based on MEGAnnotator pipeline used for the 41 L.

crispatus genomes decoded in the current study.
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Pangenome analyses and phylogenomic tree reconstruction

All pangenome calculations were performed using PGAP [PanGenomes Analysis
Pipeline, (44)] as described previously (45,46). In detail, orthologous protein
sequences were identified in genome sequences using BLAST analysis (cut-off E-
value = 1 x 107%; 50% identity over at least 80% of sequence coverage) and then
organized into functional Clusters of Orthologous Groups (COGs) through the MCL
algorithm (graph-based Markov clustering algorithm) using the gene family (GF)
method. Pangenome profiles were produced through an optimized procedure
integrated into the PGAP software, based on a presence/absence matrix including all
COGs identified in the given genomes. The concatenated protein sequences of core
genes were aligned using Mafft v7.453 (47) and then employed to build
correspondent phylogenomic trees through the neighbor-joining method in Clustal W
version 2.1. Visual core genome-based phylogenomic trees were developed using

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

Single-Nucleotide Polymorphism identification

The species-specific level of polymorphisms within the Lactobacillus genus was
assessed exploiting the identified core gene set shared between L. crispatus, and
seven different Lactobacillus species. In detail, 159 core-shaping genes were
concatenated and aligned using the multiple genome aligner Maftt v7.453 (47).
Nucleotide variants at each sequence position were then extracted through the SNP-
sites program (version 2.5.1) (48). Assuming that, unlike sequencing errors, real
genetic variants should be observed in a quite number of independent genomes
assembly, we considered only sequence positions in which two or more alternatives
were observed in at least 20% of genome collection. The number of intra-species
SNPs obtained for each Lactobacillus species was converted into SNPs per Mbp to

account for variation in genome length.
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In a similar fashion, both concatenated and individual gene nucleotide sequences
comprised within the L. crispatus core genome were aligned with Mafft v7.453 and
parsed with the SNP-site software. For these analyses, the genome sequence of the
most divergent L. crispatus strain (assembly number GCF_015669875.1) was used
as reference sequence. Synonymous and non-synonymous nucleotide variations were
discriminated using the ParaAT 2.0 software (49) combined with KaKs Calculator
3.0 toolkit (50). Whole-genome SNPs were extracted by combining the short-reads
aligner BWA and the VarScan tool (version 2.3.6)

Carbohydrate growth assay

In vitro growth assays with different carbon sources, such as starch, amylopectin,
pullulan, maltodextrin, glycogen, and mucin, were performed on selected L.
crispatus strains, i.e., LB97, LMG11440, LMG18200, and LMG11415. In detail, the
four L. crispatus strains were cultivated overnight on a semisynthetic MRS medium
supplemented with 0.05% (w/vol) L-cysteine hydrochloride at 37 °C under anaerobic
conditions. Subsequently, cells were diluted in MRS without glucose to obtain an
ODs00o nm=1, and 15 pl of the diluted cells were inoculated in 135 pl of MRS without
glucose supplemented with 1% (wt/vol) of a particular sugar in a 96-well microtiter
plate and incubated in an anaerobic cabinet. Specifically, each carbohydrate was
dissolved in MRS without glucose previously sterilized by autoclaving at 121°C for
15 min. Subsequently, the obtained solutions were sterilized using a 0.2 um filter size
before use. Cell growth was evaluated by monitoring the optical density at 600 nm
using a plate reader (Biotek, VT, USA). Each plate was read in discontinuous mode,
with absorbance readings performed thrice at 3-min intervals after 48h of growth,
and each reading was ahead of 30s of shaking at medium speed. Cultures were
performed in triplicates for each strain, and the resulting growth data were expressed

as the average ODsoonm Of these independent biological replicates. Carbohydrates
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tested in this study were purchased from Merck (Germany) and Fisher Scientific,
ACROS Organics (USA) and include soluble starch from potato, amylopectin from
maize, pullulan, maltodextrin, glycogen from beef liver, mucin from porcine

stomach. The semisynthetic MRS medium was used as the control medium.

Co-culture using a bioreactor system

The four selected L. crispatus strains (reported above) were grown anaerobically at
37°C for 24h in simulated vaginal fluid (SVF) (24) to adapt the microorganisms to
the medium. Next, revitalized cells were inoculated in a bioreactor system (Solaris
Biotech Solutions, Italy) to obtain a final concentration per bacterial strain of 5x10°
cells/mL in 400 mL of SVF. The co-culture of the four L. crispatus strains was
performed with a non-continuous supply of the growth medium for the first 12h to
stabilize the microbial community. Subsequently, the cultivation was shifted to a
continuous mode to provide fresh SVF medium and continued for 48h under
anaerobic conditions at 37°C with a mechanical agitation set at 180 rpm. In addition,
the pH was maintained at 4.5 by adding 2.5M NaOH to mimic the pH of the human
vaginal environment (24). During bacterial growth, culture aliquots were collected at

10h, 24h, and 48h.

DNA extraction and shotgun metagenomic sequencing

Each aliquot collected from bioreactor cultivation was subjected to DNA extraction
using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research, D4300) following
the manufacturer’s instructions. Then, after assessing DNA concentration and purity
using a BioPhotometer D30 (Eppendorf, Germany), each DNA sample was

sequenced by GenProbio srl, Parma, Italy (www.genprobio.com) employing next-

generation sequencing technique (shotgun metagenomic sequencing). The
preparation of DNA libraries was performed using the Nextera XT DNA sample

preparation kit (Illumina, San Diego, CA) according to the manufacturer’s
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instructions, using 1 ng of DNA from each metagenomic sample. The isolated DNA
underwent fragmentation, adapter ligation, and purification. The ready-to-go
libraries were pooled equimolarly and diluted to a sequencing concentration of
650 pM. On-board DNA denaturation and sequencing were performed on a NextSeq
2000 instrument (Illumina, San Diego, CA), according to the manufacturer’s
instructions, using the 2x150 bp NextSeq 1000/2000 P2 Reagents (300 Cycles) v3
and spike-in of 1 % PhiX control library. Whole-metagenome shotgun (WMGS)
sequencing of the three bioreactor culture aliquots produced an average of
21,861,838 + 7,995,330 paired-end 150 bp reads per sample. Raw metagenomic
sequencing reads were trimmed and quality filtered with fastq-mcf software supplied
by [llumina Inc (minimum mean quality score, 20; window size, 5 bp; and minimum
length, 100 bp). Following quality filtering, an average of 18,662,746 + 5,671,267

quality-filtered microbial reads per sample were retained (Supplementary Table S8).

L. crispatus strain-level profiling of the bioreactor-derived cultures

To disentangle the different L. crispatus strains in the co-culture aliquots collected at
different time points (10h, 24h, and 48h) during bioreactor growth, the filtered
metagenomic reads obtained from each shotgun sequencing effort were mapped
against specific distinctive regions of every L. crispatus genome using the software

BBMap  (https://sourceforge.net/projects/bbmap/)  with ~ 100%  homology

(perfectmode=t flag). Notably, to avoid mis-mapping of the metagenomic short
reads, it was used L. crispatus genomes that returned pairwise ANI values < 98%, as
advised in a previous qualified study

(https://drep.readthedocs.io/en/latest/choosing_parameters.html) (51). In detail, to

identify suitable discriminative genes, the whole set of genes unique to each L.
crispatus strain detected in the PGAP analysis were mapped against the combined

genomes of all strains using the Bowtie2 --very-sensitive mode (52). Genes that did
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not return any hits other than those corresponding to the genome to which they belong
were retained as candidate strain-specific marker genes. This selection was then
manually inspected to exclude genes corresponding to transposases, phage genes,
and genes located alongside the contig ends. This procedure identified a set of
roughly ten unique marker genes for each L. crispatus strain that were used in
downstream analyses on the bioreactor-derived metagenomic reads (Supplementary
Table S7). A proxy measure of each strain abundance was calculated by normalizing
the mapped read count on the corresponding marker gene length and library size
using the RPKM mathematical formula [(10° * Number of mapped reads to a
gene)/(Total mapped reads * gene length in base-pairs]). Moreover, the set of genes
associated uniquely with each of the four co-cultivated strains was functionally
investigated to discover potential accessory protein-encoding sequences conferring
peculiar growth abilities in the cultivation medium. To this scope, we employed the
MetaCyc database (https://metacyc.org/), which allowed us to assign a detailed
functional annotation to each scrutinized gene. In addition, the Transporter
Classification Database (TCDB) was exploited to characterize transport systems and

identify their possible substrates (https://tcdb.org/).

Statistical analysis

The software SPSS  version 25 and OriginPro version 2023
(www.ibm.com/software/it/analytics/spss/) (https://www.originlab.com/) were used
for statistical data analyses and graphing. One-way ANOVA with Bonferroni
correction was used to determine the statistical significance of differences in the
ODsoo measures (growth assay) and normalized read counts (bioreactor-based co-

cultivation experiment). AlphaFold (53) and PyMOL software (https:/pymol.org/2/)

were used to observe SNPs within the predicted 3D protein structure of the

pullulanase type II gene derived from the L. crispatus LB97.
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Data availability
Genome sequences of the 41 newly sequenced L. crispatus were deposited in NCBI-

SRA (Short Read Archive) repository with accession number PRINA947599.
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Abstract

Gardnerella vaginalis is described as a common anaerobic vaginal bacterium whose
presence may correlate with vaginal dysbiotic conditions. In the current study, we
performed phylogenomic analyses of 72 G. vaginalis genome sequences, revealing
noteworthy genome differences underlying a polyphyletic organization of this taxon.
Particularly, the genomic survey revealed that this species may actually include nine
distinct genotypes (GGtypel to GGtype9). Furthermore, the observed link between
sialidase and phylogenomic grouping provided clues of a connection between
virulence potential and the evolutionary history of this microbial taxon. Specifically,
based on the outcomes of these in silico analyses, GGtype3, GGtype7, GGtype8, and
GGtype9 appear to have virulence potential since they exhibited the sialidase gene
in their genomes. Notably, the analysis of 34 publicly available vaginal metagenomic
samples allowed us to trace the distribution of the nine G. vaginalis genotypes
identified in this study among the human population, highlighting how differences in
genetic makeup could be related to specific ecological properties. Furthermore,
comparative genomic analyses provided details about the G. vaginalis pan- and core
genome contents, including putative genetic elements involved in the adaptation to
the ecological niche as well as many putative virulence factors. Among these putative
virulence factors, particularly noteworthy genes identified were the gene encoding
cholesterol-dependent cytolysin (CDC) toxin vaginolysin and genes related to
microbial biofilm formation, iron uptake, adhesion to the vaginal epithelium, as well

as macrolide antibiotic resistance.

IMPORTANCE. The identification of nine different genotypes among members
of G. vaginalis allowed us to distinguish an uneven distribution of virulence-
associated genetic traits within this taxon and thus suggest the potential occurrence

of putative pathogen and commensal G. vaginalis strains. These findings, coupled
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with metagenomics microbial profiling of human vaginal microbiota, permitted us to
get insights into the distribution of the genotypes among the human population,
highlighting the presence of different structural communities in terms of G.

vaginalis genotypes.

For Supplementary Materials see the article published in Applied and Environmental

Microbiology
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INTRODUCTION

The human female reproductive tract harbors trillions of bacteria that play an
important role in the health of women (1). In particular, human vaginal microbiota
are believed to exert a preventive action against several diseases, such as bacterial
vaginosis (BV), sexually transmitted diseases (STDs), and urinary tract infections
(2-5). In this context, members of the Lactobacillus genus are generally dominant in
the vaginal microenvironment of healthy women and exploit their beneficial role(s)
through lactic acid production that keeps low pH and provide protection to the host
against pathogenic bacteria (6-8).

In recent years, the composition of women’s vaginal microbiota has been
investigated by means of next-generation DNA sequencing techniques, revealing that
vaginal bacterial communities, i.e., vaginal microbiota, can be classified from three
to nine ecotypes according to their specific microbial composition (9). In this context,
it has been proposed that the vaginal microbiota of asymptomatic women from four
ethnic groups could be clustered into five community-state types (CSTs) (9).
Notably, CST I, CST II, CST III, and CST V were dominated by various species of
Lactobacillus, i.e., Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus
iners, and Lactobacillus jensenii, respectively, while CST IV was mainly constituted
by obligated anaerobic bacteria, also including members of the Prevotella,
Atopobium, and Gardnerella genera. Among the latter genus, a single species has
been so far described, i.e., Gardnerella vaginalis, represented by Gram-positive,
anaerobic, non-spore-forming bacteria commonly identified in the vaginal
environment (10).

Great interest revolves around G. vaginalis since this microorganism was frequently
detected as a dominant microorganism in chronic and acute BV incidence (11), which
is an aberrant condition characterized by a shift of the vaginal microbiota

composition (Lactobacillus dominated) toward a more diversified microbial
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community (12). It has been demonstrated that G. vaginalis cells possess the ability
to adhere to the vaginal epithelium and develop a characteristic microbial biofilm
(13, 14), enabling it to colonize the vaginal tract efficiently. In addition, G.
vaginalis can produce other virulence factors, such as sialidase, which has been
strongly linked with microbial biofilm production (15,16), and cholesterol-
dependent cytolysin (CDC) family toxin vaginolysin (17). However, it has also been
observed that presence of G. vaginalis in the vaginal microbiota does not always
imply BV (18). For this reason, several efforts were made to highlight which genomic
differences could discriminate pathogenic from commensal strains (11, 19, 20).
Nevertheless, the role of G. vaginalis in the pathogenesis of BV is still far from being
fully understood.

Since its discovery in 1955, G. vaginalis was named Haemophilus vaginalis (10) and
later, it was designated Corynebacterium vaginale (21). Afterward, taxonomic
studies confirmed the need to introduce the new Gardnerella genus, also showing its
taxonomic relatedness to the Bifidobacterium genus (22,23). To date, G. vaginalis 1s
taxonomically placed within the Bifidobacteriaceae family, and it is considered the
only species of the Gardnerella genus. However, several studies have reported the
existence of genetic heterogeneity among the various members of this genus (24-26).
Here, we carried out an exhaustive comparative genome analysis based on 72
publicly available genomic sequences of G. vaginalis, aiming to investigate the
genomic variability of this taxon. Moreover, phylogenomics analyses were carried
out to highlight the phylogenetic relationships of G. vaginalis with the other
members of the Bifidobacteriaceae family. Finally, the screening of 34 publicly
available vaginal shotgun metagenomic data sets allowed us to investigate the
distribution of the here-identified G. vaginalis genotypes among the human

population.
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RESULTS AND DISCUSSION

General genome features of Gardnerella vaginalis

In order to perform an exhaustive comparative genomic analysis of the G.
vaginalis species, all the publicly available genome sequences of this taxon were
retrieved from the NCBI database (Table 1). Notably, chromosomes of G.
vaginalis used in this work were carefully selected, resulting in one of the largest
high-quality databases developed to date, encompassing 72 G. vaginalis genomes
(see Materials and Methods). The predicted average genomic GC content was 41.8%,
a lower value than the other members of the Bifidobacteriaceae family (60.2% for
the bifidobacterial strains and 52.9% for other genera of the bifidobacterial strains
and 52.9% for other genera of the Bifidobacteriaceae family) (27). Interestingly, the
GC content showed low variability among analyzed strains, except for the
CMW7778B chromosome, which deviates from the genomes of the other strains,
with a GC content of 38%. As shown by previous studies, these findings allowed
researchers to suggest that the adaptation to a limited niche complexity, along with a
constant environmental temperature, may have affected the GC content of G.
vaginalis genomes (28). In fact, G. vaginalis strains have been isolated so far only
from the human urogenital tract, thus showing a restricted ecological niche whose
temperature is maintained to be almost constant. In contrast, members of
the Bifidobacterium genus that colonize a wide variety of ecological niches,
including the gut of homeothermic and heterothermic animals, exhibited a higher GC

content level (27).
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Table 1. General genome features of G. vaginalis ANA, Not Available

GARDNERELLA e cone (60 WD NG WG e o n
VAGINALIS STRAIN ENA assembly no. - size content of rRN.A tRNA ) source
(Mb) (%) CDS loci genes
5-1 GCA_000176495.1 Draft 1.6728 420 1273 1 45 viy Vagina
41V GCA 0001656352 Draft 1.6594 413 1277 1 45 vy Vagina
PSS_7772B GCA_001546485.1 Draft 1.5967 429 1,169 1 44 iy Urine
KA00225 GCA_002896555.1  Draft 1.6700 408 1,187 2 45 vy Vagina
101 GCA 0001656152 Draft 1.5275 434 1,163 2 45 vy NA
CMW7778B GCA _001563665.1  Draft 1.6026 380 1,150 1 44 vly Vagina
N165 GCA_003408785.1 Draft 1.7116 414 1344 2 44 Vi, sid :’;‘i‘;ﬁl
1400E GCA _000263495.1  Draft 1.7163 412 1,331 3 44 vly Vagina
1500E GCA_000263595.1  Draft 1.5482 430 1,157 3 45 vy Vagina
55152 GCA _000263475.1  Draft 1.6432 413 1244 1 45 viy Vagina
GED7760B GCA _001546455.1  Draft 1.4892 433 1,123 1 45 sid Vagina
UGENT 09.07 GCA _003397665.  Draft 1.7238 41.1 1,293 1 47 vy Vagina
00703C2MASH GCA_000263515.1 Draft 1.5467 423 1,185 2 45 iy Vagina
49145 GCA _003034925.  Draft 1.7014 412 1,325 1 45 vly, sld Vagina
ATCC 49145 GCA _001913835.1  Draft 1.7069 412 1361 2 45 viy, sld Vagina
GED7275B GCA _001546445.1  Draft 1.5079 425 1,139 1 45 viy Vagina
UMB0061 GCA_002861165.1 Draft 1.7422 412 1387 2 45 vily, sld Catheter
0288E GCA _000263555.1  Draft 1.7088 412 1338 1 45 viy Vagina
284V GCA _000263435.1  Draft 1.6508 412 1280 2 45 vy Vagina
00703BMASH GCA _000263615.1  Draft 1.5661 03 1227 1 45 vly, sld Vagina
JCM 11026 GCA_004336685.1 Draft 1.6571 413 1225 1 45 viy, sid Vagina
6420B GCA_000263575.1  Draft 1.4936 02 1,122 1 45 vy Vagina
UMB0032B GCA_002862005.1  Draft 1.7451 412 1382 1 45 viy, sld Catheter
315-A GCA 0002143152 Draft 1.6533 414 1298 1 45 viy, sid Vaginal
NRO10 GCA_003408845.1 Draft 1.6227 45.5 1,181 3 45 Vi, sid :’;‘i‘;ﬁl
UMB0833 GCA _002861885.1  Draft 1.6203 42.1 1,273 3 45 sid Catheter
6119V5 GCA_000263655.1  Draft 1.4996 433 1,117 1 45 vy Vagina
3549624 GCA _001049785.1  Draft 1.7323 414 1298 2 45 viy, sid Vagina
00703DMASH GCA_000263635.1  Draft 1.4908 434 1,121 1 45 iy Vagina
14018C GCA _004336715.1  Draft 1.6578 413 1232 1 45 vly, sld NA®
UMBO0032A GCA_002862015.1 Draft 1.7455 412 1,383 2 45 viy, sid Catheter
UMBO0770 GCA _002861945.1  Draft 1.6960 412 1,323 1 45 viy, sid Catheter
UMBO0775 GCA _002861925.  Draft 1.7436 412 1397 2 45 vily, sld Catheter
GS 9838-1 GCA _003397705.1  Draft 1.6221 419 1,231 2 45 vly Vagina
UMB1686 GCA_002884775.1 Draft 1.5106 433 1,124 2 45 viy, sid Catheter
DNF01149 GCA _002894105.1  Draft 1.7247 412 1362 3 45 vly, sld Vagina
N101 GCA_003369895.1 Draft 1.5430 424 1205 1 45 viy,sld  Vaginal swab

180



UMB0233
14019 METR
wil
N95
UMB0682
N153

N72

N160

UGENT 18.01
UMBO0768
UMB1642
UMB0264
UMB0913
UMB0170
UMB0912
UMB0830

75712
UMB0386

UGENT 25.49
GS 10234

UGENT 09.48

UGENT 21.28
UMB0298

ATCC 14018

FDAARGOS_296

N144

GHO15

JCM 11026
NCTC10287
GV37
HMP9231
FDAARGOS_568

ATCC 14019
409-05
UGENT 06.41

GCA_002862045.1
GCA_001278345.1
GCA_003369875.1
GCA_003369965.1
GCA_002862065.1
GCA_003369935.1

GCA_003408815.1

GCA_003408775.1

GCA_003397585.1
GCA_002884835.1
GCA_002884795.1
GCA_002884875.1
GCA_002861145.1
GCA_002884855.1
GCA_002861125.1
GCA_002861905.1
GCA_000263535.1
GCA_002861965.1
GCA_003397605.1
GCA_003397745.1
GCA_003397635.1
GCA_003397615.1
GCA_002861975.1
GCA_003397685.1
GCA_002206225.2

GCA_003408835.1

GCA_003408745.1

GCA_001042655.1
GCA_900637625.1
GCA_001953155.1
GCA_000213955.1
GCA_003812765.1

GCA_000159155.2
GCA_000025205.1
GCA_003293675.1

Draft
Draft
Draft
Draft
Draft
Draft

Draft

Draft

Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft
Draft

Draft

Draft

Complete
Complete
Complete
Complete
Complete

Complete
Complete
Complete

1.6424
1.6611
1.5667
1.5225
1.6013
1.5418

1.6429

1.5097

1.5143
1.6748
1.6288
1.5151
1.5136
1.5147
1.5138
1.5592
1.6730
1.6757
1.6586
1.5890
1.4709
1.5479
1.6760
1.6620
1.7710

1.5824

1.5756

1.6674
1.6674
1.7467
1.7265
1.7166

1.6674
1.6176
1.5635

412
413
423
424
421
424

419

433

425
413
41.8
423
42.1
423
42.1
423
413
412
412
419
422
425
412
413
413

423

41.0

413
414
418
412
413

414
42.0
42.1

1,292
1317
1213
1,183
1,234
1,167
1,249
1,119
1,144
1319
1,233
1,155
1,140
1,153
1,140
1,224
1,302
1,323
1,246
1,181
1,095
1,189
1319
1,248
1,375

1,217

1,173

1,244
1,252
1,359
1,354
1,368
1,209
1,237
1,162

=

[SSTE ST S N S A I S T ST S )

45
45
45
45
45
45

45

43

45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45

45

43

45
45
45
45
45

45
45
45

vy, sld
vy, sld
sld
viy, sld
vly
vly, sld

vly
viy, sld
sld
vly, sld
vly
vly
vly
vly
vly
vly, sld
vly
vy, sld
vly, sld
vly
vly
sld
vy, sld
vy, sld
vly, sld

vy, sld

vy, sld

vly, sld
vly, sld
vly
vly
vly, sld
vy, sld
vly
vly

Catheter
NA?
Vaginal swab
Vaginal swab
Catheter

Vaginal swab
Vaginal
mucus
Vaginal
mucus

Vagina
Catheter
Catheter
Catheter
Catheter
Catheter
Catheter
Catheter

Vagina
Catheter

Vagina

Vagina

Vagina

Vagina
Catheter

Vagina

NA®?

Vaginal

mucus

Vaginal

mucus

Vagina

Vagina

Blood culture
Endometrium
NA®?

Vaginal
Vaginal

Vagina

The G. vaginalis genome sequences considered in this study ranged in size from

1.47 Mb (UGent 09.48) to 1.77 Mb (FDAARGOS 296), with an average of 1,241

coding DNA sequences (CDS). Furthermore, these genomes had between 1 and 3

rRNA loci, and the number of tRNA genes ranged from 44 to 47. These results were
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consistent with those of the genomes of nonbifidobacterial taxa of
the Bifidobacteriaceaefamily, exhibiting averages of 1,502 CDS and 2.6 rRNA
operons per genome and numbers of tRNA genes ranging from 45 to 48.

Specifically, a statistical comparison between G. vaginalis chromosomes and
nonbifidobacterial genomes showed that, within this latter group, the average
numbers of CDS, rRNA operons, and tRNA genes were increased by 17.41%
(P<0.05), 40.10% (P<0.05), and 2.53% (P <0.05), respectively. Moreover, the
analogous comparison with members of the Bifidobacterium genus showed averages
of 1,865 CDS and 3.2 rRNA loci and a tRNA content ranging from 40 to 79, revealing
that within the bifidobacterial group, the averages of these numbers were increased
by 33.45% (P <0.05), 50.37% (P <0.05), and 14.99% (P <0.05), respectively (27).
Based on the statistical comparisons of the number of CDS, rRNA, and tRNA, it
seems at first that the G. vaginalis species has undergone a selective pressure similar
to nonbifidobacterial members of the Bifidobacteriaceae family rather than members

of the Bifidobacterium genus.

As mentioned above, G. vaginalis was correlated with BV incidence; nevertheless, it
was also often found in healthy vaginal microbiota. It was supposed that certain
lineages or species of Gardnerella are natural commensals and others can act as
pathogens, triggering cases of symptomatic vaginal dysbiosis (29). To evaluate this
hypothesis, we assessed the distribution of the two most studied and described genes
that participate in the pathogenesis mechanism driven by G. vaginalis, i.e., those
encoding the pore-forming CDC toxin vaginolysin (v/y) and sialidase (s/d), also
known as neuraminidase (15, 17). Results showed that the genomes of 67 strains
contained the vly gene, whereas more than half of the total number
of Gardnerella chromosomes (40 genomes) were shown to encode a sialidase

enzyme (Table 1). Notably, the sialidase enzymatic activity can reduce the protective
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vaginal mucosal layer, facilitating bacterial adhesion to the vaginal epithelium and
subsequent microbial biofilm development, thus increasing the infectious capabilities

of G. vaginalis strains (15).

The evaluation of the possible presence of mobile elements within G.
vaginalis chromosomes, followed by investigations of the genomic regions adjacent
to both their ends, allowed us to assess the occurrence of eight putative virulence
genes in eight G. vaginalis genomes. Each of these protein-encoding genes contained
a domain resembling the coding region for a virulence-related protein belonging to a
member of the Streptococcus genus and was found alongside a putative genomic
prophage island (Fig. S1 in the supplemental material). Furthermore, 15 strains of G.
vaginalis contained noteworthy genes placed tightly adjacent to transposases
predicted to belong to members of the [S256 and IS3 families. These genes included
a sequence encoding a RelE/RelB toxin-antitoxin system that is thought to exert toxic
effects on both bacterial and eukaryotic cell types (30), as well as a ribosomal
protection protein (TetM) conferring tetracycline resistance (31) and a collagen-
binding protein (Fig. S1). These characteristics may reflect how prophage-like
sequences and insertion sequences (IS) elements can be responsible for genomic
duplications, deletions, and rearrangements, contributing to the genetic makeup and

biodiversity of this bacterial taxon (32).

Pan-genome and core genome of the G. vaginalis species

Previous comparative genomic studies involving much smaller numbers of G.
vaginalis genome sequences highlighted significant genomic differences between
the chromosomes of this species (19,24, 33). In this context, pan-genome
reconstruction can contribute to deciphering the evolutionary dynamics, i.e.,

selection pressure of beneficial genes, as well as species- and genus-level differences
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in overall gene content (34). In order to explore genetic differences, the genomes of
72 G. vaginalis strains were submitted to gene reannotation and subsequently
analyzed from a pan-genome perspective, also unveiling their core genome and
unique gene sequences. The pan-genome size of G. vaginalis has been shown to
consist of 5,071 clusters of orthologous groups (COGs), and plotting it on a
logarithmic scale as a function of the total amount of involved genomes revealed that
the power trend line had not yet reached a plateau (Fig. 1). More precisely, adding a
new G. vaginalis genome is predicted to add about 38 or 39 new genes to the G.

vaginalis pan-genome.
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G. vaginalis pan-genome. (a) Pan-genome represented as a variation in size of the gene pool
resulting from the sequential addition of the 72 G. vaginalis genomes. (b) Pie chart of the
number of core genes (green), dispensable genes (orange), and unique genes (light blue)
of G. vaginalis.

As previously mentioned, the pan-genome analysis allowed the evaluation of the core
genome, defined as the set of gene families shared by all the organisms (34). In this
comparison, a total repertoire of 514 COGs (10.1%) has been identified as a
constituent of the core genome of G. vaginalis. Previous pan-genome analysis,
including 60 Bifidobacterium pseudolongum genomes with an average genome size
of 2.01 Mb, revealed a pan-genome consisting of 6,172 COGs corresponding to a

core genome of 1,069 COGs (17.3%) (35). Likewise, a pan-genome curve based on
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33 Bifidobacterium longum genomes with an average genome size of 2.35 Mb
showed a pan-genome consisting of about 6,000 COGs and a core genome formed
by 1,145 COGs (about 19%) (36). This evidence suggests that the G. vaginalis core
genome could be considered smaller than that of other species belonging to the

closely related Bifidobacterium genus.

Furthermore, through pan-genome analysis, we also identified the truly unique genes
(TUGSs) of Gardnerella, which ranged from 7 for the strain UMBO0386 to 143 for
KA00225. These findings showed that this species displays a modestly sized core
genome corresponding to a relatively sizeable dispensable genome, i.e., the subset of
genes shared by two or more strains (Fig. 1). Afterward, in silicoanalysis employing
the eggNOG database allowed us to investigate the functional annotation of core
genes. Excluding 14.9% that have no function, the large part of the encoded proteins
belonging to the core proteome of G. vaginalis was related to essential cell
maintenance, including translation (16.2%), carbohydrates, amino acids, and
nucleotide metabolic processes (7.3%, 6.8%, and 6.6%, respectively) as well as

inorganic ion transport (6.4%) (Fig. 1).

In addition, to get insights into specific genes supporting the adaptation of G.
vaginalis to the vaginal environment, the genes belonging exclusively to the core
genome of this species were further analyzed. A collection of 379 COGs, constituting
the specific core genome of G. vaginalis, were obtained from the total amount of 514
COGs following the exclusion of COGs shared with other members of
the Bifidobacteriaceae family (see Materials and Methods). This set of genes was
evaluated from a functional annotation perspective. Such analysis revealed the
ubiquitous presence of genes encoding C69-family dipeptidase, previously
recognized as responsible for collagen molecule degradation (37), and a pullulanase,

which seems to allow the efficient utilization of glycogen, i.e., the primary available
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carbon source in the vaginal lumen (38). The mere presence of the latter genes within
the G. vaginalis chromosomes cannot demonstrate that these genes are still under
selective pressure. Thus, further investigations are requested to confirm their activity
and functionality. However, their presence in the genomes of G. vaginalis may

represent a clue to genetic adaptation to the vaginal environment of this species.

The screening of G. vaginalis genomes revealed the presence of several common
features related to virulence, i.e., cytotoxicity/hemolysis mechanisms, biofilm
production, iron uptake, adhesion to the epithelium, and antimicrobial resistance.
Specifically, the ability of G. vaginalis to adhere to the vaginal wall is mediated by
genes encoding type IV Flp pili (Table S3). At the same time, the subsequent biofilm
development seems to be related to type I glycosyltransferase, also involving sortase
enzyme activity, which was detected in each G. vaginalis genome analyzed as well
(39). Furthermore, G. vaginalis genomes contained genes associated with toxicity,
including a CDC toxin, vaginolysin, highly conserved among G. vaginalis strains
(17), and a serralysin characterized in Serratia marcescens annotated as serralysin
(40). Finally, within the core G. vaginalis genes, seven genes encoding putative drug
resistance proteins were found, including two genes that are predicted to confer
resistance to macrolide antibiotics, one major facilitator superfamily (MFS)

transporter, as well as four unknown multidrug efflux systems.

Phylogenomic analysis of G. vaginalis taxon

As previously mentioned, the Gardnerella genus is currently considered to be
composed of just one species, G. vaginalis (41). Over time, since its discovery, G.
vaginalis was renamed repeatedly. This complicated taxonomic classification history
provides an idea of the difficult challenge faced due to considerable diversity within

this species. In recent years, phylogenetic analysis based on comparison of
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chaperonin-60 (cpn60) sequences identified four subgroups within 112 G. vaginalis
isolates (42). In contrast, analyses employing the bacterial 16S rRNA gene sequences
did not give reliable support for a species-level resolution. To date, clear species
identification events and the resultant presence of different species within the
Gardnerella genus remain undiscovered. In this context, genomic comparisons
represent a powerful in silico approach to highlight genomic differences between G.
vaginalis strains, also contributing to its taxonomic classification. To infer the
possible existence of phylogenomic-based clades within this species, the set of genes
representing the core genome of G. vaginalis species was employed to perform a
phylogenomic comparison. Specifically, we computed a phylogenetic tree based on
the concatenation of 334 amino acid sequences (Fig. 2). Selected orthologous
sequences were collected for previous genome comparison of all the chromosomes
of 72 strains of G. vaginalis, together with the genome sequences of Scardovia
inopinata JCM 12537 as a representative outgroup (Fig. 2). Remarkably, the
resulting tree showed that most of the 72 G. vaginalis strains were grouped in two
main clusters sharing the same phylogenetic branch. Moreover, within each cluster,
it was possible to identify two additional groups, suggesting the existence of four
putative different Gardnerella taxa (Fig. 2). Interestingly, G. vaginalis KA00225
and G. vaginalis CMW7778B were placed on separate branches.
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Figure 2. Phylogenomic tree of G. vaginalis. A proteomic tree was constructed based on
the concatenation of 334 G. vaginalis core genes identified in the pan-genome analysis of
the 72 G. vaginalis strains. The tree was built by the neighbor-joining method, and bootstrap
percentages above 50 are shown at node points, based on 1,000 replicates. Phylogenetic
clusters of different genotypes are highlighted in different colors. Colored circles represent
the occurrence of the vly (dark pink) and s/d (light blue) genes in the corresponding G.
vaginalis genomes.
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In order to further explore the genomic differences among members of the G.
vaginalis taxon, the pairwise percent average nucleotide identity (ANI) was assessed,
resulting in values ranging from 99.9% to 81.5% (Table S4). Notably, previous
studies employing ANI analysis to taxonomically distinct species of the
Bifidobacteriaceae family identified an ideal ANI threshold value of 94% (27, 43).

The analysis of ANI values among members of G. vaginalis revealed that the
collected genome sequences fall into four main groups, within which ANI values
were found above the species-level cutoff threshold of 94%. Conversely, genomes
belonging to G. vaginalis strains GED7760B, PSS 7772B, CMW7778B, KA00225,
and NRO10 exhibited ANI values lower than 92% against each analyzed strain,
highlighting another five putative different species of the Gardnerella genus (Table
S4). These findings, together with data generated from the phylogenetic tree
reconstruction, strongly support the existence of an extensive level of genomic
variability between G. vaginalis strains and would cast doubt on the presence of a
single species within this genus. Specifically, the calculation of ANI values allowed
us to identify nine Gardnerella genotypes (GGtypel to GGtype9), corresponding to
putative different Gardnerella taxa (Fig. 2). Moreover, combining the genomic
information related to the identified G. vaginalis virulence factors, we observed a
heterogeneous distribution across the phylogenomic tree. In particular, the sialidase
gene was detected almost exclusively in the genome sequences of G. vaginalis strains
belonging to GGtype7 and GGtype9, together with the strains GED7760B and
NRO10, representative of GGtype8 and GGtype3, respectively (Fig. 2), suggesting
these may be virulent genotypes. Conversely, the genomes of GGtypel, GGtype2,
GGtype4, GGtype5, and GGtype6 appeared to lack the sialidase gene, revealing that
these may be less virulent. Previous findings supported the existence of G. vaginalis
strains that can provoke severe damage to the vaginal integrity through their ability

to develop microbial biofilm and others that are linked with an asymptomatic medical
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condition (19). Thus, our results highlighted how G. vaginalis strains encoding
sialidase might be phylogenetically related, reinforcing the notion of a putative

subdivision in potentially pathogenic and commensal strains (Fig. 2).

Assessing the prevalence and the abundance of G. vaginalis genotypes among
the human population

Our genome-based analyses demonstrated that G. vaginalis species consists of
separate subgroups. In light of the above findings, we assessed the composition of
the vaginal microbiota of 175 women, aiming to investigate the prevalence and the
distribution of the nine G. vaginalis genotypes among the human population.
Specifically, a preliminary survey was performed to evaluate the overall vaginal
microbiota composition of the collected 175 vaginal samples, displaying an
abundance of G. vaginalis taxon above 5% in 20% of the samples (see Materials and
Methods). Samples that did not reach such a threshold were discarded, resulting in a
final collection of 34 metagenomic data sets, showing an abundance of G. vaginalis
genomic reads ranging from 6.01% to 86.41%. Notably, six of the collected
metagenomic data sets were obtained from vaginal samples of healthy pregnant
women. In contrast, for the vast majority of the remaining 28 samples, it was not
possible to get enough information regarding the health conditions of the subjects
since the corresponding metadata was not available. Thereafter, these metagenomic

data sets were assayed for the presence of the nine genotypes of G.
vaginalis identified above, employing genome sequences belonging to strains
KA00225, CMW7778B, NR010, UMB0264, 6119V5, PSS _7772B, 00703Bmash,
GED7760B, and FDAARGOS 568 as representatives of each genotype. The
minimum coverage of each gene was calculated based on the metagenomics reads

with at least 99% full-length identity (see Materials and Methods).
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As displayed in Fig. 3, considering the uneven distribution and abundance of the
nine G. vaginalis genotypes, it was possible to delineate four groups overall within
the collected vaginal samples. In particular, G. vaginalis communities with a
predominance of a single genotype were identified within 16 metagenomic data sets.
More specifically, the latter showed a predominance of GGtype4 in group C (n=10)
and GGtype3 in group B (n=6), with an average percentage of metagenomic reads
of 66.03% and 74.91%, respectively. Moreover, group A (n=5) was mainly
constituted by a combination of the latter two genotypes together with GGtype9 (Fig.
3). Interestingly, GGtype9 and GGtype3 were identified as putative virulence
genotypes; thus, their presence in the vaginal microbiota could be linked with
possible adverse health effects (Fig. 2). Conversely, GGtype4, which was found
dominant in group C, seems to have less virulence potential since it does not contain

the sialidase gene.
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Figure 3 Metagenomic abundance of the different G. vaginalis genotypes. (a) Prevalence
and distribution of the nine G. vaginalis genotypes observed in the 34 metagenome vaginal
samples. (b) Average abundance of reads of each G. vaginalis genotype in the individuated
four groups.

These findings allowed us to observe that different genotypes can be found within
the female population, postulating their different impact on the vaginal environment.
Moreover, these results may be consistent with the notion that G. vaginalis species
can lead to a symptomatic unbalanced state of the vaginal microbiota in some
instances and behave as natural commensal in others (18). Nevertheless, the
involvement of specific genotypes in the development of significant clinical
conditions should be investigated more in-depth in future metagenomic analyses that

also include BV-positive vaginal microbiota samples.

Notably, all the metagenomic data sets from pregnant women fall in the same group
(group D), characterized by the absence of a single predominant genotype. In fact,
our results showed that the vaginal microbiota of pregnant women harbors a

greater G. vaginalis biodiversity than that typical of nonpregnant women. It is known
193



that during the late gestational period, the microbiome undergoes significant strain-
level variation, and the physiological state of pregnancy may have an impact also on

the structure of G. vaginalis communities (44).

Phylogenomic evaluation of G. vaginalis within Bifidobacteriaceae

To date, G. vaginalis is considered a member of the Bifidobacteriaceae family since
close relationships between this species and Bifidobacterium spp., based on 16S
rRNA gene sequencing, were observed (45). Aiming to investigate the positioning of
G. vaginalis within the Bifidobacteriaceae family, we performed a further
phylogenetic analysis, including one representative strain for each genotype of G.
vaginalis identified above by means of ANI values calculation, i.e., strains KA00225,
CMW7778B, NR010, UMB0264, 6119V5, PSS 7772B, 00703Bmash, GED7760B,
and FDAARGOS 568. These strains, together with the 96 type strains of the
Bifidobacteriaceae family (bifidobacterial as well as nonbifidobacterial taxa) and
Cutibacterium acnes KPA171202 as an outgroup, were employed to perform a
comparative genomics analysis aimed to identify ubiquitously conserved protein
sequences. The concatenation of 91 amino acid sequences shared between all
considered genomes was used to construct the phylogenetic tree of the
Bifidobacteriaceae family (Fig. 4). This analysis showed that most of the nodes were
supported by 100% of the bootstrap values, validating the reliability of the
phylogenetic tracing and robustness of the results. In accordance with a previous
study, the obtained tree showed that Bifidobacterium spp. are separated from
nonbifidobacterial taxa belonging to the genera Scardovia, Parascardovia, and
Alloscardovia (27). Furthermore, these latter represent the deepest branches of the
Bifidobacteriaceae family tree and, therefore, evidence of a very early separation in

the evolution of this family. Focusing on the G. vaginalis genotypes, this
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phylogenetic investigation highlighted its evolutionary positioning within the
Bifidobacterium genus.

More specifically, Bifidobacterium tsurumiense was identified as the
phylogenetically closest-related taxon to G. vaginalis. Furthermore, the type strain
G. vaginalis ATCC 14019 exhibits tight phylogenetic grouping with strains
belonging to GGtype9, which is consistent with our ANI-based findings (see above).
Interestingly, the nine G. vaginalis strains representative of the many related putative
species are grouped, giving rise to a new cluster located alongside the previously
described Bifidobacterium boum group (46). Overall, these findings clearly showed
that by employing a robust phylogenomic-based approach, the G. vaginalis species
resulted in being identified along with some currently classified Bifidobacterium
species, thus suggesting the need for a reevaluation of the currently known taxonomy

of the Bifidobacterium genus.
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Figure 4. Phylogenomic tree of the Bifidobacteriaceae family. The proteomic tree
is based on the concatenation of 91 core genes shared by members of

the Bifidobacteriaceae family. The tree was constructed by the neighbor-joining
method, and bootstrap percentages above 50 are shown at node points, based on
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1,000 replicates. Phylogenetic groups are highlighted in different colors. The G.
vaginalis cluster is highlighted in light green.

In conclusion, the high degree of genetic heterogeneity observed among members of
Gardnerella vaginalis has been investigated, suggesting inaccuracy in the current
taxonomic classification that consists of a single species within the Gardnerella

genus.

In this study, through an exhaustive phylogenomic and comparative genomic analysis
employing 72 publicly available G. vaginalis genome sequences, we identified nine
different Gardnerella genotypes (GGtypel to GGtype9). Notably, within the
Bifidobacteriaceae family, G. vaginalis is phylogenetically located alongside the
Bifidobacterium boum group (46), casting doubt on its current taxonomic
classification due to the relatedness with other bifidobacterial species. Furthermore,
the characterization of the pan-genome of G. vaginalis allowed us to obtain insights

into the adaptation mechanisms to the vaginal environment.

Our data showed that genes encoding collagen and glycogen utilization functions
were ubiquitous genetic elements, while virulence-associated ones exhibited an
uneven distribution among genotypes. Notably, among G. vaginalis genes encoding
virulence factor, sialidase is especially noteworthy due to its involvement in the
degradation of the vaginal mucosal layer as well as microbial biofilm formation (15).
The latter gene was identified between members of four genotypes, i.e., GGtype3,
GGtype7, GGtype8, as well as GGtype9, allowing to discern those genotypes with
the highest putative virulence capability and potentially linked with major adverse
health outcomes. Interestingly, the microbial profiling of the vaginal microbiota of
34 women allowed us to identify GGtype3 and GGtype9 as sialidase positive, as well

as GGtype4, which conversely lacks the sialidase gene, as the most abundant
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genotypes among the human population. These findings are in line with previous
studies since both pathogenic and commensal G. vaginalis strains have been

previously described (11).

MATERIALS AND METHODS

Gardnerella vaginalis and Bifidobacteriaceae genome sequences

Genome sequences of G. vaginalis strains were retrieved from the National Center
for Biotechnology Information (NCBI) public database, resulting in 107 available
genomes. Moreover, incomplete genomes (genome size less than 1.4 Mb) as well as
genome sequences that exhibited low sequencing quality (genome coverage lower
than 30x or containing unspecified nucleotide bases in conformity to IUPAC
nomenclature), were discarded. Furthermore, a comparison of the G.
vaginalis genome sequences was performed to evaluate the average nucleotide
identity (ANI) values for each genome with respect to the genome of G.
vaginalis ATCC 14018, which is the type strain of this species. Based on this
analysis, there were inconsistencies in the predicted taxonomy of two strains
belonging to the Lactobacillus genus, i.e., G. vaginalis UMBO0388 and G. vaginalis
MGYG-HGUT-00021. Finally, collected high-quality genome sequences of 72 G.
vaginalis (Table 1) were compared to each other. Additional genomic and
phylogenomic analyses were performed employing 96 type strains of
the Bifidobacteriaceae family retrieved from the NCBI database, including 84
bifidobacterial genome sequences and 12 nonbifidobacterial genome sequences

(27, 46) (Table S1 in the supplemental material).

Genome annotation
In order to obtain comparable quality standards for the analyzed genomes, the 72 G.

vaginalis genome sequences retrieved from the NCBI database were submitted to
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annotation employing the MEGAnnotator pipeline (47). Protein-encoding open
reading frames (ORFs) were predicted using Prodigal (48). tRNA genes were
detected using tRNAscan-SE v1.4 (49), while rRNA genes were identified using
RNAmmer v1.2 (50). Outcomes of the gene-finder program were combined with data
from RAPSearch2 analysis (Reduced Alphabet based Protein similarity Search) (51)
of a nonredundant protein database provided by the NCBI and hidden Markov model
profile (HMM) search (http://hmmer.org/) in the manually curated Pfam-A protein
family database (52). Results were examined by Artemis (53), which was used for
validating predicted genes and, where required, for genome manual editing
consisting of removal or addition of coding regions as well as a redefinition of gene

starts.

Virulence gene identification

In order to perform a screening among genomes of the 72 G. vaginalis strains, amino
acid sequences of nonredundant WP accessions, i.e., a CDC vaginolysin and 26 exo-
alpha-sialidases, were retrieved from the Identical Protein Groups (IPG) resource of
the NCBI database (https://www.ncbi.nlm.nih.gov/ipg/). Then, putative CDC
vaginolysin and sialidase genes were identified through BLASTP analysis (E value
cutoff of 1E~) (54). A subsequent manual inspection of the resulting aligned proteins
based on their amino acid sequence identity (greater than 42%), combined with the
alignment length (more than 500 amino acids), allowed us to discard false positives
from the prediction (Table 1). In addition, careful scrutiny of G. vaginalis core genes
and the genomic regions adjacent to both ends of the identified mobile elements
allowed us to discover further virulence traits. Such outcomes were subsequentially
validated through the cross-examination of the virulence factor database (VFDB)

(55).
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Prophages and IS element identification

The 72 G. vaginalis genomes were screened for prophage-associated genes using a
custom database employing BLASTP analysis (54) (E value cutoff of 1E™). The
custom database was assembled through previously bifidoprophage-validated
sequences retrieved from 60 bifidoprophages previously described (56). Then, a
manual examination of the DNA region surrounding a putative prophage-encoding
gene was performed, allowing the identification of complete prophage-like
sequences (Table S2). Moreover, the same G. vaginalis genomes were also screened
for the presence of IS elements (57) through the IS Finder online tool
(https://isfinder.biotoul.f/) (Table S2).

G. vaginalis pan-genome analysis

A pan-genome calculation employing 72 genomes of G. vaginalis was performed
using the PGAP (pan-genome analysis pipeline) (58). Predicted ORFs were
organized into functional clusters employing the GF (gene family) method, which
consists of a similarity search between each protein pair through BLAST analysis
(cutoff E value of 1x 1071 and 50% identity over at least 80% of both protein
sequences). Following this, a clustering in protein families of orthologous genes was
performed using MCL (graph theory-based Markov clustering algorithm) (59). A
pan-genome profile was built using an optimized algorithm integrated into PGAP
software, based on a presence/absence matrix that included all protein families of
orthologous genes identified in the analyzed genomes. Subsequently, the unique
protein families for each of 72 G. vaginalis genomes were identified. Protein families
shared between all genomes allowed us to build the core genome of the G.
vaginalis species, defined by selecting the families that contained at least one protein
member for each genome. A different pan- and core- genome analysis was performed

on the 96 Bifidobacteriaceae type strains as described above, including G.

200



vaginalis ATCC 14018, identifying 135 COGs belonging to the core genome of this
family. Afterward, in order to obtain the core genes of G. vaginalis that were not
shared with other members of the Bifidobacteriaceaefamily, the 135 gene sequences
attributed to G. vaginalis ATCC 14018 were used to remove the corresponding

COGs from the core genome of G. vaginalis species.

Phylogenomic comparison between G. vaginalis strains and their positioning
within the Bifidobacteriaceae family

In order to assess genome differences between G. vaginalis strains, a phylogenetic
comparison involving the 72 genome sequences retrieved from NCBI was
performed. For this purpose, the concatenated core genome sequences were aligned
using MAFFT (60), and the resulting phylogenetic tree was constructed using the
neighbor-joining method in Clustal W v2.1 (61). A visual core genome tree was
developed using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). A value
for the average nucleotide identity (ANI) was calculated for each genome pair using

the fastANI software (62).

A further phylogenomic analysis, aiming to evaluate the phylogenetic position of G.
vaginalis within the family Bifidobacteriaceae, was executed on 72 G. vaginalis
genome sequences together with 96 Bifidobacteriaceae type strains as described

above.

Whole-genome sequencing data collection and analysis

The publicly available vaginal metagenomic data sets were retrieved from NCBI
(BioProject accession no. PRJEB24147, PRINA352475, PRINA361427,
PRINAS576566, and PRINA379120). Specifically, we selected Illumina whole-
genome shotgun (WGS) sequencing data concerning vaginal samples from

midvagina and cervix swabs of fertile pregnant, as well as nonpregnant, women. The
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resulting 175 vaginal metagenomic data sets were analyzed through a shallow
shotgun metagenomics approach (63), allowing us to achieve high taxonomic
resolution at the species level. In order to reconstruct the microbiota composition of
vaginal samples, the fastq files of the paired-end reads were used as input for the
genome assemblies through the METAnnotatorX pipeline (64). The SPAdes software
was used for de novo assembly of each genome sequence (65). To assess the
distribution of the different G. vaginalis genotypes among the human population, the
samples showing a relative abundance of this species below 5% were discarded. In
fact, it was observed that below this threshold level, the number of G. vaginalis reads
within samples was not enough to ensure a reasonable mapping accuracy of
genotypes (see below). Afterward, the genome sequences belonging to the nine
strains representative of as many G. vaginalis genotypes identified in this study were
aligned with WGS reads. Metagenomics data sets were filtered by use of the fastq-
mcf script (https://expressionanalysis.github.io/ea-utils/) (minimum mean quality
score, 20; window size, 5 bp; quality threshold, 25; and minimum length, 80 bp) to
obtain high-quality reads. Collected reads were aligned against the human genome
using the Burrows-Wheeler Aligner program (66) (BWA-MEM algorithm with
trigger reseeding, 1.5; minimum seed length, 19; matching score, 1; mismatch
penalty, 4; gap open penalty, 6; and gap extension penalty, 1) and processed with the
SAMtools software package (67), aiming to remove human reads. The final mapping
against the genome sequences of the G. vaginalis genotypes was performed using
Bowtie 2 (68) through multiple-hit mapping and “very-sensitive” policy. The
mapping was performed using a minimum score threshold function (—score-min
C,—13,0) to limit reads of arbitrary length to two mismatches and retain those matches
with at least 99% full-length identity. HTSeq software (69) (running in union mode)

was employed to calculate read counts corresponding to the G. vaginalis genotypes.
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Abstract

Necrotizing enterocolitis (NEC) is among the most relevant gastrointestinal diseases
affecting mostly prematurely born infants with low birth weight. While intestinal
dysbiosis has been proposed as one of the possible factors involved in NEC
pathogenesis, the role of the gut microbiota remains poorly understood. In this study,
the gut microbiota of preterm infants was explored to highlight differences in the
composition between infants affected by NEC and prior to NEC development. A
large-scale gut microbiome analysis was performed, including 47 shotgun
sequencing data generated in the framework of this study, along with 124 retrieved
from publicly available repositories. Meta-analysis led to the identification of
Preterm Community State Types (PT-CSTs), which recur in healthy controls and
NEC infants. Such analyses revealed an overgrowth of a range of opportunistic
microbial species accompanying the loss of gut microbial biodiversity in NEC
subjects. Moreover, longitudinal insights into preterm infants prior to NEC
development indicated Clostridium neonatale and Clostridium perfringens species
as potential biomarkers for predictive early diagnosis of this disease. Furthermore,
functional investigation of the enzymatic reaction profiles associated with pre-NEC
condition suggested DL-lactate as a putative metabolic biomarker for early detection

of NEC onset.

IMPORTANCE. Necrotizing enterocolitis (NEC) is a severe gastrointestinal disease
predominantly occurring in premature infants whose etiology is still not fully
understood. In this study, the analysis of infant fecal samples through shotgun
metagenomics approaches revealed a marked reduction of the intestinal
(bio)diversity and an overgrowth of (opportunistic) pathogens associated with the

NEC development. In particular, dissection of the infant’s gut microbiome before
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NEC diagnosis highlighted the potential involvement of Clostridium genus members
in the progression of NEC. Remarkably, our analyses highlighted a gastrointestinal
DL-lactate accumulation among NEC patients that might represent a novel potential

functional biomarker for the early diagnosis of NEC.

For Supplementary Materials see the article published in Microbiology Spectrum
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a harmful gastrointestinal disease commonly
encountered in neonatal intensive care units (NICU) worldwide. Upon NEC
occurrence, segments of the infant's gastrointestinal tract undergo ischemia and
subsequently necrosis, thus representing a gastrointestinal emergency in neonatal
age, occurring in about 8 % of premature infants with a reported mortality rate up to
25 % (1). NEC is believed to be a disease with a multifactor etiology whose precise
cause has not been fully understood. However, several risk factors have been
identified. In particular, premature birth (less than 32 weeks of gestation) and very
low birth weight (< 1500 g) have been reported as amongst the main factors of
increased risk of sepsis and NEC (1, 2). Besides, NEC has long been linked to
microbial dysbiosis of the infant gut (3, 4). Indeed, it is well known that the first few
days of life are a crucial time frame for the correct development and modulation of
the human gut microbiota (5—7). Therefore, inappropriate seeding of the microbial
communities occurring at childbirth due to defects of optimal microbial acquisition,
e.g., vertical mother-to-infant transmission, may have a short- or long-term impact
on the host health (8-12).

In this regard, it has been observed that an alteration of the taxonomic composition
of the gut bacterial community and their functional properties characterize the gut
microbiota of NEC patients compared with those of healthy infants (4, 13). More
specifically, intestinal microbial communities of healthy breastfed infants are
dominated by bifidobacterial species, mainly Bifidobacterium bifidum and
Bifidobacterium longum subsp. infantis (14, 15). In contrast, the gut microbiota of
NEC patients showed an increased abundance of Clostridium and Enterobacteriaceae
genera (16, 17). In this context, an exacerbated pro-inflammatory cascade arising
from dysfunctional, or overstated, immunological response to high levels of intestinal

lipopolysaccharides (LPS) has been proposed as one possible pathway that
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predisposes the infant to NEC pathogenesis (18). Along with the above-mentioned
direct host-microbe interactions mediated by the immune system, the gut microbiota
was shown to exert a broad physiological effect on the host biochemistry through the
gut microbiota metabolome, i.e., microbial-derived secondary metabolites. From this
perspective, it becomes evident that perturbation of the microbial community
composition may modify the intestinal metabolic profiling, with a subsequent impact
on the host's health. Overall, the proven importance of perinatal microbial exposures
in health and illness provides the foundation for assuming that bacteria colonizing
the infant gut in the immediate post-natal period may be involved in NEC
development(19). Nevertheless, identifying specific causative microorganisms,

known as microbial biomarkers, remains elusive (20).

In this study, we performed a metagenomics analysis of 171 preterm infant fecal
samples, aiming to assess the infant gut microbiota composition during NEC events
compared to those of gestational age-matched healthy infants. Furthermore, to
identify putative microbial biomarkers of NEC, the obtained metagenomic datasets
were also employed to determine the metabolic reactions profiles and the presence

of potentially damaging microbial metabolites enriched in NEC.
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RESULTS AND DISCUSSION

General features of datasets included in the meta-analysis

A collection of 124 shotgun metagenomic datasets from four different studies (27—
31) was retrieved from publicly available repositories (Table S1). Out of these, 67
corresponded to fecal samples of preterm infants suffering from NEC, while the
remaining 57 samples were acquired from premature infants considered overall
healthy. More precisely, among the NEC subjects, 53 were newborns with confirmed
NEC at the time of sampling, while 14 fecal samples were collected prior to NEC
diagnosis (Table S1). Gestational age ranged from 23 to 39 weeks, corresponding to
a birth weight between 900 and 3010 g. Notably, only four infants showed a
gestational age or birth weight longer than 32 weeks and 1500g, respectively (Table
S1). As gestational age, birth weight, and post-natal age are among the main factors
strongly affecting the infant gut microbiota composition, the selection of only infants
born very prematurely with low birth weight and obtaining fecal samples from
similar post-natal age enabled us to establish a reliable approach for the comparison
of the microbiota composition between these samples. However, according to what
was previously shown, the gut microbiota seems to undergo only minor changes up
to 6 months of age (32).

Additionally, 47 fecal samples of preterm infants from NICU at Croix rousse
university Hospital were also included in the analyses (Table S2). These latter were
collected weekly during the first 30 days of life of 18 infants born between 25 and
30 weeks of gestation. While 11 infants did not display any intestinal morbidity (for
a total of 24 fecal samples), seven infants developed NEC, developing in total 12
fecal samples before and 11 fecal samples after NEC development and diagnosis

(Table S2).
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Overall, a total of 171 fecal samples of preterm infants, encompassing 64 cases of
ongoing NEC, 26 patients that later established NEC but did not show symptoms at
the time of collection, and 81 healthy control samples were evaluated, representing
one of the largest shotgun metagenomics data collections to date. All the datasets

were re-analyzed using the same analysis pipeline, i.e., METAnnotatorX (33).

Gut microbiota variability between cases of NEC and healthy subjects

In order to highlight the differences in gut microbiota composition between infants
with manifested NEC symptoms and healthy subjects, we compared the microbiota
composition of the retrieved 64 NEC samples with the 81 healthy samples, while the
26 pre-NEC samples were investigated separately (see below). As generally expected
for premature newborns, the index of bacterial species richness, i.e., biodiversity,
calculated as the number of taxa with a relative abundance of sequenced reads greater
than 0.5 %, was on average relatively lower compared to term infants (34, 35), but
still statistically higher in the healthy subjects (8.4 £ 5.7) compared to those affected
by NEC (6.6 + 3.7, t-test p-value < 0.05) (detailed data are reported in Table S3).
This statistical reduction of the gut microbial biodiversity associated with NEC is
supported by the observation that the two most abundant microbial species in the
fecal samples of NEC patients cover 38 % of the whole bacterial population
compared to 29.76 % of the healthy infants. Thus, suggesting that even the loss of
few species may markedly disrupt the delicate ecological equilibrium established in
the very early stages of life in the human gut environment.

The analysis of inter-sample variability of the gut microbiota composition revealed
significant differences between infants with NEC diagnosis and control samples
(PERMANOVA p-value < 0.05) (Figure S1), reflecting the notion that the gut
microbiome of newborns with NEC not only displayed lower biodiversity but also

different taxonomic composition from that of their healthy counterparts (36).
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For each metagenomic sample, shotgun methods allowed the taxonomic
classification of bacterial taxa at the species level, with the estimation of their relative
abundance (expressed as percentages of total sequenced reads per sample). Statistical
identification of bacterial species with a relative differential abundance between the
&1 control and the 64 overt cases of NEC revealed that Escherichia coli, and
Enterococcus faecalis were the main taxa with statistically higher relative abundance
in fecal samples of NEC patients, with an average abundance of 26.27 % + 41.06 %
and 11.24 % +26.08 % respect to 13.85 % +29.14 % and 1.45 % + 4.06 % in control
samples, respectively (ANOVA p-value <0.01) (Table S3). In contrast, Streptococcus
agalactiae was the dominant taxon in premature control subjects (average abundance
of 15.91 % =+ 35.03 % in comparison to 0.28 % + 1.77 % within NEC population,
ANOVA p-value < 0.001) (Table S3), while both groups showed comparable levels
of Staphylococcus epidermidis and Klebsiella pneumoniae indicating at first glance
that these bacterial taxa may not be directly related to NEC onset (Table S3).

However, the -microbial profiles of the 145 collected infant gut metagenomic
samples have markedly shown a high inter-individual variability, suggesting that
infant-specific factors and the different NICU environment may considerably impact
the initial microbial colonization of the infants’ gut after birth, as previously reported

(Table S3) (37, 38).
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Figure 1. Identification of the five PT-CSTs. Panel (a) shows a cladogram of the 171
preterm infant fecal samples obtained through Hierarchical Clustering (HCL) analysis. The
cladogram highlighted the five PT-CSTs identified through HCL analysis. Below is reported
an overview of the taxonomic composition of the infant population. Panel (b) displays the
average relative abundance of microbial species of the identified PT-CST, with relative
abundances on the vertical axis and the sample on the horizontal axis.

218



Gut Community State Types (CSTs) distribution in preterm infants.

The high taxonomic variability of the preterm gut microbial communities
dramatically reduces the ability to detect significant microbial biomarkers. For this
reason, we performed Pearson index-based Hierarchical Clustering Analysis (HCA)
employing species-level microbial profiling data to elucidate the prevalence of
specific taxonomic patterns, also known as Community State Types (CSTs), across
the collected samples (Table S4, Figure 1a). The statistically validated clusters that
encompassed at least ten samples have been taken into account as the most prevalent
representatives of preterm infants (39) (Table S4, Figure la). Accordingly, we
identified five archetypical subgroups named Pre-Term Community State Types (PT-
CST1-5) (Table S4, Figure 1b), not correlated to specific geographical origins (Table
S1). A detailed description of each PT-CST is provided in the Supplementary Text.
Notably, the five PT-CSTs were unevenly distributed across the fecal samples of
healthy control and NEC preterm infants, thus revealing the absence of clear
associations between specific taxonomic patterns and the development of NEC
(Table S4). Nevertheless, within each PT-CST (except for PT-CST3), a statistically
significant reduction in biodiversity was observed in NEC rather than in control
infants (species-richness average ranged from 4.1 to 8.6 in NEC infants vs. 7 to 19
in control, t-test p-values < 0.01), accompanied by PT-CST-specific increase in
relative abundances of well-known (opportunistic) pathogens, such as E. faecalis, E.
coli, St. epidermidis, Clostridioides difficile, Ureaplasma parvum, Pseudomonas
aeruginosa, Pseudomonas nosocomialis and members of the Klebsiella genus (Table
S5, Figure 2). Notably, most of the latter species have been reported to exert
pathogenic outcomes proportionally to their abundance (40—47). These data suggest
that the loss of specific taxa may play a direct role in the overgrowth of

(opportunistic) pathogens supporting NEC development.
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Detailed screening within each PT-CST for taxa involved in the loss of biodiversity
revealed that a range of protective/health-promoting appears reduced or absent in
NEC subpopulations (Table S5, Figure 2), including members of the genus
Bifidobacterium (such as B. bifidum and Bifidobacterium breve) and Akkermansia
(48-50). In addition, common early infant gut commensals, such as species of the
genera Actinomyces, Schaalia, Veillonella, Bacteroides, and Streptococcus, appeared
to be reduced or absent in the fecal samples of NEC patients(39, 51). Notably, since
these latter are known to be among the early gut commensals, they may participate
in the homeostasis of gut bacterial communities in preterm infants by acting as
neutral commensals. Thus, their early loss, beyond cause the overall drop in
biodiversity, probably support the overgrowth of the taxa involved in NEC

pathogenesis.
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Figure 2. Statistically significant differences in the taxonomic composition between
NEC and healthy samples of each PT-CST. In detail, for each PT-CST, significant p-values
obtained by comparison between microbial average abundances of healthy and NEC samples
have been highlighted in green. Additional taxa above 1 % of average abundance have been
reported.
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Gut bacterial network community structure

To assess the ecological role of the low abundance taxa in the preterm infant gut, we
explored the microbial communities structure using co-occurrence network analysis
(Table S6). Modularity analysis revealed the presence of 13 clusters of co-variating
species, which were highlighted with different node colors (Figure 3). As depicted in
Figure 3, the five microbial species predominant in the PT-CSTs1-5 correspond to
the higher interconnected nodes, suggesting that they are also more linked with other
infant gut microbiota members. Furthermore, most of the analyzed bacterial taxa are
engaged in widespread negative relationships, while the positive ones were observed
among minority members of the preterm infant gut, which give rise to a web of
interactions supporting the growth of the predominant taxa (Figure 3) (52).

For example, dominant species of PT-CSTs such as S. agalactiae (node 156), E. coli
(node 151), E. faecalis (node 150), and K. pneumoniae (node 148) were engaged in
mutual relationships with known low-abundance members of the preterm infant gut
microbiota, including Streptococcus, Cutibacterium, Enterobacter, and
Corynebacterium genera (green group), as well as members of the Actinobacteria
family (violet group) (Figure 3). This finding suggests that these specific minor
players of the bacterial population can markedly shape the infant gut microbiota
community by playing a potentially crucial role in sustaining the balance of the
interaction network. Thus, a loss of marginal species could drive the disruption of the
intricate microbial network, allowing for potential persistent colonization by
(opportunistic) pathogens. Overall, these network analyses provide an overview of
the bacterial interactions underlying the predominance of the taxa observed in PT-
CSTs, adding new dimensions to our understanding of gut dysbiosis in neonates

affected by NEC.
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+ unknown spect

Figure 3. Co-variance of the most abundant microbial species of the preterm infant gut.
The force-driven network was constructed using bacterial taxa as nodes and covariances as
edges. Red edges correspond to negative correlations, while green edges represent positive
associations. The node size is proportional to the degree of interactions, while node colors
represent the 13 obtained clusters of co-variating species.
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Assessing of gut microbial metabolic pathways in NEC and healthy subjects.

As mentioned above, the gastrointestinal microbial inhabitants may influence host
health through their metabolic activities, which participate in bio-modification or de
novo synthesis of metabolites. Therefore, changes in the microbiome gene repertoire,
reflecting shifts in the gut microbiota composition, were analyzed to understand how
potential gut bacterial community-derived metabolites differ between NEC patients
and healthy subjects, with peculiar focus on essential reactions of metabolic
pathways, as reported by literature and MetaCyc database (53) (Table S7). Moreover,
potential association between gut-associated bacterial communities and the microbial
metabolic pathways was assessed by a Pearson correlation analysis. Specifically, a
Pearson coefficient was calculated for each species and each microbial enzyme
resulting significantly increased or decreased in NEC subjects compared to healthy

infants (Table S8).

In particular, in healthy infants, we detected enzymes related to glycosylated proteins
degradation, i.e., a-fucosidase (EC 3.2.1.51) and sialidase (EC 3.2.1.18) that resulted
almost entirely absent in NEC microbiomes (Table S7, Figure 4). These enzymes are
essential for releasing L-fucose and sialic acid from host-derived glycans such as
intestinal mucins and human milk oligosaccharides (HMOs). Indeed, they are
typically associated with gut commensals with health-promoting properties which
strictly co-evolved with the human host, such as Bifidobacterium longum,
Bifidobacterium breve, and Bifidobacterium bifidum (52, 54-56). Moreover, the
covariance analysis highlighted that a-fucosidase and sialidase were positively
associated with members of Blautia, Cutibacterium and Enterobacter genus and

negatively with E. coli (Table S8).
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Figure 4. Statistically significant enzymes differential encoded by gut microbiota of
healthy, NEC, and pre-NEC infants. Bar plot depicts the relative average abundance of
each considered enzyme in healthy, NEC and pre-NEC samples on horizontal axis. The table
on the left reports the corresponding EC numbers and enzyme names.

Among the bacterial tryptophan degradation pathways, the key enzymes
tryptophanase (TnaA, EC 4.1.99.1) as well as indolepyruvate decarboxylase (EC
4.1.1.74) catalyzing the production of indole and indole 3-acetic acid (IAA)

biosynthesis, respectively, showed a 3-fold increase in NEC subjects compared to
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healthy infants (ANOVA p-value < 0.05) (Table S7, Figure 4). Notably, as confirmed
by positive correlation index reported in Table S8, this may be the result of an higher
abundance in NEC individuals of mainly E. coli, as well as members of Klebsiella
and Staphylococcus genus, reported to produce these enzymes (57). Although these
metabolites are known to have a role in regulating intestinal immunity acting as aryl
hydrocarbon receptor (AhR) ligands, their effects are subjected to dietary tryptophan
intestinal availability. The broad gastrointestinal damages experienced by NEC
infants largely interfere with tryptophan assimilation, likely resulting in tryptophan
depletion at the gut level and, therefore, lack of its microbial metabolization.

Although marginally, a portion of tryptophan (TRP) may be metabolized through the
kynurenine pathway (KP), whose downstream metabolites, such as kynurenine
(Kyn), quinolinic acid, picolinic acid, and kynurenic acid (KA), are known for their
neuroactive properties, also regulating various (bio) processes related to
inflammation and immune response (58-61). The enzyme tryptophan 2,3-
dioxygenase (TDO, EC 1.13.11.11), catalyzing the first and rate-limiting step of the
KP, was detected with a 4-fold increase in healthy subjects (ANOVA p-value < 0.05)
(Table S7, Figure 4). As previously suggested, although TDO is typically a eukaryotic
enzyme, these results supported the notion that some bacteria could synthesize Kyn
by expressing an enzyme homologous to TDO (62). Thus, suggesting that depletion
of bacterial homologous for this enzyme in NEC subjects may reflect increased gut
inflammation and/or unbalanced intestinal mucosal reactivity (63, 64). Remarkably,
positive associations were found between TDO abundance and the presence of
various commensals of the infant gut, including Bacteroides, Cutibacterium, and
Enterobacter genera, while negative correlation were identified with E. coli and S.
epidermidis. Furthermore, biotin (vitamin B7) metabolism-related enzymes,
including biotin-(Acetyl-CoA carboxylase) ligase (EC 6.3.4.15), biotin carboxylase

(EC 6.3.4.14), and biotin synthase (EC 2.8.1.6) which catalyzes the essential reaction
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in the biotin biosynthetic pathway, were found down-represented in NEC patients
(decreased respectively by 18.58 %, 40.64 %, 43.85 %, as compared to healthy
samples (ANOVA, p-value < 0.05) (Table S7, Figure 4). Interestingly, biotin has a
putative impact on a range of catabolic and anabolic pathways of the human host,
such as carbohydrates and amino acids catabolism or fatty acids synthesis (64), and
it can be synthesized at intestinal level by gut commensals possessing the complete
biosynthesis pathway, such as Bacteroides fragilis, which is a bacterial taxon
enriched in healthy infants (66). Furthermore, negative correlation coefficient was
observed between component of biotin biosynthetic pathway and E. coli (Table S8).
In contrast, among the microbial pathways over-expressed in the fecal samples of
NEC patients, we found the glycogen debranching enzyme (EC 3.2.1.196) 10-fold
higher compared to controls (ANOVA p-value < 0.05) (Table S7, Figure 4). This
enzyme is essential to complete the glycogen breakdown through the glycogen
metabolism pathways(67) and has been referred to as a potential virulence factor in
many microorganisms. Indeed, enzymes involved in this complex carbohydrate
catabolism might participate in pathogen infectivity, contributing to virulence,
colonization, and the environmental survival of pathogen strains. Thus reflecting the
increased abundance of E. coli and other members of the Gammaproteobacteria class
(68) such as Pseudomonas and Klebsiella, observed in NEC infants compared to

healthy subjects (69-71).

Gut microbial community analysis in pre-NEC samples.

In order to identify possible microbial signatures causatively involved in NEC
development, we compared the taxonomic profiles of 26 fecal samples collected from
preterm infants before NEC development (pre-NEC) versus all the 81 healthy
controls. Focusing on the gut bacterial community composition of pre-NEC infants,

HCA identified three distinct recurrent taxonomic profiles, named Pre-NEC
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Community State Types (PN-CST1-3), that can be observed in preterm infants who
later developed NEC (Table S9, Figure 5). Notably, each PN-CST appears to be
dominated by one or few recognized (opportunistic) pathogens.

In particular, despite PN-CST1 seems to be dominated by common gut colonizers
such as E. coli, E. faecalis, or members of the Prevotella genus, the two most
abundant species observed in each profiled sample constitute >90 % of the whole
microbial population, thus indicating a marked simplification of the microbial

population, i.e., reduced biodiversity (Table S9).
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Figure 5. Species-level taxonomic composition of pre-NEC infants. Pre-NEC samples
were grouped according to the specific PN-CST to which they belong. Relative abundances
are reported on the vertical axes and the samples on the horizontal axis.
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In contrast, PN-CST2 and PN-CST3 showed higher taxonomic complexity. Still, they
were dominated by well-recognized pathogens frequently involved in nosocomial
infections such as K. pneumoniae (72) and Proteus mirabilis (73, 74) in PN-CST2 or
Clostridium perfringens (75), Clostridium neonatale (76), Pantoea dispersa (77, 78)
and Staphylococcus aureus (79) in PN-CST3 (Table S9, Figure 5). Remarkably, the
latter pathogens are absent or present at a much lower relative abundance in healthy
preterm infants who did not develop NEC (K. prneumoniae and P. mirabilis showed
an average abundance of 43.49 % and 31.51 % in PN-CST2, respectively, in contrast
to 3.83 % and 0 % in control, respectively; C. perfringens, C. neonatale, P. dispersa,
and S. aureus displayed an average abundance of 26.52 %, 6,85 %, 8.14 % and 5,12
% in PN-CSTS3, respectively, rather than 1.02 %, 1.21 %, 0 %, and 0.65 % in healthy
subjects, respectively, t-test p-values < 0.01).

In contrast, P. mirabilis, C. perfringens, C. neonatale, and P. dispersa were found to
be almost absent also in NEC-microbiomes (C. perfringens, and C. neonatale showed
an average abundance of 0.62 %; and 0.12 %, respectively, while P. mirabilis, and P.
dispersa were absent), likely as a consequence of the broad-spectrum antibiotic
treatments. Thus, suggesting that the above-mentioned taxa could represent early
microbial signatures to be further investigated. Nevertheless, culture-based analyses
of NEC microbiota should be performed to corroborate the relevance of microbial
biomarkers as putative targets for non-invasive screening able to select infants with
“high risk” microbial patterns. Notably, this CST-based overview suggested that the
development of NEC should be considered a multifactorial event that involves a loss
in biodiversity accompanied by the overgrowth of specific opportunistic pathogens

based on the taxonomic pattern initially established in each preterm infant.

In order to identify putative novel metabolic biomarkers of NEC that can support

early diagnosis of this disease, we performed the prediction of microbial enzymatic
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reactions based on the shotgun metagenomics data of the 26 pre-NEC infant fecal
samples. Interestingly, among the bacterial metabolites which were significantly
increased before clinical development of NEC, we detected enzymes involved in iron
uptake and heme degradation, i.e., ferroxidase (EC 1.16.3.2) and heme oxygenase
(EC 1.14.99.58) (Table S10, Figure 4), whose activities are essential for Gram-
negative pathogens, which obtain the iron requested for their own growth from heme
sequestered from their hosts (80, 81). In particular, such microbial enzymes showed
an increase of 45 % and 143 % in the pre-NEC stage with respect to healthy controls
(Table S10, Figure 4).

Furthermore, the metabolites profiling of gut bacteria also revealed that the enzymes
L- and D-lactate dehydrogenase (EC 1.1.1.27 and EC 1.1.1.28, respectively) were
more abundant in pre-NEC infants compared to their healthy counterpart showing a
373 % and 34 % enhance, respectively (t-test p-value < 0.05) (Table S10, Figure 5).
In contrast, compared to the control group, infants who received NEC diagnosis did
not show such a high abundance of DL-lactate dehydrogenase (t-test p-value > 0.05),
likely due to the broad antibiotics treatments as well as invasive medical and surgical
procedures leading to the disruption of the gut microbiota and hence of the lactate-
producing bacteria (82). However, a recent study reported higher levels of lactate in
the urine metabolome of preterm newborns with NEC compared to the control group,
reinforcing the possible connection between this metabolite and NEC onset (83).
Besides, DL-lactate has been reported to accumulate in feces from individuals with
ulcerative colitis and inflammatory bowel disease (84, 85), highlighting the potential
negative consequences of elevated intestinal lactate levels leading to gut acidosis due
to its pH lowering effect (86, 87). Moreover, it has been demonstrated that lactate
accumulation may occur due to a decrease in lactate-utilizing bacteria, such as
members of Bacteroidetes and Firmicutes phyla (88-90). These observations

suggested that an imbalance between gut communities of lactate-producing and
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lactate-utilizing bacteria leading to gastrointestinal DL-lactate accumulation can
arise in infants who later develop NEC. Thus, it can represent a possible predictive
biomarker of NEC although future experimental studies employing analytical
methods are needed to validate the clinical value of lactate level in infant stool at pre-

NEC stage.

Conclusion

Necrotizing enterocolitis (NEC) is a relatively common severe gastrointestinal
disease mainly affecting low birth-weight infants, with a reported mortality rate
ranging between 15% and 30% (91). Recently, the increased prevalence of this
intestinal disease has been mainly linked with early gut microbial dysbiosis and
dysregulated immune response leading to overemphasized gastrointestinal
inflammation in preterm infants.

In order to explore the gut microbial communities before and during NEC, we
performed one of the largest shotgun metagenomics meta-analysis, including 124
publicly available datasets of preterm infant fecal samples along with 47 shotgun
metagenomics data obtained from fecal samples of 18 preterm infants collected
across the first month of life in the framework of this study at the NICU Croix rousse
university Hospital. Statistically validated hierarchical clustering analysis allowed
the identification of five archetypical recurring taxonomic profiles named Pre-Term
Community State Types encompassing both healthy controls and NEC-affected
preterm infants. Investigation of the NEC sub-population of each PT-CST revealed a
common trend of biodiversity loss accompanied by a marked increase in renowned
(opportunistic) pathogens. Moreover, reduction in biodiversity reflected the loss of
commensal or protective/health-promoting taxa following NEC development,
including members of the genera Bifidobacterium and Akkermansia. The ecological

role of minor components of the gut microbial population of preterm infants was
232



further explored by covariance analysis. The resulting force-driven network revealed
that specific clusters of microorganisms, constituted by both dominant and low-
abundance taxa, tend to co-variate. Thus, indicating an intricate network of
ecological relationships explaining how the loss of minor players is responsible for
such broad impacts on the whole taxonomic profile. Overall, this CST-based
overview of taxonomic features associated with NEC patients or healthy preterm
infants revealed that biodiversity reduction driven by the loss of specific taxa might
represent valuable microbial biomarkers for the early diagnosis of NEC and a starting
point for the development of novel bacteria-based therapies. However, the clinical
significance of these possible translational outcomes will need further validation in
following up clinical trials.

The shotgun metagenomics data were also employed for the investigation of the
occurrence of metabolic pathways. Intriguingly, we revealed that enzymes involved
in tryptophan metabolism, biotin synthesis, and HMOs degradation were depleted in
samples of preterm infants diagnosed with NEC compared to healthy controls, while
the enzyme lactate dehydrogenase (LDH) was overabundant in preterm infants prior
to NEC development. Hence, suggesting a gastrointestinal DL-lactate accumulation
arising in infants who later develop NEC, making this compound a potential

functional biomarker for early diagnosis of NEC.

MATERIAL AND METHODS

Ethical statement
The human study protocol was approved by the local Ethics Committee (Comité de

Protection des Personnes Sud-Est IV, Lyon).
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Data collection

To perform a meta-analysis, we retrieved four publicly available datasets from
studies involving the taxonomic evaluation of the gut microbiota in preterm infants
with and without NEC (PRINA46337, PRINA376566, PRINA63661, and
PRINA273761). Remarkably, we selected shotgun metagenomics datasets achieved
by the [llumina sequencing platform to obtain high resolution and limited input data
variability. Accordingly, we collected 124 fecal samples from five different Neonatal
Intensive Care Unit (NICU) in United Stated (USA), corresponding to 57 infants
considered overall healthy and 67 declared affected by NEC.

Additional 47 fecal samples from 18 premature infants enrolled in NICU at Croix
rousse university Hospital of Lyon, France, were considered between September
2014 and November 2014. Specifically, fecal samples of infants were collected
weekly during their first 40-days NICU stay. Seven infants developed NEC (Stage II
and Stage III NEC diagnosis) (21), while 11 with no infectious intestinal

complications have been regarded as controls.

Sample collection and DNA extraction

Stool samples were kept on ice immediately after collection and shipped to the
laboratory under frozen conditions, where they were preserved at —20°C until they
were processed. DNA extraction from each sample was performed using the QIAmp
DNA Stool mini-kit following the manufacturer’s instructions (Qiagen, Germany).
DNA concentration and purity were determined employing a Picodrop microliter

Spectrophotometer (Picodrop).

Sequencing and taxonomic classification
The shotgun metagenomic sequencing was performed by GenProbio Srl
(www.genprobio.com). DNA library preparation was performed using the Nextera

XT DNA sample preparation kit (Illumina, San Diego, CA), following the
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manufacturer's instructions. One ng input DNA from each sample was used for
library preparation. The isolated DNA underwent fragmentation, adapter ligation,
and amplification. The ready-to-go libraries were pooled equimolarly, denatured, and
diluted to a sequencing concentration of 1.5 pM. Sequencing was performed on
NextSeq 550 instrument (Illumina, San Diego, CA), following the manufacturer's
instructions, using the 2x150 bp High Output sequencing kit, and spike-in of 1 %
PhiX control library. Shotgun metagenomics analysis of the fecal samples produced
an average number of 3,314,112.39 + 6,556,669.69 reads per sample. The raw data
in fastq format, including those retrieved from publicly available shotgun data sets,
were submitted to quality filtering for the removal of reads with an average quality <
25. Subsequently, human DNA was removed by reads mapping on the Homo sapiens
genome, obtaining an average of 13,891.71 £ 3,580.60 reads per sample that were
submitted to downstream analyses.

Following, taxonomic profiling of retained reads was performed with the
METAnnotatorX bioinformatics platform (22). Remarkably, in order to homogenize
the sequencing data from different studies, we selected only those produced through
[llumina sequencing method. Taxonomic classification of each sequenced read was
achieved using MegaBLAST (23), employing the curated non-redundant sequence
database of genomes retrieved from the National Center for Biotechnology
Information (NCBI). For each metagenomic sample, species richness, i.e.
biodiversity, represented the number of gut-associated bacterial taxa whose
sequenced reads had e relative abundance greater than 0.5 %. Similarities between
samples (beta-diversity) were calculated by Bray-Curtis dissimilarity based on
species abundance. The range of similarities is calculated between values 0 and 1.
PCoA representation of beta-diversity was performed using ORIGIN 2021
(https://www.originlab.com/2021). In the PCoA, each dot represented a sample

distributed in tridimensional space according to its own bacterial composition.
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Functional prediction
Functional profiling of sequenced reads was obtained through the METAnnotatorX
bioinformatics platform (24). In addition, enzymatic reactions profiles were

predicted using METAnnotatorX based on the MetaCyc database (25).

Microbial co-occurrence and network analyses

Covariance analysis involving the 233 bacterial species obtained by shotgun profiling
of the 171 infant fecal samples was accomplished employing Kendall’s tau rank
covariance analysis (26). Using software Gephi (https://gephi.org/), such correlation
coefficients were then exploited to build a force-driven network, where bacterial
species, represented in the form of nodes, are connected by edges. Each node size is
proportional to the number of interactions of a specific taxon, i.e., the node degree,
while the edge color indicates the type of interaction, i.e., positive (green) or negative

(red).

Statistical analyses

Sample clustering based on different predominant taxa was achieved by Hierarchical
Clustering Analyses (HCL) using bacterial abundance information at the species
level and was then calculated through TMeV 4.8.1 software using Pearson correlation
as a distance metric. The data obtained were represented in the form of a cladogram.
ORIGIN 2021 (https://www.originlab.com/2021) and the online version of Medcalc
software (https://www.medcalc.org/) were used to compute statistical analyses,
including t-test, ANOVA test, and Chi-squared test. PERMANOVA analyses were
performed using 1000 permutations to estimate p-values for differences among
populations in PCoA analyses. Furthermore, the differential abundance of bacterial
genera was tested by t-test analysis. Covariance analyses between microbial

community and bacterial metabolic pathways was obtained through a Pearson
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correlation analysis between the abundances of the species and abundances of each

individual enzyme observed in the profiled datasets.

Data Availability Statement
Shotgun metagenomics data have been deposited in the NCBI Short Read Archive
(SRA) under BioProject code PRINA733860.

ACKNOWLEDGMENTS
We thank GenProbio Srl for the financial support of the Laboratory of
Probiogenomics. Part of this research is conducted using the High Performance

Computing (HPC) facility of the University of Parma.

References

1. Zozaya C, Garcia Gonzalez I, Avila-Alvarez A, Oikonomopoulou N, Sanchez Tamayo T,
Salguero E, Saenz de Pipaon M, Garcia-Muioz Rodrigo F, Couce ML. 2020. Incidence, Treatment,
and Outcome Trends of Necrotizing Enterocolitis in Preterm Infants: A Multicenter Cohort Study.
Frontiers in Pediatrics 8.

2. Neu J, Walker WA. 2011. Necrotizing Enterocolitis. New England Journal of Medicine
364:255-264.
3. Claud EC, Walker WA. 2001. Hypothesis: inappropriate colonization of the premature

intestine can cause neonatal necrotizing enterocolitis. The FASEB Journal 15:1398-1403.

4, Brehin C, Dubois D, Dicky O, Breinig S, Oswald E, Serino M. 2020. Evolution of Gut
Microbiome and Metabolome in Suspected Necrotizing Enterocolitis: A Case-Control Study. Journal
of Clinical Medicine 9:2278.

5. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, Belzer C, Delgado Palacio
S, Arboleya Montes S, Mancabelli L, Lugli GA, Rodriguez JM, Bode L, de Vos W, Gueimonde M,
Margolles A, van Sinderen D, Ventura M. 2017. The First Microbial Colonizers of the Human Gut:
Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiology and
Molecular Biology Reviews 81.

6. Saturio S, Nogacka AM, Suarez M, Fernandez N, Mantecon L, Mancabelli L, Milani C,
Ventura M, de los Reyes-Gavilan CG, Solis G, Arboleya S, Gueimonde M. 2021. Early-life
development of the bifidobacterial community in the infant gut. International Journal of Molecular
Sciences 22.

7. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, Belzer C, Delgado Palacio
S, Arboleya Montes S, Mancabelli L, Lugli GA, Rodriguez JM, Bode L, de Vos W, Gueimonde M,

237



Margolles A, van Sinderen D, Ventura M. 2017. The First Microbial Colonizers of the Human Gut:
Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiology and
Molecular Biology Reviews 81.

8. Rautava S, Luoto R, Salminen S, Isolauri E. 2012. Microbial contact during pregnancy,
intestinal colonization and human disease. Nature Reviews Gastroenterology and Hepatology. Nat
Rev Gastroenterol Hepatol.

9. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, Knight
R. 2010. Delivery mode shapes the acquisition and structure of the initial microbiota across multiple
body habitats in newborns. Proceedings of the National Academy of Sciences of the United States of
America 107:11971-11975.

10. Forsgren M, Isolauri E, Salminen S, Rautava S. 2017. Late preterm birth has direct and
indirect effects on infant gut microbiota development during the first six months of life. Acta
Paediatrica, International Journal of Paediatrics 106:1103—1109.

11. Wang S, Ryan CA, Boyaval P, Dempsey EM, Ross RP, Stanton C. 2020. Maternal Vertical
Transmission Affecting Early-life Microbiota Development. Trends in Microbiology. Elsevier Ltd.

12. Kundu P, Blacher E, Elinav E, Pettersson S. 2017. Our Gut Microbiome: The Evolving Inner
Self. Cell. Cell Press.

13. Carlisle EM, Morowitz MJ. 2013. The intestinal microbiome and necrotizing enterocolitis.
Current Opinion in Pediatrics. Curr Opin Pediatr.

14. Yang B, Chen Y, Stanton C, Ross RP, Lee YK, Zhao J, Zhang H, Chen W. 2019.
Bifidobacterium and lactobacillus composition at species level and gut microbiota diversity in infants
before 6 weeks. International Journal of Molecular Sciences 20.

15. Saturio S, Nogacka AM, Sudrez M, Fernandez N, Mantecon L, Mancabelli L, Milani C,
Ventura M, de los Reyes-Gavilan CG, Solis G, Arboleya S, Gueimonde M. 2021. Early-life
development of the bifidobacterial community in the infant gut. International Journal of Molecular
Sciences 22.

16. Pammi M, Cope J, Tarr PI, Warner BB, Morrow AL, Mai V, Gregory KE, Simon Kroll J,
McMurtry V, Ferris MJ, Engstrand L, Lilja HE, Hollister EB, Versalovic J, Neu J. 2017. Intestinal
dysbiosis in preterm infants preceding necrotizing enterocolitis: A systematic review and meta-
analysis. Microbiome 5.

17. Wandro S, Osborne S, Enriquez C, Bixby C, Arrieta A, Whiteson K. 2018. The Microbiome
and Metabolome of Preterm Infant Stool Are Personalized and Not Driven by Health Outcomes,
Including Necrotizing Enterocolitis and Late-Onset Sepsis. mSphere 3.

18. Niemarkt HJ, de Meij TG, van Ganzewinkel CJ, de Boer NKH, Andriessen P, Hiitten MC,
Kramer BW. 2019. Necrotizing Enterocolitis, Gut Microbiota, and Brain Development: Role of the
Brain-Gut Axis. Neonatology 115:423—431.

19. Shokunbi MT, Gelb AW, Wu XM, Miller DJ. 1990. Continuous lidocaine infusion and focal
feline cerebral ischemia. Stroke 21:107—-111.

238



20. Coggins SA, Wynn JL, Weitkamp JH. 2015. Infectious causes of necrotizing enterocolitis.
Clinics in Perinatology. W.B. Saunders.

21. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, Barton L, Brotherton T. 1978.
Neonatal necrotizing enterocolitis. Therapeutic decisions based upon clinical staging. Annals of
surgery 187:1-7.

22. Milani C, Casey E, Lugli GA, Moore R, Kaczorowska J, Feechily C, Mangifesta M,
Mancabelli L, Duranti S, Turroni F, Bottacini F, Mahony J, Cotter PD, McAuliffe FM, van Sinderen
D, Ventura M. 2018. Tracing mother-infant transmission of bacteriophages by means of a novel
analytical tool for shotgun metagenomic datasets: METAnnotatorX. Microbiome 6.

23. Chen Y, Ye W, Zhang Y, Xu Y. 2015. High speed BLASTN: An accelerated MegaBLAST
search tool. Nucleic Acids Research 43:7762-7768.

24, Milani C, Casey E, Lugli GA, Moore R, Kaczorowska J, Feehily C, Mangifesta M,
Mancabelli L, Duranti S, Turroni F, Bottacini F, Mahony J, Cotter PD, McAuliffe FM, van Sinderen
D, Ventura M. 2018. Tracing mother-infant transmission of bacteriophages by means of a novel
analytical tool for shotgun metagenomic datasets: METAnnotatorX. Microbiome 6.

25. Caspi R, Billington R, Ferrer L, Foerster H, Fulcher CA, Keseler IM, Kothari A,
Krummenacker M, Latendresse M, Mueller LA, Ong Q, Paley S, Subhraveti P, Weaver DS, Karp PD.
2016. The MetaCyc database of metabolic pathways and enzymes and the BioCyc collection of
pathway/genome databases. Nucleic Acids Research 44:D471-D480.

26. Liu X, Ning J, Cheng Y, Huang X, Li R. 2019. A flexible and robust method for assessing
conditional association and conditional concordance. Statistics in Medicine 38:3656—-3668.

27. Warner BB, Deych E, Zhou Y, Hall-Moore C, Weinstock GM, Sodergren E, Shaikh N,
Hoffmann JA, Linneman LA, Hamvas A, Khanna G, Rouggly-Nickless LC, Ndao IM, Shands BA,
Escobedo M, Sullivan JE, Radmacher PG, Shannon WD, Tarr PI. 2016. Gut bacteria dysbiosis and
necrotising enterocolitis in very low birthweight infants: A prospective case-control study. The Lancet
387:1928-1936.

28. Raveh-Sadka T, Thomas BC, Singh A, Firek B, Brooks B, Castelle CJ, Sharon I, Baker R,
Good M, Morowitz MJ, Banfield JF. 2015. Gut bacteria are rarely shared by co-hospitalized premature
infants, regardless of necrotizing enterocolitis development. eLife 2015.

29. Brooks B, Olm MR, Firek BA, Baker R, Thomas BC, Morowitz MJ, Banfield JF. 2017.
Strain-resolved analysis of hospital rooms and infants reveals overlap between the human and room
microbiome. Nature Communications 8.

30. Brown CT, Xiong W, Olm MR, Thomas BC, Baker R, Firek B, Morowitz MJ, Hettich RL,
Banfield JF. 2018. Hospitalized premature infants are colonized by related bacterial strains with
distinct proteomic profiles. mBio 9.

31. Ward D v., Scholz M, Zolfo M, Taft DH, Schibler KR, Tett A, Segata N, Morrow AL. 2016.
Metagenomic Sequencing with Strain-Level Resolution Implicates Uropathogenic E. coli in
Necrotizing Enterocolitis and Mortality in Preterm Infants. Cell Reports 14:2912-2924.

239



32. LM,CT,CM,GAL,FFFT,Dvan S, M V. 2020. Multi-population cohort meta-analysis
of human intestinal microbiota in early life reveals the existence of infant community state types
(ICSTs). Computational and structural biotechnology journal 18:2480-2493.

33. Milani C, Casey E, Lugli GA, Moore R, Kaczorowska J, Feehily C, Mangifesta M,
Mancabelli L, Duranti S, Turroni F, Bottacini F, Mahony J, Cotter PD, McAuliffe FM, van Sinderen
D, Ventura M. 2018. Tracing mother-infant transmission of bacteriophages by means of a novel
analytical tool for shotgun metagenomic datasets: METAnnotatorX. Microbiome 6.

34, Chernikova DA, Madan JC, Housman ML, Zain-ul-abideen M, Lundgren SN, Morrison HG,
Sogin ML, Williams SM, Moore JH, Karagas MR, Hoen AG. 2018. The premature infant gut
microbiome during the first 6 weeks of life differs based on gestational maturity at birth. Pediatric
Research 84:71-79.

35. Rougé C, Goldenberg O, Ferraris L, Berger B, Rochat F, Legrand A, Gobel UB, Vodovar M,
Voyer M, Roz¢é JC, Darmaun D, Piloquet H, Butel MJ, de La Cochetié¢re MF. 2010. Investigation of
the intestinal microbiota in preterm infants using different methods. Anaerobe 16:362-370.

36. Morrow AL, Lagomarcino AJ, Schibler KR, Taft DH, Yu Z, Wang B, Altaye M, Wagner M,
Gevers D, Ward D v., Kennedy MA, Huttenhower C, Newburg DS. 2013. Early microbial and
metabolomic signatures predict later onset of necrotizing enterocolitis in preterm infants. Microbiome
1.

37. Henderickx JGE, Zwittink RD, van Lingen RA, Knol J, Belzer C. 2019. The preterm gut
microbiota: An inconspicuous challenge in nutritional neonatal care. Frontiers in Cellular and
Infection Microbiology. Frontiers Media S.A.

38. Barrett E, Kerr C, Murphy K, O’Sullivan O, Ryan CA, Dempsey EM, Murphy BP, O’Toole
PW, Cotter PD, Fitzgerald GF, Ross RP, Stanton C. 2013. The individual-specific and diverse nature
of the preterm infant microbiota. Archives of Disease in Childhood: Fetal and Neonatal Edition 98.

39. Mancabelli L, Tarracchini C, Milani C, Lugli GA, Fontana F, Turroni F, van Sinderen D,
Ventura M. 2020. Multi-population cohort meta-analysis of human intestinal microbiota in early life
reveals the existence of infant community state types (ICSTs). Computational and Structural
Biotechnology Journal 18:2480-2493.

40. Delaplain PT, Bell BA, Wang J, Isani M, Zhang E, Gayer CP, Grishin A v., Ford HR. 2019.
Effects of artificially introduced Enterococcus faecalis strains in experimental necrotizing
enterocolitis. PLoS ONE 14.

41. Stoll BJ, Hansen NI, Sanchez PJ, Faix RG, Poindexter BB, van Meurs KP, Bizzarro MJ,
Goldberg RN, Frantz ID, Hale EC, Shankaran S, Kennedy K, Carlo WA, Watterberg KL, Bell EF,
Walsh MC, Schibler K, Laptook AR, Shane AL, Schrag SJ, Das A, Higgins RD. 2011. Early onset
neonatal sepsis: The burden of group B streptococcal and E. coli disease continues. Pediatrics
127:817-826.

42. Brescoé MS, Harris LG, Thompson K, Stanic B, Morgenstern M, O’Mahony L, Richards RG,
Moriarty TF. 2017. Pathogenic mechanisms and host interactions in Staphylococcus epidermidis
device-related infection. Frontiers in Microbiology. Frontiers Media S.A.

240



43. Smith AB, Ocana JS, Zackular JP. 2020. From nursery to nursing home: Emerging concepts
in clostridioides difficile pathogenesis. Infection and Immunity 88.

44, Glaser K, Gradzka-Luczewska A, Szymankiewicz-Breborowicz M, Kawczynska-Leda N,
Henrich B, Waaga-Gasser AM, Speer CP. 2019. Perinatal ureaplasma exposure is associated with
increased risk of late onset sepsis and imbalanced inflammation in preterm infants and may add to
lung injury. Frontiers in Cellular and Infection Microbiology 9.

45. Xu W, He L, Liu C, Rong J, Shi Y, Song W, Zhang T, Wang L. 2015. The effect of infection
control nurses on the occurrence of Pseudomonas aeruginosa healthcare-acquired infection and
multidrug-resistant strains in critically-Ill children. PLoS ONE 10.

46. Zhen X, Lundborg CS, Sun X, Hu X, Dong H. 2020. Clinical and economic impact of third-
generation cephalosporin-resistant infection or colonization caused by Escherichia coli and Klebsiella
pneumoniae: A multicenter study in China. International Journal of Environmental Research and
Public Health 17:1-12.

47. Li S, Liu J, Chen F, Cai K, Tan J, Xie W, Qian R, Liu X, Zhang W, Du H, Liu Y, Huang L.
2020. A risk score based on pediatric sequential organ failure assessment predicts 90-day mortality in
children with Klebsiella pneumoniae bloodstream infection. BMC Infectious Diseases 20.

48. Liu X, Zhao F, Liu H, Xie Y, Zhao D, Li C. 2021. Transcriptomics and metabolomics reveal
the adaption of Akkermansia muciniphila to high mucin by regulating energy homeostasis. Scientific
Reports 11:9073.

49, Hagen PC, Skelley JW. 2019. Efficacy of bifidobacterium species in prevention of
necrotizing enterocolitis in very-low birth weight infants. A systematic review. Journal of Pediatric
Pharmacology and Therapeutics. Pediatric Pharmacy Advocacy Group, Inc.

50. de Andrés J, Manzano S, Garcia C, Rodriguez JM, Espinosa-Martos I, Jiménez E. 2018.
Modulatory effect of three probiotic strains on infants’ gut microbial composition and immunological
parameters on a placebo-controlled, double-blind, randomised study. Beneficial Microbes 9:573—-584.

51. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, O’Shea CA, Watkins C, Dempsey
E, Mattivi F, Tuohy K, Paul Ross R, Anthony Ryan C, O’ Toole PW, Stanton C. 2017. Evolution of
gut microbiota composition from birth to 24 weeks in the INFANTMET Cohort. Microbiome 5.

52. Turroni F, Milani C, Duranti S, Mahony J, van Sinderen D, Ventura M. 2018. Glycan
Utilization and Cross-Feeding Activities by Bifidobacteria. Trends in Microbiology. Elsevier Ltd.

53. RC,RB,CAFFIMK,AK,MK,ML,PEM, QO, WK O, S P, PS, PD K. 2018. The
MetaCyc database of metabolic pathways and enzymes. Nucleic acids research 46:D633-D639.

54. Tailford LE, Crost EH, Kavanaugh D, Juge N. 2015. Mucin glycan foraging in the human
gut microbiome. Frontiers in Genetics 5.

55. Egan M, Motherway MOC, Ventura M, van Sinderen D. 2014. Metabolism of sialic acid by
Bifidobacterium breve UCC2003. Applied and Environmental Microbiology 80:4414-4426.

56. Bunesova V, Lacroix C, Schwab C. 2016. Fucosyllactose and L-fucose utilization of infant
Bifidobacterium longum and Bifidobacterium kashiwanohense. BMC Microbiology 16:1-12.

241



57. Kaur H, Bose C, Mande SS. 2019. Tryptophan Metabolism by Gut Microbiome and Gut-
Brain-Axis: An in silico Analysis. Frontiers in Neuroscience 13.

58. Gao J, Xu K, Liu H, Liu G, Bai M, Peng C, Li T, Yin Y. 2018. Impact of the gut microbiota
on intestinal immunity mediated by tryptophan metabolism. Frontiers in Cellular and Infection
Microbiology. Frontiers Media S.A.

59. Zelante T, Iannitti RG, Cunha C, DeLuca A, Giovannini G, Pieraccini G, Zecchi R, D’ Angelo
C, Massi-Benedetti C, Fallarino F, Carvalho A, Puccetti P, Romani L. 2013. Tryptophan catabolites
from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22.
Immunity 39:372-385.

60. Kennedy PJ, Cryan JF, Dinan TG, Clarke G. 2017. Kynurenine pathway metabolism and the
microbiota-gut-brain axis. Neuropharmacology. Elsevier Ltd.

61. Jovanovic F, Candido KD, Knezevic NN. 2020. The role of the kynurenine signaling pathway
in different chronic pain conditions and potential use of therapeutic agents. International Journal of
Molecular Sciences. MDPI AG.

62. Agus A, Planchais J, Sokol H. 2018. Gut Microbiota Regulation of Tryptophan Metabolism
in Health and Disease. Cell Host and Microbe. Cell Press.

63. Zelante T, Iannitti RG, Cunha C, DeLuca A, Giovannini G, Pieraccini G, Zecchi R, D’ Angelo
C, Massi-Benedetti C, Fallarino F, Carvalho A, Puccetti P, Romani L. 2013. Tryptophan catabolites
from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22.
Immunity 39:372-385.

64. Spichak S, Bastiaanssen TFS, Berding K, Vickova K, Clarke G, Dinan TG, Cryan JF. 2021.
Mining microbes for mental health: Determining the role of microbial metabolic pathways in human
brain health and disease. Neuroscience and Biobehavioral Reviews. Elsevier Ltd.

65. Biochemistry, Water Soluble Vitamins - PubMed.

66. KY,KH, KS,JK. 2019. Metabolism of Dietary and Microbial Vitamin B Family in the
Regulation of Host Immunity. Frontiers in nutrition 6.

67. Berg JM, Tymoczko JL, Stryer L. 2002. Glycogen Breakdown Requires the Interplay of
Several Enzymes.

68. TK,SS,YUNF, KU, TS,AK,JA,CC, SB,YN.2016. Comparison of Chain-Length
Preferences and Glucan Specificities of Isoamylase-Type o-Glucan Debranching Enzymes from Rice,
Cyanobacteria, and Bacteria. PloS one 11.

69. Shelburne SA, Davenport MT, Keith DB, Musser JM. 2008. The role of complex
carbohydrate catabolism in the pathogenesis of invasive streptococci. Trends in Microbiology. Trends
Microbiol.

70. Jones SA, Jorgensen M, Chowdhury FZ, Rodgers R, Hartline J, Leatham MP, Struve C,
Krogfelt KA, Cohen PS, Conway T. 2008. Glycogen and maltose utilization by Escherichia coli
O157:H7 in the mouse intestine. Infection and Immunity 76:2531-2540.

242



71. Sekar K, Linker SM, Nguyen J, Griinhagen A, Stocker R, Sauer U. 2020. Bacterial glycogen
provides short-term benefits in changing environments. Applied and Environmental Microbiology 86.

72. Jones RN. 2010. Microbial etiologies of Hospital-acquired bacterial pneumonia and
ventilator-associated bacterial pneumoniaClinical Infectious Diseases. Clin Infect Dis.

73. Schaffer JN, Pearson MM. 2015. Proteus mirabilis and Urinary Tract Infections.
Microbiology Spectrum 3.

74. Armbruster CE, Mobley HLT, Pearson MM. 2018. Pathogenesis of Proteus mirabilis
Infection. EcoSal Plus 8.

75. Mehdizadeh Gohari I, A. Navarro M, Li J, Shrestha A, Uzal F, A. McClane B. 2021.
Pathogenicity and virulence of Clostridium perfringens . Virulence 12:723-753.

76. Hosny M, Baptiste E, Levasseur A, la Scola B. 2019. Molecular epidemiology of Clostridium
neonatale and its relationship with the occurrence of necrotizing enterocolitis in preterm neonates.
New Microbes and New Infections 32.

77. Panditrao M, Panditrao M. 2018. Pantoea dispersa: Is it the Next Emerging “Monster” in our
Intensive Care Units? A Case Report and Review of Literature. Anesthesia, essays and researches
12:963-966.

78. Mani S, Nair J. 2021. Pantoea Infections in the Neonatal Intensive Care Unit. Cureus 13.

79. Cheung GYC, Bae JS, Otto M. 2021. Pathogenicity and virulence of Staphylococcus aureus.
Virulence. Bellwether Publishing, Ltd.

80. Palmer LD, Skaar EP. 2016. Transition Metals and Virulence in Bacteria. Annual Review of
Genetics. Annual Reviews Inc.

81. Sheldon JR, Laakso HA, Heinrichs DE. 2016. Iron Acquisition Strategies of Bacterial
Pathogens. Microbiology Spectrum 4.

82. ATR,EHC,BK,SPN,NAW,MM V,HKD,SJ,FSM,SNN,TM O, JP W, MAD, LA
D. 2018. Antibiotic-induced changes in the microbiota disrupt redox dynamics in the gut. eLife 7.

83. JCPADM,MM,SC,AD,AN, VF, F CM. 2021. Urine NMR Metabolomics Profile of
Preterm Infants With Necrotizing Enterocolitis Over the First Two Months of Life: A Pilot
Longitudinal Case-Control Study. Frontiers in molecular biosciences §&.

84. Vernia P, Caprilli R, Latella G, Barbetti F, Magliocca FM, Cittadini M. 1988. Fecal Lactate
and Ulcerative Colitis. Gastroenterology 95:1564—-1568.

85. Hove H, Nordgaard-Andersen I, Mortensen PB. 1994. Faecal DL-lactate concentration in
100 gastrointestinal patients. Scandinavian Journal of Gastroenterology 29:255-259.

86. Belenguer A, Duncan SH, Holtrop G, Anderson SE, Lobley GE, Flint HJ. 2007. Impact of
pH on lactate formation and utilization by human fecal microbial communities. Applied and
Environmental Microbiology 73:6526—6533.

243



87. Wang SP, Rubio LA, Duncan SH, Donachie GE, Holtrop G, Lo G, Farquharson FM, Wagner
J, Parkhill J, Louis P, Walker AW, Flint HJ. 2020. Pivotal Roles for pH, Lactate, and Lactate-Utilizing
Bacteria in the Stability of a Human Colonic Microbial Ecosystem. mSystems 5.

88. Duncan SH, Louis P, Flint HJ. 2004. Lactate-utilizing bacteria, isolated from human feces,
that produce butyrate as a major fermentation product. Applied and Environmental Microbiology
70:5810-5817.

89. Wang SP, Rubio LA, Duncan SH, Donachie GE, Holtrop G, Lo G, Farquharson FM, Wagner
J, Parkhill J, Louis P, Walker AW, Flint HJ. 2020. Pivotal Roles for pH, Lactate, and Lactate-Utilizing
Bacteria in the Stability of a Human Colonic Microbial Ecosystem. mSystems 5.

90. Pham VT, Lacroix C, Braegger CP, Chassard C. 2016. Early colonization of functional
groups of microbes in the infant gut. Environmental microbiology 18:2246-2258.

91. Yee WH, Soraisham AS, Shah VS, Aziz K, Yoon W, Lee SK, Shah PS, Andrews W, Lefebvre
F, Singhal N, Bullied B, Canning R, Cronin G, Dow K, Dunn M, Harrison A, James A, Kalapesi Z,
Kovacs L, Lee D, McMillan DD, Shah P, Ojah C, Piedboeuf B, Riley P, Faucher D, Rouvinez-Bouali
N, Sankaran K, Seshia M, Shivananda S, Sorokan T, Synnes A. 2012. Incidence and timing of
presentation of necrotizing enterocolitis in preterm infants. Pediatrics 129.

244



Chapter 8

The Integrated Probiotic Database: a genomic
compendium of bifidobacterial health-promoting

strains

Chiara Tarracchini, Martina Viglioli, Gabriele Andrea Lugli, Leonardo Mancabelli,
Federico Fontana, Giulia Alessandri, Francesca Turroni, Marco Ventura, Christian

Milani

The results of this chapter were published in Microbiology Spectrum, 2022 Feb;
doi: 10.20517/mrr.2021.13.

245



Abstract

The World Health Organization defines probiotics as “live microorganisms, which
when administered in adequate amounts confer a health benefit on the host.” In this
framework, probiotic strains should be regarded as safe for human and animal
consumption, i.e., they should possess the GRAS (Generally Recognized As Safe)
status, notified by the local authorities. Consistently, strains of selected
Bifidobacterium species are extensively used as probiotic agents to prevent and
ameliorate a broad spectrum of human and/or animal gastrointestinal disorders.
Despite probiotic properties are often genus- or species-associated, strain-level
differences in the genetic features conferring individual probiotic properties to
commercialized bifidobacterial strains have not been investigated in detail.

In this study, we built a genomic database named Integrated Probiotic DataBase
(IPDB), whose first iteration consists of common bifidobacterial strains used in
probiotic products for which public genome sequences were available, such as
members of B. longum subsp. longum, B. longum subsp. infantis, B. bifidum, B.
breve, and B. animalis subsp. lactis taxa.

Furthermore, the IPDB was exploited to perform comparative genome analyses
focused on genetic factors conferring structural, functional, and chemical features
predicted to be involved in microbe-host and microbe-microbe interactions.
Accordingly, our analyses revealed strain-level genetic differences, underlining the
importance of inspecting strain-specific and outcome-specific efficacy of probiotics.
In this context, IPDB represents a valuable resource for obtaining genetic information

of well-established bifidobacterial probiotic strains.

For Supplementary Materials see the article published in Microbiome Research

Reports
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Introduction

The widely accepted definition of probiotics as “live microorganisms that when
administered in adequate amounts confer a beneficial health effect on the host” was
given by the Food and Agriculture Organization of the United Nations and the World
Health Organization (FAO/WHO) in 2001 (1). Such health beneficial effects may
include participation in complex carbohydrates digestion, vitamins, amino acids, and
short-chain fatty acids production, antagonistic activity against intestinal bacterial
pathogens, and immune system modulation (2). Nevertheless, to be considered a
valuable probiotic, microbial strains must also meet specific criteria, including
surviving passage through the upper digestive tract due to low pH and bile salts
resistance, the ability to adhere to the human gut mucosa and to colonize the human
intestine. In addition, a probiotic strain must be safe for human consumption (3).
Most microorganisms recognized to date as probiotics are Gram-positive bacteria,
including members of Enterococcus, Streptococcus, Lactobacillus, and
Bifidobacterium genera (4). In particular, members of this latter genus are among the
main microorganisms used as probiotics in the global market (5,6). Indeed, several
members of the Bifidobacterium genus recognized as GRAS (Generally Recognized
As Safe) are widely and extensively included as live components in commercial
probiotic products, either alone or in multi-strain formulations (7,8). In this context,
despite bifidobacterial probiotic strains and related commercial products being
accompanied by specific health-promoting claims, comparative analyses focusing on
the genetic factors related to probiotic features are still lacking.

In this study, we built a genome database of the bifidobacterial strains employed in
approved commercial probiotic dietary products named the Integrated Probiotic
DataBase (IPDB). In detail, a total of 34 genomes corresponding to B. longum subsp.
longum, B. longum subsp. infantis, B. bifidum, B. breve, and B. animalis subsp. lactis

commercial probiotics were retrieved from public repositories based on extensive
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literature screening and processed through an optimized bioinformatics pipeline for
genes prediction and functional annotation. Further, we carried out a comparative
genome analysis to identify the main shared and unique genetic features related to
colonization, survival, and persistence in the gastrointestinal tract. Besides, the
presence of intrinsic antimicrobial resistance (AMR) was also assessed since they
could be valuable to prevent/reduce gut microbiota disorders during antibiotic

treatments.
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RESULTS AND DISCUSSION

The Integrated Probiotic Database (IPDB)

Bifidobacterial strain names from labels of commercially available probiotic
products were identified based on comprehensive scientific literature research, and
all associated publicly available genomes (complete and draft) were retrieved from
NCBI (Table 1). As a result, we collected a total of 34 bifidobacterial probiotics,
including four B. longum subsp. infantis, 10 B. longum subsp. longum, four B.
bifidum, three B. breve, and 13 B. animalis subsp. lactis chromosomes sequences
constituting the Integrated Probiotic Database (IPDB) in its first iteration. Notably,
to ensure consistency in the gene prediction, all bifidobacterial genomes used in this
study were re-annotated using the MEGAnnotator pipeline as described in the
Methods section (9). Subsequently, the 34 bifidobacterial commercial probiotic
genomes were employed to perform a comparative genome analysis to identify
peculiar genetic traits possibly involved in intestinal colonization and host-microbe
interaction.

All the re-annotated genome sequences, along with strain-specific functional details

and information concerning the comparative analysis results, are included in the

newly developed IPDB available at http:/probiogenomics.unipr.it/cmu/ (direct

download at http://probiogenomics.unipr.it/files/Probiotic_Bifidobacteria_DataBase.zip).

Noticeably, IPDB will be expanded to include the genomes of non-bifidobacterial

commercialized probiotic strains in the near future.

General genome features of the bifidobacterial strains encompassed in the IPDB
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According to the genome prediction and annotation processes, we identified a

number of predicted Open Reading Frames (ORFs) ranging from 2567 for B. longum

subsp. infantis EVC001 to 1565 for B. animalis subsp. lactis BLC1 (Table 1).

Table 1. Publicly available bifidobacterial commercial probiotic strains included in the

IPDB.
Strain name Assembly no. Genome status Genome size | GC content No. of CDS
(Mb) (%)

BB-12 GCA_000025245.2 Complete 1.94 60.5 1570
BLCI GCA_000224965.2 Complete 1.94 60.5 1565
B420 GCA_000277325.1 Complete 1.94 60.5 1568
BS 01 GCA_018408975.1 Draft 1.93 60.5 1728
HNO19 GCA_003606305.1 Complete 1.94 60.5 1567
BS 05 GCA_018408985.1 Draft 2.09 60.6 1720
B. animalis spp. lactis MB 2409 GCA_018409015.1 Draft 1.97 60.4 1685
BI-04 GCA_000022705.1 Complete 1.94 60.5 1568
Bi-07 GCA_000277345.1 Complete 1.94 60.5 1566
ADO 11 GCA_000021425.1 Complete 1.93 60.5 1582
BL-G101 GCA_017963615.1 Draft 1.92 60.5 1568
BL3 GCA_002220485.1 Complete 1.94 60.5 1574
BPLI (CECT 8145) GCA_000612705.1 Draft 1.96 60.4 1633
Bi-26 GCA_004919065.2 Complete 2.61 59.3 2237
. . UBBI-01 GCA_004803425.1 Draft 2.73 59.4 2462

B. longum spp. infantis -
35624 GCA_001719085.1 Complete 2.26 60 1827
EVC001 GCA_902167885.1 Complete 2.83 59.9 2567
BORI GCA_003342655.1 Complete 231 59.9 1831
Wil GCA_001940535.1 Draft 2.33 59.9 1886
BL 03 GCA_018409185.1 Draft 2.35 60 2010
DLBL 07 GCA_018409165.1 Draft 2.37 59.9 1992
DLBL 09 GCA_018408965.1 Draft 2.37 59.8 1989

B. longum spp. longum -
CECT 7347 (ESI) GCA_001050555.1 Draft 233 60 2019
BB536 BAA-999 (ATCC site) Complete 242 59.9 2023
JDM301 GCA_000092325.1 Complete 2.48 59.8 2024
KACC 91563 GCA_000219455.1 Complete 2.40 59.8 1952
CECT 78% GCA_016634435.1 Draft 2.29 59.9 1873
PRL2010 GCA_000165905.1 Complete 2.21 62.7 1830
. BGN4 GCA_000265095.1 Complete 2.22 62.6 1792

B. bifidum

BF3 GCA_001281345.1 Complete 2.21 62.6 1782
ATCC 29521 GCA_000466525.1 Draft 2.2 62.7 1846
BRO03 GCA_004319685.1 Draft 2.27 58.6 1871
B. breve BB02 GCA_002914865.1 Draft 232 58.8 1983
UBBR-01 GCA_004802595.1 Draft 2.33 58.7 2043

As previously reported, B. longum subsp. infantis showed the largest genomes among

the probiotic collection, ranging between 2.83 Mb and 2.61 Mb (29), while B.
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animalis subsp. lactis resulted in the taxon with the smallest genome sizes (average
of 1.95 Mb).

Notably, the Average Nucleotide Identity (ANI) investigation highlighted a higher
degree of genome identity among the 13 strains belonging to the B. animalis subsp.
lactis species used as probiotics (average of 99.8 %), compared to all the other
considered (sub)species (average of 98.1 %) (Supplementary Table S1). Although the
high degrees of synteny and sequence homology between members of this taxon is
well-known (ANI~99.7 %) (30), 53 % of the B. animalis subsp. lactis strains showed
ANI >99.99 %, indicating that, presumably, identical strains have been effectively
deposited and commercialized with different strain names. Moreover, according to
the ANI analysis, the strain B. longum subsp. longum 35624, previously misclassified
as a member of the B. longum subsp. infantis taxon is still promoted commercially

with an incorrect classification (Supplementary Table S1).

Overview of the commercial probiotics pan-genome. The genome sequences of
the 34 bifidobacterial probiotic strains were used to predict five (sub)species-specific
pan-genome profiles by classifying each strain-specific proteome into protein

families named Clusters of Orthologous Groups (COGs) (Figure 1a).
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Figure 1. Pangenome of the five bifidobacterial (sub)species and phylogenetic
relationships reconstruction. Panel (a) shows the five (sub)species-specific pangenomes
profiles. The core gene pools characterizing each bifidobacterial (sub)species, i.e., Binf~-CG,

Blon-CG, Bbif-CG, Bbre-CG, and Blac-CG, were highlighted as part of each core genome.
Panel (b) shows the phylogenomic tree based on the BPBs-CG describing the phylogenetic

relationships among the 34 collected bifidobacterial probiotics. Each (sub)species-based

cluster is highlighted with a different color.
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Combining the obtained five (sub)species-specific pangenomes, we identified the
core-genome of the bifidobacterial probiotics (BPBs-CG) by taking into account a
total of 657 COGs shared by all collected bifidobacterial (sub)species
(Supplementary Table S2). Similarly, five (sub)species-specific core genomes were
obtained considering the COGs shared by all the strains belonging to a given
sub(species) while being absent in the others. Accordingly, these latter were
characterized by 150 B. longum subsp. infantis (Binf-CG), 90 B. longum subsp.
longum (Blon-CG), 343 B. bifidum (Bbif-CG), 169 B. breve (Bbre-CG), and 445 B.
animalis subsp. lactis (Blac-CG) (sub)Species-Specific Core-genes (SSCore genes)
(Figure 1a).

Notably, B. longum subsp. longum showed the lowest number of SSCore genes
(ANOVA p-value < 0.05), suggesting that the evolutionary dynamics of this taxon
have not led to achieving substantially unique genetic traits, while, in contrast, the
phylogenetically correlated subspecies B. longum subsp. infantis showed a marked
SSCore comparable to the B. breve species (Figure 1a, Figure 1b). Conversely, the
relatively high number of SSCore genes of Blac-CG and Bbif-CG could reflect the
evolutionary distance between B. animalis subsp. lactis and B. bifidum respect the
other taxa included in this study, as pointed out by the phylogenetic reconstruction
based on BPBs-CG (Figure la, Figure 1b).

The pan-genome analysis also revealed the strain-specific genes repertoire, i.e., Truly
Unique Genes (TUGs), highlighting a variable number of TUGs ranging from 403 to
12 (average of 122.6 TUGs per genome) (Figure la, Supplementary Table S2).
Notably, based on eggNOG analysis, bifidobacterial TUG arsenals included an
average of 38.3 % of genes with general or unknown function (R/S), an average of
16.5 %, 13 %, and 9 % of genes predicted to be involved in DNA replication (M),
carbohydrate (G) and amino acid (E) metabolisms, respectively, while the remaining

23.2 % were related to cell wall/membrane biogenesis (M), defense mechanism (V),
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translation (J), transcription (K), and inorganic ion transport (P) (Supplementary
Table S2).

Interestingly, B. longum subsp. infantis showed the highest number of TUGs (average
of 322) (Supplementary Table S2). This observation indicated peculiar features that
may characterize the B. longum subsp. infantis strains employed as commercial
probiotics (29,31). Indeed, the relatively high degree of B. longum subsp. infantis
genotype variation could be associated with the high rate of horizontal gene transfer
events previously observed within this taxon (29). In contrast, B. animalis subsp.
lactis exhibited the lowest number of TUGs (average of 62.7) (Supplementary Table
S2), corroborating the limited genetic variability among members of this taxon (30),

as evidenced by the abovementioned ANI analysis.

Distribution of host-derived glycans metabolizing capabilities providing
probiotic properties

Probiotic strains can metabolize and complex dietary carbohydrates that cannot be
processed by host enzymes through the production of specific glycosyl hydrolases
(GHs), enhancing digestion and conferring health benefits to the host by releasing
health-promoting compounds (such as SCFAs) (32). With the aim to investigate the
differences in carbohydrate metabolizing capabilities of bifidobacterial probiotics,
we explored the metabolic enzyme arsenal for complex carbohydrates, i.e., the
glycobiome, catalyzing the breakdown of both dietary and host-derived
carbohydrates. For each bifidobacterial probiotic strain, the complete glycobiome
profile, including glycosyl hydrolases (GHs), glycosyl transferases (GTs), and
polysaccharide lyases (PLs), was reported in the Supplementary Table S3.

Based on the CAZy database (20), we identified about 120 GHs per genome,
corresponding to an average of 40.2 different GH families. In particular, 22 of the

latter, including enzymes deputed to plant-derived carbohydrates metabolism as well
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as GH families active on glycosidic linkages of lactose resulted to be included in the
BPBs-CG, thus shared by all bifidobacterial probiotics (Supplementary Figure S1,
Supplementary Table S3).

Remarkably, additional enzymes degrading host-derived glycan structures (HMOs
and intestinal mucin) such as GH101 (endo-a-N-acetylgalactosaminidase), GH20 (3-
hexosaminidase), GH33 (sialidase), GHI129 (a-N-acetylgalactosaminidase)
(www.cazy.org/) were detected in all bifidobacterial probiotics, except B. animalis
subsp. lactis, and 27 % of the B. longum subsp. longum strains. Consequently, these
data highlighted strain-dependent abilities of B. longum subsp. longum to digest
HMOs-derived structures, and thus to promote the absorption of nutrients during
infant breastfeeding (Supplementary Figure S1, Supplementary Table S3).
Furthermore, the GH29 family (a-L-fucosidases) was observed highly represented in
B. bifidum and B. longum subsp. infantis chromosomes (Supplementary Figure S1,
Supplementary Table S3), while the GH84 (exo-/endo-pB-N-acetylglucosaminidases)
and GHS89 (extracellular soluble o-N-acetylglucosaminidases) were found
exclusively within Bbif-CG, reflecting expanded metabolic capabilities toward host-
derived glycan utilization of the abovementioned taxa, compared to the other
Bifidobacterium probiotic (sub)species (33-35).

Interestingly, members of the recently discovered GH136 family, which exert the role
of extracellular lacto-N-biosidase (36), beyond being shared by all B. bifidum
probiotics, were found in 63 % of those belonging to B. longum subsp. longum
(Supplementary Figure S1, Supplementary Table S3). This observation might reveal
a crucial survival strategy adopted by specific B. longum subsp. longum strains to
increase their competitiveness in the infant gut ecosystem, although this subspecies
is also adapted to utilize plant-derived oligosaccharides present in the adult diet (37).
Overall, the genomes of B. longum subsp. longum showed the highest number of

accessory GH genes (Figure 2, Supplementary Table S3). Indeed, within the
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chromosomes of this taxon, a total of 24 GH families were found from 90 % to 9 %
of the strains, in comparison of only 2-8 GH families constituting the accessory GH
arsenal of the other considered probiotic (sub)species (Figure 2, Supplementary Table
S3). In particular, GH families involved in the degradation of HMOs and host glycan
structures, i.e., GH129, GH136, GH85 (endo-B-N-acetylglucosaminidase), and
GH?29, were found in 72.7 %, 63.6 %, 45.5 %, and 9.1 % of the probiotic strains
belonging to B. longum subsp. longum.

Although carbohydrate utilization capabilities are often associated with (sub)species-
specific features, IPDB analyses reported differences in carbohydrate-metabolizing
enzymes between commercialized probiotics of the same (sub)species. Such
differences can have functional and ecological implications worthy of being taken

into account for probiotic formulation and consumption.
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Figure 2. Accessory GH profiles of the bifidobacterial probiotics. For each bifidobacterial
probiotic strain, the occurrence of the accessory GHs, i.e., GHs shared by a subset of the
considered probiotic strains, are depicted through a bar-plot graph. The accessory GH
families active on the host-derived glycans mentioned in the text are highlighted with
different colors.

257



Extracellular structures involved in microbe-host interactions

Bacterial extracellular appendages, such as pili or fimbriae, are long and non-flagellar
structures strategically localized to the cell surface to promote bacterial adhesion in
the gut, simultaneously impacting microbe-host dialogue (38,39). In the
Bifidobacterium genus, sortase-dependent (SD) pili (types I and II), collectively
representing the SD fimbriome, as well as type IV pili, have been previously
described (26). While these latter are highly conserved among bifidobacterial
genomes, the SD pili showed a considerable variability (40). According to these
notions, we explored the SD pili-encoding genes arsenal of the 34 collected
bifidobacterial probiotic strains exploiting a custom database built in the contest of a
previous study (26).

Overall, SD pilus gene clusters, composed of a sortase-encoding gene for assembling
pilus subunits and two pilin subunit-encoding genes, were found in 91 % of the
inspecting genomes (Figure 3, Supplementary Table S4). Interestingly, while genome
sequences of B. longum susp. infantis appear unable to encode this type of pili,
probiotic strains belonging to B. bifidum possessed the highest number of SD pili-

encoding clusters (Figure 3, Supplementary Table S4).
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Glycosyl hydrolase involved in milk- and host-derived glycans metabolism
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Figure 3. Occurrence of genetic probiotic features in the bifidobacterial strains. For
each of the 34 considered bifidobacterial probiotic strain, the heat map shows the predicted
number of glycosyl hydrolase enzymes involved in host glycan metabolisms, antimicrobial
resistance determinants, pili- and bacteriocins-encoding genes, bile salt hydrolases, and
exopolysaccharides (EPSs)-encoding loci.

In particular, the genomes of B. bifidum strains BGN4 and PRL2010 showed three
SD pili loci, thus suggesting putative improved adherence and persistence features.
Furthermore, a diverse array of genes required for the production of SD pili was

observed between probiotic strains belonging to the same (sub)species. In particular,
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B. longum subsp. longum showed a variable number of SD pili, ranging from 0 to 2
(Figure 3, Supplementary Table S4), highlighting possible different abilities to
colonize and persist in the human gastrointestinal tract.

Overall, these data collected in the IPDB, in addition to (sub)species-specific
features, highlighted considerable strain-level variabilities in the environment
interaction structures that could therefore determine different individual probiotic

properties.

Production of bacteriocins by commercial bifidobacterial probiotics

In addition to external structures, bifidobacteria exploit molecule-based systems to
compete for intestinal colonization directly. Although the inhibitory activity of
bifidobacteria could partially derive from the production of organic acids, it is
hypothesized that some members of the Bifidobacterium genus can produce
antimicrobial molecules such as bacteriocins (41,42). These latter are ribosomally-
synthesized peptides with antimicrobial activities against other bacteria, either
belonging to the same species or even across genera (43,44). Consequently, these
compounds are regarded as a probiotic trait contributing to higher niche
competitiveness and inhibition of intestinal pathogens (45). For this reason, we
investigated the occurrence of bacteriocins-encoding genes among the 34
bifidobacterial probiotics using the BAGEL4 database (27).

As a result, a total of five potential bacteriocin genes were predicted to be codified
by B. longum subsp. infantis and B. longum subsp. longum probiotic strains. In
particular, a Class I lantibiotic (BLD 1648) was found in B. longum subsp. infantis
EVCO001, and in four members of B. longum subsp. longum taxon, i.e., strains
CECT7347, CECT7894, DLBLO07, and DLBL09 (Figure 3, Supplementary Table
S4).
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Based on this in silico analyses results, only a limited number of Bifidobacterium
species encode for bacteriocins, and intra-(sub)species variabilities have been found
when comparing different strains. In particular, only (certain) strains belonging to B.
longum subsp. longum and B. longum subsp. infantis showed strain-specific abilities
in producing antimicrobial compounds, which may facilitate the introduction of the
(probiotic) producer into an established niche by directly inhibiting competing strains
or pathogens. Thus, these findings evidenced by analysis of the IPDB reinforce the
need for a precise assessment of desirable probiotic properties, such as bacteriocins

production, at a strain-specific level.

Antibiotics resistance prediction and their distribution among commercial
bifidobacterial probiotics

Probiotics are specifically selected not to carry AntiMicrobial Resistance (AMR),
with particular attention to AMR determinants located in the proximity of
transposable elements or falling inside (integrated) bacterial plasmids, which could
contribute to the spread of AMR (46,47).

Notably, AMR determinants surveys across the Bifidobacterium genus revealed that,
except for tetracyclines resistance (fef genes) in specific cases, the resistance
phenotypes are independent of the presence of particular genes, or they do not fall in
genomic regions involved in horizontal gene transfer events. Hence, they rarely
represent a risk for transfer to unrelated pathogenic or potentially pathogenic bacteria
(48,49). On the other hand, AMR can enhance the survival of the probiotics in the
presence of antimicrobial compounds due to medical treatments, thus constituting a
beneficial feature (50).

In this contest, the collected 34 bifidobacterial probiotic strains were inspected for
putative antibiotic resistance determinants. Even if our in silico analysis remains only

predictive, such an approach can provide indications for further in vitro validations.
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As a result, an average of 7.6 AMR genes per chromosome were identified
(Supplementary Table S5). Among these, a putative ATP-binding cassette (ABC)
transporter that exports macrolides (ARO:3000535), as well as putative rifampicin
(ARO:3004480), fosfomycin (ARO:3003785), and mupirocin (ARO:3003730)
resistances were found shared by all probiotics, while a gene conferring resistance to
cationic antimicrobial peptides (ARO:3003577) shared by 76 % of bifidobacterial
probiotics strains (Figure 3, Supplementary Table S5). Notably, prediction of the
putative transporter specificity was assessed with manual validation employing the
Transporter Classification DataBase (TCDB) (24).

In addition, also (sub)species-specific AMR genes were observed, including genes
putatively involved in resistance against several different classes of antibiotics, i.e.,
multidrug efflux transporter, within Blon-CG (ARO:3000816) and Bbre-CG
(ARO:3002813), and genes conferring putative resistance to mycinamicin
(ARO:3001301) and tetracycline antibiotics (ARO:3003980, ARO:3000194) in
Blac-CG (Figure 3, Supplementary Table S5).

Focusing on the unique gene pools, which could be horizontally acquired, strain-
specific AMR genes were found in four out of the 34 screened probiotic strains
(Figure 3, Supplementary Table S5). In particular, B. animalis subsp. lactis BSOS,
showing the lowest ANI value, i.e., 99.3 %, when compared to the other genomes of
the same species, was predicted to encode a mosaic tetracycline resistance gene
(tetW/N/W, ARO:3004442) and a gene possibly involved in resistances to
carbapenems, rifamycin, and peptide antibiotics (ARO:3005059) (Figure 3,
Supplementary Table S5). Moreover, two different macrolide resistance systems
(ARO:3000616 and ARO:3004626) were noticed in the B. longum subsp. longum
CECT7894 and JDM301 strains, respectively, whereas a generic antibiotic efflux
pump (ARO:3000838) was observed in the strain DLBL09 (Figure 3, Supplementary

Table S5).
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Based on the data collected in the IPDB, bifidobacterial probiotics appear to possess
a relatively low acquired resistance compared to members of the Enterococcus and
Lactobacillus genus used as probiotics in humans and farm animals (51), for which
resistance to a wide range of antimicrobials carried on plasmids or in the proximity
of conjugative transposons have been identified (52-54). Nevertheless, strain-
specific AMR determinants have been observed, highlighting the need for case-by-

case assessments.

Screening of additional genetic features involved in colonization and persistence
To further characterize the 34 bifidobacterial probiotic strains included in the
database, attributes including bile salt tolerance mediated by bile salt hydrolases
(BSH), production of extracellular polysaccharides (EPSs), and the presence of
putative virulence factors were investigated. Notably, the ability to hydrolyze bile
salts is often regarded as a desirable feature for probiotic strain selection since it can
promote probiotic fitness and colonization by detoxifying bile (55). According to in
silico analyses, bile salt hydrolase activity has been predicted for all the 34
bifidobacterial strains (Supplementary Table S6), resulting to be a widespread trait
among the bifidobacterial probiotics. Furthermore, screening of potential virulence-
related genes revealed the presence of homologous genes associated to surface
carbohydrates polymers and response regulator proteins which typically mediate the
interaction with the surrounding environment (Supplementary Table S7). However,
such structures are not recognized as harmful. Instead, they are well-known to
participate in the host-microbe dialogue underlying and supporting the claimed
probiotic effects (56). Consistently, the analysis revealed the absence of genes
associated with clear detrimental effects, remarking the safe use of bifidobacterial

strains as probiotics.
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Among the interesting and attractive characteristics of probiotic strains, the
production of Exopolysaccharides (EPSs) has grasped the attention because of its
important role in maintaining commensalism between human host and
(bifido)bacteria as well as for their putative health-promoting properties (57,58).
EPSs are extracellular carbohydrate polymers, for whose biosynthesis a gene cluster
including a priming glycosyltransferase (pGTF) and additional genes, such as ABC
transporters, subunit polymerization enzymes, and carbohydrate precursor
biosynthesis/modification enzymes, are required (59). In particular, pGTF is an
essential enzyme that catalyzes the first step of the EPSs biosynthetic pathway (59).
In this context, the 34 bifidobacterial probiotics were explored for EPS loci
employing well-known pGTF gene sequences as molecular indicators, as previously
performed (60,61).

Accordingly, the production of EPSs was predicted in all bifidobacterial
chromosomes except for those belonging to B. bifidum species. Specifically, the
presence of two highly conserved EPS loci were observed in each B. animalis subsp.
lactis probiotic (Supplementary Table S6), while a single EPS-producing locus with
a significant intra-(sub)species variability was detected among probiotic strains
belonging to B. longum subsp. longum and B. longum subsp. infantis taxa
(Supplementary Table S6). The precise location of the pGTFs predicted in each

bifidobacterial genome is reported in Supplementary Table S6.

Conclusion
Because of their safety, functional, and technological characteristics, various
members of the Bifidobacterium genus have been commercially available to and

steadily used as probiotic bacteria.
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In this study, we constructed the first iteration of a genomic database named
Integrated Probiotic DataBase (IPDB) encompassing 34 publicly available strains of
B. bifidum, B. longum subsp. longum, B. longum subsp. infantis, B. breve and B.
animalis subsp. lactis (sub)species used in commercialized health-promoting
supplements. The collected genome sequences were re-analyzed using an updated
bioinformatics pipeline, and all the acquired genetic and functional information was
included in the IPDB. Comparative genome analyses, in addition to genetic
determinants shared by all the members of a species, revealed the existence of a range
of strain-unique features possibly related to probiotic activities.

In particular, the greater number of host glycans-metabolizing and pili-encoding
genes found in the genome sequences of B. bifidum and B. longum subsp. infantis
(sub)species reflect their higher capability to colonize and persist in the human
gastrointestinal tract as well as in those of lactating infants. On the other hand, strain-
specific host-derived glycans metabolic machinery was deployed by some strains of
B. longum subsp. longum, reflecting intra-(sub)species differences in enhancing
digestion and absorption of nutrients in breastfed infants. Moreover, strain-dependent
differences in bacteriocins production, EPSs biosynthesis, and antibiotic resistances
were noticed not only among probiotic species, but potentially among strains of the
same species. Accordingly, strain-specific gene arsenals deserve attention since they
can be correlated with profound different ecological behavior in the intestinal
environment and the dialogue with the host, thus leading to different probiotic
outcomes. As a result, accurate strain-level information about probiotic products
should now be considered necessary to allow consumers to obtain precise evidence
behind the claimed beneficial effects of each probiotic.

In this context, the IPDB represents a novel intriguing instrument to rapidly access
the genome content of common bifidobacterial probiotic strains, assisting in drawing

the connection between probiotics, gut microbiome, and beneficial effects to the host.
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METHODS

Genome Sequences of bifidobacterial commercial strains

In accordance with scientific literature surveys, publicly available chromosomal
sequences of 34 bifidobacterial strains used in commercial dietary probiotic products
were retrieved from the National Center for Biotechnology Information (NCBI)
public database (Table 1). In order to ensure a consistent genomic analysis, ORFs
from each bifidobacterial genome sequence were re-predicted and annotated using
the most recent release of the MEGAnnotator pipeline (9). In detail, contigs greater
than 1000 bp were employed to predict protein-encoding ORFs through Prodigal v2.0
(Linux command line ‘./prodigal -f gff -a [protein_translation to selected file] -i
[input filename.fasta] -o [output filename]”) (10). Predicted ORFs were then
functionally annotated using RAPSearch2 (reduced alphabet-based protein similarity
search) (cutoff e-value of 1x107> and minimum alignment length 20) employing the
NCBI reference sequences (RefSeq) database (11) together with hidden Markov
model profile (HMM) searches (http://hmmer.org/) against the manually curated
Pfam-A database (cutoff e-value of 1x107'%). Then, tRNA genes were detected
through tRNAscan-SE v1.4 (12), while rRNA genes were identified using RNAmmer
v1.2 (13).

Comparative Genomic Analysis

All 34 genome sequences of Bifidobacterium members were employed for a pan-
genome analysis using the Pangenome Analysis Pipeline (PGAP) vl.1
(http://pgap.sf.net) (14). The predicted proteome of each bifidobacterial genome was
classified into functional gene clusters through the gene family (GF) method,
consisting of pairwise protein-similarity search using blast software v2.2.28+ (cutoff

e-value of 1x107'° and exhibiting at least 50% identity across at least 80% of both
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protein sequences). The obtained data were used to assign proteins to so-called
Clusters of Orthologous Groups (COGs) employing MCL (graph-theory-based
Markov clustering algorithm) (15). A pan-genome profile was then built using a
presence/absence matrix encompassing all COGs identified in the analysed genomes
(Linux command line ‘./PGAP.pl --strains [input_strain list] --input input_path/ --
output output_path/ --thread 20 --identity 0.5 --coverage 0.8 --cluster --method GF -
-evolution --pangenome’). Subsequently, the core genome of commercial
bifidobacterial strains was obtained by selecting the protein families shared between
all genomes, while truly unique genes (TUGs) of a given genome were identified
based on those protein families that are not present in other bifidobacterial
chromosomes. Functional annotation of each TUG arsenal was accomplished
employing the eggNOG database (16). Each pairwise average nucleotide identity
(ANI) was calculated using the program fastANI (17).

Phylogenomic analysis

In order to disentangle the phylogenetic relationships between the 34 collected
bifidobacterial probiotic strains, the concatenated sequence of amino acids belonging
to the core genome of each bifidobacterial strain was aligned using the MAFFT
software (18). The resulting phylogenetic tree was built using the neighbor-joining
method through the ClustalW v2.1 program (18), and the graphical viewer of
phylogenetic trees FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/) was used

to its visual representation.

Glycobiome prediction and identification of genes conferring antimicrobial
resistance
The genome sequences of the publicly available 34 bifidobacterial probiotic strains

were subjected to assessment of genes encoding for glycosyl hydrolase (GH),
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glycosyl transferase (GT), and polysaccharides lyase (PL) enzymes through sequence
similarity search in the carbohydrate-active enzyme (CAZy) database (20) using
HMMER v3.3 (21) (cutoff e-value of 1 x 10!°) and BLASTP analysis (22) (cutoff e-
value of 1 x 10719),

The proteome of each bifidobacterial probiotics genome was also screened for the
presence of bacterial antimicrobial resistance based on sequence similarity to genes
classified in the Comprehensive Antibiotic Resistance Database (CARD) (23)
(BLASTP cutoff e-value of 1x107%). Outcomes were then manually validated to
eliminate possible false positives. Moreover, Transporter Classification

DataBase (TCDB) (24)was employed to assess the putative transporter specificity.

Identification of sortase-dependent (SD) pilus-encoding loci, and bacteriocins-
encoding genes

SD pilus-encoding loci (type I and type II pili) were identified through homology
search tool RAPsearch (cutoff E value of 1 x 107°; minimal alignment length 20) (25)
exploiting the custom sortase-dependent pilus genes database previously built (26).
Then, a detailed manual inspection was performed to identify complete pilus gene
clusters.

Likewise, bacteriocin-encoding genes were detected using RAPsearch analysis
(cutoff E value of 1 x 107°; minimal alignment length 20) employing the BAGEL4
database (27).

Assessment the genetic background for exopolysaccharides, virulence, and bile
salt hydrolases production

In order to identify the loci encoding exopolysaccharides (EPSs), the protein
sequences of well-known priming glycosyltransferases (pGTFs) were retrieved from

NCBI database and were used to inspect the 34 bifidobacterial genome sequences.
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Subsequently, for each bifidobacterial chromosome, the genomic regions flanking
the putative pGTF were investigated to identify EPS-encoding key genes (such as
glycosyltransferases, flippases, ABC transporters, and carbohydrate precursor
biosynthesis/modification enzymes). The presence of putative virulence genes and
bile salt hydrolases were identified through sequence similarity (homology) search
in the Virulence Factor Database (VFDB) (28) and in the protein sequence NCBI
database, respectively (cutoff E value of 1 x 107°). Thus, the resulting hits were
manually inspected to remove false positives.

Statistical Analyses. All statistical analyses were computed using SPSS software

(www.ibm.com/software/it/analytics/spss/).

Acknowledgments
Part of this research is conducted using the High Performance Computing (HPC)

facility of the University of Parma.

Authors' Contributions

Data analysis and manuscript writing: Tarracchini C.

Data acquisition: Viglioli M.

Data curation and data analysis: Lugli G.A., Mancabelli L., Fontana F., Alessandri
G.

Conceptualization, Supervision and manuscript editing: Turroni F., Milani C.,

Ventura M.

Availability of Data and Materials

The IPDB can be accessed at http://probiogenomics.unipr.it/cmu/ (direct download at

http://probiogenomics.unipr.it/files/Probiotic_Bifidobacteria_DataBase.zip).

Financial Support and Sponsorship

269


http://www.ibm.com/software/it/analytics/spss/
http://probiogenomics.unipr.it/cmu/
http://probiogenomics.unipr.it/files/Probiotic_Bifidobacteria_DataBase.zip

We thank GenProbio Srl for the financial support of the Laboratory of

Probiogenomics.

Ethical Approval and Consent to Participate

Not applicable.

Conflicts of Interest

All authors declared that there are no conflicts of interest.

Consent for Publication

Not applicable.

Copyright
© The Author(s) 2021.

References

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. The International Scientific
Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the
term probiotic. Nature Reviews Gastroenterology & Hepatology 2014 11:8. 2014 Jun 10;11(8):506—
14.

Aditya A, Peng M, Young A, Biswas D. Antagonistic Mechanism of Metabolites Produced by
Lactobacillus casei on Lysis of Enterohemorrhagic Escherichia coli. Frontiers in microbiology
[Internet]. 2020 Nov 23 [cited 2021 Dec 9];11. Available from:
https://pubmed.ncbi.nlm.nih.gov/33329433/

Tomasik PJ, Tomasik P. Probiotics and Prebiotics. Cereal Chemistry [Internet]. 2003 Mar 1 [cited
2021 Oct 19];80(2):113-7. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1094/CCHEM.2003.80.2.113

Koutsoumanis K, Allende A, Alvarez-Ordodiez A, Bolton D, Bover-Cid S, Chemaly M, et al. Update
of the list of QPS-recommended biological agents intentionally added to food or feed as notified to
EFSA 14: suitability of taxonomic units notified to EFSA until March 2021. EFSA journal European
Food Safety Authority [Internet]. 2021 Jul 1 [cited 2021 Dec 13];19(7). Available from:
https://pubmed.ncbi.nlm.nih.gov/34257732/

Scheinbach S. Probiotics: functionality and commercial status. Biotechnology advances [Internet].
1998 May [cited 2021 Dec 91;16(3):581-608. Available from:
https://pubmed.ncbi.nlm.nih.gov/14538145/

270



10.

I1.

12.

13.

14.

15.

16.

17.

Papizadeh M, Rohani M, Nahrevanian H, Javadi A, Pourshafie MR. Probiotic characters of
Bifidobacterium and Lactobacillus are a result of the ongoing gene acquisition and genome
minimization evolutionary trends. Microbial pathogenesis [Internet]. 2017 Oct 1 [cited 2021 Dec
9];111:118-31. Available from: https://pubmed.ncbi.nlm.nih.gov/28826768/

McFarland L v. Efficacy of Single-Strain Probiotics Versus Multi-Strain Mixtures: Systematic Review
of Strain and Disease Specificity. Digestive diseases and sciences [Internet]. 2021 Mar 1 [cited 2021
Dec 9];66(3):694—704. Available from: https://pubmed.ncbi.nlm.nih.gov/32274669/

Ouwehand AC, Invernici MM, Furlaneto FAC, Messora MR. Effectiveness of Multistrain Versus
Single-strain Probiotics: Current Status and Recommendations for the Future. Journal of clinical
gastroenterology [Internet]. 2018 Nov 1 [cited 2021 Dec 9];52:S35-40. Available from:
https://pubmed.ncbi.nlm.nih.gov/29734210/

Lugli GA, Milani C, Mancabelli L, van Sinderen D, Ventura M. MEGAnnotator: a user-friendly
pipeline for microbial genomes assembly and annotation. FEMS microbiology letters [Internet]. 2016
Apr 1 [cited 2021 Dec 9];363(7). Available from: https://pubmed.ncbi.nlm.nih.gov/26936607/

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: prokaryotic gene
recognition and translation initiation site identification. BMC bioinformatics [Internet]. 2010 Mar 8
[cited 2021 Dec 9];11. Available from: https://pubmed.ncbi.nlm.nih.gov/20211023/

Zhao Y, Tang H, Ye Y. RAPSearch2: a fast and memory-efficient protein similarity search tool for
next-generation sequencing data. Bioinformatics (Oxford, England) [Internet]. 2012 Jan [cited 2021
Dec 9];28(1):125—-6. Available from: https://pubmed.ncbi.nlm.nih.gov/22039206/

Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detection of transfer RNA genes in
genomic sequence. Nucleic acids research [Internet]. 1997 Mar 1 [cited 2021 Dec 9];25(5):955-64.
Available from: https://pubmed.ncbi.nlm.nih.gov/9023104/

Lagesen K, Hallin P, Radland EA, Sterfeldt HH, Rognes T, Ussery DW. RNAmmer: consistent and
rapid annotation of ribosomal RNA genes. Nucleic acids research [Internet]. 2007 May [cited 2021
Dec 9];35(9):3100-8. Available from: https://pubmed.ncbi.nlm.nih.gov/17452365/

Zhao Y, Wu J, Yang J, Sun S, Xiao J, Yu J. PGAP: pan-genomes analysis pipeline. Bioinformatics
(Oxford, England) [Internet]. 2012 Feb [cited 2021 Dec 9];28(3):416-8. Available from:
https://pubmed.ncbi.nlm.nih.gov/22130594/

Enright AJ, van Dongen S, Ouzounis CA. An efficient algorithm for large-scale detection of protein
families. Nucleic acids research [Internet]. 2002 Apr 1 [cited 2021 Dec 9];30(7):1575-84. Available
from: https://pubmed.ncbi.nlm.nih.gov/11917018/

Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC, et al. eggNOG 4.5: a
hierarchical orthology framework with improved functional annotations for eukaryotic, prokaryotic
and viral sequences. Nucleic acids research [Internet]. 2016 [cited 2021 Dec 29];44(D1):D286-93.
Available from: https://pubmed.ncbi.nlm.nih.gov/26582926/

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. High throughput ANI analysis
of 90K prokaryotic genomes reveals clear species boundaries. Nature communications [Internet].
2018 Dec 1 [cited 2021 Dec 9];9(1). Available from: https://pubmed.ncbi.nlm.nih.gov/30504855/

271



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Katoh K, Misawa K, Kuma KI, Miyata T. MAFFT: a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic acids research [Internet]. 2002 Jul 15 [cited 2021
Dec 9];30(14):3059-66. Available from: https://pubmed.ncbi.nlm.nih.gov/12136088/

Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG, et al. Multiple sequence alignment
with the Clustal series of programs. Nucleic acids research [Internet]. 2003 Jul 1 [cited 2021 Dec
91;31(13):3497-500. Available from: https://pubmed.ncbi.nlm.nih.gov/12824352/

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B. The carbohydrate-active
enzymes database (CAZy) in 2013. Nucleic acids research [Internet]. 2014 Jan 1 [cited 2021 Dec
9];42(Database issue). Available from: https://pubmed.ncbi.nlm.nih.gov/24270786/

Wheeler TJ, Eddy SR. nhmmer: DNA homology search with profile HMMs. Bioinformatics (Oxford,
England) [Internet]. 2013 Oct 1 [cited 2021 Dec 9];29(19):2487-9. Available from:
https://pubmed.ncbi.nlm.nih.gov/23842809/

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. Journal of
molecular biology [Internet]. 1990 [cited 2021 Dec 9];215(3):403-10. Available from:
https://pubmed.ncbi.nlm.nih.gov/2231712/

Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M, Edalatmand A, et al. CARD 2020:
antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic acids
research [Internet]. 2020 Jan 1 [cited 2021 Dec 9];48(D1):D517-25. Available from:
https://pubmed.ncbi.nlm.nih.gov/31665441/

Saier MH, Reddy VS, Tsu B v., Ahmed MS, Li C, Moreno-Hagelsieb G. The Transporter
Classification Database (TCDB): recent advances. Nucleic acids research [Internet]. 2016 [cited 2021
Dec 15];44(D1):D372-9. Available from: https://pubmed.ncbi.nlm.nih.gov/26546518/

Ye Y, Choi JH, Tang H. RAPSearch: a fast protein similarity search tool for short reads. BMC
bioinformatics [Internet]. 2011 May 15 [cited 2021 Dec 9];12. Available from:
https://pubmed.ncbi.nlm.nih.gov/21575167/

Milani C, Mangifesta M, Mancabelli L, Lugli GA, Mancino W, Viappiani A, et al. The Sortase-
Dependent Fimbriome of the Genus Bifidobacterium: Extracellular Structures with Potential To
Modulate Microbe-Host Dialogue. Applied and environmental microbiology [Internet]. 2017 [cited
2021 Dec 9];83(19). Available from: https://pubmed.ncbi.nlm.nih.gov/28754709/

van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP. BAGELA4: a user-friendly web server to
thoroughly mine RiPPs and bacteriocins. Nucleic acids research [Internet]. 2018 Jul 2 [cited 2021 Dec
9]1;46(W1):W278-81. Available from: https://pubmed.ncbi.nlm.nih.gov/29788290/

Chen L, Yang J, Yu J, Yao Z, Sun L, Shen Y, et al. VFDB: a reference database for bacterial virulence
factors. Nucleic acids research [Internet]. 2005 Jan 1 [cited 2022 Jan 11];33(Database issue). Available
from: https://pubmed.ncbi.nlm.nih.gov/15608208/

Tarracchini C, Milani C, Lugli GA, Mancabelli L, Fontana F, Alessandri G, et al. Phylogenomic
disentangling of the Bifidobacterium longum subsp. infantis taxon. Microbial genomics [Internet].
2021 Jul 28 [cited 2021 Dec 9];7(7). Available from: https://pubmed.ncbi.nlm.nih.gov/34319225/

272



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Blanco-Miguez A, Gutiérrez-Jacome A, Fdez-Riverola F, Lourenco A, Sdnchez B. A peptidome-based
phylogeny pipeline reveals differential peptides at the strain level within Bifidobacterium animalis
subsp. lactis. Food microbiology [Internet]. 2016 Dec 1 [cited 2021 Dec 9];60:137—41. Available
from: https://pubmed.ncbi.nlm.nih.gov/27554155/

Underwood MA, German JB, Lebrilla CB, Mills DA. Bifidobacterium longum subspecies infantis:
champion colonizer of the infant gut. Pediatric research [Internet]. 2015 Jan 10 [cited 2021 Dec
91;77(1-2):229-35. Available from: https://pubmed.ncbi.nlm.nih.gov/25303277/

Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The role of short-chain fatty
acids in health and disease. Advances in immunology [Internet]. 2014 [cited 2021 Dec 9];121:91-119.
Available from: https://pubmed.ncbi.nlm.nih.gov/24388214/

Abdelhamid AG, El-Dougdoug NK. Comparative genomics of the gut commensal Bifidobacterium
bifidum reveals adaptation to carbohydrate utilization. Biochemical and biophysical research
communications [Internet]. 2021 Apr 2 [cited 2021 Dec 9];547:155-61. Available from:
https://pubmed.ncbi.nlm.nih.gov/33610915/

Sela DA, Garrido D, Lerno L, Wu S, Tan K, Eom HJ, et al. Bifidobacterium longum subsp. infantis
ATCC 15697 o-fucosidases are active on fucosylated human milk oligosaccharides. Applied and
environmental microbiology [Internet]. 2012 Feb [cited 2021 Dec 9];78(3):795—-803. Available from:
https://pubmed.ncbi.nlm.nih.gov/22138995/

Katoh T, Ojima MN, Sakanaka M, Ashida H, Gotoh A, Katayama T. Enzymatic Adaptation of
Bifidobacterium bifidum to Host Glycans, Viewed from Glycoside Hydrolyases and Carbohydrate-
Binding Modules. Microorganisms [Internet]. 2020 Apr 1 [cited 2021 Dec 9];8(4). Available from:
https://pubmed.ncbi.nlm.nih.gov/32231096/

Sakurama H, Kiyohara M, Wada J, Honda Y, Yamaguchi M, Fukiya S, et al. Lacto-N-biosidase
encoded by a novel gene of Bifidobacterium longum subspecies longum shows unique substrate
specificity and requires a designated chaperone for its active expression. The Journal of biological
chemistry [Internet]. 2013 Aug 30 [cited 2021 Dec 9];288(35):25194-206. Available from:
https://pubmed.ncbi.nlm.nih.gov/23843461/

Odamaki T, Bottacini F, Kato K, Mitsuyama E, Yoshida K, Horigome A, et al. Genomic diversity and
distribution of Bifidobacterium longum subsp. longum across the human lifespan. Scientific reports
[Internet)]. 2018 Dec 1 [cited 2021 Dec 91;8(1). Available from:
https://pubmed.ncbi.nlm.nih.gov/29311585/

Turroni F, Serafini F, Foroni E, Duranti S, Motherway MOC, Taverniti V, et al. Role of sortase-
dependent pili of Bifidobacterium bifidum PRL2010 in modulating bacterium-host interactions.
Proceedings of the National Academy of Sciences of the United States of America [Internet]. 2013 Jul
2 [cited 2021 Dec 9];110(27):11151-6. Available from: https://pubmed.ncbi.nlm.nih.gov/23776216/

Nishiyama K, Yokoi T, Sugiyama M, Osawa R, Mukai T, Okada N. Roles of the Cell Surface
Architecture of Bacteroides and Bifidobacterium in the Gut Colonization. Frontiers in microbiology
[Internet]. 2021 Oct 14 [cited 2021 Dec 9];12. Available from:
https://pubmed.ncbi.nlm.nih.gov/34721360/

273



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Alessandri G, van Sinderen D, Ventura M. The genus bifidobacterium: From genomics to functionality
of an important component of the mammalian gut microbiota running title: Bifidobacterial adaptation
to and interaction with the host. Computational and Structural Biotechnology Journal [Internet]. 2021
Jan 1 [cited 2021 Dec 10];19:1472. Available from: /pmc/articles/PMC7979991/

Lievin V, Peiffer I, Hudault S, Rochat F, Brassart D, Neeser JR, et al. Bifidobacterium strains from
resident infant human gastrointestinal microflora exert antimicrobial activity. Gut [Internet]. 2000
[cited 2021 Dec 13];47(5):646-52. Available from: https://pubmed.ncbi.nlm.nih.gov/11034580/

de Niederhdusern S, Camellini S, Sabia C, Iseppi R, Bondi M, Messi P. Antilisterial Activity of
Bacteriocins Produced by Lactic Bacteria Isolated from Dairy Products. Foods (Basel, Switzerland)
[Internet]. 2020 Dec 1 [cited 2021 Dec 13]:9(12). Available from:
https://pubmed.ncbi.nlm.nih.gov/33260958/

Kanmani P, Satish Kumar R, Yuvaraj N, Paari KA, Pattukumar V, Arul V. Probiotics and its
functionally valuable products-a review. Critical reviews in food science and nutrition [Internet]. 2013
Jan [cited 2021 Dec 9];53(6):641-58. Available from: https://pubmed.ncbi.nlm.nih.gov/23627505/

Lievin V, Peiffer I, Hudault S, Rochat F, Brassart D, Neeser JR, et al. Bifidobacterium strains from
resident infant human gastrointestinal microflora exert antimicrobial activity. Gut [Internet]. 2000
[cited 2021 Dec 9];47(5):646—52. Available from: https://pubmed.ncbi.nlm.nih.gov/11034580/

O’Shea EF, Cotter PD, Stanton C, Ross RP, Hill C. Production of bioactive substances by intestinal
bacteria as a basis for explaining probiotic mechanisms: bacteriocins and conjugated linoleic acid.
International journal of food microbiology [Internet]. 2012 Jan 16 [cited 2021 Dec 9];152(3):189—
205. Available from: https://pubmed.ncbi.nlm.nih.gov/21742394/

Gama JA, Zilhdo R, Dionisio F. Impact of plasmid interactions with the chromosome and other
plasmids on the spread of antibiotic resistance. Plasmid [Internet]. 2018 Sep 1 [cited 2021 Dec
91;99:82-8. Available from: https://pubmed.ncbi.nlm.nih.gov/30240700/

Lupski JR. Molecular mechanisms for transposition of drug-resistance genes and other movable
genetic elements. Reviews of infectious diseases [Internet]. 1987 [cited 2021 Dec 9];9(2):357-68.
Available from: https://pubmed.ncbi.nlm.nih.gov/3035697/

Kiwaki M, Sato T. Antimicrobial susceptibility of Bifidobacterium breve strains and genetic analysis
of streptomycin resistance of probiotic B. breve strain Yakult. International journal of food
microbiology [Internet]. 2009 Sep 15 [cited 2021 Dec 9];134(3):211-5. Available from:
https://pubmed.ncbi.nlm.nih.gov/19616336/

Sato T, lino T. Genetic analyses of the antibiotic resistance of Bifidobacterium bifidum strain Yakult
YIT 4007. International journal of food microbiology [Internet]. 2010 Feb 28 [cited 2021 Dec
9];137(2-3):254-8. Available from: https://pubmed.ncbi.nlm.nih.gov/20051305/

Gueimonde M, Sanchez B, de los Reyes-Gavilan CG, Margolles A. Antibiotic resistance in probiotic
bacteria. Frontiers in microbiology [Internet]. 2013 [cited 2021 Dec 9];4(JUL). Available from:
https://pubmed.ncbi.nlm.nih.gov/23882264/

274



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Franz CMAP, Huch M, Abriouel H, Holzapfel W, Gélvez A. Enterococci as probiotics and their
implications in food safety. International journal of food microbiology [Internet]. 2011 Dec 2 [cited
2021 Dec 9];151(2):125-40. Available from: https://pubmed.ncbi.nlm.nih.gov/21962867/

Miller WR, Munita JM, Arias CA. Mechanisms of antibiotic resistance in enterococci. Expert review
of anti-infective therapy [Internet]. 2014 Oct 1 [cited 2021 Dec 9];12(10):1221-36. Available from:
https://pubmed.ncbi.nlm.nih.gov/25199988/

Patel R. Enterococcal-type glycopeptide resistance genes in non-enterococcal organisms. FEMS
microbiology letters [Internet]. 2000 Apr [cited 2021 Dec 9];185(1):1-7. Available from:
https://pubmed.ncbi.nlm.nih.gov/10731599/

Vescovo M, Morelli L, Bottazzi V. Drug resistance plasmids in Lactobacillus acidophilus and
Lactobacillus reuteri. Applied and environmental microbiology [Internet]. 1982 [cited 2021 Dec
91;43(1):50—6. Available from: https://pubmed.ncbi.nlm.nih.gov/6798933/

Jarocki P, Podlesny M, Glibowski P, Targonski Z. A new insight into the physiological role of bile salt
hydrolase among intestinal bacteria from the genus Bifidobacterium. PloS one [Internet]. 2014 Dec 1
[cited 2021 Dec 29];9(12). Available from: https://pubmed.ncbi.nlm.nih.gov/25470405/

Castro-Bravo N, Wells JM, Margolles A, Ruas-Madiedo P. Interactions of Surface Exopolysaccharides
From Bifidobacterium and Lactobacillus Within the Intestinal Environment. Frontiers in microbiology
[Internet]. 2018 Oct 11 [cited 2022  Jan I1;9(0CT).  Available  from:
https://pubmed.ncbi.nlm.nih.gov/30364185/

Prasanna PHP, Grandison AS, Charalampopoulos D. Bifidobacteria in milk products: An overview of
physiological and biochemical properties, exopolysaccharide production, selection criteria of milk
products and health benefits. Food Research International. 2014 Jan 1;55:247-62.

Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, Goulding D, et al. Bifidobacterial surface-
exopolysaccharide facilitates commensal-host interaction through immune modulation and pathogen
protection. Proceedings of the National Academy of Sciences of the United States of America
[Internet]. 2012 Feb 7 [cited 2022 Jan 11];109(6):2108-13. Available from:
/pmc/articles/PMC3277520/

Provencher C, LaPointe G, Sirois S, van Calsteren MR, Roy D. Consensus-degenerate hybrid
oligonucleotide primers for amplification of priming glycosyltransferase genes of the
exopolysaccharide locus in strains of the Lactobacillus casei group. Applied and environmental
microbiology [Internet]. 2003 Jun 1 [cited 2022 Jan 11];69(6):3299-307. Available from:
https://pubmed.ncbi.nlm.nih.gov/12788729/

Ferrario C, Milani C, Mancabelli L, Lugli GA, Duranti S, Mangifesta M, et al. Modulation of the eps-
ome transcription of bifidobacteria through simulation of human intestinal environment. FEMS
microbiology ecology [Internet]. 2016 Apr 1 [cited 2022 Jan 11];92(4):1-12. Available from:
https://pubmed.ncbi.nlm.nih.gov/26960391/

Yan S, Zhao G, Liu X, Zhao J, Zhang H, Chen W. Production of exopolysaccharide by
Bifidobacterium longum isolated from elderly and infant feces and analysis of priming
glycosyltransferase genes. RSC Advances [Internet]. 2017 Jun 16 [cited 2022 Jan 11];7(50):31736—
44. Available from: https://pubs.rsc.org/en/content/articlehtml/2017/ra/c7ra03925¢e

275



Chapter 9
Gut microbe metabolism of small molecules
supports human development across the early

stages of life

Chiara Tarracchini, Federico Fontana, Leonardo Mancabelli, Gabriele Andrea

Lugli, Giulia Alessandri, Francesca Turroni, Marco Ventura, Christian Milani

The results of this chapter were published in Frontiers in Microbiology, 2022 Sep;

doi: 10.3389/fmicb.2022.1006721.
276



Abstract

From birth to adulthood, the human gut-associated microbial communities
experience profound changes in their structure. However, while the taxonomical
composition has been extensively explored, temporal shifts in the microbial
metabolic functionalities related to the metabolism of bioactive small molecules are
still largely unexplored.

Here, we collected a total of 6617 publicly available human fecal shotgun
metagenomes and 42 metatranscriptomes from infants and adults to explore the
dynamic changes of the microbial-derived small molecule metabolisms according to
the age-related development of the human gut microbiome. Moreover, by selecting
metagenomic data from 250 breastfed and 217 formula-fed infants, we also
investigated how feeding types can shape the metabolic functionality of the incipient
gut microbiome.

From the small molecule metabolism perspective, our findings suggested that the
human gut microbial communities are genetically equipped and prepared to
metabolically evolve toward the adult state as early as one month after birth, although
at the age of four years, it still appeared functionally underdeveloped compared to
adults. Furthermore, in respect of formula-fed newborns, breastfed infants showed
enrichment in microbial metabolic functions related to specific amino acids present
at low concentrations in human milk, highlighting that the infant gut microbiome has
specifically evolved to synthesize bioactive molecules that can complement the

human breast milk composition contributing to complete nutritional supply of infant.

For Supplementary Materials see the article published in Frontiers in Microbiology
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INTRODUCTION

The complex microbial community associated with the human gut encompasses
trillions of bacteria collectively referred to as the gut microbiota (1). The process of
gut microbiota establishment is reported to be completed in a time window of
approximately three years after childbirth (2). During this period, functional
capabilities of the infant gut microbiome shift from the early lactate utilization
towards plant polysaccharide breakdown, vitamin biosynthesis, and xenobiotic
degradation, ultimately attaining adult-like microbiome capabilities (3,4). However,
host and environmental factors, such as dietary habits, illness, and antibiotic
treatments, continue to impact and modulate the gut microbiota structure from early
infancy to adulthood (5).

As a large part of the microbial cells in the human gut are metabolically active, they
are constantly influencing local and systemic host physiology. This ability is
mediated by the production of thousands of unique bioactive small molecules, i.e.,
chemical compounds with a molecular weight <3000 Da (6), which can accumulate
in the intestine or reach organs and tissues through the blood circulatory system (7—
9). These microbial metabolites can originate both from modifications to host-
derived molecules, resulting in the production of branched- and short-chain fatty
acids, secondary bile acids, and amino acids derivates such as tryptophan metabolites
(10-14), or from de novo synthesis through secondary microbial metabolism (also
known as specialized metabolism), which produce a wide range of molecules such
as polyketides, nonribosomal peptides (NRPs), terpenes, NRP synthetase—
independent siderophores, and saccharides (15,16). Accordingly, a large assortment
of small molecules has been isolated from human gut-associated bacteria,
highlighting their close involvement in host cellular functions and disease (17-19).
However, the small molecule repertoire from the human gut microbiota and its

evolution from infancy to adulthood have been poorly explored. In this context, we
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exploited 6617 publicly available shotgun metagenomic and 42 metatranscriptomic
sequencing data of fecal samples from infants (aged 0-4 years) and adults to infer
microbial metabolic features related to small molecules and secondary metabolites

production across different stages of human life.
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RESULTS AND DISCUSSION

Collection of a very comprehensive metagenomic shotgun dataset

A total of 6,617 publicly available shotgun metagenomic samples from 4,062 healthy
infants aged between a few days of life to four years of life were collected and
clustered according to age (Table S1). Specifically, similar to what has been
performed previously (20), infant age groups were named A (n = 732, 0-1 month of
age), B (n= 1,209, 1-6 months of age), C (n = 788, 6-12 months of age), D (n =922,
12-24 months of age), and E (n =411, 24-48 months of age). In order to inspect the
impact of the feeding type on the developing gut microbiome, from age groups A and
B, we selected 250 metagenomic fecal samples from breastfed infants and 217 from
newborns fed with infant formula based on the accessible metadata associated with
the published studies (Table S1). Additionally, to generate a comprehensive dataset,
a total of 2,555 shotgun metagenomic fecal samples from 18-70 years old human
adults were retrieved from public repositories and assigned to the age group F (Table
S1).

Moreover, in order to inspect the gene expression of microbial small molecule
(mSM)-related functions throughout the maturation of the human gut microbiota, we
collected a dataset of 42 public metatranscriptomic samples from infants (n = 26, 1-

6 months of age) and adults (n = 16).

Species-level taxonomic profiles of microbial communities across age

The collected metagenomic shotgun sequencing data were used to longitudinally
assess the relative abundance of individual gut-associated microbial species from
infancy to adulthood (Table S2a,b). As fairly well established, the complexity and
phylogenetic diversity of the infant gut microbiota progressively increase over time

(Species richness, p-value < 0.005; Table S2a,b) while undergoing gradual changes
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in community composition toward the adult-like microbiota (PERMANOVA p-value
of < 0.001; Figure Sla). In particular, the milk-based diet is associated with the
presence of Escherichia coli (average relative abundance of 9.08 % at 1-6 months)
and members of the Bifidobacterium genus such as B. longum, B. bifidum, and B.
breve (average relative abundance of 14.64 %, 6.86 %, and 9.10 %, respectively, at
1-6 months; Figure S1b, Table S2a), whose abundances tend to decrease following
the weaning phase (4.62 %, 9.94 %, 5.04 %, and 5.74 %, respectively, around one
year after birth, Table S2a).

In contrast, microbial species typical of the adult gut microbiota, such as
Eubacterium rectale, Bacteroides uniformis, Bacteroides fragilis, Prevotella copri,
and Faecalibacterium prausnitzii, begin to appear with the introduction of solid
foods and changes in milk consumption, reaching the highest abundance in the
adulthood (Figure S1b, Table S2a,b). Interestingly, fecal metagenomic data collected
between 6 to 24 months after birth showed the greatest inter-individual variability
among infants (C and D age groups, Figure S1a), supporting the assumption that the
weaning phase profoundly impacts the gastrointestinal environment, leading to

substantial developmental adaptations of the gut microbial communities (21).

Development of fecal microbial metabolic functionalities with age

As mentioned earlier, consequently to the microbial metabolic activities, thousands
of bioactive mSM can be produced at the host-microbiota interface, shaping both
local and systemic host physiology and eventually influencing human health (15). In
this context, the shotgun metagenomic data were used to explore the evolution of the
potential functionalities related to mSM biosynthesis throughout the infant gut
microbiome maturation. For this purpose, we classified the metagenomic sequenced

reads according to the MetaCyc database, revealing age-associated macro-
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differences in the mSM metabolic profiles (PERMANOVA p-value < 0.05, Figure
la, Table S3).

Specifically, following correction for multiple comparisons (Bonferroni Post Hoc test
p-value < 0.05), a total of 271 unique microbial metabolic reactions codified through
Enzyme Commission (EC) numbers were identified as statistically different between
the age groups (Table S3).

Notably, among the microbial metabolic activities almost exclusively present in the
first year after birth (age groups A, B, and C), we found enzymes for the metabolism
of milk-derived compounds, such as D-tagatose (monosaccharide; EC number
4.1.2.40), ethanolamine (amino alcohol; EC number 4.3.1.7), N-Acteylglucosamine
and Lacto-N-biose (N-glycans; EC numbers 3.2.1.52 and 3.2.1.140) (Figure 1b,
Table S3). On average, their abundances progressively decreased from 0.011 % in
age group A to 0.0053 % in age group C, in accordance with the presence of a one-
year-lasting milk-adapted microbiota (22-24).

Otherwise, microbial functions involved in amino acids metabolism, including L-
threonine, L-isoleucine, L-valine, and L-methionine biosynthesis (EC numbers
4.2.3.1, 42.1.9, and 2.5.1.48), as well as L-tryptophan catabolism with indole
biosynthesis (EC number 4.2.1.20) were highly represented in the growing infants
(mainly from a few days to one year of age) while maintaining their relevance also
in the adult population (Figure 1b, Table S3). Interestingly, this may imply that the
biosynthesis of crucial microbial-derived substrates to nutrients, such as essential
amino acids, is ensured at all stages of life despite the microbiome compositional

changes due to age-related diet diversification (25).
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Figure 1. Differences in microbial pathways related to small molecule metabolisms from
infancy to adulthood. Panel (a) shows the PCoA describing the age-associated differences
(Bray-Curtis distances) in microbial gene profiles involved in small molecule metabolic
pathways according to the MetaCyc database. Panel (b) reports unique metabolic reactions
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(EC number) preferentially represented in infancy. Average abundances relative to the total
profiled reads are reported on the vertical axis. Panel (¢) showed the number of statistically
different small molecule-associated biological processes observed from pairwise
comparisons between age groups. Panel (d) depicts the microbial biological processes highly
represented from infancy to adulthood. Heatmap colors represent the percentage of
sequenced reads assigned to a specific microbial biological process (GO term).

Different colors indicate different age groups (0-1 month, pink; 1-6 months, violet; 6-12
months, red; 12-24 months, orange; 24-48 months, green; adults, light blue)

Gene Ontology classification of the enzymatic repertoire involved in mSM
metabolism

In order to gain an overview of the age-associated variation in microbial biological
processes, we classified the profiled microbial enzyme-encoding genes according to
the Gene Ontology (GO) system (Table S4) (26).

Notably, by comparing the obtained microbial functional repertoires between age
groups, we observed that age group D (12-24 months of age) showed the highest
number of statistically significant GO terms in each comparison (ANOVA, p-value
< 0.05; Figure 1c), thus diverging from the patterns observed in any other infancy
time-point (Figure 1c). This may describe the dramatic changes in the microbial
community composition undertaken concurrently with the cessation of milk intake.
Indeed, it has been argued that the conclusion of milk-based diet (breast milk and /or
formula) rather than the introduction of solid food at around six months of age
induces profound modifications in the infant gut microbiome structure, leading it
toward an adult-like state (27).

However, among the first 20 more abundant mSM core metabolism, i.e., microbial
biological processes (GO terms) highly represented from birth to adulthood, we
identified functions related to the production and degradation of fatty acids, biogenic
amines (many of which act as eukaryotic neurotransmitters), glutamine, polyketides

and nonribosomal peptides (which exhibit narrow-spectrum antimicrobial activities),
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aromatic amino acids (L-tryptophan, L-tyrosin, and L-phenylalanine), and
siderophores, along with specific functions for the catabolism of bile acids, L-fucose,
and N-acetylneuraminate (sialic acid) (Figure 1d). Remarkably, these activities
appear crucial for intestinal niche colonization by mediating bacterial competition,
quorum sensing, and the utilization of the available carbohydrate sources, including

human milk oligosaccharides and mucin (15,28-32).

Furthermore, as exemplified in Figure 2a reporting only the first 100 more abundant
microbial-derived GO terms of biological processes, nearly all (84 %) of the
statistically significant mSM-associated microbial activities profiled in adulthood
(minimum abundance 0.05 %) were already present in one-month-old infants, albeit
with a significantly lower abundance (minimum abundance 0.03 %, ANOVA p-value
< 0.05) (Table S4). Thus, highlighting an overall progressive enhancement of the
early-established microbial metabolic potential over time.

Specifically, synthesis or utilization of (branched-chain, sulfur, and aromatic) amino
acids, biogenic amines such as putrescine, and vitamins appeared one month after
birth with abundances ranging from 0.02 % to 0.07 % and then significantly enriched
in adulthood (abundances between 0.05 % and 0.19 %) (Bonferroni Post Hoc test p-
value < 0.05) (Figure 2b). In contrast, synthesis pathways of butyric acid, terpenoids,
and nonprotein amino acids such as citrulline, along with metabolisms of cholesterol,
mannose, and xylose, were found among the small molecule metabolisms nearly

uniquely present in adulthood (Figure 2b).
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Figure 2. Developmental trajectories of microbial small-molecule-related functions.
Panel (a) shows the developmental trend in the relative abundance of the small molecule-
related microbial functions. In panel (b), relative abundances of the leading small molecule
metabolisms enriched in adulthood rather than infancy are illustrated by a heatmap. The
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heatmap color scale illustrates the percentage of sequenced reads assigned to a specific
microbial biological process (GO term).

Different letters indicates different age groups (0-1 month, A ; 1-6 months, B; 6-12 months,
C; 12-24 months, D; 24-48 months, E; adults, F)

All the microbial functions found preferentially associated with adulthood are
believed to provide several metabolites relevant for the microbe-host mutualisms,
contributing positively to the host physiology. In particular, butyric acid and
polyamines, including putrescine, have demonstrated beneficial effects on the human
gut mucosa (33), while vitamins and various amino acids can translocate in systemic
circulation and exert far-reaching effects on the host (34,35). Therefore, the infant
gut microbiota maturation emerged to be far from concluded even at 3-4 years of age,
albeit the taxonomic composition may resemble that of adults (36).

However, from about one month after birth, infant gut-associated microbial
communities appeared genetically equipped with most of the microbial metabolic
functions that will support intestinal homeostasis and physiological processes in
adults, suggesting a very early foundation of the host-microbiota symbiosis, with
improvements in the microbial metabolic potential throughout the host development.
These data indicate that host-microbiome co-evolution led to the selection of
microbial genetic traits necessary for survival and growth in the varying intestinal
niche as well as for the perpetual production of small molecules of high biological

relevance in the host physiology.

Early infant feeding practices shape the metabolic traits of the fecal microbial
communities

It is very well known that the feeding type is among the key factors influencing the
infant gut microbiota composition and, therefore, gastrointestinal functions (37). In

order to evaluate the gut microbiome structure as a function of the infant diet
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(breastfeeding vs. formula feeding), we considered 250 shotgun metagenomic
samples from breastfed newborns and 217 from formula-fed infants from the age
group A (0-1 month) and B (1-6 months) (Table S1). As highlighted in Figure S2a,
except for the 0-1 month-old infants showing high inter-individual variability, infant
diet is associated with distinct gut microbial compositional patterns (PERMANOVA
p-value < 0.05; Figure S2a), with significantly lower growth of E. coli throughout
the lactation and higher abundance of B. breve and B. bifidum at 1-6 months in
breastfed infants rather than in those fed with infant formula (t-test p-value < 0.05)
(Figure S2b).

Classification of the enzyme-encoding genes using the MetaCyc database of small
molecules, combined with functional enrichment based on the GO annotation system,
revealed microbial functional diversity according to the feeding type (PERMANOVA
p-value < 0.05; Figure 3a).

In particular, compared with formula-fed infants, those receiving breast milk were
enriched in microbial metabolisms involved in the degradation of L-fucose
(GO:0042354), (GO:0030573), and N-acetylneuraminate (GO:0006054), along with
biosynthetic pathways of indole-3-acetic acid (L-tryptophan metabolism,
G0:0006569), and polyketides (GO:0030639) (Figure 3b, c; Table S5, S6).
Moreover, microbial production of vitamins, including folic acid (vitamin B9,
G0O:0046656) and biotin (vitamin B7; EC number 6.3.4.15), became significantly
preponderant in breastfed infants 1-6 months after birth (Figure 3b; Table S5). This
could explain why, although human breast milk contains a slightly low concentration

of biotin, no signs of biotin deficiency were noted in breastfed newborns (37).
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Figure 3. Comparison of the microbial small molecule profiles between metagenomes
of breastfed and formula-fed infants. In panel (a), the PCoA depicts the significant
differences in the small molecule profiles between breast-fed and formula-fed infants aged
0-1 months (A) and 1-6 months (B). Panel (b) exhibits the microbial small molecule-related
pathways (EC number) with statistically significant differences between feeding types. Panel
(c) shows differentially abundant microbial biological processes involved in small molecule
metabolisms classified according to the Gene Ontology (GO) annotation system. In panel
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(d), PCoA and ANOSIM analysis compare the small molecule repertoires observed in
different feeding practices (breastfeeding and formula) and adults.

Different colors indicate different ages and feeding types (0—1-month-old breastfed, light
blue; 1-6 months old breastfed, green; 0—1-month-old formula-fed, pink; 1-6 months old
formula fed, orange).

Similarly, breastfed infants showed an increase in microbial biological processes
involved in the biosynthesis of L-arginine (GO:0006526), L-methionine
(GO:0009086), L-tryptophan (EC number 4.2.1.20), L-threonine (EC number
4.2.3.1), L-cysteine (EC number 2.5.1.47), L-glutamate (EC number 1.4.1.13) and
branched-chain amino acids (GO:0009082) (Bonferroni Post Hoc test p-value <0.05)
(Figure 3b,c, Table S6), corresponding to the amino acids with a lower concentration
in breastmilk (38). More specifically, while the human milk content of these latter
amino acids declines with lactation progression (39), we found that their microbial
production tends to increase, completing breast milk composition throughout the
natural dynamic changes of lactation, thus supporting the high protein requirement
in developing infants (40,41).

Beyond the specific microbial activities that we found enriched in breastfed infants,
microbial functional analyses highlighted that most (64%) of the profiled GO terms
were more abundant in formula-fed infants, indicating that compared with breastfed
newborns, the gut microbiome of infants receiving formula resembles earlier that of
adults (ANOSIM R=0.59 vs. R=0.70 at p-value=0.001; Figure 3d, Table S6).
Accordingly, this evidence suggested that formula-fed infant gut microbiota may
evolve more rapidly compared with that of their breastfed counterpart, as previously
partially observed solely from a taxonomic point of view through the use of specific
metrics, 1.e., “relative microbiota maturity” and ‘“microbiota-for-age Z score”
(42,43). Thus, lack of breast milk intake could preclude the gradual specialization of

the gut microbiota that instead parallelly accompanies the growth of the breastfed
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newborn with the well-known positive effects on intestinal, neurological, and
immune system development (44—46).

Altogether, these findings widen the repertoire of the notorious benefits of
breastfeeding to the production of bioactive mSM with relevant biological roles in

the host.

Changes in the metatranscriptome profiles driving small molecule metabolisms
along the infant gut microbiome development

In order to inspect expression patterns of microbial genes related to the mSM
metabolism in the human gut microbiota from infancy to adulthood, we collected a
total of 42 public available cross-sectional metatranscriptomic samples from infants
aged between one month and one year along with adults (18-70 years) (Table S1).
According to age, the datasets were then gathered in age groups TR B (n = 14, 1-6
months old), TR _C (n =12, 6-12 months old), and TR _F (n = 16, adults).

Similarity analysis (ANOSIM) and visualization of the variation dispersal at the
metatranscriptome level (PCoA) showed that differences among samples within
infant age groups TR_B and TR _C (including those resulting from different delivery
routes and feeding types) were lower than those emerging by comparison with TR _F,
suggesting that age-related factors are the main forces driving the maturation of the

gut metatranscriptome (Figure 4a).
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Figure 4. Differences in the expression of microbial functions related to small molecule
metabolism based on metatranscriptome level analysis. In panel (a), macro differences in
the small molecule gene expression patterns between infants and adults are described through

PCoA and ANOSIM analysis. Different colors indicate different ages groups (1-6 months
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old, TR_B, red; 6-12 months old, TR _C, blue; and adults, TR F, orange). In panel (b), pie
chart depicts the distribution among infant and adult metatranscriptomes of the differentially
expressed genes encoding small molecule-related functions. Different colors indicate genes
overexpressed in different age groups (genes overexpressed in adults, green; genes
overexpressed in 0-6 months old OR in 1-year-old OR in both infants ages, dark pink; genes
overexpressed in 0-6 months old infants, light pink; genes overexpressed in 1-year-old
infants, violet). Panel (c¢) reports developmental changes in the expression of selected small
molecule-related metabolisms.

Overall, the metatranscriptome-level analysis revealed that 67 % of mSM-related
microbial activities were overexpressed in adults, implying that the reduced genetic
potential for microbial functionality characterizing the infant gut microbiome,
described above compared to adults, is also reflected at the metatranscriptome level

(Figure 4b; Table S7).

Specifically, adult-like metatranscriptomes showed increased expression of
microbial biological processes involved in a wide range of amino acid metabolisms,
including branched-chain and sulfur-containing amino acids, as well as L-lysine, L-
histidine, and L-proline (Figure 4c; Table S7). Besides, also functions related to the
metabolism of fatty acids, biogenic amines, terpenoids, and indole-containing
compounds, as well as butyric acid biosynthesis, were significantly over-expressed
in adulthood (Figure 4c; Table S7), thus, evidencing a wide variety of mSM related
activities with a progressive evolution of their genes’ expression patterns over time.

In contrast, infants showed the over-expression of biological processes involved in
the catabolism of L-tryptophan, along with biosynthetic pathways of several
vitamins, including B9, B5, B6, and K2, L-glutamine, L-methionine, L-cysteine, and
L-homoserine, which acts as a precursor for methionine, threonine, and isoleucine
(Figure 4c, Table S7). Also, degradation of monosaccharides, such as D-ribose, D-
arabinose, D-glucose, D-galactose, and pentoses, along with pathways for the

utilization of L-fucose and N-Acetylneuraminic acid, were overexpressed in infancy
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compared to adulthood, suggesting overall an active biosynthetic metabolism that
relies more on simple diet-derived sugars and host-derived oligosaccharides (Figure
4c, Table S7).

Interestingly, 65 % of the mSM-related microbial metabolisms over-expressed in
infancy did not show significant abundance differences between infants and adults at
the metagenome/gene level, while the remaining 35 % were among those we found
less abundant in the corresponding infant metagenomes compared to adults.
Altogether, these findings confirmed that developmental stage-specific mSM-
associated microbial functions are accomplished through the accommodation of gene
expression of the existing genetic metabolic potential rather than solely through

rearrangements of the microbial genetic makeup.

Conclusion

Under homeostatic conditions, the gut microbiota metabolizes the diet- and host-
derived substrates available in the intestinal environment, producing a multitude of
bioactive metabolites, such as small molecules, with positive impacts on host
physiology (17). However, developmental adjustments in microbial activities related
to the small molecule metabolism in correlation with age remain poorly investigated.
In this context, analyses of 6617 shotgun metagenome fecal samples from infants and
adults highlighted that 4-years old infants still showed underdeveloped microbial
activities compared to adults. This implies that although the infant gut microbiota is
considered compositionally mature around three years after birth, developmental
processes of small molecule-associated functionalities are still far from
accomplished. However, as highlighted from the metatranscriptome perspective,
most microbial genetic features for small molecule metabolisms that are highly
expressed in adulthood were already present at one month of life, although with a

lower abundance. Similarly, a portion of the small molecule-related functions
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overexpressed in infancy corresponded to those with a lower abundance compared to
adult metagenomes. This fact points to a fine modulation of the microbial small
molecule-related activities through gene expression patterns that contribute to
meeting stage-specific host physiological demands.

Furthermore, comparison of different infant feeding practices (breastfeeding vs.
infant formula) showed that breastfed infants were enriched in microbial pathways
involved in the biosynthesis of amino acids with low concentration in human milk,
pointing out the existence of complementarity between breast milk and gut
microbiome functionalities.

Altogether, these data highlighted that the close cooperation between gut bacteria and
host cells relies on the early establishment of the microbial metabolic (genetic)
potential, whose expression will be dynamically adapted in response to the
availability of nutritive resources as well as the physiological needs of the specific
host’s developmental stages. In this regard, findings collected in this meta-analysis
will be pivotal for future studies aimed at comparing infant small molecule profiles
in different nutritional conditions as well as identifying the major gut commensals

producers of such bioactive metabolites.

METERIALS AND METHODS

Sample collection

A total of 6617 publicly available shotgun metagenomic sequencing data of fecal
samples from 4062 infants aged 0-4 years and 2555 adults (18-70 years) were
collected from 63 different BioProjects of the Sequence Read Archive (SRA)
database (Table S1). According to the associated metadata, infants were born at term
via uncomplicated Cesarean or natural vaginal delivery and assumed or did not breast

milk (Table S1). All subjects were overall healthy, had no history or clinical evidence
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of any disease, and did not take antibiotics at the time of sample collection. Similarly,
42 metatranscriptomic data from the gut microbiome of 26 infants (aged between one
month and one year) and 16 adults (18-70 years) were retrieved from the public

repository of NCBI (Table S1).

Data processing of the metagenome and metatranscriptome sequences

After being recovered from the SRA public repositories, the collected shotgun
sequencing data were filtered for quality (minimum mean quality score, 20; window
size, 5 bp; and minimum length, 80 bp). Subsequently, metagenomics reads
aligning/mapping to the Homo sapiens genome sequence were identified through
blastn program and removed. Taxonomic profiling of the retained sequenced reads
was achieved with the METAnnotatorX2 bioinformatics platform (47), using the up-
to-date RefSeq (genome) sequence database retrieved from the National Center for
Biotechnology  Information (NCBI) (https://www.ncbi.nlm.nih.gov/refseq/).
Species-level taxonomic classification of each read was achieved through Megablast
(48) (with option -e-value le-5, -qcov_hsp perc 50) using > 94% alignment identity.
Reads that showed the same sequence identity against more than one bacterial species
were discarded. Based on species abundance, the similarity between samples (beta-
diversity) was computed using Bray-Curtis dissimilarity calculated for pairwise
comparisons. Principal Coordinates Analysis (PCoA) representation of beta-diversity

was performed using ORIGIN 2021 (https:/www.originlab.com/2021).

Functional analyses based on MetaCyc database of small molecules and GO
enrichment

An implemented function of the software METAnnotatorX2 (47) was employed for
the functional classification of the metagenome- and metatranscriptome-derived

microbial reads according to the MetaCyc database of small molecules (49).
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Subsequently, for each of the profiled microbial enzymes involved in small molecule
metabolism, we collected the associated GO terms (all parentals) through the
Bioconductor annotation data  package GO.db (release 3.15)

(https://bioconductor.org/packages/GO.db/).

Statistical analyses

The software SPSS wversion 25, and ORIGIN version 9.8.0.200
(www.ibm.com/software/it/analytics/spss/) (https://www.originlab.com/) were used
for statistical data analyses and graphing. Principal Coordinates Analysis (PCoA)
based on Bray-Curtis dissimilarity matrix was performed using the software QIIME
2 (50). PERMANOVA analyses were conducted using 1000 permutations to estimate
p-values for the observed differences between the compared groups in PCoA
analyses. Similarity analysis (ANOSIM) was performed through QIIME 2 software
with 999 random permutations on the same Bray-Curtis distance matrix obtained
from the test for differences in small-molecule repertoires among the different

groups.
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ABSTRACT

Emerging evidence has shown an association between the composition of intestinal
microbial communities and host physical activity, suggesting that modifications of
the gut microbiota composition may support training, performance, and post-exercise
recovery of the host. Nevertheless, investigation of differences in the gut microbiota
between athletes and individuals with reduced physical activity is still lacking. In this
study, we performed a meta-analysis of 207 publicly available shotgun metagenomics
sequencing data of fecal samples from athletes and healthy non-athletes.
Accordingly, analysis of species-level fecal microbial profiles revealed three
recurring compositional patterns, named HPC1 to 3, that characterize the host based
on their commitment to physical activity. Interestingly, the gut microbiome of
athletes showed a higher abundance of anti-inflammatory, health-promoting bacteria
than that of non-athletic individuals. Moreover, the bacterial species profiled in the
gut of professional athletes are short-fatty acid producers, which potentially improve
energy production, and therefore sports performances. Intriguingly, microbial
interaction network analyses suggested that exercise-induced microbiota adaptation
involves the whole microbial community structure, resulting in a complex microbe-
microbe interplay driven by positive relationships among the predicted butyrate-
producing community members.

IMPORTANCE. Through metagenomic analyses, this work revealed that athletes
have a gut-associated microbial community enriched in butyrate-producing species
compared with non-athletes. This evidence can support the existence of a two-way
association between the host’s lifestyle and the gut microbiota composition, with

potential intriguing athletic performance outcomes.

For Supplementary Materials see the article published in Microbiology Spectrum
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INTRODUCTION

The human gut harbors a complex community of microorganisms, commonly
referred to as human gut microbiota, which is well-known to play a role in nutrient
uptake, vitamin synthesis, energy harvest, inflammatory modulation, and host
immune response (1,=3). In turn, numerous host-dependent factors, such as genetics,
age, antibiotic use, and diet, can affect the gut microbiota resulting in a highly
dynamic and individual gut ecosystem (4). Recently, it has been argued that physical
activity can influence gut microbiota composition, depending on the type, intensity,
and exercise duration. The gut microbiota, in return, may affect the athlete’s health
and performance (5). Indeed, if moderate exercises (50% to about 70% of the
maximum heart rate) (6) have been reported to increase the overall gut microbiota’s
(bio)diversity (7), prolonged endurance exercises (70% to about 85% of the
maximum heart rate) (6) have been linked with an increased abundance of gut
bacterial species producing short-chain fatty acids (SCFAs) (8).

In particular, members of the Veillonella genus, along with the metabolic pathways
that this taxon utilizes for lactate conversion to propionate, have been detected with
elevated abundances in athletes (9), thereby contributing to host metabolic efficiency
by increasing energy availability, and thus ultimately influencing athlete
performance (10). Moreover, a recent study involving professional and competitive
unprofessional cyclists showed that a high training load of the cyclists corresponds
to a high abundance of gut-associated Prevotella genus members (11). Notably, the
presence of this genus has been correlated with increased metabolism of branch chain
amino acids, i.e., leucine, valine, and isoleucine (11), which stimulates muscle
protein synthesis and accelerates recovery (12). Furthermore, athletes generally
consume higher energy diets than sedentary individuals, maintaining a high
consumption of carbohydrates and proteins and a low-fat intake, with implications in

gut microbiota composition (13).
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In this context, our study aimed to explore the microbial communities inhabiting the
gut of athletes and non-athletic individuals to highlight compositional and structural
differences at the species level. For this purpose, we performed a meta-analysis

employing 207 shotgun metagenomics data sets retrieved from public repositories.
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RESULTS AND DISCUSSION

Meta-analysis of athletic and non-athletic individuals: data set selection and
bioinformatics

Public repositories were screened for all available shotgun metagenomic data sets of
the gut microbiomes of the athletes and non-athletic individuals. Specifically, we
selected fecal metagenomics data from multiple sources to avoid the limitations of a
single-center study. Nevertheless, combining existing data from different studies
could lead to biased results due to the different strategies used to generate data sets.
In particular, while the DNA extraction method has been shown to produce a little
impact on the microbial structure of samples with high microbial load (14), the
diverse sequencing protocols could produce different results due to differences in
sequence read length and different methodologies exploited to determine the
nucleotide sequences. Accordingly, to achieve high resolution of the input data and
avoid the above-mentioned bias, we focused only on metagenomic data sets obtained
by Illumina sequencing platform.

In detail, shotgun metagenomic sequencing data of 207 fecal samples from 107 non-
athletes and 100 athletes engaged in different types of sport (cyclist, rugby players,
rower, runner, and marathon athletes) were collected from six different studies
(9, 11, 15,-18) and submitted to a meta-analysis aimed at elucidating the microbial
species composition (Table S1). After quality filtering and removal of reads mapping
against the Homo sapiens genome, we obtained a collection of high-quality

metagenomic samples with an average of 11,700,594 reads per sample (Table S1).

As previously suggested (7), the evaluation of the alpha-diversity, expressed as the
species richness, showed statistically significant differences between the gut

microbiomes of non-athletic individuals and athletes, with this latter showing a
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higher intestinal microbial biodiversity (average of 30 versus 34 species with relative
abundance > 0.05%, ¢ test P-value <0.05) (Table S2). Similarly, analysis of inter-
individual variability through PCoA revealed statistically significant differences in
the composition of fecal microbiota between athletes and non-athletes
(PERMANOVA P-values <0.05) regardless of ethnic-geographic location, gender,
sport type, and study cohort (PERMANOVA P-values > 0.05), reflecting the notion
that exercise and exercise-related factors can shape the human gut microbial

communities (Fig. S1a).

Taxonomic-based sample clustering and identification of the high prevalence
clusters

Hierarchical clustering (HCL) analysis was performed in combination with the
Silhouette method (9), employing the species-level relative abundance data to
capture recurrent different taxonomic profiles from metagenomic samples. This
approach led to obtaining a statistically optimal number of 10 sample clusters based
on their different bacterial composition, representing the community state types
(CSTs), i.e., the recurring microbial patterns observed across the investigated cohort
of individuals (Fig. 1a, Fig. S1b). Among these, three were identified as the most
recurrent microbial profiles, referred to as high prevalence clusters (HPCs), covering
individually at least 15% of the samples and collectively 73% of the subjects included
in the meta-analysis (Fig. 1a, Table S3).

Integration of the HCL analysis with the available metadata highlighted peculiar
associations between HPCs and physical activity levels. In detail, while HPCI
showed a mixed composition (52% of athletes and 48% of control individuals), HPC2
encompassed 82% of non-athletes and HPC3 included 87% of athletes (Fig. 1a, Table
S3). To note, after accounting for the study of origin, only 5% of the observed inter-

samples variability was explained, demonstrating that geographic location and
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sample processing methods do not significantly impact on the microbial composition
of the subjects included in HPC3 (Fig. Slc). Consistently, the subjects included in
the above-mentioned HPCs showed statistically diverse gut microbiome
composition, as evidenced by the principal coordinate analysis (PCoA) based on the
microbial profiling data at the species level (Fig. 1a).

Moreover, microbial biodiversity appears significantly higher in HPC3 (87% of
athletes) compared with HPC1 (75% of non-athletes) (average species-richness of
36.8 versus 31.4) (Fig. 1a). As a result, at first glance, it seems that the gut microbiota
of athletes is significantly diverse and more complex in terms of taxonomic
composition compared to those of subjects with a more sedentary lifestyle. In
particular, through the use of a polynomial linear model, which allows assessing the
variability explained by each species (indicated as Adj. R-Square), we highlighted 33
taxa with a value greater than 0.15 (19), thus representing the bacterial species having
the most impact in defining HPC structures (Table S3). In detail, these high-impact
taxa covered from 45.86% to 68.80% of the three HPC bacterial compositions and
highlighted clear connections between specific taxonomic patterns and the host’s

physical activity level, as discussed below (Table S3).
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based dendrogram resulting from metagenomic sample clustering that led to the definition

of the three high prevalence clusters (HPCs). The proportions of metagenomic samples
from athlete and non-athletic individuals in each HPC are reported through histograms

outside the circle. Below, alpha- and beta-diversity analyses involving the three HPCs are

depicted through a PCoA plot and a bar chart, respectively. In panel (b), the microbial
taxonomic composition is visualized through a bar chart showing the average relative
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abundance of each taxon at the species level. The main bacterial species showing
statistically significant differences between HPCs are highlighted with asterisks on the
chart legend.

Dissection of the key microbial players of the gut microbiome of athletes and
non-athletic individuals

In order to catch the association between physical activity and specific taxa, we
focused on the 33 microbial taxa individuated above as responsible for the main

compositional differences between the three HPCs.

In particular, HPC1, composed of 52% of athletes and 48% of non-athletes, was
distinct in having high relative abundances of Prevotella genus members (average
relative abundance of 43.9%) (Fig. 1b, Table S3), which are considered a common

commensal microorganism often associated with high dietary fiber intakes (20).

In contrast, HPC2, composed of 82% of samples from non-athletic individuals, was
defined by the presence of Bacteroides members, including Bacteroides
uniformis with an average relative abundance of 17.5% (Fig. 1b, Table S3), as
expected from healthy subjects (21). Indeed, the Bacteroides taxon is well-known to
represent a large portion of the dominant healthy human gut microbiota, previously
reported to characterize one of the three renowned human enterotypes (22).
Nevertheless, based on HPC2 composition, a non-athletic lifestyle was associated
with increased Alistipes putredinis abundance (average relative abundance of 5.9%)
compared with individuals with high physical activity, i.e., HPC3 (Fig. 1b, Table S3).
This taxon is a member of a relatively recent genus taxonomically closely related to
the Bacteroidetes phylum (23), whose role in the gut ecosystem is controversial (24).

However, previous studies have suggested an association between Alistipes and
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inflammation and disease, including cardiovascular disease and colorectal cancer

(25, 26).

Of note, HPC3, composed for the 87% of athletes, is characterized by members
of Faecalibacterium genus, along with Eubacterium rectale and Blautia wexlerae,
with average relative abundances of 15.2%, 14.4%, and 7.1%, respectively, thus
resulting significantly higher than those of non-athletic individuals (P-values <0.05)
(Fig. 1b, Table S3). Interestingly, F. prausnitzii, E. rectale, and members of
the Blautia genus have been linked with beneficial effects in various clinical
conditions, including inflammatory bowel diseases, metabolic syndromes, and
colorectal cancer (27,-29). Moreover, these taxa have been reported to be responsible
for butyrate production (30,-32), contributing not only to intestinal anti-
inflammatory effects but also to host energy metabolism through de novo synthesis
of glucose and lipids, which are primary sources of energy for the host organism
(33, 34).

Remarkably, these findings revealed clear structural differences between the gut
microbiota of the athletes and that of subjects with no physical activity, suggesting
the importance of athlete gut-associated microorganisms both as supporters of the
gut homeostasis as well as a source of compounds that can increase energy harvest,
thus possibly improving athlete performances. However, the limited availability of
precise information regarding the individual nutrition regimen did not allow further
investigation of the correlation between diet and gut microbiota composition. Thus,
future studies will need to collect as a wide range of metadata as possible, including
dietetic regimes, that could be essential to understanding how exercise and exercise-

associated factors affect the gut microbiota-host interactions in athletes.
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Analysis of the interaction networks sustaining the gut microbial community of
athletes and non-athletes

In order to explore the intricate interaction network of the multispecies community
constituting the three HPCs, we performed a microbial co-occurrence analysis aimed
at highlighting the degree of displacement (negative links) or coexistence (positive
links) between species (Table S4). Correlation data were represented by a network
of nodes (microbial species) linked in pairs by green edges when the relationships
were positive or red edges when they were negative. Furthermore, modularity
clusters (MCs) analysis allowed to detect community (sub)structures in networks,
i.e.,, groups of taxa highly interconnected (Fig. 2, Fig.3). Interestingly, the
comparison between the network describing the gut-associated microbial community
from athletes and non-athletes revealed a marked difference in the number of
statistically significant interactions among taxa (positive and negative links) (Fig. 2).
In particular, the microbial network of athletes showed 328 statistically significant
associations, of which 62% were positive, in contrast to a total of 223 found gut
microbiota members of non-athletic individuals (Table S4). Generally, compared
with relatively simple networks, complex interconnected networks have a higher
nutritional interaction among community members, such as cross-feeding of essential
small molecules, resulting in a more stable microbial consortium with improved

resilience to ecosystem disturbances (35).
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Figure 2. Interaction network supporting the structure of the gut microbial consortia
in athletes and non-athletes. Panel (a) reports the interaction network of athlete gut
microbiota, and panel (b) depicts the interaction network of the fecal microbial community
of non-athletic individuals. In the force-driven networks, nodes represent bacterial taxa, and
covariance values were used to construct the edges. Red edges correspond to negative
correlations, while green edges represent positive associations. The node size is proportional
to the relative average abundance of each taxon.
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In addition, among the taxa with a prominent role in athlete’s gut microbiota
structure, we found species belonging to Faecalibacterium, Eubacterium,
Ruminococcus, and Blautia genera that are thought to promote intestinal barrier
integrity and prevent inflammation (36). Accordingly, these results suggested that
the microbial community of athletes exhibits improved stability compared with the
gut microbiome of non-athletic individuals, pointing to the importance of microbial
synergism among health-promoting species in sustaining exercise-induced

microbiome changes.

Co-occurrence network analyses of HPCs1 to 3

Focusing on individual HPC-derived networks, microbial correlation analysis of
HPCI1, which showed a mixed composition of non-athletic and athletic individuals,
it is worth mentioning that members of Prevotella genus (node 27 and 18), such as
Prevotella copri (node 27), tend to dominate their intestinal ecological niche. In
addition, this taxon negatively correlated with other typical key members of the
healthy gut-associated microbial communities, including B. uniformis,
Ruminococcus gnavus, and members of Faecalibacterium genus (Fig. 3a, Table S4).
Simultaneously, a dense and intricate network of positive associations between
minority players (a proportion of 94% of the total network interactions) seems to

sustain the microbial community structure of HPC1.
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2 Faecalibacterium unknown_species 9 Ruminococcus gnavus 18 Prevotella unknown_species

3 J 27 Prevoiella i
4 Eubacterium rectale 8 Alistipes putredinis Prevotella cop

57 Blautia unknown_species
5 Blautia wexlerae 11 Eubacterium unknown_species , . S
156 Coprococcus eut

The complete legend for the networks is available in Supplementary Table S5

Figure 3. Co-occurrence network characterizing the three HPCs. The networks visualize
the covariance relationships between the microbial taxa composing HPC1 (panel a), HPC2
(panel b), and HPC3 (panel ¢). HPC1 encompasses 52% of athletes and 48% of non-athletic
subjects, HPC2 contains 82% of non-athletes, and HPC3 contains 87% of athletes. The
complete one-to-one correspondence between node labels and microbial taxa is available in
Table S5.
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Conversely, the HPC2, which covers mainly non-athletic subjects, appeared to be
driven by five related keystone taxa, belonging to Bacteroides (nodes 1 and
30), Phocaeicola (nodes 12 and 41), and Alistipes (node 8) genera (Fig. 3b, Table
S4). In particular, these taxa were engaged in negative correlations mainly with
potentially anti-inflammatory, butyrate-producing bacteria from the genera
Ruminoccoccus, Faecalibacterium, and Blautia (28, 37), thus revealing a possible
negative impact of a sedentary or low physical activity lifestyle on health-associated
commensal bacteria. However, a small-scale subnetwork (light blue) comprising
well-known commensals of the healthy human gut microbiota, such as
Bifidobacterium longum, Bifidobacterium adolescentis, and Collinsella aerofaciens
(Fig. 3b, Table S4), despite their low relative abundance in non-athletic subjects
(<1%), seem to play a pivotal role in establishing positive correlations with other
minor microbial players, regulating a large part of the microbial consortium

characterizing healthy non-athletic individuals.

Interestingly, interaction networks describing the gut-associated microbial
community of athletes, i.e., HPC3 (Fig. 3c, Table S4), showed the highest number of
species that, being involved in conspicuous biotic interactions, seem to influence the
whole-community dynamics of the athlete gut microbiota. Indeed, as previously
mentioned, health-associated species, 1i.e., Faecalibacterium prausnitzii (node
6), Blautia wexlerae (node 5), and Eubacterium rectale (node 4), along
with Ruminococcus gnavus (node 9), act as keystone taxa in HPC3, exerting
considerable control on the entire community structure (Fig. 3c, Table S4). In
addition, these taxa are involved in strong positive associations (Spearman
correlation coefficient value > 0.5) with members of
the Coprococcus and Roseburia genera that, being part of commensal bacteria
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producing SCFAs, primarily butyrate, exert a positive influence on intestinal barrier
maintenance, colonic motility, and anti-inflammatory processes (38,—40).

Besides, additional low-abundance members appear to have significant effects on the
intestinal niche, reflecting the existence of a complex and solid ecosystem. As a
result, removing a few species likely does not lead to a dramatic shift in the
composition. Taken together, these findings support the notion that exercise can
affect the gut microbiota composition, inducing qualitative and quantitative changes

that may confer beneficial effects to the host and possibly to athletic performance.

CONCLUSIONS

Accumulating evidence has suggested a bidirectional association between physical
activity and the composition of the microbial communities inhabiting the human
intestinal environment (41). Indeed, differences in the gut microbiota composition
have been observed between athletes and non-athletes, with this latter showing an
increased abundance of short-chain fatty acids (SCFAs)-producing bacterial species
(8, 42). In turn, the gut microbiota is thought to play a significant role in amino acid
and carbohydrate host metabolism, likely indirectly influencing athlete health,

training, sports performance, and post-exercise recovery (41, 43).

In this framework, a metagenomic analysis was performed by exploiting publicly
available shotgun metagenomic data sets with the aim to provide insights into the
gut-associated microbial community structure in athletes. In particular, a collection
of 100 metagenomic samples from athletes and 107 from healthy non-athletic
individuals allowed us to identify three high prevalence clusters (HPC1 to 3), i.e.,
recurring patterns of microbial composition. Interestingly, the gut microbiome of
athletes (HPC3) showed higher biodiversity with an increased abundance of gut-

associated health-promoting bacterial species compared to non-athletes.
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In particular, SCFAs-producing species such as F. prausnitzii, E. rectale, B.
wexlerae, and R. gnavus, were associated with athlete physical activity, revealing
their possible contribution to the host health, regulating inflammation and immune
system, as well as athlete’s energy acquisition and sport performances. Moreover, an
intricate and solid network of biotic interactions sustained by seven health-promoting
key species and a range of concurrent low-abundance taxa seems to characterize the
microbial community of athletes. In contrast, a less clustered and less inter-connected
network was obtained from non-athletic subjects. Based on these findings, it appears
that exercise induces gut microbiota changes, resulting in an increased abundance of
bacteria with potential health benefits, such as SCFAs producers, cooperating in
complex, interconnected microbial communities, with possible positive implications
on sports performance. Future detailed functional analysis addressing the metabolic
capability of the gut microbiota will aid in elucidating the connection between

microbial-derived metabolites and athletic versus non-athletic lifestyles.

MATERIALS AND METDHODS

Metagenomic sample collection

With the aim to explore the differences in the gut microbiome composition between
athletes and non-athletic individuals, we retrieved all the publicly available shotgun
metagenomic raw data (fastq) from the National Center of Biotechnology
Information (NCBI) Sequence Read Archive (SRA) database. Accordingly, to
safeguard consistency and equivalence across metagenomic samples from different
studies, we selected only those produced through Illumina sequencing method. As a
result, we collected 207 shotgun metagenomics samples from six different studies
(PRJEB15388, PRJEB28338, PRJEB32794, PRINA472785, PRINA305507, PRIEB2005

4), of which 100 corresponded to athlete gut microbiomes, and 107 were from healthy
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non-athletes (Table S1). In addition, the respective metadata regarding health status,

training type, exercise intensity level, and diet were also collected (Table S1).

Metagenomics data processing and taxonomic profiling

The fastq raw data obtained from publicly repositories were submitted to quality
filtering to remove sequence reads with low-quality scores (<25). Subsequently,
removal of reads mapping on the hgl19 human reference genome was performed to
exclude host DNA. This process allowed to achieve an average of
11,700,594 + 9,886,096 reads per sample that were submitted to downstream
analyses. The retained reads were subjected to taxonomic classification using
MET AnnotatorX?2 bioinformatics platform (44), which performs MegaBLAST local
alignment of reads (45) to the curated non-redundant sequence database of genomes
retrieved from NCBI servers.

For each metagenomic sample, taxonomical biodiversity, i.e., species richness, was
calculated as the number of gut-associated bacterial taxa whose sequenced reads had
arelative abundance greater than 0.5%. Similarities between samples (beta-diversity)
were calculated by Bray-Curtis dissimilarity based on species abundance. The range
of similarities is calculated between values 0 and 1. PCoA representation of beta-
diversity was performed using ORIGIN 2021 (https://www.originlab.com/2021). In
the PCoA each dot represented a sample, distributed in tridimensional space

according to its own bacterial composition.

The hierarchical clustering (HCL) of samples was achieved employing bacterial
composition at the species level and was calculated through TMeV 4.8.1 software
using Pearson correlation as a distance metric based on species-level information.

The data obtained was represented by a dendrogram.
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Microbial co-occurrence and network analyses

Covariance analysis involving the 332 bacterial species obtained by taxonomic
profiling of the 207 metagenomic fecal samples was realized employing Kendall’s
tau rank covariance analysis (46). Using software Gephi (https://gephi.org/), the
obtained correlation coefficients were exploited to build a force-driven network,
whose nodes represent bacterial species, and edges define their relationships. The
node size is related to the number of interactions of a specific microbial taxon, i.e.,
the node degree, while the edge color shows the type of interaction, i.e., positive

(green) or negative (red).

Statistical analysis

ORIGIN 2021  (https://www.originlab.com/2021) and SPSS  software
(www.ibm.com/software/it/analytics/spss/) were used to compute statistical
analyses. PERMANOVA analyses were performed using 1,000 permutations to
assess p-values for differences among populations in PCoA analyses. Furthermore,

bacterial abundance differences were tested by t-test analysis.

Data availability
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Advances in understanding the ecology of the early-
life human gut microbiota

The communities of microbes that populate the human gut are believed to be
assembled within a developmental window comprising the first three years after
birth. This period encompasses the first contact between host and microbe pioneers,
representing a crucial phase for establishing the wider microbial community
characterizing adulthood. Recently, extensive research efforts have been directed
toward the origin of the microbial pioneers, their persistence within the gut
environment, and how perinatal external and host-associated factors may interrupt
the progression and maintenance of homeostatic interaction between the host and its
gut microbiota.

A matter of particular interest is represented by the mechanisms underlying the
maternal inheritance of specific gut commensals, which is known to be a key route
for the first seeding of infant gut microbiota members. Specifically, it has been
observed that members of the Bifidobacterium genus are the most frequently
vertically transmitted bacteria at birth from mother’s gut to infant, rapidly becoming
the dominant group of the infant intestinal niche.

In this context, our extensive longitudinal meta-analysis showed that members of
Bifidobacterium longum subsp. longum and Bifidobacterium bifidum strains can
persist from infancy to adulthood because of the expression of microbial enzymes
directed at metabolizing host-derived glycans (Chapter 3). However, such long-
lasting persistence was observed to a much greater extent in the gut of women
compared to males, probably because of a unique interaction between microbial host-
glycan degrading genes and host’s mucin structures. Indeed, the action of sex
hormones could lead to a female-specific intestinal mucus configuration, which
could effectively sustain the growth of mucin-metabolizing bifidobacterial strains
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(Chapter 3). Overall, this represents an interesting outcome of ancient host-microbe
coevolution, aimed at ensuring the persistence of selected (bifido)bacteria strains that
may be, at some point, maternally transmitted to new generations as key pioneers of

the infant gut.

It is worth mentioning that, if in the adult intestine bifidobacterial survival relies on
mucin and diet-derived glycans utilization, in the gut of breastfed infants, the
dominance of Bifidobacterium genus members is based on the metabolism of specific
polysaccharide components of the human breast milk, referred to as Human Milk
Oligosaccharides (HMOs). Specifically, B. longum subsp. infantis taxon is known to
be the most efficient HMO-utilizer of infant gut-associated (bifido)bacteria. In this
regard, based on our genomic exploration, the unique and extensive B. longum subsp.
infantis gene repertoire for HMO utilization may have been obtained through
horizontal gene transfer events from co-colonizing bacteria throughout the course of
(sub)species evolution (Chapter 4).

Alongside the maternal gut, other body sites such as the birth canal also harbor
microbes that can contribute to shaping the vaginal delivered infants’ gut microbiota.
The healthy vaginal microbiome is commonly characterized by a low degree of
biodiversity and dominance of various Lactobacillus genus members, including
Lactobacillus crispatus. This latter has attracted increasing interest because of its
renowned association with healthy status, fertility, and favorable pregnancy
outcomes, which has opened the possibility of its use in probiotic therapies before
and during pregnancy. Nevertheless, our comparative genome analyses of L.
crispatus strains revealed a noticeable intra-species genetic (micro)diversity, which
appears reflected at the phenotypical level, with marked differences in growth
performance and abilities to successfully dominate the female reproductive tract

(Chapter 5). Such differences, possibly imputed to single nucleotide polymorphisms
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in growth-related genetic traits, should be considered in formulating novel
therapeutic products.

In contrast to L. crispatus, used as a typical biomarker of healthy cervicovaginal
microbiota, Gardnerella vaginalis is regarded as the most common causative
microorganism of bacterial vaginosis (BV), a non-inflammatory syndrome
characterized by microecologic imbalance. Clinical studies have demonstrated the
relationship between G. vaginalis-associated BV and adverse obstetric and
gynecologic outcomes, including preterm labor and delivery. However, G. vaginalis
was also isolated from women without BV symptoms. In accordance with our data
gathered from genomic and phylogenomic analyses, G. vaginalis species appears to
comprise nine different genotypes, with an uneven distribution of virulence-
associated features, implying the existence of both pathogenic and commensal strains
(Chapter 6). Thus, it seems plausible that G. vaginalis is also a component of normal
vaginal microbiota, emphasizing the necessity to identify, in the context of BV
diagnosis, the genotypes with the highest putative virulence capability and potential

adverse health outcomes.

Another key research area is represented by what influences optimal versus altered
infant gut microbiota structure, as the latter has been associated with short- and long-
term adverse health outcomes, such as sepsis, immune diseases, asthma, and obesity.
Many studies have identified several perinatal factors that can profoundly affect the
establishment of the initial gut microbial community, including mode of delivery,
feeding type, antibiotic use, and gestational age at birth. For instance, compared to
healthy infants born at term, those born prematurely (<37 completed gestational
weeks) showed an altered gut microbiome composition. This circumstance has been
linked with an increased risk of Necrotizing EnteroColitis (NEC), a serious

gastrointestinal disease involving sepsis and necrosis of intestinal portions. In
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accordance with the implication of gut microbiota in NEC onset, our investigations
identified Clostridium neonatale and Clostridium perfringens, as well as microbial-
derived DL-lactate, as potential biofunctional markers for the early diagnosis of this
disease (Chapter 7).

Generally, a common signature among neonatal gut dysbiosis-associated diseases is
the reduced colonization of Bifidobacterium genus members, which are well-known
for their beneficial and protective effects on infant health. For these reasons, diet
supplementation with members of Bifidobacterium genus is increasingly used in
attempts to beneficially modulate the altered infant gut microbiota. In this context,
our Integrated Probiotic Database (IPDB) represents a useful tool for selecting
beneficial (bifido)bacteria based on molecular biology and genetics (Chapter 8).
Indeed, eubiosis of the gut microbiota can support the development and maintenance
of host’s metabolic functionalities in both early and later stages of life by producing
thousands of unique bioactive small molecules in accordance with the host’s
physiological needs (Chapter 9). Interestingly, such microbial metabolites can
accumulate in the intestine or reach organs and tissues through the blood circulatory
system, eventually influencing host’s physiology and contributing to its metabolism
(Chapter 10).

Therefore, recognizing the importance of the critical formative years of the human
gut microbiome and enhancing our understanding of its implication on host’s
functionality is essential for promoting not only the immediate health but also the

long-lasting well-being of the individual.
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