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Summary
Bifidobacteria are one of the major gut commensal groups found in the infant gut. The colonization
of bifidobacteria is commonly associated with beneficial effects to the host through mechanisms like
niche occupation and nutrient competition against enteropathogenic bacteria. Iron (Fe) is an
essential micronutrient necessary for the activity of most microorganisms, including bifidobacteria
and efficient Fe acquisition is linked to growth, proliferation and persistence. The hypothesis of the
present study is that stools from breast fed Fe-deficient infants harbor bifidobacterial strains that
have efficient iron sequestration properties involved in potential probiotic features. Bifidobacteria
strains with high iron sequestration mechanisms were therefore isolated in a culture-dependent
approach by the addition of a strong iron chelator in the isolation media. Fifty-six bifidobacterial
strains belonging to B. breve, B. bifidum, B. longum, B. pseudolongum, B. kashiwanohense and B.
pseudocatenulatum species were obtained. Characterization in a chemically semi defined low iron
medium for siderophore production and iron internalization of the isolates and strains from public
culture collections, showed that iron sequestration mechanisms are strain-dependent and the two
properties are not correlated. Based on their high siderophore activity and iron internalization, B.
kashiwanohense PV20-2 and B. pseudolongum PV8-2 were selected for further investigation at
molecular level by the use of genomics and proteomics amd tested for their antimicrobial activity on
Salmonella and Escherichia coli (EHEC) in co-culture and intestinal epithelial cell test.

After sequencing the complete genome of both bifidobacterial strains, a cluster of genes annotated
to have a function for ferrous and ferric iron uptake were identified. Further, an insertion of a unique
ferric iron uptake gene cluster was identified in the genome of B. pseudolongum PV8-2, when it was
compared to the genome of B. pseudolongum DSMZ20092 and B. pseudolongum AGR2145. The
extracellular proteome under low iron conditions of B. kashiwanohense PV20-2 and B. pseudolongum
PV8-2 was characterized based on the predicted coding sequences from the complete and assembled
III

genome by a 1D-gel shot gun proteomics approach. The extracellular proteome revealed the
expression of ferrous and ferric iron binding proteins in B. kashiwanohense PV20-2 and B.
pseudolongum PV8-2, respectively. These proteins contain conserved translocation signals in their
sequences, reflecting the importance of iron acquisition for the selected strains. Interestingly, B.
pseudolongum PV8-2 was isolated from feces of an anemic infant with the lowest hemoglobin level
among the infants included in the present study and the identification of the unique ferric iron gene
cluster might reflect the genetic link to the selective pressure in the gut of Fe-deficient infants.
Furthermore, adhesion proteins, such as sortase and collagen adhesion, were also identified in the
exoproteome of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2, respectively; and these
proteins are known to support the adhesion of bifidobacteria to intestinal epithelial cells.
Additionally, inhibitory proteins, like lysozymes are known to support the inhibition of competing
microorganism, such as enteropathogens. A lysozyme was identified in the extracellular fraction of B.
pseudolongum PV8-2 which might play a role in antimicrobial activity against enteropathogenic
bacteria.

Efficient Fe sequestration properties in bifidobacteria are appealing targets for the inhibition of
enteropathogens, such as S. Typhi N15 and EHEC. Therefore, B. kashiwanohense PV20-2 and B.
pseudolongum PV8-2, strains selected for their high Fe sequestration properties were investigated
for antimicrobial activity against S. Typhi N15 and EHEC. Inhibitory properties of B. kashiwanohense
PV20-2 and B. pseudolongum PV8-2 were investigated by co-culturing the two bifidobacterial strains
with S. Typhi N15 or EHEC in a chemically semi-defined low iron media, where the strains showed
high siderophore production and iron internalization. B. kashiwanohense PV20-2 showed strong
inhibitory activity against S. Typhi N15 and to a lesser extent to EHEC, while B. pseudolongum PV8-2
showed strong inhibitory activity against both enteropathogens. S. Typhi N15 and EHEC can cause
infection by invasion and translocation of intestinal epithelial cells. Thus, B. kashiwanohense PV20-2
and B. pseudolongum PV8-2 were characterized for their affinities to fibronectin, fibrinogen, mucin II
IV
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and collagen I, which are glycoproteins present in the cell surface of intestinal epithelial cells. B.
kashiwanohense PV20-2 showed high affinity to fibronectin and B. pseudolongum PV8-2 to mucin II.
Additionally, both bifidobacterial strains were tested for competition, displacement and inhibition of
S. Typhi N15 and EHEC in a mucus secreting intestinal cell model. B. kashiwanohense PV20-2
exhibited a high competition for epithelial binding sites against S. Typhi N15 and to a lesser extent to
EHEC, whereas B. pseudolongum PV8-2 exhibited high competition against both pathogens. The
antagonistic activity against enteropathogens address the potential probiotic features of B.
kashiwanohense PV20-2 and B. pseudolongum PV8-2.

In the present study B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 were isolated from stool
of Fe-deficient infants and selected for their high Fe sequestration properties. Genomics and
proteomics supported the identification of unique iron genes and extracellular proteins in the
genome of B. pseudolongum PV8-2, that correlates to the selective pressure in the gut of Fe-deficient
infants. The two bifidobacterial strains showed inhibitory activity against S. Typhi N15 and EHEC, to
different extents and therefore the hypothesis presented at the beginning of the present study was
confirmed. The selection and combination of different technologies such as, functional assays, omics’
techniques and in vitro cellular models, were key for the identification of bifidobacterial strains with
unique iron sequestration properties that are potentially involved in probiotics features based on
iron binding properties and thus highlighting the importance and novelty of the present study.
Nevertheless, additional research would be needed to investigate the efficacy of the potential
probiotic features in complex systems such as, in vitro intestinal models, in vivo models and
ultimately in human clinical trials.

V

Zusammenfassung
Bifidobakteria ist eine der großen Gruppen kommensaler Bakterien in Säuglingen. Durch
Mechanismen wie Nischenbesetzung und Nährstoffkonkurrenz mit enteropathogenen Bakterien wird
ihre Kolonisierung allgemein mit positiven Auswirkungen auf den Wirt assoziiert. Eisen (Fe) ist ein
essentielles Spurenelement für die meisten Mikroorganismen, einschliesslich Bifidobacterium. Eine
effiziente Beschaffung von Fe ist mit Wachstum, Proliferation und Persistenz verbunden. In der
vorliegenden Studie wurde angenommen, dass der Stuhl von gestillten Säuglingen mit einem
Eisenmangel bifidobakterien-Stämmen enthält, die effiziente Eisen Sequestration Mechanismen
aufweisen. Bifidobakterien wurden in einem kulturabhängigen Ansatz durch Zugabe eines starken
Eisenchelators in Isolationsmedien isoliert mit dem Ziel die Isolierung von Stämmen mit guten
Eisenbindungsmechanismen zu verbessern. Sechsundfünfzig Bifidobakterien-Stämme von B. breve, B.
bifidum, B. longum, B. pseudolongum, B. kashiwanohense und B. pseudocatenulatum wurden isoliert.
Danach zeigten Charakterisierung für Siderophorenproduktion und Eiseninternalisierung der
isolierten Stämme sowie von Stämmen aus öffentlichen Kultursammlungen, dass EisenSequestrierungs Mechanismen stammabhängig sind und die zwei Mechanismen nicht untereinander
korrelieren, was mit stammspezifischen Eigenschaften der bifidobacteria übereinstimmt. Basierend
auf ihrer hohen Siderophor Aktivität und Eisen Internalisierung wurden B. kashiwanohense PV20-2
und B. pseudolongum PV8-2 für die weitere Identifizierung des Fe bezogen Stoffwechsels
ausgewählt.

Der Fe bezogene Stoffwechsel in B. kashiwanohense PV20-2 und B. pseudolongum PV8-2 wurde
durch den Einsatz von Techniken der Genomik und Proteomik untersucht. Genomischen
Informationen von Bifidobakterien zeigten umfangreiche Stoffwechselmerkmale, die wichtig für das
Überleben und den Konkurrenzkampf im Dickdarm sind, wie beispielsweise Eisenbeschaffung,
Kohlenhydratverwertung und Produktion von antimikrobiellen Substanzen. Folglich wurden Fe
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bezogen Stoffwechselwege durch Sequenzierung des vollständigen Genoms von B. kashiwanohense
PV20-2 und B. pseudolongum PV8-2, die aufgrund ihrer hohen Eisensequestration Mechanismen
ausgewählt wurden, charakterisiert. Operons für zwei- und dreiwertiges Eisen wurden in beiden
Bifidobacterium-Stämme auf Genom Ebene identifiziert. Ferner wurde das Genom von B.
pseudolongum PV8-2 mit dem Genom von B. pseudolongum DSMZ20092 und B. pseudolongum
AGR2145 verglichen, und ein Eisen-III-Operon wurde als Insertion in das Genom von B.
pseudolongum PV8-2 identifiziert. Protein-Sekretion in Bakterien spielt eine wichtige Rolle bei der
Wechselwirkung von mikrobiellen Zellen und ihrer Umgebung. Daher wurden die vorhergesagten
kodierenden Sequenzen aus dem Genom verwendet, um extrazelluläre Eisen-bindungsproteine in
einem Shot Gun Proteomik Ansatz zu identifizieren. Sekretorische Proteine sind an verschiedenen
essentiellen Wechselwirkungen und Anpassungen von Bakterien an ihre Wirt-Umgebung beteiligt,
einschließlich Nährstoffaufnahme, Haftung und Erkundung. Das extrazelluläre Proteom von B.
kashiwanohense PV20-2 und B. pseudolongum PV8-2 zeigte unter Bedingungen mit wenig Eisen eine
Expression von Eisen-II- und Eisen-III-Bindungsproteinen, welche konservierte Translokationssignale
in ihrer Sequenz enthalten, was die Bedeutung des Eisenstoffwechsels für die ausgewählten Stämme
zeigt. B. pseudolongum PV8-2 wurde aus den Fäzes eines anämischen Säuglings isoliert, welcher
unter den Kindern der vorliegenden Studie den niedrigsten Hämoglobinspiegel zeigte. Identifizierung
der Eisenbindungsproteine zusammen mit der Insertion des Eisen-III-Operons in diesem Stamm
könnte eine genetische Verbindung zum Selektionsdruck der Stoffwechselwege sein, welche als Teil
der Evolution hin zur Nischen Niederlassung im Wirts-Darm erworbenen sein könnten. Darüber
hinaus sind Haftung und antimikrobielle verwandte Proteine wichtige Funktionen von
Bifidobakterien, da Bifidobakterien an intestinalen Epithelzellen haften müssen um sich im Darm zu
etablieren. Adhesions-verwandte Proteine in B. kashiwanohense PV20-2 und in B. pseudolongum
PV8-2 wurden zusammen mit einem Lysozym in B. pseudolongum PV8-2 identifiziert, welches eine
Rolle in der antimikrobielln Aktivität spielen könnte. Somit kann die Verwendung von -omics
Techniken, wie Genomik und Proteomik, die Identifizierung von Stoffwechselwegen unterstützen,
VII

welche in Kombination funktioneller Assays ein tieferes Verständnis spezieller stammspezifischer
Stoffwechselwege, wie beispielweise der Eisenaufnahme, ergeben können.

Effiziente Eisensequestration Mechanismen sind mit stammspezifischenr Nischenfitness assoziiert.
Daher wurde angenommen, dass die beiden Bifidobakterien-Stämmen die aufgrund ihrer hohe FeSequestrierung Mechanismen ausgewählt wurden, Funktionen zur Inhibierung von S. Typhi N15 und
EHEC besitzen. Die inhibitorische Aktivität von B. kashiwanohense PV20-2 und B. pseudolongum PV82 wurden durch Co-Kultivierung der zwei Bifidobakterien Stämme mit S. Typhi N15 oder EHEC
untersucht. B. kashiwanohense PV20-2 zeigte eine inhibierende Aktivität gegenüber S. Typhi N15
und, in einem geringeren Ausmass, gegenüber EHEC, während B. pseudolongum PV8-2 Aktivität
gegenüber beiden Enteropathogenen zeigte. S. Typhi N15 und EHEC versuchen durch eine Invasion
und Kolonisierung intestinaler Epithelzellen eine Infektion zu verursachen. So wurden B.
kashiwanohense PV20-2 und B. pseudolongum PV8-2 für ihre Affinitäten zur epithelialen
Zelloberfläche charakterisiert und wurden mit S. Typhi N15 und EHEC in einem Schleim
sekretiertenden intestinalen Zellmodell getestet. B. kashiwanohense PV20-2 zeigten eine hohe
Affinität zu Fibronektin und B. pseudolongum PV8-2 zu Mucin-II. Wenn Stämme mit
Enteropathogenen in einem Schleim sekretiertenden intestinalen Zellmodell getestet wurden, zeigte
B. kashiwanohense PV20-2 einen hohen Wettbewerb um die epithelialen Bindungsstellen mit S.
Typhi N15 und, in geringerem Ausmass, mit EHEC, während B. pseudolongum PV8-2 einen hohen
Wettbewerb mit beiden Erregern zeigte. Die inhibitorische Aktivität gegenüber Enteropathogenen
adressieren die möglichen probiotischen Eigenschaften von B. kashiwanohense PV20-2 und B.
pseudolongum PV8-2 mit hohen Eisenbindungsmechanismen. Eine Kombination verschiedener
Technologien mit komplementären experimentellen Ansätzen, wie funktionelle Assays und -omiks
Techniken, ermöglichte die Selektion von Stämmen mit hohen Fe-Sequestrierung-Mechanismen und
die Identifizierung von Fe-Stoffwechselwegen in B. kashiwanohense PV20-2 und B. pseudolongum
PV8-2, die aufgrund ihrer hohe Eisen-Sequestrierung Fähigkeiten ausgewählt und die potenzielle
VIII
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probiotischen Eigenschaften haben. Diese beiden Stämme haben das Potential als probiotischer
Kultur verwendet zu werden um das Wachstums von Enteropathogenen zu hemmen, insbesondere
in Umgebungen mit niedrigem Eisengehalt. Weitere Studien sind notwendig um die Effekte auch in
intestinalen in-vitro-Modellen, Tieren und letztlich am Menschen zu zeigen.

IX

Chapter 1
General introduction

1

1.

Human gut microbiota

From the moment of birth and throughout lifetime, there is a continuous interaction of humans with
a multitude of microbial species. These include the commensal bacteria that colonize the mucosal
surfaces and pathogenic organisms that, in most cases, are effectively targeted by our immune
system and are prevented from causing an infection (Hancock et al., 2012). Thus, the evolution of
immunity and many other aspects of our physiology have been driven by continuous interactions
with commensals and the other microbial species in our environment. In the human gut the coevolution of host-microbe interactions is the consequence of commensal relationships in which both
benefit from metabolic activities and interactions (Ventura et al., 2012b). The gut microbiota
composition and metabolic activity play an important role on host physiology and metabolism,
involving processes such as energy harvest, immunity and metabolic signaling (Holmes et al., 2012;
Nicholson et al., 2012). In addition, the intestinal microbiota impacts upon different human functions
such as intestinal cell proliferation and differentiation, intestinal pH, development of the immune
system, and the innate and acquired immune response to pathogens (Ventura et al., 2012a). The
maintenance of intestinal immune and metabolic homeostasis is strongly affected by the interactions
between intestinal epithelial cells, the mucosa and the intestinal microbiota (Garrett et al., 2010).
The dysregulation of such interactions can result in life-threatening infections and inflammatory
disorders (Lievin-Le Moal & Servin, 2006). Both microbial diversity and abundance in the gut are
important to maintain human health (Abreu, 2010; Atuma et al., 2001). Therefore, the gut
microbiota is essential to prevent the growth, attachment and establishment of pathogenic
microorganisms on the gut surface (Butel, 2014; Kamada et al., 2013).
The intestinal microbiota is constantly being exposed to a wide range of biological stimuli, including
food materials, commensal and pathogenic microorganisms. First, a dense resident microbial
community in the gut, referred as the commensal microbiota, coevolved with the host and is
essential for many host physiological processes that include enhancement of the intestinal epithelial
barrier, development of the immune system and acquisition of nutrients (Chow et al., 2010). A major
2
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function of the gut microbiota is protection against colonization by pathogens that can result from
the disruption of the microbial community. The mechanisms that regulate the ability of the
microbiota to restrain pathogen growth are complex and include competitive metabolic interactions
and induction of host immune responses. Thus, the interplay between commensals and pathogens is
critical for controlling infection and disease. Understanding pathogen-commensal interactions may
lead to new therapeutic approaches to treating infectious diseases (Kamada et al., 2013).
Furthermore, pathogens, in turn, have evolved strategies to escape from commensal-mediated
resistance to colonization. A critical component of host defense against invasive bacterial
colonization is the indigenous/commensal microbiota that colonizes mammalian mucosal surfaces, as
well as the critical role on shaping the immune response to invading bacterial, parasite, viral
pathogens in the intestine. Together with the innate and adaptive immune system, the gut
microbiota provides a line of defense against invading environmental bacteria. The gut microbiota
acts as an immediate barrier against pathogens occupying the intestinal niche and so offering
colonization resistance (Lawley & Walker, 2013).
The intestinal mucosa is covered by a thick mucus layer, which serves as a major barrier between the
epithelium and the lumen of the host gut and plays an essential role in innate immune defense
(Lievin-Le Moal & Servin, 2006; Maldonado-Contreras & McCormick, 2011). In order to maintain
homeostasis of the intestinal mucosa, mucus is continuously secreted from the intestinal epithelium.
Major components of mucus are mucins, primarily mucin 2 (Johansson et al., 2011). The rapid
secretion and turnover of mucins generates a virtually sterile layer between the gut luminal contents
and the epithelial cells, preventing contact with and colonization of the epithelium by pathogens.
Mucins are produced as a defensive barrier between the epithelial cells and invading pathogens and
during infection mucin secretion increases, as a protective barrier (Xue et al., 2014).

3

1.1.

Gut microbiota composition

The human gut is a highly complex ecosystem, which harbors diverse microorganisms that play a
fundamental role in the function and well-being of their host. The main constituents of the
microbiota are bacteria, viruses, and eukaryotes that interact with the host immune system in ways
that influence physiology, immune function and health status of the host (Clemente et al., 2012;
Turroni et al., 2014). Furthermore, the gut microbiota tract harbors a vast heterogenous microbial
ecosystem comprising up to 1014 bacteria and consists of more than 1000 species which are
represented mostly by obligate anaerobes (Qin et al., 2010). Bacteria of the gut microbiota belong
mainly to four phyla, Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria (Arumugam et al.,
2011; Blaut, 2013). The diversity of bacteria in the large intestine provides a wide variety of
metabolic pathways used for the degradation of molecules that are absorbed in the small intestine
(Allen-Vercoe, 2013). These metabolic activities deliver nutrients and energy to the host as well as to
the microbiota. For instance, bacteria in the gut assist the host in breaking down indigestible
carbohydrates (Gill et al., 2006) and produce short chain fatty acids (SCFA) such as, acetate, butyrate
and propionate which can count for up to 10% of the host´s energy requirements (Allen-Vercoe,
2013). SCFA are important because they provide energy to the host and because they maintain the
interactions between the gut microbiota groups (Lee & Hase, 2014). Furthermore, the metabolites
produced by the gut microbiota have inhibitory effects on pathogen growth and virulence and thus
attenuating their pathogenicity (Tejero-Sarinena et al., 2012). The abundance and diversity of
microorganisms strongly vary between individuals but also over time within an individual (Dethlefsen
et al., 2006; Yatsunenko et al., 2012). The dominant phylum in the human adult microbiota is
Firmicutes, which in some individuals represents over 90 % of the total gut microbiota (Turroni et al.,
2012) whereas in the infant intestine, the most represented phylum is Actinobacteria, with in
particular Bifidobacterium species (Turroni et al., 2012).

4
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Infant gut microbiota

The development of the human gut microbiota starts at birth with colonization by bacteria from the
vaginal and fecal microbiota of the mother and environmental microorganisms. Establishment is
characterized by a highly dynamic colonization of the infant intestine. Different factors influence the
development of the gut microbiota, such as, place and mode of delivery, maternal microbiota of
vagina and intestine, type of infant feeding (breast milk vs. formula milk), antibiotic use, gestational
age at birth, hospitalization after birth, perinatal administration of probiotics (Di Gioia et al., 2014).
Type of nutrition (human milk vs formula milk) and mode of delivery (vaginal delivery or caesarean
delivery) are considered the most influencing ones (Azad et al., 2013; Fouhy et al., 2012; Koenig et
al., 2011; Matamoros et al., 2013). When born vaginally, infants are quickly colonized by trillions of
maternal vaginal, enteric, skin, and milk microorganisms. The microbiota of neonatal skin, oral
mucosa, and nasopharyngeal aspirates of vaginally delivered term infants are similar to their
mother's vaginal microbiota, while C-section infants harbor bacterial communities similar to skin
microbiota (Groer et al., 2014). Over a relatively short period of time, the vaginally delivered
newborn develops its first gut microbiome, which is largely composed of maternal vaginal and
enteric organisms (Arboleya et al., 2012).
The first bacteria encountered in the majority of healthy infants are facultative anaerobes (Di Gioia et
al., 2014) and remain predominant during the first few days of life. The most commonly isolated
facultative anaerobic bacteria from new born feces after birth are Staphylococcus spp.,
Enterobacteriaceae, and Streptococcus spp. (Turroni et al., 2012). Later on, facultative anaerobic
bacteria are replaced to some extent by strict anaerobes, which deplete the oxygen present and thus
creating a more suitable environment for establishment (Jost et al., 2012; Palmer et al., 2007). This
change in dominant taxa representation can be attributed to the introduction of breast or formulafeeding, signifying the first diet-related colonization event in the infant gut microbiome (Voreades et
al., 2014). In breast-fed infants, the dominant Actinobacteria are represented by Bifidobacterium

5

species, specifically, B. breve, B. longum, B. dentium, B. infantis, and B. pseudocatenulatum. The
Firmicutes phylum is represented principally by lactic acid bacteria such as Lactobacillus,
Enterococcus and Clostridium species (Bergstrom et al., 2014; Voreades et al., 2014). Solely formulafed babies tend to be more exclusively colonized with E. coli and C. difficile compared to breastfed
babies (Kerr et al., 2014).
Breast milk contains a wide range of protective compounds including carbohydrates, such as human
milk oligosaccharides (HMO), nucleotides, immunoglobulins, cytokines, short chain fatty acids (SCFA),
lactoferrin, and is a source of beneficial bacteria (Bode, 2012). Pyrosequencing analysis of breast milk
allowed the identification of gut-associated obligate anaerobic genera, such as Bifidobacterium,
Bacteroides, Parabacteroides, and members of the Clostridia class (Blautia, Clostridium, Collinsella,
and Veillonella), which were shared between maternal feces, human milk, and neonatal feces
(Rodriguez, 2014). Furthermore, breast milk is considered the gold standard for nourishment of early
infants because of the fore mentioned bioactive components. For instance, HMOs are a group of
complex and diverse glycans that are resistant to gastrointestinal digestion and reach the infant
colon as the first prebiotics. Bifidobacterial species are the main utilizers of HMOs in the
gastrointestinal tract and represent the dominant microbiota of breast-fed infants, and they may
play an important role in maintaining the general health of newborn children (Musilova et al., 2014).
Additionally, HMOs also serve as substrates for fermentation into SCFAs and lactate, among others.
Fermentation products, such as acetate per se inhibit pathogens (Fukuda et al., 2011), but they are
also strong modulators of the maturation of the intestinal mucosa. Therefore, HMOS are an essential
part of an innate immune system of human milk whereby the mother protects her infant by several
complementary mechanisms (De Leoz et al., 2015). As a result, breast milk is considered the optimal
feeding pattern for newborns and the WHO recommends exclusive breast-feeding up to 6 months of
age and then supplemental breast-feeding up to 2 years of age (WHO, 2009). Short- and long-term
health benefits associated with breast-feeding have been reported and breast-fed infants are
considered healthier, showing lower incidence of enteric and non-enteric infections, necrotizing
6
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enterocolitis (NEC), allergy and atopic disorders or diabetes compared with formula-fed infants
(Groer et al., 2014; Le Huerou-Luron et al., 2010). The population pattern of vaginal-delivered and
exclusive breast-fed neonates is assumed to be the most desirable in regard to later health status
(Jost et al., 2012) because this mode of delivery and type of nutrition have been shown to have
short- and long-term beneficial effects, such as protection against infectious diseases, reduced infant
morbidity and mortality (Le Huerou-Luron et al., 2010; Saarinen & Kajosaari, 1995).
In full-term breastfed neonates, Bifidobacterium spp. and Bacteroides spp. appear 4 days after birth,
and after 1 week, they dominate the fecal microbiota constituting 80–90 % of the total microbial
amount. Vaginally-delivered and breast-fed neonates are dominated by Bifidobacterium species
within the first days of life (Benno et al., 1984; Favier et al., 2002; Jost et al., 2012; Yoshioka et al.,
1983). Furthermore, high levels of bifidobacteria in the infant gut have been associated with the
timely and appropriate development and maturation of the immune system (Hart et al., 2004; Jost et
al., 2012; Vael et al., 2011). Given their significantly higher incidence in the unweaned infant gut than
in adults, bifidobacteria have been proposed as a major player in the development of the infant gut
microbiota influencing immunity. For instance, in vitro studies have shown that bifidobacteria can
produce antimicrobial compounds such as organic acids (Fukuda et al., 2011), iron-scavenging
compounds (O'Sullivan, 2004) and bacteriocins (Cheikhyoussef et al., 2008) that may be involved in
infant health status. An intriguing function of bifidobacteria in the intestine may be protection
against some immune-based disorders, as numerous studies have shown bifidobacteria to stimulate
a host innate immune response. Thus, it is proposed that in the infant gut, bifidobacteria act as
pioneer bacteria, thereby shaping and influencing the gut environment at this early stage of life (Jost
et al., 2012; Turroni et al., 2012). The distribution of Bifidobacterium species in the feces of newborns
was originally obtained with traditional plate isolation technique (Sela et al., 2008). Biavati, et al,
studied the microbial composition of breastfed and formula-fed newborns by culture methods and
DNA–DNA hybridization as identification tool. The most represented species in both groups of infants
were B. breve, B. longum, B. bifidum, B. pseudocatenulatum and B. catenulatum (Hadaji et al., 2005);
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among the different species belonging to this genus, B. breve is the one most commonly encountered
in infants (Turroni et al., 2009a).

1.3.

Bifidobacteria in infants

Bifidobacteria are Gram-positive, non-motile, branched rods, non-spore-forming, non-gas-producing,
anaerobic, catalase-negative bacteria with a high G+C content (55 to 67%) belonging to the phylum
Actinobacteria. Their morphology is generally referred to irregular V- or Y-shaped rods, optimal
growth temperature is 37°C and they ferment glucose to acetate and lactate (Bezkorovainy et al.,
1996). Bifidobacteria are distributed in six ecological niches, including the human intestine, oral
cavity, insect and animal intestine, sewage, blood and food and were originally isolated from the
feces of a breastfed infant. To date 43 different species are recognized, all of which have been
isolated from the gut of mammals, birds, or insects (Butler et al., 2013; Milani et al., 2014; Turroni et
al., 2011). The genus Bifidobacterium includes three subspecies: B. animalis (B. animalis subsp.
animalis and B. animalis subsp. lactis); B. pseudolongum (B. pseudolongum subsp. globosum and B.
pseudolongum subsp. pseudolongum); and B. longum (B. longum subsp. infantis, B. longum subsp.
longum and B. longum subsp. suis) (Ventura et al., 2012a), that exhibit over 93% identity of their 16S
rRNA sequences (Lee & O'Sullivan, 2010).
The co-evolution of many bifidobacterial species with the human digestive tract has lead them to
acquire important metabolic abilities and colonization factors, pointing them as one of the major
microbial players in gut colonization especially during the first stage of life (Chassard et al., 2014).
Recent sequencing projects have given insight into the genomic adaptation of different
bifidobacterial taxa to the human gut. For instance, the identification of a varied arsenal of genes
encoding enzymes that are involved in the breakdown of complex carbohydrates derived from the
diet (e.g. plant polysaccharides) and from the host (e.g. mucin and human milk oligosaccharides
(HMOs)), is a clear sign of their close co-evolution with the host (Pokusaeva et al., 2011; Turroni et
al., 2014). During infancy diet relies primarily on milk, in the best case breast milk, and when
8
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analyzing the genome of bifidobacteria a significant part of their genomes is dedicated to the
utilization of breast milk, indicating their adaptation to this habitat (Zivkovic et al., 2011).
Furthermore, comparative and functional genomic investigations have highlighted that certain HMOs
play a crucial role in the development of the human infant gut microbiota (Sela et al., 2008; Yoshida
et al., 2012).
In bifidobacteria, complex carbohydrates are transported via permeases belonging to four families:
multiple sugar ABC-type transport systems (lactose, raffinose, and maltose), glucose-specific
transporters and the cation symporter family for melibiose and pentosides (Lee & O'Sullivan, 2010).
Metabolism of simple sugars in bifidobacteria occur via the key hexose metabolism pathway that
involves the enzyme fructose-6-phosphate phosphoketolase (F6PPK) and is often called the “bifid
shunt,” as bifidobacteria are among the few bacteria to contain this enzyme (Hooper et al., 2002).
Hexoses such as glucose or fructose are metabolized via this pathway to the SCFAs, acetate and
lactate for energy production which are the main primary metabolites in bifidobacteria. SCFAs are
the end-products of bacterial fermentation of complex carbohydrates in the gut, and are important
for human metabolism because they stimulate water and sodium absorption, lower luminal pH, and
lower the bioavailability of toxic amines (Luhrs et al., 2002). Although the presence of bifidobacteria
in the infant gut is dominant and has been associated with positive effects, outgrowth of
enteropathogenic bacteria may occur (Chopra et al., 2013).

1.4.

Diarrheal infections in infants

Diarrhoeal diseases is the second leading mortality and morbidity cause in children under five years
old, with nearly 1.7 billion cases of diarrheal disease every year, especially in developing countries
with on average three episodes of diarrhea every year per child (Wardlaw et al., 2010). Besides the
health threatening disease of diarrhea, the next consequence is malnutrition due to the deprivation
of food during illness and therefore placing children in high risk of diarrhea overlaps because immune
susceptibility and incomplete recovery. Diarrheal diseases mainly result from an imbalance in the gut
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microbiota benefiting enteropathogens and leading to infection. The most common bacterial
pathogens causing infant diarrhea in developing countries are Salmonella and pathogenic Escherichia
coli, among others (Monack & Hultgren, 2013).

1.4.1.

Salmonella enterica serovar Typhimurium (S. Typhi)

S. Typhi is a Gram-negative bacteria that causes salmonellosis in infants, especially in developing
countries such as Africa and Asia that lack clean water and adequate sanitation (Calder, 2013; de
Jong et al., 2012). S. Typhi cause bacteremia and a relapse or chronic asymptomatic fecal carriage,
severely complicate the illness (Crump & Mintz, 2010). Upon ingestion, S. Typhi colonizes the
terminal ileum and colon, commonly eliciting symptoms of gastroenteritis within less than 24 h
(Tsolis et al., 2011). S. Typhi infection is associated with a localized infection of the terminal ileum
and colon that manifests as fever, diarrhea and intestinal cramping. However, if infection is not
stopped, a breach of mucosal barrier may occur and can result in the development of a lifethreatening bacteremia. Furthermore, acute inflammation is triggered by enteric pathogens such as
S. Typhi and is normally accompanied by changes in the gut microbiota benefiting the outgrowth of
pathogen.
Motility and two type III secretion systems (T3SS-1 and T3SS-2) are the main S. Typhi virulence
factors important for triggering intestinal inflammation (Thiennimitr et al., 2012). Motility and the
invasion-associated T3SS-1 work in concert to enable a fraction of the S. Typhi population to trigger
alterations in host cells, thereby promoting epithelial invasion and intestinal inflammation, which is
largely responsible for the signs of disease (Santos et al., 2009). S. Typhi harnesses from intestinal
inflammation is largely based on resistance to low pH of the stomach and SCFA in the intestine,
efficient access to nutrient sources, such as mucins and Fe (Kortman et al., 2012; Rohmer et al., 2011;
Santos et al., 2009). Once S. Typhi has crossed the epithelial lining, a second type III secretion (T3SS2) system enables the pathogen to survive in blood and epithelial tissue (Figure 1) (Thiennimitr et al.,
2012). After, S. Typhi enters the bloodstream it shows considerable resistance against host
antimicrobial proteins and leaves the host with few innate defenses (Mitchell et al., 2008).
10
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Figure 1. Dissemination of S. Typhi during systemic infection (adapted from (de Jong et al., 2012)). S. Typhi is
usually contracted by ingestion of food or water contaminated by fecal or urinary carriers excreting S. Typhi. In
the intestine S. Typhi adhere to the mucosa and then invade epithelial cells and translocates in enterocytes and
macrophages. Once S. Typhi has penetrated the mucosal barrier, it disseminate in the body via the blood
stream causing disease. Secondary infection may occur in the liver, spleen, bone marrow and gallbladder and if
infection continue, may lead to toxic encephalopathy, myocarditis or sepsis and finally death.

1.4.2.

Enterohemorrhagic E. coli O157:H7 (EHEC)

EHEC is a food- and waterborne pathogen, which is a major concern for public health because it
causes significant morbidity and mortality in both developing and industrialized nations (Chekabab et
al., 2013; Nguyen & Sperandio, 2012; Vidovic & Korber, 2014). In humans, EHEC is acquired as a
commensal bacterium in the colon, and persists for life as part of the commensal gut microbiota
within the lumen and mucus layer of the large intestine (Ho et al., 2013). While individuals may be
asymptomatic even though EHEC is detected in stools, others can develop severe cases of infection
characterized by abdominal cramps and bloody diarrhea and the most severe cases of infection
typically occur in children <5 years of age (Nguyen & Sperandio, 2012; Vidovic & Korber, 2014).
One of the first lines of host defense against EHEC infection is through the activation of the innate
immune system, using pattern recognition receptors to detect pathogen-associated molecular
patterns expressed by microorganisms to elicit a protective antimicrobial immune response (Jones &
Neish, 2011). Treatment of infection with EHEC is mainly based on supportive therapy, particularly
rehydration (Wong et al., 2012). Thus, the difficulty in treating EHEC relies in that conventional
antimicrobials promotes the release of the potent Shiga toxin that is responsible for much of the
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morbidity and mortality associated with EHEC infection. Therefore, novel therapeutic approaches
have been assessed in an attempt at decreasing their association with aggravating infection
outcomes (Rahal et al., 2012). For instance, in vitro studies indicate that use of beneficial
microorganisms (probiotics) is another approach that could be tested for potential use in preventing
acquisition or spread of EHEC infection (Fukuda et al., 2011).
The infectious process of EHEC is initiated by the ingestion of a relatively small inoculum of 10–100
colony forming units (CFUs). Pathophysiology is attributed to the effects of multiple virulence
determinants including Shiga toxins 1 and 2, an adhesin, intimin and the associated factors encoded
by the locus of enterocyte effacement (LEE) pathogenicity island, the pO157 plasmid and their
adaptation to harsh conditions (Melton-Celsa et al., 2012). Shiga toxins bind to specific host cells
receptors that induce an increase in chemokine synthesis and produce inflammation (Karmali, 2004).
The LEE pathogenicity island consists of approximately 41 genes, divided into five major operons
(LEE1-5), that encode for a type 3 secretion system (T3SS), regulators, chaperones, and effector
proteins. The LEE-encoded regulator (Ler), the first gene encoded in LEE1, acts as the master
transcription factor of the pathogenicity island, regulating expression of the entire LEE which is
required for the formation of attaching-and-effacing (A/E) lesions on epithelial cells (Muller et al.,
2009a). EHEC bacteria expressing the LEE genes and colonizing the intestine cause A/E lesions
characterized by intimate adherence to host cells, disruption of target cell integrity and reduced
integrity of tight junctions causing loss of intestinal epithelial barrier function (Garmendia et al.,
2005). As described above, EHEC interaction with intestinal epithelial cells is the first step in EHEC
colonization, mainly by adhering to host cells through T3SS and intimin that enable it to intimately
attach to intestinal epithelial cells (Melton-Celsa et al., 2012). In addition, EHEC possesses numerous
fimbrial and non-fimbrial adhesins, which also play an important role in the initial stages of adhesion
(Xue et al., 2014) and further allowing its colonization in the large intestine (Nguyen & Sperandio,
2012).
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Gastrointestinal symptoms due to infection with EHEC usually resolve within a week. Patients then
mostly recover with no major sequelae. Nevertheless, 5–10% of patients under the age of 5 years
develop the hemolytic-uremic syndrome (HUS) approximately one week after onset of hemorrhagic
colitis (Rahal et al., 2012). In severe cases of infection, individuals present hemorrhagic colitis, HUS
(the leading cause of acute renal failure in children) characterized by hemolytic anemia (fragmented
erythrocytes) and thrombocytopenia (low platelet count) arising from toxin and endothelial cell
damage (Nakamori et al., 2009). Pathogenic gut bacteria, such as EHEC, have evolved sophisticated
virulence mechanisms, including nutrient and chemical sensing, to escape host defense strategies
and produce disease (Hernandez-Doria & Sperandio, 2013). Successful colonization of the human gut
requires pathogens to be skillful users of virtually any molecule available in the gut. Enteropathogens
must compete with the commensal bacteria in order to thrive and cause disease (Kamada et al.,
2012; Sperandio, 2012). Many factors, individual or combined, may influence the pathogen survival
such as temperature, bacterial cell numbers, strain variation, oxidative stress, nutrient availability
and the substrate type or source (Peterson et al., 2005). EHEC has shown the ability to survive in
many harsh conditions, such as, survival in water, where almost no available nutrients are present
(Chekabab et al., 2013). Another critical element in the emergence of EHEC was the evolution of acid
resistance strains under positive selective pressure within the gastrointestinal tract of ruminants, its
primary host. Such attribute may promote survival in acidic environments and may result in
increased infection following pathogen ingestion (Lin et al., 1996). EHEC strains isolated from
outbreaks are reported to better survive to acidic conditions and to have a higher tolerance to acetic
acid than strains isolated from environmental sources including water and feces (Bearson et al.,
1997; Franz et al., 2011; Oh et al., 2009). Furthermore, iron acquisition systems also play a major role
in adaptation, as they are reported to be up-regulated as soon as starvation begins or in extreme low
pH, such as the stomach, thus playing a major role in EHEC virulence (Gao et al., 2012). The host
counteracts these virulence factors by producing iron chelator proteins and antimicrobial proteins
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that are aimed to keep iron unavailable and inhibit the pathogen. The main epidemiologic features of
S. Typhi and EHEC are summarized in Table 1.

2.

Iron and host-bacterial metabolism

2.1.

Iron (Fe) and the innate immunity of the host

Fe is an essential micronutrient in the host that is involved in oxygen transport, electron transport,
purine metabolism, DNA and fatty acid synthesis and nitric oxide production (Ganz, 2009). Fe is
strictly regulated in the human body because Fe insufficiency may lead to anemia and Fe overload
may lead to hemochromatosis. In the human body, levels of available Fe are extremely low,
especially in the extracellular fluid and on mucosal surfaces because of host Fe-binding proteins, such
as heme, ferritin, transferrin, and lactoferrin (Andrews & Schmidt, 2007; Wooldridge & Williams,
1993), which are aimed to make Fe exclusively available to the host.
Table 1. Epidemiology and virulence factors of S. Typhi and EHEC.

Epidemiology

Virulence
factors

S. Typhi
Gram negative bacteremia with localized
infection in ileum and colon (de Jong et
al., 2012).
Manifest as fever, diarrhea and cramps.
May result in life threatening bacteremia if
translocate epithelial cells.
Motility, T3SS1 and T3SS2 are the main
virulence factors (Tsolis et al., 2011).
Acidic pH values in the stomach and high
concentration of SCFAs (Bearson et al.,
1997).
Efficient sequestration mechanisms of iron.

Resistance
Antimicrobial proteins (lipocalin) (Raffatellu
et al., 2009)
Competition of mucus carbohydrates
(Raffatellu & Baumler, 2010).
Colonization of epithelial cells.
Colonization
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Translocation in enterocytes and
macrophages causing inflammation
(Rohmer et al., 2011).

EHEC
Gram negative bacteremia with localized
infection in the terminal colon.
Manifest as abdominal cramps and diarrhea.
Complications result in hemorrhagic colitis, HUS
and hemolytic anemia (Ho et al., 2013).
T3SS, shiga toxin 1-2, plasmid pO157, LEE
pathogenicity island (Muller et al., 2009a).
Acidic pH values in the stomach and high
concentration of SCFAs (Oh et al., 2009).
Efficient sequestration mechanisms of iron (Gao
et al., 2012).

Colonize intestine causing attaching-andeffacing (A/E) lesions (Muller et al., 2009a).
Reduce integrity of tight junctions causing loss
of intestinal epithelial barrier (Garmendia et al.,
2005).

Chapter 1

General introduction

Fe holds a central position at the host–microbe interface because human and microbial cells have an
essential demand for this element, required for many metabolic processes (Nairz et al., 2010). Thus
the mutual dependence on Fe by the host and microorganisms elicits competition for the element,
especially during bacterial infection (Chu et al., 2010; Latunde-Dada, 2009). The host environment
represents a battlefield in which metal ion fluctuations, such as Fe, are utilized as a tool for
counteracting invading pathogens (Nairz et al., 2010). One of the first lines of defense against
bacterial infection is withholding of Fe to prevent bacterial outgrowth in a process termed nutritional
immunity (Hancock & Sahl, 2013). Host antimicrobial mechanisms reduce Fe availability to pathogens
by producing Fe proteins that influence the innate immune response, such as, hepcidin, lactoferrin,
siderocalin, Nramp1, ferroportin and transferrin (Weinberg, 1984). This is an ancient host defence
mechanism against invading pathogens (Beck et al., 2002). For instance, Fe plasma is further reduced
through the suppression of Fe efflux from macrophages and an increased synthesis of ferritin by
macrophages (Ong et al., 2006). Additionally, levels of the hormone hepcidin are elevated leading to
a decrease of free Fe (Johnson & Wessling-Resnick, 2012). This systemic Fe retention serves to
deplete circulating Fe that would otherwise be available to extracellular pathogens (Table 2).
The control over Fe homeostasis is central battle field in host-pathogen interphase influencing the
course of an infectious disease in favor of either, the mammalian host, or the pathogen invader.
Therefore competition between host and pathogen for Fe is also a critical aspect of many infectious
diseases (Winter et al., 2013). For instance, numerous global health threats with high morbidity and
mortality, such as, diarrhea, pneumonia and malaria, are influenced by Fe status and provide
examples of the connections between infection and Fe metabolism (Cassat & Skaar, 2013; Johnson &
Wessling-Resnick, 2012). The presence of Fe unsaturated transferrin and lactoferrin in the plasma
and other biological fluids, respectively, reduces the availability of Fe required for the growth and
proliferation of microorganisms and decreases the possibilities of infection (Butel, 2014). The
importance of nutritional immunity is best exemplified by the increased susceptibility to infection of
individuals with Fe overload due to anemia and haemochromatosis (Skaar, 2010). A large number of
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microbial pathogens have been reported to affect the morbidity and mortality of patients with Fe
loading conditions by utilizing easily available excess Fe, such as, EHEC, S. Typhi, Y. enterocolitica, P.
aeruginosa and the gram positive Staphylococci sp., and Streptococcus sp. (Crosa & Walsh, 2002;
Fischbach et al., 2006; Schaible & Kaufmann, 2005), which is essential for their growth and
proliferation. Moreover, the administration of excess Fe increases the virulence of numerous
pathogens in animal models, further highlighting the protection provided by nutritional immunity
(Hammer & Skaar, 2011; Weinberg, 1974; Weinberg, 1975).
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Table 2: Key Fe proteins involved in immune response (adapted from (Johnson & Wessling-Resnick, 2012).
Protein

Role in Fe metabolism

Influence on infection
Regulates efflux of Fe from enterocytes and
macrophages to promote hypoferremia.

Hepcidin

Ligand for Fe export protein ferroportin

Ferroportin

Over-expression is associated with infections (Vibrio,
Membrane exporter of Fe; over-expression
Yersinia, E. coli) but resistance to intracellular
leads to hyperferremia in hemochromatosis
pathogens (Mycobacteria, Salmonella, Legionella)

Transferrin

Deliver Fe bound to transferrin to cells

Lactoferrin

Present in secretions to bind Fe

Released from neutrophils at infection sites to
sequester Fe

Lipocalin-2

Binds catecholate and salicylate type
siderophores

Released from neutrophils and epithelia to sequester
Fe to limit infections

Nramp1

Divalent metal transporter localized to
macrophage phagosomal membrane

Confers resistance to intraphagosomal pathogens
(Mycobacteria, Leishmania, Salmonella)

Down-regulation during infection reduces endosomal
Fe to restrict pathogen growth (Legionella,
Mycobacteria)

The relevance of Fe acquisition mechanisms is because they contribute to bacterial pathogenesis; for
instance, in S. Typhi iroN deletion mutants were tested in a rodent model and showed decrease in
pathogenicity (Liu et al., 2012; Monack, 2014; Raffatellu et al., 2009). The control of Fe could be
considered as an important therapeutic strategy for the design of antimicrobial agents targeting
bacterial infections (Kontoghiorghes et al., 2010). Chelating molecules or molecules that can
interrupt Fe trafficking can be applied as the principle of nutritional immunity because they can
restrict Fe to pathogens and thus preventing microbial growth (Vanasbeck et al., 1983). Therefore,
investigating the mechanisms of host-microbe competition for Fe may pave the way for developing
novel therapeutics that are in critical need given the high prevalence of diarrheal diseases (van
Baarlen et al., 2013).
A large portion of the battle field for Fe occurs in the intestine, mainly because of dietary sources and
the strong immune activity in the gut. As described in Section 1, the gut microbiota is a wellestablished and diverse microbial community directed by dynamic microbe-microbe and hostmicrobe interactions, where microorganisms faces a constant battle for Fe and species that acquired
Fe more efficiently might outcompete others. Thus, residents of the gut microbiota have developed
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efficient ways to process available Fe, as well as, active mechanisms to protect their environment
against competing bacterial species (Hibbing et al., 2010). The potential groups of microbial
competitors is therefore vast and a wide range of mechanisms can be responsible for the
development of dominant microbial populations and nutritional resources, for example Fe, are a
focal point of microbial competition (Rohmer et al., 2011). The availability, individual demand and
rate of consumption of Fe will determine the predominance of different taxa, because its acquisition
will influence growth and proliferation.
Under certain ratios of Fe concentrations, competing microorganisms can stably cohabit, while under
stress conditions, specific taxa can be outcompeted due to, for example, acute Fe limitation. Thus,
part of the ability of bacteria to establish in the gut relies on their ability to obtain adequate supplies
of Fe that is indispensable for their growth (Monack, 2014). Efficient consumption of limiting Fe will
shape the course of competition and microorganisms that have evolved efficient strategies to
increase their acquisition will dominate and compete other microorganisms (Smith, 2002), by
consuming common limited resources, such as iron. Thus, the competing microorganism will cause
Fe starvation of for example, competing pathogens (Fabich et al., 2008; Momose et al., 2008). Fe is
limited in the intestine and as a result of the gut microbiota interactions, members of the intestine
are in constant competition for Fe acquisition as iron becomes depleted by the growing population
(Hibbing et al., 2010). Therefore, competition can lead to selection of specific features that are better
suited to colonize the Fe depleted intestine and bacteria that colonize the gut microbiota have
evolved under strong selective pressure to compete efficiently for Fe in the gut (Lozupone et al.,
2012). Specific features, such as efficient iron acquisition systems, that are adapted to particular
niches and are maintained by continuous selection, may possibly increase the competitiveness of the
strain or species possessing this feature (Christensen et al., 2002). Additionally, the course of an
infectious disease will be directly influenced by the efficiency to acquire Fe and to counteract Fe
competition, which will favor either the mammalian host, or the commensal/pathogen (Griffin et al.,
2004; Kehl-Fie & Skaar, 2010).
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Figure 2. Examples of factors and mechanisms influencing the competition for Fe between the microorganisms
and host in infections. Fe: iron, Tf: transferrin, Lf: Lactoferrin, Ft: ferritin, Hb: hemoglobin adapted from
(Kontoghiorghes et al., 2010).

2.2.

Iron in bacterial metabolism

Fe is an essential element necessary in bacteria and plays a key role in many biological processes
such as electron transport, DNA synthesis and cell proliferation; therefore, the adequate supply of Fe
is crucial for survival (Andrews et al., 2003). Fe is strictly regulated in bacteria while Fe deprivation
may cause nutrient starvation in the cell and Fe overload may cause DNA damage (Andrews &
Schmidt, 2007). Furthermore, as many as 30% of bacterial proteins require Fe as a metal cofactor
(Andreini et al., 2008; Waldron et al., 2009). Fe is a growth limiting nutrient for most bacteria, except
for Lactobacillus spp. and Burrelia burgdorferi (Pandey et al., 1994). To fulﬁll their Fe needs,
microorganisms have evoked multiple selective and highly efficient strategies to acquire Fe because a
sufficient supply of this metal is linked to proliferation and persistence (Wandersman & Delepelaire,
2004). Most common strategies to acquire Fe involve specialized Fe ABC transporters or siderophore
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production. ABC transporters are aimed to be translocated across the membrane and efficiently bind
Fe and after making it available to the strain involved. Siderophores are low molecular proteins with
high affinity for ferric Fe that are produced and secreted by many bacteria (Andrews et al., 2003;
Hider & Kong, 2010). They are synthesized under conditions of low Fe availability and secreted into
the extracellular environment where they facilitate its use by microbial cells (Hider & Kong, 2010;
Neilands, 1995).
ABC iron transporters and siderophores bind ferric ions with high afﬁnity and solubilize the nonsoluble surrounding Fe in order to make it biologically available (Winkelmann, 2007). Production is
generally specific at the genus level, for example the siderophore pyoverdin is produced only by
Pseudomonas sp., enterobactin by Enterobacteriacea sp., and mycobactin by Mycobacterium sp.;
vibrioferrin by Vibrio sp. (Hider & Kong, 2010). For each siderophore produced, there is a specific
receptor to translocate the Fe bound siderophore back to cell. However a siderophore can also be
incorporated by a strain that is unable to produce it (Bultreys, 2007). Figure 3 shows a schematic
representation of the mechanism of siderophores secretion. Siderophore effectiveness in pathogens
resides in their ability to bind ferric Fe with an affinity that can exceed that of host Fe binding
proteins like, transferrin or lactoferrin, enabling siderophores to “steal” Fe from these host proteins.

Figure 3: Schematic representation of siderophore
mediated acquisition of environmental Fe by
microbial cells, (adapted from (Boukhalfa &
Crumbliss, 2002)); involving: (i) siderophore ligand
synthesis and release by the cell; (ii) ferric ion
recognition and complexation; (iii) diffusion to the
cell surface, (iv) siderophore complex molecular
recognition by cell surface receptor; (v) Fe release
to the cell interior.
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Iron and enteric pathogens

Pathogens must confront Fe nutritional challenges within the gut, in order to achieve colonization
(Nairz et al., 2010). The main challenge that many pathogens face is achieving sufficient density so
that their environment-modulating factors are effective for growth and proliferation. Before density
has been reached, pathogens must compete with commensals for Fe and space to successfully
establish (Ferreyra et al., 2014). First, specific nutritional strategies to compete for nutrients, such as
Fe, and multiply to high densities are used, followed by an inflammatory phase. The outcome of the
competition for Fe between the host cell and the microorganism is considered one of the most
important factors determining the ability of pathogens to multiply and cause disease (Wakeman &
Skaar, 2012). Highly efficient Fe acquisition machinery is essential to the survival of invading
pathogens in order to support the function of key Fe dependent metabolic processes (Fischbach et
al., 2006).
Several virulence factors and also growth performance of enteropathogens are regulated by Fe
(Bjarnason et al., 2003; Ellermeier & Slauch, 2008; Payne et al., 2006; Weinberg, 2009). For example,
bacterial pathogens can acquire Fe through receptor-mediated recognition of transferrin, lactoferrin,
hemopexin or hemoglobin complexes. Analogously, secreted hemophores can remove heme from
hemoglobin or hemopexin and deliver heme to bacterial cells through binding with hemophore
receptors. Bacterial pathogens also differ with respect to the preferred Fe source, whether free,
chelated to host compounds, or associated with heme and hemoglobin. Nevertheless, bacterial
pathogens employ one or a combination of methods to satisfy the requirement for Fe (Bullen &
Tearle, 1976; Diaz-Ochoa et al., 2014). For instance, the ferric uptake regulator (Fur) is the primary Fe
regulatory operon in Salmonella and E. coli (Ellermeier & Slauch, 2008). In Salmonella, the
pathogenicity island involved in the invasion into enterocytes has been demonstrated to be
regulated by the Fur system and consequently by the environmental Fe conditions (Ellermeier &
Slauch, 2008). The Shiga-like toxin I of EHEC is induced by Fe starvation (Calderwood & Mekalanos,
1987). In in vitro studies, S. Typhi and EHEC showed an increase in growth and adhesion and invasion
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capabilities to epithelial cell layers when pre-incubated with increasing Fe concentrations (Foster et
al., 2001; Kortman et al., 2012). Furthermore, low Fe levels, is a signal for the pathogens of the arrival
in host tissues and induce virulence factors (Litwin & Calderwood, 1993). Particularly, S. Typhi
colonizes the terminal ileum and colon, mainly resulting in the rapid induction of intestinal
inflammation (Thiennimitr et al., 2012), then the benefit of S. Typhi harnesses from intestinal
inflammation is largely based on an improved access to host nutrient sources. Therefore S. Typhi
virulence evolved predominantly as a means to access nutrient resources in its host (Rohmer et al.,
2011). Because Fe deprivation conditions are directly relevant to the host environment, several
recent analyses of proteomics and transcriptomics profiles under Fe limiting conditions were
performed to identify Fe-responsive proteins and genes in S. Typhi, S. aureus (Friedman et al., 2006),
M. tuberculosis (Bacon et al., 2007), S. pneumonia (Nanduri et al., 2008), B. anthracis (Carlson et al.,
2009) and L. monocytogenes (Brown & Holden, 2002).
Most enteropathogens are equipped with a large set of specific metabolic pathways to overcome
nutritional limitations in vivo, thus increasing bacterial fitness during infection (Staib & Fuchs, 2014).
Many bacteria have evolved Fe acquisition systems that utilize siderophores, that bind Fe with high
affinity and, once ferrated, can be taken up by specific receptors (Hider & Kong, 2010). Secreted
siderophores can remove Fe from transferrin, lactoferrin, or ferritin, whereupon siderophore–Fe
complexes are recognized by associated receptors at the bacterial surface. One of the most studied
siderophores is enterobactin, also called enterochelin, which is synthesized by commensal and
pathogenic Enterobacteriaceae, including E. coli, Salmonella spp. and K. pneumonia. Enterobactin
has high affinity for Fe (Ka = 1051 M−1), which is higher than the affinity of host proteins like
transferrin (Ka = 1020 M−1) (Tufano et al., 1981). Furthermore, some siderophores may be secreted in
order to deprive competing organisms of Fe, and as such will influence the ecology of the
environment occupied by the secreting colony (Waldron et al., 2009). In addition to acquiring Fe via
receptors for their own siderophores, many bacteria possess uptake systems for siderophores that
they do not produce. This allows the utilization of siderophores produced by other organisms in a
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strategy known as siderophore piracy. Recently, siderophores were found to aid in the cultivation of
previously uncultured microbial species, suggesting that many bacteria may have evolved a
dependence on siderophore piracy (D'Onofrio et al., 2010).
Siderophore-mediated Fe acquisition is inhibited by the innate immune protein siderocalin, which
binds siderophores and prevents receptor recognition. This host defense is circumvented through the
production of stealth siderophores that are modified to prevent siderocalin binding (Skaar, 2010).
The host specifically tries to restrict Fe through the production of lipocalin 2, which can bind
siderophores of pathogens like enterobactin (Raffatellu & Baumler, 2010). The expression of
lipocalin-2, is a mechanism that confers resistance to infection with the intracellular pathogen S.
Typhi (Raffatellu et al., 2009). This limits the growth of strains that rely on the siderophore
enterobactin to acquire Fe, such as E. coli and S. Typhi (Flo et al., 2004). Lipocalin-2 is released into
the intestinal lumen, where it binds enterobactin and by sequestering enterobactin, lipocalin-2 exerts
a bacteriostatic activity on bacteria that depend on this siderophore for Fe acquisition (Flo et al.,
2004; Raffatellu et al., 2009). Because lipocalin-2 effectively neutralizes siderophore-mediated Fe
uptake, pathogens have evolved methods to circumvent this host defense. One such method is the
production of modified siderophores, which have structural arrangements that prevent siderocalin
binding. Salmonella for example, is able to produce salmochelin, a glycosylated derivative of
enterobactin, which can no longer be bound by lipocalin 2 (Muller et al., 2009b; Raffatellu et al.,
2009). In this way, Fe-dependent pathogens can maintain a competitive advantage in the struggle for
host Fe (Kortman et al., 2012; Raffatellu & Baumler, 2010) (Figure 4). Furthermore, excess of Fe can
be stored in Fe storage proteins, creating an intracellular surplus of Fe that can be utilized in Fedeplete conditions while also limiting the potential for Fe-mediated free radical formation. Bacterial
pathogens store Fe in one of two types of proteins: ferritins and bacterio-ferritins proteins. Ferritins
and bacterio-ferritins enhance growth of Fe-starved pathogens such as E. coli, Campylobacter jejuni,
and Helicobacter pylori (Noto et al., 2013), protect against redox stress, and contribute to survival
within the host. For example, disruption of M. tuberculosis ferritin biosynthesis limits resistance to
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oxidative stress, enhances susceptibility to antibiotics, and decreases bacterial survival in a chronic
infection model (Litwin & Calderwood, 1993).

Figure 4. Fe acquisition of S. Typhi (Salmonella) in
the inflamed intestine (Raffatellu & Baumler,
2010). The presence of S. Typhi triggers intestinal
inflammation, which results in the activation of IL22 that produces lipocalin-2. Lipocalin-2 prevents
bacterial Fe acquisition by binding the siderophore
enterobactin, which is produced by S. Typhi.
Further, S. Typhi produce salmochelin to evade the
lipocalin-2 activity and finally resulting in host
invasion of S. Typhi (Raffatellu & Baumler, 2010;
Skaar, 2009).

2.4.

Iron and bifidobacteria

Bifidobacteria are Gram positive anaerobes that require Fe for their growth. However, an extensive
characterization of the mechanisms invoved in Fe acquistion in bifidobacteria is still lacking. In the
90’s Bezkorovainy proposed that one of the beneficial effects of bifidobacteria could be the result of
an efficient sequestration of Fe, thus making it unavailable to pathogens, resembling the nutritional
immunity by the host (Bezkorovainy et al., 1996). This group, demonstrated that bifidobacteria can
acquire Fe through two systems; the one activated at low Fe concentrations and the second at high
Fe concentrations, both of them being very efficient for Fe uptake (Bezkorovainy & Solberg, 1988).
Bezkorovainy et al, (1996) also described that Fe transport in bifidobacteria was mainly carried out by
electrogenic pumps and also hypothesized that siderophores were not part of the Fe metabolism in
bifidobacteria (Bezkorovainy, 1996; Bezkorovainy & Solberg, 1989; Bezkorovainy & Kot, 1998). Finally
they, concluded that Fe transport and storage mechanisms, as well as the molecular basis for Fe
transport, would be of special interest because they play an essential role for bifidobacteria Fe
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metabolism. In 2004, O’Sullivan, et al., (O'Sullivan, 2004) proposed that bifidobacteria produce
siderophores. The production of siderophores in bifidobacteria was investigated in agar plates which
were able to bacteriostatically inhibit pathgoens in an Fe dependent approach and this property was
strain dependent. De Haen et al, (2011), obtained a patent for the addition of ferric and ferrous iron
chelators to probiotic formulations with bifidobacteria; because Fe chelators will inhibit the the
growth of enteropathogens, but will allow the growth of bifidobacteria (Haen, 2011). In 2012, Cronin,
et al (Cronin et al., 2012), identified in the B. breve UCC2003 genome Fe uptake systems, through the
global expression of genes under Fe restricted conditions. They found the Fe dependent transcription
gene cluster bfeUOB, which encodes proteins similar to the EfeUOB ferrous Fe transporter from E.
coli. This operon was widely distributed in bifidobacteria. Despite the different attempts of
characterizing Fe metabolism in bifidobacteria, no strain specific Fe binding molecules have been
identified, and thus the question of strain specific Fe metabolism in bifidobacteira remain unclear
(Bezkorovainy., 1996).
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3.

Probiotics

Probiotics are defined by the WHO and FAO as “Live microorganisms which when administered in
adequate amounts confer a health benefit on the host” (Capurso & Morelli, 2010). Probiotic bacteria
are included in a wide range of consumer formulations including yoghurts, drinks, capsules and
dietary supplements (O'Toole & Cooney, 2008). Bifidobacterium and Lactobacillus strains are most
commonly used as probiotics (O'Toole & Cooney, 2008). Probiotic beneficial effects are diverse and
are expected to be strain specific, implying that the proposed efficacy of particular strain cannot be
extrapolated to other strains or species, as they may exhibit distinct phenotypes and properties that
can lead to different clinical effects, thus the importance of an accurate selection of probiotic
candidates (Siciliano & Mazzeo, 2012). In the last decade strain probiotic selection was accomplished
mainly by characterizing their ability to sense the different environments in the gastrointestinal tract,
such as, bile salts, acid resistance, adherence to epithelial cells; which today are essential features for
probiotic strains (Marco et al., 2006). However, specific mechanisms of effector molecules involved
in beneficial effects were left aside, leading to misapprehension of the benefits of probiotic bacteria.
As a result regulatory authorities, like the European Food Safety Authority (EFSA) and the Food Drug
Administration (FDA) have identified the need to specifically describe the mechanisms involved in
host-protection (Azais-Braesco et al., 2010; Bron et al., 2012). Proper identification of the
mechanisms by which probiotic bacteria influence human health is nowadays needed in order to
market a probiotic product with a claim for health. Probiotic benefits can be mediated not only via
direct competition with pathogens and production of antimicrobial substances such as bacteriocins,
but also through their activities on the host, including the induction of antimicrobial peptides and
mucins and the stimulation of other epithelial barrier functions. Therefore, accurate rationale for
selecting and testing strains is needed to identify candidates with potential probiotic function, that
can be further included in clinical trials (Foligne et al., 2013). Figure 5 shows a schematic
representation of the steps for the development of probiotic products.
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Figure 5: Comparison of probiotic strain selection. A) up to 2009 B) from 2010-today. Modified from
(FAO/WHO, 2002; FAO/WHO, 2006) (Binnendijk & Rijkers, 2013).

3.1.

Isolation of probiotic strains

Bifidobacteria are commonly isolated from the human gastrointestinal tract (GIT), faeces and breast
milk of human subjects (Fontana et al., 2013). The main source of bifidobacterial strains is the human
GIT, especially the infant gut, where bifidobacteria is one of the most represented groups and is likely
involved in the development of immune system (Jost et al., 2013). Three principal approaches have
been developed for isolation, detection, and identification of potential probiotic strains: 1) culturefree molecular methods for detection, 2) traditional culturing methods using selective media for
isolation and 3) molecular methods for identification and differentiation (Allen-Vercoe, 2013).
Identification of bifidobacteria in samples is mainly done by quantitative PCR and next generation
sequencing techniques, such as pyrosequencing. Although these methods support information of
microbial ecosystems, an important step is the isolation of its members for further evaluation.
Cultivation of microorganisms provides information about the ecological role of communities and
allows greater understanding of the interactions that lead to extent traits, such as ability to break
down dietary substrates (Armengaud et al., 2014; Lagier et al., 2012). Thus, isolation allows further
phenotypic characterization and functional studies. Selective media have been formulated for the
selective isolation of bifidobacteria and the most commonly used are listed in Table 3 (Lee &
O'Sullivan, 2010; O'Sullivan, 2001). Selectivity is mainly based on the use of antibiotics, such as
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neomycin, polymyxin B, nalidixic acid and/or mupirocin, while others utilize inhibitory agents such as
lithium chloride and propionate (Lee & O'Sullivan, 2010). Besides, isolation of bifidobacteria targeting
characteristic metabolism; strain isolation could be narrowed by the addition of compounds to the
media in order to target specific properties, such as strong Fe chelators or specific supplements that
will shrink and target specific metabolism of the organism of interest. After isolation and proper
isolate purification, strain identification can be performed by molecular methods and using unique
phenotypic traits. Examples of molecular methods are: 16S RNA sequencing, pulsed field gel
electrophoresis, DNA-DNA hybridization and randomly amplified polymorphic DNA. Probiotic strains
are characterized by specific phenotypic traits which rely on the specific metabolism of the research
candidate.

Table 3: Selective media for isolation and enumeration of bifidobacteria adapted (Lee & O'Sullivan, 2010)
Antibiotic-free
media
Medium
MRS-cysteine

Selectivity
-

mCABa (Beerens)

Propionic acid

LP

Lithium Chloride, sodium propionate

TPY

Tryptic soy

BFM

Lithium Chloride, propionic acid, methylene blue

Reference
(Man JC de & ME, 1960)
(Beerens, 1991)
(Lapierre et al., 1992)
(Bergey et al., 1984)
(Nebra & Blanch, 1999)

Antibiotic-based
media
Medium
BSM

Selectivity
Mupirocin

Reference
(Simpson et al., 2004)

NPNL

Neomycin, paromomycin, nalidixic acid and Lithium
Chloride
Polymyxin B, nalidixic acid, iodoacetic acid, 2,3,5triphenyltetrazolium chloride

(Teraguchi et al., 1978)

BIM-25

3.2.

(Munoa & Pares, 1988)

Phenotypic characterization of probiotic strains

Probiotic microorganisms beneficially affect human health through different mechanisms that are
typically divided into a number of general categories, involving strengthening of intestinal barrier,
modulation of the immune response and antagonism of pathogens either by the production of
antimicrobial compounds or through competition for nutrients and/or mucosal binding sites (Marco
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et al., 2006). However, in order to select the most promising research candidates, phenotypic key
features are assessed to finally select research candidates for further development. To this end and
depending on the desired feature, strains may be phenotypically differentiated based on final
fermentation products, genetic elements, affinity for specific nutrients or production of functional
proteins or metabolites, which can be primarily assessed by biochemical assays since their activity
can be correlated with their functionality (Ventura et al., 2014). Once lead candidates have been
selected proper safety assessment is the next step to follow for further development.

3.3.

Safety of probiotic strains

In order to use specific strains as probiotic their safety has to be proven to minimize the risk of
adverse events due to the strains used (Sanders et al., 2010; Servin & Coconnier, 2003). In rare cases
probiotics have been associated to bacteremia (Reid, 2012) and this highlights the importance to
assess the safety of probiotic strains used. Thus ensuring that probiotics are used appropriately
requires a detailed knowledge of the genotypic and phenotypic characteristics of the microorganism
in conjunction with a standardized approach to their administration and surveillance and therefore
minimizing the risk of unexpected adverse consequences (Morrow et al., 2012; Seale & Millar, 2013).
The gut microbiota is an important reservoir of resistance genes, either because of resistant bacteria
selected during antibiotic treatments, or acquired by direct or indirect contact with other carriers or
with food (Schjorring & Krogfelt, 2011). The presence of antibiotic resistance in probiotics may be
advantageous by enabling probiotic survival in an intestinal environment where antibiotics are
continuously administered. This resistance is frequently intrinsic and therefore non transmissible.
However a potential danger arises whereupon resistance is due to transmissible plasmid-encoded
antibiotic resistance genes which are consequently passed on to more virulent colonizing bacteria
(Sanders et al., 2010; Zhou et al., 2005). Thus resistance plasmids, such as tetracycline resistance (tet)
genes and congugative transposons present in the genome of potential probiotic bacteria are
undesirable (Aires et al., 2007). A variety of factors are considered in the assessment of the safety of
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probiotics, which include the following: (1) recording the isolation history and taxonomic
classification of candidate probiotics, (2) manufacturing controls that eliminate contamination
(including cross-contamination between batches) of probiotics with microorganisms or other
substances, (3) assessing the association of probiotics with infectivity or toxicity at the strain level
and (4) determining the physiological status of the consuming population, with special consideration
for use in vulnerable populations, including newborn infants and the critically ill (dose administered
and method of administration) (Sanders et al., 2010). When considering all of these factors,
probiotics are generally considered to be safe, but assessment has to be at strain level. Safety
assessment for probiotics is mediated by different regulatory authorities, such as the EFSA in Europe
and the FDA in the United States. Some Bifidobacterium species have successively received the
General Recognized As Safe (GRAS) status by the FDA and some have entered the list of strains
possessing the Quality and Presumption of Safety (QPS) status by the EFSA. The two mentioned
status refer to the safety use of the probiotic strains. The EFSA proposed the QPS status as an
approach to safety evaluation, which involves four steps: (1) defining the taxonomy of the
microorganisms; (2) collecting sufficient information providing the basis for QPS status, including
scientific literature, history of use, industrial applications and ecological and human intervention
data; (3) excluding pathogenicity and (4) defining the end use.
QPS status considered the acquisition of antibiotic resistance and virulence determinants, whereas,
the GRAS system considers case by case situation (Leuschner et al., 2010). Adjustment to one or the
other system has to be considered for the intended market. Furthermore, due to the fast decoding of
genomes, safety assessment can be targeted in silico and thus –omics- approaches facilitate
information related to safety and metabolic features from the research candidates, thus making the
decoding of the genome of the selected research candidate(s), a prerequisite for further
development. The following Bifidobacterium species currently have the QPS status; B. adolescentis,
B. bifidum, B. longum, B. animalis, B. breve (Leuschner et al., 2010).
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Characterization of probiotic strains
3.4.1.

Genomics

The public availability of full genome sequence data has enlarged our understanding of the biology of
these microorganisms and has provided the possibility of generating a huge amount of information
on metabolic capabilities, genetics and phylogeny of these bacteria (Turroni et al., 2011). The
decoding of the genome sequence of a potential probiotic strain is a prerequisite step in the
discovery of the genetic basis of probiotic action of health-promoting bifidobacteria. Genomics
approaches have provided new opportunities for the identification of probiotic effector molecules
that elicit specific responses to influence the physiology and immune function of their human host
(Turroni et al., 2014). Comparative genome analysis, are also referred to as probiogenomics, has
provided important insights into the diversity and evolution of probiotic bacteria, and has in several
cases guided the unraveling of the molecular basis for a particular beneficial activity. Analysis of
bifidobacterial genomic data has provided molecular evidence of environmental adaptation,
including molecules responsible for gut colonization and survival in the human intestine and have
highlighted key genes of these bacteria, such as those involved in carbohydrate metabolism and
HMO utilization (Renuse et al., 2011; Ventura et al., 2009). The strict co-evolution of many
bifidobacterial species with the eukaryotic digestive tract has lead bifidobacteria to acquire
important colonization factors and metabolic abilities, which render them one of the major microbial
players in gut colonization during the first stages of life (Turroni et al., 2014).
Genome sequencing and subsequent functional analysis of human gut bifidobacteria has also shed
light on the molecular basis for health-promoting microbe–host interactions. Integration of
comparative and functional genomic (proteomics, metabolomics and transcriptomics) approaches
allow the simultaneous analysis of very large numbers of proteins, metabolites and/or genes, that
are expanding the understanding of the roles of gut derived bifidobacteria in microbe–microbe,
host–microbe interactions (Ventura et al., 2014) and have revealed a number of key molecules that
promote their establishment in the human intestine. While genomics may provide a comprehensive
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overview on everything related to nucleic acids, proteomics ensures the translation of specific
proteins or complexes of proteins in their biological niche (Del Chierico et al., 2014). Proteomic
profiling is important to understand the function of this large set of proteins considering the
relevance of bifidobacteria in human health, as they could represent biomarkers for further
development (Bottacini et al., 2010).

3.4.2.

Proteomics

Evidence of commensal adaptation to the human gut is demonstrated by the ability of these
microorganisms to survive the stressful conditions that are encountered in the intestine. GIT stresses
include exposure to bile salts, osmotic stress resulting from diet variation, and acidic stress during
passage through the stomach. Bifidobacteria counteract these stressful conditions by the expression
of molecular chaperones, bile efflux transporters, bile salts hydrolases and ATPases (Ventura et al.,
2012a). Furthermore, competition for existing resources is achieved by the use of effective and
diverse nutrient uptake systems and enzymes, elimination of competitors and direct interaction with
other community members, therefore successful colonization of microorganisms in the large
intestine, must evolve efficient mechanisms for utilizing the available nutrients (Armengaud et al.,
2012).
Proteomic analysis is crucial to investigate protein biological functions and stress response.
Proteomics is remarkably contributing to study the mechanistic aspects underlying the ability of
probiotics to change their lifestyle in order to better adapt to GIT environment, especially in the gut
(Siciliano & Mazzeo, 2012). Proteomics has been defined as a large scale characterization of the
entire protein complement of a cell line, tissue, or organism and comprises an ensemble of different
experimental techniques that include high-throughput protein identification and quantification,
protein-protein interaction, characterization of protein function, location and modification. The most
common technique used in the last decade was two dimensional gel (2D-Gel) electrophoresis for the
characterization of stress response and environmental changes in bifidobacteria. 2D-Gel
electrophoresis can be used to identify and quantify proteins, as well as, post-translational
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modifications. However, the low resolution power for very small, very large proteins, low abundant
proteins, proteins with extreme isoelectric point or very hydrophobic proteins remain a limitation on
the technique. Furthermore, recent advances in mass spectrometry (MS), such as High Performance
Liquid Chromatography (HPLC) coupled to hybrid mass spectrometers, have led to great
improvements on proteomic techniques. This includes shot gun proteomics combining liquid
chromatography and MS detection to overcome the limitations of 2D-Gel electrophoresis. A general
workflow for proteomics is described in Figure 6.

Figure 6: General work-flow for proteomics. TCA: Thrichloroacetic acid, 1D: one dimension, SDS-PAGE: sodium
dodecyl sulfate – polyacrylamide gel electrophoresis, MW: molecular weight, 2D: two dimension, HPLC: high
performance liquid chromatography, Maldi-TOF: Matrix assisted laser desorption/ionization-time of flight, LCMS/MS: Liquid chromatography –mass spectrometry/mass spectrometry, i-TRAQ: isobaric Tags for Relative and
Absolute Quantitation, SILAC: stable isotope labeling with aminoacids in cell culture, SRM: selected reaction
monitoring, pI: isoelectric point.

In Gram positive bacteria, most secreted proteins are synthesized as precursors with a cleavable Nterminal signal sequence, but a significant fraction is secreted by non-classical pathways (Armengaud
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et al., 2012). Shot gun proteomics and bioinformatics tools are used to predict the peptide signal (Nterminal signal sequence) and protein localization (Boekhorst et al., 2005). Extracellular proteins are
transported to the cell surface via seven main protein secretion mechanisms, namely the main
secretion machinery, twin arginine translocation, flagella export apparatus, fimbrilin-protein
exporter, holing mechanism peptide efflux ABC transporters, LPXTG secretion systems and not yet
known translocation mechanisms (van Wely et al., 2001). The secreted proteins can be divided into
two major types, the proteins that are released into the environment and those that are covalently
or non-covalently anchored to the cell surface (Boekhorst et al., 2006). Identification of

the

mechanisms by which probiotic bacteria influence human health would lead to the identification of
valid biomarkers that could be used for validation of the effector molecules (Turroni et al., 2014).
Proteomes of Bifidobacterium in complete protein complement of a cell or subcellular fraction of a
Bifidobacterium give an insight on the proteins involved to specific growth conditions, such as iron
limitation (Pizarro-Cerda & Cossart, 2006; Sanchez et al., 2008). Of particular interest are
extracellular proteins produced by bifidobacteria as they mediate directly interactions with their
host. Secreted proteins have to be transported across membranes to ensure nutrient uptake, motility
and interactions (Armengaud et al., 2012). Thus protein secretion in bacteria plays an important role
in the interaction of microorganisms with each other and with their environments (Gil & Monteoliva,
2014). Although genomics and proteomics are providing information regarding the safety and
potential mechanisms involved in probiotic traits, in vitro models are still essential tools for the
characterization of strains for strain specific properties, such as survival to GIT conditions,
interactions with foodborne pathogens, interactions with the intestinal microbiota and the host
including mechanisms of microbial attachment and cross-talk with host epithelium and
preventive/curative effects of probiotic bacteria (Cencic & Langerholc, 2010).

3.4.3.

Common probiotic traits

Probiotic strains are commonly included in yogurts or in supplements. Probiotic strains should be
able to survive the different environmental conditions of the gastrointestinal tract (FAO/WHO, 2006).
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For instance, probiotic strains must be able to resist to gastric juice, survival to low pH values (1.53.0), bile acid resistance, adherence to mucus and human epithelial cells and bile salt hydrolase
activity (Masco et al., 2007). All these properties can be tested with in vitro assays designed to mimic
these stress conditions (Arboleya et al., 2011). Furthermore, another important characteristic
attributed to probiotics are specific functionalities, such as the competition against enteropathogens
and these properties are further tested through suitable in vitro assays that give a first insight on the
potential antagonistic activity or specific activities such as anti-inflammatory response.

3.4.4.

Specific functionality

Probiotic bacteria beneficially affect host health through host-mediated mechanisms like production
of antimicrobial substances, competition for nutritional substrates and mucosal binding sites,
strengthening the intestinal barrier or modulation of the immune response (Turroni et al., 2014;
Zihler et al., 2011). Inhibitory substances that are produced from the resident microbiota might
impair the growth and survival of competing microorganisms in the gut. For example, bacteriocins,
including colicins, microcins and lantibiotics, have been identified in the secretion pathway of
different groups of the gut microbiota and these molecules may inhibit the growth of related
bacteria (Dobson et al., 2012), probably contributing to niche protection and inhibition of
colonization of potential pathogens (Santos et al., 2009). Therefore, identification of inhibitory
substances is a major focus of research, but accurate identification and proper purification have been
important limitations. The potential substances are normally tested through agar inhibition methods
or through microbe-microbe interaction models, where competition may lead to inhibition through
the production of antimicrobial substances (Zihler et al., 2009). Furthermore, host-mediated
mechanisms like strengthening the intestinal barrier competition with pathogenic bacteria for
binding sites are tested through in vitro cell models. The intestine is an important internal
environment where a number of processes occur in order to nourish the body and protect it against
the enteropathogens or harmful substances entering the gut (Mahler et al., 2009). Gut microbiota
and epithelial cell layer represent the first barrier between the inside of the human body and
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exogenous compounds (Atuma et al., 2001). The cell layer mediates functions in the intestine, such
as nutrient absorption, mucus secretion and recognition of bacterial invaders (Abreu, 2010; Atuma et
al., 2001). The mucus is composed of complex glycoproteins called mucins and forms a protective
layer over the epithelium of the small and large intestine (Ashida et al., 2012; Turner, 2009). The
intestinal mucus offers numerous ecological advantages for both resident microorganisms and some
pathogenic bacteria present within the lumen and in the intestinal epithelium. It can serve as
nutrient for bacterial growth and promote intestinal establishment by the adhering bacteria which
have the ability to survive and multiply in the outer regions of the mucus layer (Macpherson et al.,
2005). Disruption of the epithelial barrier results in invasion by commensal bacteria and the
excessive production of inflammatory cytokines by mucosal cells, leading to pathological
inflammation that may subsequently develop into chronic intestinal inflammation (Goto & Kiyono,
2012).
Intestinal infections are mainly mediated by the adhesion of pathogenic bacteria to mucosal surfaces
and disruption of the intestinal mucosa (Collado et al., 2005). Adherent intestinal microorganisms
compete with exogenous microorganisms for attachment sites on the brush border of intestinal
epithelial cells, preventing pathogenic invasion and translocation into colonic tissue (Bernet et al.,
1994; Nardi et al., 1989). For this reason, the assessment of adhesion properties and characterization
of competitive exclusion properties of probiotic strains remains an important task to assess strain
functionality (Collado et al., 2007b). The use of in vitro cell models is widely accepted when studying
interactions with the intestinal epithelium and attempt to partially mimick the complex and dynamic
interactions that exist in vivo between the intestinal mucosa and bacteria (Linden et al., 2007). Cell
models are typically differentiated monolayers of single or co-culture cell lines that have the
characteristics of mature intestinal cells such as enterocytes, colonocytes or mucus-secreting cells
(Mahler et al., 2009; Rousset, 1986). The human intestinal cell lines Caco-2 and HT-29-MTX, which
were isolated from colon adenocarcinomas, are most widely used for in vitro attachment and
mechanistic studies (Cencic & Langerholc, 2010). Particularly, HT29-MTX cells exhibit entirely
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differentiated goblet cell-like phenotype secreting low amounts of MUC2 mucins predominantly
expressed in the small and large intestine (McGuckin et al., 2011). The mucus-secreting HT29-MTX
cell line reproduces the mucins present in the native human mucus layer covering the whole cell
surface of the gut (Gagnon et al., 2013) and represents good model with physiologically relevant
characteristics to investigate adherent properties of gut microorganism to HT29-MTX cells (Zihler et
al., 2011). This cell line has been used to investigate bacterial adhesion abilities and antagonistic
interactions against pathogens for the adhesion to intestinal binding sites (Bernet et al., 1993; Gopal
et al., 2001; Serafini et al., 2013). Characteristics such as adhesion to epithelial cells, production of
bacteriocins and SCFA, and the ability to inhibit adhesion of pathogens are considered important to
confer probiotic effects because they describe the potential biological effect. However these
methods are not sufficient on their own to define a probiotic organism. The expression of such
factors in vivo and verification that they comprise key mechanisms of action is needed before they
can adequately predict the function of probiotic microorganisms in the human body (Servin &
Coconnier, 2003).

3.4.5.

Efficacy of probiotic strains

Probiotic bifidobacteria have been shown to promote a variety of biological effects in a number of
physiological conditions and pathologies, including allergy, intestinal and liver diseases, urinary and
upper respiratory infections and metabolic diseases. These effects are strain specific and are
primarily mediated through changes in the faecal microbiota and immune modulation (Lee &
O'Sullivan, 2010). Once isolates are identified as probiotic candidates further validation of
mechanisms involved in host protection is achieved by testing the research candidates in complex
ecosystems such as in vitro intestinal models and mouse models (Vieira et al., 2013). Many in vitro
models have been developed to elucidate the community structure and function of complex gut
microbial communities under various experimental parameters. In vitro gut fermentation models
consist of single or multiple fermentation vessels connected in series which are operated under
conditions mimicking various compartments of the large intestine and enabling different set-ups to
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test different infections or gut microbiota status (Zihler Berner et al., 2013). As host functionality is
not reproduced in these models, assessment of host-microbe interactions must be elucidated using
either in vivo models or combined in vitro fermentation and cellular models (Zihler et al., 2011).
These models give an insight on potential outcomes in the final host, however, clinical trials have to
be done to get more information on the potential benefits from the probiotic strain (Payne et al.,
2012). The assessment of new probiotics with specific anti-pathogenic activity is normally based on
scientific evidence from in vitro characterization and confirmed in vivo through animal models and
finally proof of concept is validated in clinical trials (Payne et al., 2012).
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Bifidobacterium is dominant commensal anaerobic bacteria group that colonizes the infant gut.
Bifidobacterium sp. have been associated with a broad range of positive but strain-specific effects on
host's health such as, modulation of intestinal microbiota, immune-modulation and attenuation of
inflammatory symptoms. On the other hand, Fe is a trace element of crucial importance to living
cells, including intestinal microorganisms and enteropathogens. It is involved in essential metabolic
processes like, cell proliferation, electron transport and is a cofactor for different enzymes. Bacteria
acquire Fe through efficient Fe sequestration systems, such as siderophore production and ABC
transporters that are associated to proliferation and persistence. Bifidobacteria require iron for their
growth; however, very little is known about Fe transporters and/or Fe metabolism in bifidobacteria.
Cronin et al, (2012), recently reported the first bifidobacteria genome Fe uptake system for B. breve
that was shown to be widely distributed in bifidobacteria. For this study, it is hypothesized that
bifidobacteria isolated from feces of breast fed iron deficient Kenyan infants possess efficient iron
sequestration mechanisms that support their competitiveness in the gut ecosystem, and can
potentially protect the host against enteropathogens through nutritional immunity for iron.
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4.2.

General objective

This study aimed to isolate, from stool samples of iron deficient breast fed Kenyan infants,
Bifidobacterium strains with high iron sequestration properties, and to identify iron related
metabolism and antagonistic properties of strains selected for high Fe mechanisms sequestration
ability.

4.3.

Specific objectives

Bifidobacterium strains were isolated from stool samples of iron deficient breast fed Kenyan infants.
Strains from public culture collections and isolates from this study were screened for iron acquisition
properties to select bifidobacterial strains with potent iron sequestration mechanisms. The Fe
metabolism of two selected bifidobacterial strains was then investigated through genomics and
proteomics. Finally, the potential of the two selected bifidobacterial strains for pathogen inhibition
and competition for epithelial binding sites was evaluated in vitro, using microbe-microbe interaction
and a HT29-MTX cellular model.
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Abstract
Bifidobacteria is one of the major gut commensal groups found in infants. Their colonization is
commonly associated with beneficial effects to the host through mechanisms like niche occupation
and nutrient competition against pathogenic bacteria. Iron is an essential element necessary for most
microorganisms, including bifidobacteria and efficient competition for this micronutrient is linked to
proliferation and persistence. For this research we hypothesized that bifidobacteria in the gut of iron
deficient infants can efficiently sequester iron. The aim of the present study was to isolate
bifidobacteria in fecal samples of iron deficient Kenyan infants and to characterize siderophore
production and iron internalization capacity. Fifty-six bifidobacterial strains were isolated by
streaking twenty-eight stool samples from Kenyan infants, in enrichment media. To target strains
with high iron sequestration mechanisms, a strong iron chelator 2,2-dipyridyl was supplemented to
the agar media. Bifidobacterial isolates were first identified to species level by 16S rRNA sequencing,
yielding B. bifidum (19 isolates), B. longum (15), B. breve (11), B. kashiwanohense (7), B.
pseudolongum (3) and B. pseudocatenulatum (1). While most isolated bifidobacterial species are
commonly encountered in the infantile gut, B. kashiwanohense was not frequently reported in infant
feces. Thirty strains from culture collections and 56 isolates were characterized for their siderophore
production, tested by the CAS assay. Siderophore activity ranged from 3 to 89% siderophore units,
with 35 strains (41%) exhibiting high siderophore activity, and 31 (36%) and 20 (23%) showing
intermediate or low activity. The amount of internalized iron of 60 bifidobacteria strains selected for
their siderophore activity, was in a broad range from 8 to 118 µM Fe. Four strains, B. pseudolongum
PV8-2, B. kashiwanohense PV20-2, B. bifidum PV28-2a and B. longum PV5-1 isolated from infant stool
samples were selected for both high siderophore activity and iron internalization. A broad diversity
of bifidobacteria were isolated in infant stools using iron limited conditions, with some strains
exhibiting high iron sequestration properties. The ability of bifidobacteria to efficiently utilize iron
sequestration mechanism such as siderophore production and iron internalization may confer an
ecological advantage and be the basis for enhanced competition against enteropathogens.
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1.

Introduction

Bifidobacteria represent one of the most predominant groups of commensal bacteria residing in the
human and animal gastrointestinal tract (Zoetendal et al., 2006). Bifidobacterium spp. are among the
first anaerobes able to reach high levels within the first week of life and generally represent more
than 40% of infant gut microbiota (Jost et al., 2012; Turroni et al., 2012). Different Bifidobacterium
species are associated with a broad range of beneficial effects on host's health. Their colonization in
the gut is associated with modulation of the intestinal microbiota composition and activity, immunemodulation and attenuation of inflammatory symptoms (Broekaert & Walker, 2006; Yatsunenko et
al., 2012). Additionally, mechanisms involved in host protection include nutrient competition,
competitive exclusion, direct antagonism by inhibitory substances and host-mediated effects such as
improved barrier function and altered immune response (Corr et al., 2009; O'Toole & Cooney, 2008).
Numerous studies have demonstrated the efficacy against enteric pathogens of selected
bifidobacterial strains but the mechanistic basis supporting the observed benefits is still often lacking
(Payne et al., 2012). Strain dependency is one of the features that have been revealed while seeking
for new probiotic strains (O'Sullivan, 2001), thus the importance of selection of suitable candidates
through biochemical assays targeting potential probiotic functions.
Iron is an essential micronutrient for most intestinal commensal and pathogenic bacteria, except for
Lactobacillus (Pandey et al., 1994). Iron is involved in many essential metabolic processes like cell
proliferation, electron transport, and is a cofactor for different enzymes (Andrews et al., 2003). For
instance, iron plays an important role in most pathogenic bacteria, as iron sequestration mechanism
have been associated to cell replication and persistence and thus being involved in pathogenesis
(Nairz et al., 2010). However, iron is restricted in most environments including the mammalian
intestine (Johnson & Wessling-Resnick, 2012). The limited availability of iron in the host provides one
form of non-specific immune-defence that bacteria, for instance, bacterial pathogens need to
overcome in order to grow and cause infection (Fischbach et al., 2006). Therefore microorganisms
have evolved different acquisition systems like import of iron from different sources and production
43

of siderophores to utilize, accumulate and sequester iron (Schwyn & Neilands, 1987). Various
physiological mechanisms such as low/high affinity iron transport systems are employed by bacteria
to tightly control iron uptake, intracellular concentration and storage, preventing toxic effects
(Bezkorovainy & Solberg, 1989). Iron starvation signals the up-regulation of acquisition systems and
as a response many gram positive bacteria synthesize low molecular weight iron chelating ligands,
known as siderophores, to compete for iron (Patel et al., 2009). In contrast, iron excess activates the
expression of efflux pumps and ferritin like proteins involved in iron accumulation (Bezkorovainy,
1996; Bezkorovainy & Kot, 1998).
Withholding iron has been identified as a major competitive and defense mechanisms in many Gram
positive and Gram-negative bacteria, because of its general limited availability in different
environments, such as the intestine (Collins, 2008; Raffatellu et al., 2009). The concept of restricting
iron to pathogens has been coined as nutritional immunity (Diaz-Ochoa et al., 2014; Weinberg, 1978)
and is usually associated with efficient iron sequestration systems. It has been hypothesized that one
of the beneficial actions of health promoting bifidobacteria is to sequester iron, thus making it less
available to pathogens, hence representing another form of nutritional immunity (Bailey et al., 2011).
The ability of bifidobacteria to outcompete by producing siderphores and/or concentrating iron from
the environment may therefore provide a competitive advantage against competing microorganisms
by limiting the iron available in complex ecosystems such as the gut microbiota. Thus, bifidobacteria,
may cause iron starvation of competing microorganisms; for instance, enteropathogens. However to
our knowledge, the ability to produce siderophores in culture supernatant and to internalize iron of
diverse bifidobacteria species has never been investigated. We hypothesized that bifidobacteria
present in the gut of iron deficient infants efficiently sequester iron. Therefore our aim was to isolate
Bifidobacterium strains from stool samples from iron deficient Kenyan infants and to investigate their
ability to produce siderophores as well as to sequester iron in comparison to culture collection
strains.
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2.

Materials and methods

2.1.

Culture collections strains

Twenty-one Bifidobacterium strains belonging to different culture collections (DSMZ, ATCC, LMG)
and nine belonging to our own culture collection were used for strain characterization and are listed in
Table 3. Additionally, 56 bifidobacterial strains typed to species level were isolated from 28 stool
samples from Kenyan infants (Table 4).

2.2.

Cultivation conditions

Working cultures were obtained by inoculating strain stocks (1% inoculation rate) maintained at 80°C in 10 mL de Man, Rogosa and Sharpe broth (Biolife, Italy) (MRS), pH 6.0, supplemented with 0.5
g/L L-cysteine (cys) (Sigma-Aldrich, Switzerland). Incubation was carried out in an anaerobic chamber
(Coy Laboratory Products Inc., Inc.) with an atmosphere of 85% N2, 10% CO2 and 5% H2 (PanGas AG,
Switzerland), at 37°C for 48 h. Peptone water (Oxoid, Switzerland) supplemented with 0.05% cys, pH
6.5 (peptone-cys) was used as a re-suspension solution. In order to achieve iron limited conditions a
chemically semi-defined low iron medium (CSDLIM, tested with 1.5 µM iron) was used, containing:
5.64 g/L 5X M9 minimal salts, 5.0 g/L proteose-peptone (Becton Dickinson, Switzerland), 0.2 g/L cys,
20 mL/L of 20% glucose, 2 mL/L of 1 M MgSO4 and 0.2 mL/L of 1 M CaCl2 2H2O (Sigma-Aldrich,
Switzerland). The M9 minimal salts, proteose-peptone and cys were dissolved in 980 mL of double
distilled water and autoclaved. Glucose, magnesium and calcium were solubilized in double distilled
water to the desired concentration (see above), filter-sterilized (0.22 μm pore size, Millipore,
Switzerland), and added to the autoclaved portion. For measuring the ability to internalize iron an
iron uptake solution (IUS), with 0.05 μM ferrous iron pH 6.5 was used, containing: 0.4 g/L KCl; 8 g/L
NaCl; 0.14 g/L CaCl2 2H2O; 2 g/L glucose; 8.2 g/L sodium acetate (Sigma-Aldrich, Switzerland); 0.2 g/L
cys.
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Table 4. Strains from culture collections used for characterization of siderophore activity and iron
internalization.

Strain

Culture collection

Number

Bifidobacterium adolescentis

DSMZ

20083

Bifidobacterium animalis

DSMZ

10140

Bifidobacterium animalis

DSMZ

20105

Bifidobacterium bifidum

DSMZ

20456

Bifidobacterium boum

DSMZ

20432

Bifidobacterium breve

DSMZ

20213

Bifidobacterium catenulatum

DSMZ

16992

Bifidobacterium lactis

LFB culture collection

DC1

Bifidobacterium lactis

LFB culture collection

DC5

Bifidobacterium longum

ATCC

15708

Bifidobacterium longum

ATCC

51870

Bifidobacterium longum

LFB culture collection

DC7

Bifidobacterium longum

LFB culture collection

NCC2705

Bifidobacterium longum

DSMZ

20088

Bifidobacterium longum

DSMZ

20211

Bifidobacterium longum

DSMZ

20219

Bifidobacterium pseudocatenulatum

DSMZ

20438

Bifidobacterium pseudolongum

DSMZ

20099

Bifidobacterium thermoacidophilum

DSMZ

15837

Bifidobacterium thermoacidophilum

DSMZ

17755

Bifidobacterium thermoacidophilum

LMG

21395

Bifidobacterium thermoacidophilum

LMG

21396

Bifidobacterium thermoacidophilum

LMG

21397

Bifidobacterium thermophilum

LFB culture collection

RBL67

Bifidobacterium thermophilum

LFB culture collection

RBL68

Bifidobacterium thermophilum

LFB culture collection

RBL70

Bifidobacterium thermophilum

DSMZ

20210

Bifidobacterium thermophilum

DSMZ

20212

Bifidobacterium thermophilum

LFB culture collection

F9K9

Bifidobacterium spp.

LFB culture collection

BB46

LFB: Laboratory of Food Biotehcnology; DSMZ: German collection of microorganisms; ATCC: American type
culture collection.
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2.3.

Fecal samples for Bifidobacterium strains isolation

Twenty-eight baseline stool samples from Kenyan infants (fifteen male, thirteen female) were used
for Bifidobacterium strain isolation (Jaeggi et al., 2013). Stools were obtained from eighteen anemic
and six iron deficient infants (hemoglobin level <11 g/dL) and from four infants for whom no
hemoglobin data was available. All infants were 6 +/-0.25 months old, vaginally delivered, breast fed,
unrelated, and they did not receive any antibiotic/probiotic treatment in the previous three months.
Stool samples of approx. 1 g of fresh fecal material were taken up with a sterile spatula and collected
in cryo-vials containing 20% glycerol (Sigma-Aldrich, Switzerland) and 0.05% (final volume) cys
(Sigma-Aldrich, Switzerland). The samples were frozen at -20°C until processing for isolation. This
study was approved by the Ethics and Research Committees of the Kenyatta National Hospital/
University of Nairobi (KNH-ERC/A/337), the University of KwaZulu-Natal (BF121/08) and the Swiss
Federal Institute of Technology Zurich (EK 2009-N-53). Caregivers signed an informed consent. This
study is registered at clinicaltrials.gov as NCT01111864.

2.4.

Characterization of fecal samples

2.4.1 DNA extraction and quantitative PCR (qPCR)
DNA was extracted from 250 +/- 50 mg fecal sample by a FastDNA SPIN kit for soil (MP Biomedicals,
France) and quantification was carried out with a Nanodrop Spectrophotometer (ND-1000, Witec AG,
Switzerland). Total bacteria and bifidobacteria populations were detected by qPCR with KAPA™
SYBR® FAST qPCR kit (Biolabo Scientifics Instruments SA, Switzerland) and a 7500 Fast Real-Time PCR
System (Applied Biosystems, Switzerland). Total bacteria were quantified using plasmid pLME21
containing the 16S rRNA gene from Escherichia coli JM109 which was amplified with the following
primers, Eub338 F (5´-ACTCCTACGGGAGGCAGCAG-3´) and Eub518R (5´-ATTACCGCGGCTGCTGG-3´)
[22]. Bifidobacterium spp. was quantified by targeting the xylulose-5-phosphate/fructose-6phosphatephosphoketolase

gene

(xfp)

with

the

following

primers,

xfp-fw

(5´-ATC
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TTCGGACCBGAYGAGAC-3´) and xfp-rv (5´-CGATVACGTGVACGAAGGAC-3´)(Cleusix et al., 2010; Meile
et al., 1997). Samples were analyzed twice in a total volume of 25 µL using KAPA™SYBR®FAST qPCR
Master Mix (24 µL) containing 1 µL template DNA diluted 1:100 and 1:10 for total bacteria and
bifidobacteria, respectively. Sample mean gene copy numbers (CN) per gram of feces (n=2) were
obtained from standard curves generated for each qPCR run using serial dilutions of control standard
amplicons. PCR cycles consisted of initial activation at 95°C for 10 min, 40 cycles of denaturation at
95°C for 15 s, annealing at 60°C for 30 s, and elongation at 60°C for 30 s.

2.4.2 Strain isolation
Stool samples were streaked on Beerens agar (BRS) (Beerens, 1991); de Man, Rogosa and Sharpe
agar (Biolife, Italy) (MRS), supplemented with 0.5 g/L L-cysteine HCl (cys) (Sigma-Aldrich,
Switzerland), pH 6.0; Trypticase-phytone-yeast (TPY) (Bergey et al., 1984) agar; and Bifidus selective
agar (BSM) (Fluka, Switzerland) (Simpson et al., 2004). To enhance the isolation of bifidobacteria with
high iron sequestration properties a strong iron chelator, 2,2-dipyridyl (Sigma-Aldrich, Switzerland) at
50 µM (Payne, 1994) was supplemented to the enrichment agar. Incubation was carried out in the
anaerobic chamber at 37°C for 48 h. Based on different morphologies three colonies were picked per
enrichment agar, streaked for purity and cultured in MRS-cys broth. Cultures were grown to an
OD600nm (Biowave CO8000, Biochrom, England) of 1 +/- 0.5. Purity was verified microscopically and
cultures were stored at −80°C in a ﬁnal concentraaon of 20% (vol/vol) glycerol and 0.05% cys. Pellets
obtained from liquid cultures were stored at −20°C for DNA extracaon.

2.4.3 Genotypic characterization
DNA was extracted from cell pellets using a Wizard Genomic DNA purification kit (Promega AG,
Switzerland) according to the manufacturer’s instructions and strains were typed to species level
using 16S rRNA sanger sequencing as described by Jost et al, 2013 (Jost et al., 2013). Briefly, PCR
amplification of 16S rRNA genes was performed using a 4:1 mixture of forward primers 8f (5´48
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AGAGTTTGATCMTGGCTC

AG-3´,

universal)

and

8f-bif

(5´-AGGGTTCGATTCTGGCTCAG-3´,

Bifidobacterium-specific) and a universal bacterial reverse primer 1391R (5´-GACGGGCGGTGTGTRCA3´) (Microsynth AG, Switzerland). PCR reaction mixture of 50 µL contained 25 µL of 2X MasterMix
(Fermentas GmbH, Switzerland), 0.2 µM of each primer (-mixture) and 1 µl of template DNA diluted
to 1 ng/µL. Thermocycling (BiometraTProfessional Thermocycler; Biolabo Scientific Instruments SA,
Switzerland) was performed with an initial denaturation step at 94°C for 300 s, a second
denaturation step was carried out by thirty cycles at 94°C for 30 s, annealing at 57°C for 60 s and
extension at 72°C for 30 s with a final extension at 72°C for 420 s. Specificity and amplicon size were
verified by electrophoresis in 1.5% (w/v) agarose gels, and reactions were purified using an illustra
GFX PCR DNA and Gel Band Purification Kit (GE Healthcare Europe GmbH, Switzerland) according to
the manufacturer’s instructions. Cycle sequencing PCR was carried out in 20 µL reaction volumes
with 5% (v/v) BigDye v3.1 (Applied Biosystems Europe BV), 4 µL of 5X sequencing buffer (Applied
Biosystems, Switzerland), 1 µM of reverse primer 1391R and 1 µL of purified PCR template.
Thermocycling (labcycler; SensoQuest GmbH, Switzerland) was performed with an initial
denaturation step at 96°C for 300 s, followed by thirty-five cycles of denaturation at 96°C for 10 s,
annealing at 55°C for 20 s and extension at 60°C for 240 s. Reactions were purified by dextran gel
bead filtration (Sephadex; GE Healthcare, Switzerland) before loading 10 µL for capillary
electrophoresis (ABI 3130xl DNA Analyzer; Applied Biosystems, Switzerland). Sequencing trace
chromatograms were quality-trimmed and checked for miscalled bases using CLC Genomics
Workbench 64 v6.0.5 (CLC bio, Denmark). DNA extraction and Sanger sequencing were carried out
twice from two independent cultures. 16S rRNA partial sequences were aligned with the Basic Local
Alignment Search Tool algorithm (BLAST) to the GenBank database and genotypic assignments were
based on the nearest neighbor (< 97% sequence similarity).
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2.4.4 Nucleotide accession numbers
The main nucleotide sequences determined in this study have been assigned GenBank Accession
numbers: [GenBank: KJ412975-KJ412985].

2.5.

Siderophore production

Eighty-six bifidobacteria strains from isolation and culture collections and were tested for
siderophore production in culture supernatant by the Chroma Azurol S (CAS) assay (Schwyn &
Neilands, 1987). Cells were grown twice in 10 mL MRS-cys broth under anaerobic conditions,
centrifuged 10,000 g for 10 min at 24°C, supernatant discarded and re-suspended in peptone-cys
water. CSDLIM medium (15 mL) was inoculated with 2% v/v of bacterial re-suspension. Strains were
cultured anaerobically to an OD600nm of 1.5 +/- 0.3 corresponding to log 6 +/- 0.3 CFU/mL.
Siderophore activity was measured in culture supernatant and calculated as percentage of
siderophore units according to Payne et al (Payne, 1994). Briefly, 2 mL of culture were centrifuged at
10,000 g for 10 min at 4°C. 0.5 mL of cultured supernatant was mixed with 0.5 mL of CAS dye and
0.01 mL of shuttle solution and absorbance (As) was measured at 630 nm (OD630nm) after 6 hours. 0.5
mL of uncultured media plus 0.5 mL of CAS dye and 0.01 mL of shuttle solution were mixed to obtain
the absorbance reference (Ar) and uncultured CSDLIM media served as blank for absorbance
measurements. A formula was used to obtain percentage of siderophore units: % of siderophore
units= [(Ar – As)/Ar] x 100. L. casei DSMZ 20011 was used as negative control since according to
Pandey (Pandey et al., 1994) siderophores are not synthesized by Lactobacillus spp.. E. coli K12 was
used as positive control due to their ability to produce siderophores in low iron environments
(Coderre & Earhart, 1989). From the starting 86 bifidobacterial strains tested isolates showing similar
(97-100%) genotypic identification in the 16s rRNA, isolated from same stool sample and plate, and
that also show similar SA value; as well as, strains showing low siderophore activity, were excluded
for the iron uptake (II) assay.
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DNA finger printing
Phylogenetic diversity of sixty-two Bifidobacterium strains included in the II, was evaluated by DNAfinger printing using RAPD and REP-PCR. RAPD reactions were performed according to Jost et al (Jost
et al., 2014). RAPD amplification reactions consisted of 25 µL that contained 12.5 µL of 2X Master
Mix (Fermentas, Switzerland), 1 µM of primer (100 µM) (Mycrosynth, Switzerland) and 1 µL of DNA
template diluted to approximately 50 ng/µL. Four separate RAPD reactions were performed for each
species, using primers OPA-02 (5’-TGCCGAGCTG-3’), OPL-07 (5’-GGGAACGTGT-3’), OPL-16 (5’GGGAACGTGT-3’) and OPA-13 (5’- CAGCACCCAC-3’). For reactions using primers OPA-02, OPL-07,
OPL-13 and OPL-16, thermocycling was performed with an initial denaturation step at 95°C for 3 min,
followed by 45 cycles of denaturation at 94°C for 1 min, annealing at 30°C for 1 min and extension at
72°C for 2 min. Due to the limited number of bands identified in B. kashiwanohense and B.
pseudolongum species, REP-PCR was performed as described previously (Stephenson et al., 2009).
REP-PCR was performed using the primer REP1R-I (5’-NNNNCGNCGNCATCNGGC-3’) and REP2-I (5’NCGNCTTATCNGGCCTAC-3’) (Mycrosynth, Switzerland). REP-PCR reactions were carried out with an
initial denaturation step at 95°C for 3 min, followed by 30 cycles at 90°C for 30 s, 40°C for 1 min and
72°C for 1.5 min, and final extension at 72°C for 8 min. RAPD and REP-PCR products were visualized
by UV light on ethidium bromide stained agarose (1.5%) after gel electrophoresis in 1 × TAE-buffer
(pH 8.0), using 1-kb ladder (Fermentas GmbH, Switzerland) as reference.

2.6.

Characterization based on iron internalization

Sixty-two strains were selected for iron uptake characterization. From the starting 86 bifidobacterial
strains tested isolates showing same outcome in the siderophore assay and with same genotypic
identification obtained from the same isolation plate and fecal sample, as well as strains showing low
siderophore activity were excluded for the iron uptake assay. For iron internalization the method
described by Kot and Bezkorovainy (Kot & Bezkorovainy, 1991) was used with some modifications.
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Briefly, Bifidobacterium strains were grown twice under anaerobic conditions in MRS-cys broth for 24
h at 37°C. Cultures were centrifuged 10,000 g (Biofuge primo, Heraeus, Switzerland) at 24°C, 10 min
and supernatant discarded. A cell suspension was prepared with OD600nm adjusted to 1 with peptonecys water. This suspension was used to inoculate 25 mL of CSDLIM medium at 2% v/v and cultured to
an OD600nm of 1 +/- 0.25. Culture was centrifuged and supernatant discarded, and cells were
resuspended in 10 mL volume of the iron uptake solution (IUS) to yield a concentration of log 8+/- 0.3
CFU/mL. Two tubes of same volume containing the standardized culture were prepared to determine
the amount of iron internalization. The first tube without added iron served as the reference for the
original amount of iron present in the pellet. The second tube was supplemented with 35 µM FeSO4
freshly prepared and was used to measure the amount of internalized iron. Both tubes were
incubated for 60 min at 37°C under anaerobic conditions, then placed immediately on ice,
centrifuged 15 min at 10,000 g (Biofuge primo, Heraeus), and washed twice with 2 mL sterile double
distilled water. All samples were processed in duplicate. Iron concentration in the pellet (µM) was
measured by graphite furnace atomic absorption spectrophotometer (AA-240Z, Varian Inc., Australia)
according to manufacturer’s instructions. Briefly, pellet was mixed with, 0.5 mL of nitric acid 65%
added with 0.5 mL of ultrapure water (Super-Q® plus, Millipore, Switzerland), sonicated for 30 min at
room temperature, and centrifuged 5 min, 10’000 g. Supernatants were diluted with ultrapure water
to adequate iron concentration. Standard curves were generated by serial dilution of a commercial
iron standard solution (Titrisol, Merck Chemicals, Germany).

2.7.

Statistical analysis

Data from two independent trials were analyzed by comparing the means with the nonparametric,
multiple comparisons with control, Dunnett's method. For statistical analysis of siderophore activity,
B. pseudolongum BSM8-3 served as control strain with the lowest siderophore activity and was
compared to the rest of the strains. Control sample for statistical analysis of iron internalization was

52

Chapter 2
B. thermoacidophilum LMG21397 with the lowest iron internalization value. Correlation between the
two set of data was assessed by Spearman’s correlation.
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3.

Results

3.1.

Isolation and genotypic characterization

The mean bifidobacteria gene copy numbers (CN) in the twenty-eight stool samples of Kenyan
infants by qPCR targeting the xylulose-5-phosphate/fructose-6-phosphatephosphoketolase gene
(xfp) gene. The mean bifidobacteria CN was log 9.8 SD +/- 0.4 copies per gram feces, in the range
from log 6.4 to log 10.4 copies per gram feces sample. Twenty-eight baseline stool samples from
Kenyan infants were streaked in BRS, MRS-cys, TPY and BSM agar supplemented with a strong iron
chelator 2,2-dipiridyl. A total of 208 strains were isolated and analyzed by 16S rRNA gene sequencing
for species identification. 16S rRNA partial sequences with a length of 1100 to 1300 bp after quality
trimming were aligned for genotypic identification using BLAST. Sequences show 97-100% similarity
to known bifidobacteria species available in public databases. Typing to species level was done with
alignment of the 16S rRNA partial sequences, yielding 41% Enterococcus spp. (94 isolates), 29%
Bifidobacterium spp. (56), 28% Lactobacillus spp. (54), 1% Weisella spp. (2), 0.5% Streptoccocus spp.
(1) and 0.5% Leuconostoc spp. (1). Bifidobacterium 16S rRNA partial sequences were assigned to six
phylogenetic taxa: 34% B. bifidum (19 isolates), 27% B. longum (15), 19% B. breve (11), 13% B.
kashiwanohense (7), 5% B. pseudolongum (3), 2% B. pseudocatenulatum (1) (Table 5). B. bifidum was
most frequently isolated in BSM and Beerens agar, while B. longum and B. breve were obtained from
TPY plates and B. kashiwanohense from TPY and BSM plates. Bifidobacterium isolated on BSM agar
represented five species (5), compared to four species isolated on Beerens, three on TPY and only
one on MRS-cys (1) agar. Three different bifidobacteria species were isolated from each stool
samples 3, 5, 8 and 11 (Table 6), while either one or two bifidobacterial species were obtained from
the other samples. In addition, B. kashiwanohense was only found in three fecal samples 11, 20 and
25 (Table 6).
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Table 5. Occurrence and isolate numbers of isolated Bifidobacterium species in the infant stool samples.

B. bifidum
B. longum
B. breve
B. kashiwanohense
B. pseudolongum
B. pseudocatenulatum
Total

3.2.

Distribution of bifidobacterial species
in infant fecal samples
n=28
13
8
8
3
1
1
34

No. isolates
n=56
19
15
11
7
3
1
56

Characterization based on siderophore production

Eighty-six bifidobacterial strains comprising 56 isolates and 30 culture collection strains were
characterized for their ability to produce siderophores using the CAS assay (Figure 7). Siderophore
activity (SA) was found to be widely distributed and strain dependent among bifidobacterial strains.
Percentage SA ranged from 89% to 8% siderophore units. To group strains according to SA values,
the following ranges were established according to OD630nm measurements and color change after
mixing with the CAS dye. Three groups were defined: strains with high SA in the range from 90-60%
siderophore units and a color change to orange; strains with intermediate SA in the range from 5930% and a color change to pink, and strains with low SA in the range from 29-0% and no visible color
change. Thirty-four strains (41%) belonged to the first group of high SA, 32 strains (36%) showed
intermediate SA, and 20 strains (23%) showed low SA. No correlation was found between SA and
hemoglobin levels of the infant stool donor where the strains were isolated. From the thirty-four
strains showing high SA, 10 strains belonged to public culture collections and 24 strains belonged to
the isolates.
Compare to B. bifidum MRSc6-292, the strain with the lowest SA (3 +/-1%), eight B. breve, five B.
bifidum, three B. pseudolongum, four B. kashiwanohense and three B. thermoacidophilum strains
showed significantly higher SA (p < 0.0001). B. breve showed the highest SA value among species,
with 76 +/- 21% (n=12) (Figure 8a). Strains showing similar genotypic identification in the 16S rRNA
sequence, isolated from same stool sample and plate and that also showed similar SA value; as well
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as, strains showing low siderophore activity, were excluded from the iron internalization (II)
characterization. Therefore 43 isolates and 19 culture collection strains were available for II
characterization.

DNA finger printing

Phylogenetic diversity of sixty-two Bifidobacterium strains included in the II characterization was
evaluated by DNA-finger printing using RAPD and REP-PCR (Figure S1, Chapter 2). DNA finger prints
showed that strains retained for the II characterization were phylogenetically different, except for B.
breve TPY 10-2 and B. pseudolongum BSM 8-1 as they showed identical DNA finger prints with B.
breve TPY 10-1 and B. pseudolongum BSM 8-2, respectively.
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Table 6. Bifidobacterial population and species isolated from Kenyan infant stool samples (n=28).
Bifidobacterial population is expressed as bifidobacterial log copies per gram feces. SD for bifidobacteria
population among samples was +/- 0.35 and for total bacteria SD +/- 0.56.

Isolation
Code
1

Hb
(g/dl)
10.1

Total
bacteria
11.6

Bifidobacteria
population
9.7

Isolated species from different iron restricted media

2

8.7

10.4

9.4

3

10.2

10.9

9.5

4

9.9

11.8

6.4

B. bifidum BSM2-1, B. bifidum BSM2-3, B. breve TPY2-1, B.
breve TPY2-3, B. breve TPY2-4
B. breve BSM3-1, B. longum TPY3-1, B. longum TPY3-2, B.
pseudocatenulatum BRS3-2, B. bifidum BRS-300
B. longum TPY4-1

5

9.6

11.3

8.9

6

9.2

10.3

9.0

7

8.6

10.8

9.5

8

8.1

11.7

10.0

9

9.9

11.1

9.5

B. breve BSM1-2

B. longum PV5-1, B. bifidum BRS5-3, B. breve TPY5-1, B.
breve TPY5-2
B. bifidum TPY6-2, B. bifidum MRSc6-292, B. bifidum MRSc6312
No Bifidobacterium isolates obtained
B. pseudolongum PV8-2, B. pseudolongum BSM8-1, B.
pseudolongum BSM8-3, B. breve BSM8-4, B. bifidum BRS8-1,
B. bifidum BRS8-2, B. bifidum BRS8-3, B. longum TPY8-1, B.
longum TPY8-2
No Bifidobacterium isolates obtained

10

9.8

11.2

9.9

B. breve TPY10-1, B. breve TPY10-2

11

9.5

12.1

10.1

12

11.3

12.2

9.7

B. kashiwanohense BSM11-1, B. kashiwanohense BSM11-4,
B. longum BSM11-5, B. kashiwanohense TPY11-1, B.
kashiwanohense BRS11-1, B. kashiwanohense TPY11-2
B. bifidum BSM12-2, B. longum TPY12-1

13

10.3

9.9

9.2

B. longum TPY13, B. longum TPY13-2, B. longum TPY13-3

14

10.4

10.6

9.4

No Bifidobacterium isolates obtained

15

10.4

10.4

9.1

B. bifidum BSMd15, B. bifidum BSM15-2,

16

10.5

10.6

9.3

B. bifidum BRS16-1, B. breve TPY16-2

17

10.5

10.7

9.4

No Bifidobacterium isolates obtained

18

10.8

11.1

9.1

B. bifidum BSM18

19

10.8

10.5

8.9

No Bifidobacterium isolates obtained

20

11.1

10.7

9.0

B. kashiwanohense PV20-2

21

11.3

10.7

9.0

B. bifidum BRS21

22

11.4

10.1

8.9

No Bifidobacterium isolates obtained

23

11.8

11.7

10.4

No Bifidobacterium isolates obtained

24

11.8

11.7

10.2

No Bifidobacterium isolates obtained

25

NDA

10.4

9.3

B. kashiwanohense TPY25-1

26

NDA

11.1

9.0

B. bifidum BRS26-2 , B. longum TPY26-1

27

NDA

10.1

9.0

B. breve TPY27, B. bifidum BRS27-3

28

NDA

12.0

9.7

B. bifidum PV28-2a , B. bifidum BSM28-1, B. bifidum
BSMd28-2
Hb: hemoglobin level (g/dL); NDA: No data available. Hemoglobin level in anemic infants: 8.1-10.8 g/dL;
Hemoglobin levels in non anemic infants: 11.1-11.8 g/dL.
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Figure 7. Characterization of eighty-six bifidobacterial strains towards siderophore activity measured by the CAS assay (%) (n=2). Error bars correspond to standard
deviations calculated for two independent replicates for siderophore activity. Dark gray columns correspond to isolated bifidobacteria from stool samples of iron deficient
infants. Light gray columns correspond to strains belonging to public culture collections (DSMZ, ATCC, LMG).
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Figure 8a and 8b. Siderophore activity (8a) and iron internalization of bifidobacterial species (8b), measured
with the CAS assay and the iron uptake assay, respectively. B. longum (n=16), B. thermophilum (n=5), B.
animalis (n=2), B. bifidum (n=12), B. pseudolongum (n=4), B. thermoacidophilum (n=4), B. kashiwanohense
(n=7) and B. breve (n=10). Error bars correspond to standard deviations with in this species.

3.3.

Characterization based on iron internalization

Sixty two bifidobacterial strains comprising 43 isolates and 19 culture collection strains were
characterized by the iron uptake assay. Iron internalization (II) was found to be strain dependent and
iron concentrations tested in bifidobacterial pellets ranged from 8 µM to 118 µM. Eight B. longum
strains, six B. kashiwanohense, three B. bifidum, one B. pseudolongum and one B. breve showed
significantly higher II values (p<0.0001) than B. thermoacidophilum LMG21397 exhibiting the lowest II
of 8 µM. B. kashiwanohense was the bifidobacterial species with the highest overall iron
internalization of 78 µM +/- 27 (n=7) (Figure 8b). Figure 9 show siderophore activity nd iron
internalization for bifidobacterial strains.
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Figure 9. Characterization of bifidobacterial strains towards siderophore activity and iron uptake measured by the CAS assay and iron internalization test, respectively.
Columns show siderophore activity (%) (n=2) and romboids show the results of iron internalization (μM) (n=2). Pink columns indicate selected strains after strain
characterization. Error bars correspond to standard deviations calculated for two independent replicates for iron uptake and siderophore activity respectively.
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4.

Discussion

In the present study, 56 bifidobacterial strains with high iron sequestration properties were isolated
from fecal samples of iron deficient Kenyan infants, most of them anemic, using an iron depleted
culture dependent approach. We assumed for our research that in breast-fed infants little iron enters
the colon and thus low iron availability is expected in the gut. Indeed, iron content in breast milk was
reported to be in the range from 0.4 mg/L to 0.5 mg/L (Ejezie et al., 2011; Hannan et al., 2009;
Nakamori et al., 2009). Thus, a high competition of strains for iron would be present in the gut of
breast fed infants, creating selective pressure for strains with high iron sequestration properties.
After the genotypic identification the iron sequestration properties of the isolates were measured
and compared to those of culture collection strains.
High populations of bifidobacteria were found in fecal samples of Kenyan infants, in agreement with
previous studies where population was found to be in the range of 109-1010 gene copy numbers per
gram feces in breast fed infants (Adlerberth, 2008; Petry et al., 2012). To perform the enrichment of
bifidobacterial diversity with high iron sequestration mechanisms a culture dependent approach was
applied, combining the low iron environment characterized from iron deficient Kenyan infants, with
the use of 2,2-dipiridyl which is a strong chelator for iron. The most frequently isolated
bifidobacterial species were B. bifidum, B. longum, B. breve, B. pseudolongum and B.
pseudocatenulatum which are species frequently found in the infant gut (Arboleya et al., 2012;
Yatsunenko et al., 2012). The application of strong iron limitation during the isolation process may
have limited the growth of some bifidobacterial species that could not grow under these stringent
conditions. On the other hand the identification of strains from six phylogenetic taxa present in
infant stool suggest that bifidobacteria is able to efficiently overcome iron limitation as one of the
mechanisms active in the gut.
Using culture independent methods Turroni et al, (Turroni et al., 2012) showed that a broad diversity
of species were present in the gut of European infants. Major bifidobacterial groups identified were
B. breve, B. bifidum, B. longum, B. pseudocatenulatum and B. pseudolongum in agreement with our
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study. As shown in Table 5, the most frequently isolated species in the present study were B. breve,
B. bifidum and B. longum which are bifidobacterial species highly encountered in breast fed infants.
In addition, using culture dependent studies, Turroni et al (Turroni et al., 2009a) and Matsuki et al
(Matsuki et al., 1999) showed that the most frequently isolated species in fecal samples from
European infants were B. longum, B. adolescentis and B. breve, B. longum, respectively. This is in
contrast to our study where B. animalis or B. catenulatum were not detected while B.
kashiwanohense was isolated in three fecal samples, possibly reflecting species distribution between
African and European infants, a bias resulting from the stringent iron limitation, or a non-identified
species in previous studies. B. kashiwanohense has been reported for the first time from feces of a
healthy Japanese infant in 2011 and is known to be close to B. pseudocatenulatum and B.
catenulatum, that are species commonly found in the infantile gut (Morita et al., 2011). In addition,
B. kashiwanohense was only found in three samples which can be associated with an interindividual
variability in species distribution which was previously shown for premature and term infants (Magne
et al., 2006; Palmer et al., 2007; Yatsunenko et al., 2012).
Iron is an essential micronutrient for most microorganisms and directly impacts the metabolism of
microorganisms. Functions regulated by iron in bacteria are those involved in iron utilization or
acquisition and two transport systems have been described in iron uptake pathways (Andrews et al.,
2003). Bacteria secrete iron scavenging compounds, siderophores, to fulfill their iron requirement for
growth. A high fraction (41%) of bifidobacterial strains were in the high SA group, with B. breve
exhibiting the highest siderophore activity. In addition, the major fraction of the strains exhibiting
high SA belonged to the isolates from infants stool samples, which highlights the importance of
testing new isolates for this property. Previous studies demonstrated that bifidobacterial strains can
inhibit competing organisms in an iron concentration dependant manner (O'Sullivan, 2001).
However, it was also recently reported that the growth of some bifidobacterial strains was not
affected by the presence of iron chelators such as 2,2-dipiridyl and 8-hydroxyquinoline (Cronin et al.,
2012; Haen, 2011). Although different attempts have been done to identify iron sequestration
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mechanisms no study demonstrated the production of iron scavenging compounds in culture
supernatant. Production of iron scavenging compounds is a common strategy to compete in
environments where iron is limited and activation of this mechanism could represent an advantage
for bifidobacteria in the presence of competing bacteria of the gut microbiota.
Bifidobacterial strains were characterized towards iron internalization which is a potential
mechanism to scavenge iron and to provide competition. Interestingly B. kashiwanohense showed
the highest II activity suggesting that B. kashiwanohense has efficient sequestration systems that
may play a role in competing for iron in the intestine (Bezkorovainy & Solberg, 1989). Thus, the
efficient iron uptake systems of bifidobacteria, such as production of iron scavenging compounds and
iron internalization, may be important from the point of view of nutritional immunity (Cronin et al.,
2012; Haen, 2011).
Despite high SA in B. breve species and II in B. kashiwanohense species were identified, standard
deviation within each species group was very high, reflecting a remarkably strain specificity towards
SA and II. Different SA and II properties between species and strains enable the selection of strains
with the highest iron sequestration activities with possible competitive advantage when competing
in the iron limited intestine. No correlation was found between siderophore activity and iron
internalization (Spearman’s correlation: -0.22) implicating that these two properties are
independently controlled, in agreement with previously reported studies where the two properties
were not related (Bezkorovainy, 1983; Nairz et al., 2010). In our study sixteen out of twenty strains
that showed high SA and II are strains isolated from iron deficient infant stools. Four strains exhibited
both high SA and II characteristics: B. pseudolongum PV8-2, B. kashiwanohense PV20-2, B. bifidum
PV28-2a, B. longum PV5-1 (Figure 9). The mechanisms involved in iron acquisition have been shown
to play an important role during enteric infection (Ganz, 2009; Raffatellu & Baumler, 2010; Santos et
al., 2011). It has been recognized that most of the dominant colonizers of an environment have
efficient iron scavenging systems and can inhibit the growth of other competing organisms by
depriving them from iron (Nairz et al., 2010). Herein, selected strains could be further tested for the
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utilization of iron sequestration mechanisms for host protection in complex gut ecosystems where
mechanisms involved in iron competition have been addressed to play an important role (Raffatellu
& Baumler, 2010).
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5.

Conclusion

A wide diversity of bifidobacterial strains with high iron sequestration properties were obtained from
fecal samples of iron deficient Kenyan infants in a culture dependent approach targeting low iron
environments. Bifidobacterial species from public culture collections and newly isolated strains were
characterized for siderophore production in culture supernatant and iron internalization which
enabled the selection of four strains isolated from infant stools with high iron sequestration
mechanisms. The implication of an efficient utilization of iron sequestration mechanisms by selected
bifidobacteria strains to inhibit enteric pathogens could be further tested in complex gut ecosystems
and may uncover one of the mechanisms of bifidobacteria for host protection against infection.

65

Figure S1. Supplemental information Chapter 2. RAPD and REP fingerprints of Bifidobacterium spp. isolated
from stool of breast fed Kenyan infants included in the characterization iron internalization using a) OPA-02
primer, b) OPL-07 primer, c) OPL-13 primer, d) OPL-16 primer for RAPD-PCR and REP1R-I primer, REP2-I primer
for REP-PCR.
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The complete genome sequence of Bifidobacterium kashiwanohense strain PV20-2, an infant feces
isolate, was determined using single molecule real time sequencing (SMRT). Hierarchical genome
assembly resulted in a completely assembled genome of 2,370,978 bp. The Bifidobacterium
kashiwanohense PV20-2 genome is the first completely sequenced and assembled genome of the
species.

Bifidobacteria represent an important commensal group of bacteria, being among the first microbial
colonizers of the infant gut (Chassard et al., 2014). Bifidobacterium kashiwanohense was originally
isolated from feces of a healthy Japanese infant and is closely related to Bifidobacterium
pseudocatenulatum and Bifidobacterium catenulatum, species commonly encountered in the
infantile gut (Morita et al., 2011). B. kashiwanohense strain PV20-2 was isolated from the feces of an
anemic Kenyan infant obtained during an iron intervention study (Jaeggi et al., 2014). B.
kashiwanohense PV20-2 was functionally characterized and selected for its high siderophore activity
and high iron internalization activity (Chapter 2). Genomic DNA was prepared using a
lysozyme/mutanolysine-based cell lysis and subsequent purification using the Wizard genomic DNA
purification kit (Promega, Madison, WI, USA,) (Jans et al., 2013). The genome was sequenced using 3
SMRT cells on a PacBio RS II (Pacific Biosciences, Menlo Park, CA, USA) at the Functional Genomics
Center Zurich (Zurich, Switzerland). A total of 119,341 reads with an mean length of 4,390 bp were
assembled into a single contig using the hierarchical genome-assembly process (Chin et al., 2013).
The genome was automatically annotated using the NCBI Prokaryotic Genomes Automatic
Annotation Pipeline and manually curated using annotations obtained through the Rapid Annotation
using Subsystems technology (RAST) platform (Aziz et al., 2008). The genome of B. kashiwanohense
PV20-2 consists of a single 2,370,978 bp circular molecule and comprises 58 tRNA genes and 5 rRNA
operons. The G+C content of the genome is 56.1 % and a total of 1,875 protein coding sequences
(CDS) were predicted.
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B. kashiwanohense PV20-2 is the first completely sequenced and assembled genome of the species.
The genome will contribute to the understanding of genus’ evolution and adaptation to infantile gut.

Nucleotide sequence accession number
The genome sequence of B. kashiwanohense PV20-2 was deposited at the GenBank under the
accession number CP007456.

Figure 10. Circular genome of B. kashiwanohense PV20-2. The most inner circle show G-C content with higher
(green) and lower (yellow) than average, followed by the GC-skew of higher (black) and lower (gray) than
average. The third (black) and fourth circle (pink) display tRNA and rRNA, respectively. The two outermost
circles indicate the position of coding sequences on the forward (blue) or reverse (red) strand.
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The complete genome sequence of Bifidobacterium pseudolongum PV8-2, isolated from feces of an
anemic Kenyan infant was determined using SMRT technology. The genome consists of a 2 Mbp
chromosome and a 4 kb plasmid.

Bifidobacteria are among the main anaerobic bacteria colonizing the gut of breast fed infants (Jost et
al., 2012). Most predominant Bifidobacterium species in the infant gut are Bifidobacterium breve,
Bifidobacterium longum and Bifidobacterium bifidum which represent about 80% of the total
bifidobacterial count (Turroni et al., 2009b). Bifidobacterium pseudolongum belongs to the less
predominant and less studied bifidobacteria in infants and accounts for approximately 2% of the
bifidobacterial population colonizing the gut of infants (Turroni et al., 2012). B. pseudolongum PV8-2
was isolated from the feces of an anemic Kenyan infant obtained during an iron intervention study
(Jaeggi et al., 2014) as described previously (Chapter 2). This strain was selected after a thorough
screening for potential probiotic bacteria of bifidobacterial isolates from our laboratory and public
culture collections (Chapter 2). Genomic DNA was prepared using a lysozyme/mutanolysine-based
cell lysis and subsequent purification using the Wizard genomic DNA purification kit (Promega,
Madison, WI, USA) (Jans et al., 2013). The genome was sequenced using 3 SMRT cells on a PacBio RS
II (Pacific Biosciences, Menlo Park, CA, USA) and was performed at the Functional Genomics Center
Zurich (Zurich, Switzerland). A total of 135,255 reads with an average length of 4,506 bp were
assembled into a single contig using the hierarchical genome-assembly process (Chin et al., 2013).
The genome was automatically annotated using the NCBI Prokaryotic Genomes Automatic
Annotation Pipeline. Annotations were manually curated using respective annotations determined by
the Rapid Annotation using Subsystems technology (RAST) platform (Aziz et al., 2008). The genome
of B. pseudolongum PV8-2 consists of a 2,032,698-bp circular molecule and comprises 53 tRNA genes
and 4 rRNA operons encoding for 12 rRNA genes. The G+C content of the genome is 63.3% and a
total of 1,582 protein coding sequences (CDS) were predicted. Additionally, a 4251-bp plasmid with a
G+C content of 53.6% was identified harboring 5 CDS.
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B. pseudolongum PV8-2 is the first infant B. pseudolongum species genome that has been completely
sequenced and assembled. The genome will contribute to the understanding of genus’ evolution and
adaptation to the gastrointestinal tract. It will provide further insights in the metabolism of
bifidobacteria.

Nucleotide sequence accession number
The genome sequence of B. pseudolongum PV8-2 was deposited at the GenBank under the accession
number CP007457. The plasmid sequence of B. pseudolongum PV8-2 was deposited at the GenBank
under the accession number CP007458.

Figure 11. Circular genome of B. pseudolongum PV8-2. The most inner circle show G-C content with higher
(green) and lower (yellow) than average, followed by the GC-skew of higher (black) and lower (gray) than
average. The third (black) and fourth circle (pink) display tRNA and rRNA, respectively. The two outermost
circles indicate the position of coding sequences on the forward (blue) or reverse (red) strand.
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Abstract
Bifidobacteria is one of the first anaerobic commensal bacteria that colonize the infant gut and the
presence in the intestine is associated with beneficial effects. Bifidobacteria require iron for their
growth and iron sequestration mechanisms are of potential interest for the inhibition of pathogens.
The complete genome sequences of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2, two
strains isolated from the feces of iron deficient infants and with high ability to sequester iron, were
analyzed and ferric and ferrous iron operons in both bifidobacterial strains were identified. The ferric
operon of B. pseudolongum PV8-2 is an insertion that is not widely distributed in bifidobacteria
strains and was not found in the genome of B. pseudolongum AGR2145. At proteome level we
identified proteins reported to be key bifidobacterial molecules responsible for carbohydrate
metabolism, adhesion, survival and immune-modulation. In culture supernatant, ferrous iron binding
proteins in B. kashiwanohense PV20-2 and ferric iron binding proteins were identified in B.
pseudolongum PV8-2. Iron binding proteins identified in the exoproteome of bifidobacteria may have
a function to enhance competitiveness in low iron environment, such as the gut and to limit the iron
available to pathogens.
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Introduction

Bifidobacteria are non-spore forming, anaerobic, Gram-positive bacteria with a high G+C content
found in the human gastrointestinal tract (GIT) and predominant in infants (Foligne et al., 2013).
Bifidobacteria have been shown to beneficially influence the composition and activity of the
intestinal microbiota, to prevent bacterial infections, and to exert anti-inflammatory and immunemodulation activities (Backhed et al., 2005). However, molecular mechanisms of bifidobacteria and
their impact on host health are often lacking. Beneficial traits depend strongly on the ability of the
strain to adapt to and survive in the GI-tract (Ventura et al., 2012b). Adaptation and survival involve
the use of efficient and diverse nutrient uptake systems, enzymes, stress proteins and factors that
interact with the host (Ventura et al., 2012a). Further, bifidobacteria interact with other members of
the gut microbiota via production of intermediate products (e.g. acetate), inhibitory compounds and
competition for binding sites and nutrients.
Bifidobacteria require iron for growth and produce iron binding proteins that are involved in iron
uptake (Chapter 2). Iron is an essential micronutrient for most microorganisms that is transported by
high affinity transport systems and is involved in essential metabolic processes such as human cell
proliferation and electron transport (Andreini et al., 2008). Iron exists in the two oxidized forms ferric
(Fe3+) and ferrous iron (Fe2+), of which the latter is assumed to be most abundant in the intestine
(Zimmermann & Hurrell, 2007). Iron is limited in most environments and a battle for iron occurs in
many microbial ecosystems, including the human gastrointestinal tract. Withholding iron is a
competitive and defense mechanism in many Gram positive and negative bacteria (Collins, 2008;
Raffatellu et al., 2009). Indeed, predominant colonizers of an environment frequently possess
efficient iron scavenging systems and are able to outcompete other microorganisms by depriving
them from iron (Nairz et al., 2010). Furthermore, restricting iron to pathogens in the GI-tract has
been coined as nutritional immunity phenomenon and is usually associated with efficient iron
sequestration systems. Bifidobacterial iron binding proteins may be implicated in iron withholding
thereby limiting the iron available to pathogens in the GI-tract (Bailey et al., 2011). In addition, the
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essential micronutrient zinc might have a similar role in ecosystems as iron, and mechanisms for zinc
sequestration have been recently reported to further contribute to nutritional immunity by similar
mechanisms as iron sequestration (Diaz-Ochoa et al., 2014; Kehl-Fie & Skaar, 2010; Liu et al., 2012).
Proteins binding micronutrients are frequently exported. Therefore the analysis of the exoproteome
is a suitable approach to identify iron binding proteins.
Genomic is a useful tool to elucidate bifidobacterial mechanisms active in the gut, such as the
identification of genes involved in host-microbe interactions, identification of genes involved in
degradation of human milk oligosaccharides (Ventura et al., 2012b), and pili encoding genes (Turroni
et al., 2013). Combined genomic and proteomic analyses revealed mechanisms of how bifidobacteria
adapt to the GI-tract and they revealed genetic functions that mediate specific host-microbe and
microbe-microbe interactions, mainly through extracellular proteins (Joyce & Palsson, 2006; Lee et
al., 2013; Ventura et al., 2012b). However, the sequence of a genome reveals the genetic potential of
an organism but does not provide information on intra-species genomic variations, expression, nor
on how such variations support adaptation to specific environments (Bottacini et al., 2010). Specific
phenotypes such as, nutrient preferences and strain specific responses might be overseen in a
comparative genomic approach (Gil & Monteoliva, 2014). Proteomics measurements can reveal the
functional gene products that are critical under specific environmental conditions (Del Chierico et al.,
2014; Seraphin & Hettich, 2012). Proteomics also allows comparison of strain features under similar
conditions and are therefore excellent for studying strain specific features (Seraphin & Hettich,
2012). Analyses of proteomic mass spectra (MS) rely upon homology with pre-established protein
sequences frequently derived from genus related databases (Renuse et al., 2011). However, unique
protein sequences of a strain that are important phenotypic features cannot be identified in a
homology driven approach (Armengaud et al., 2012). Bifidobacterial properties are frequently strain
specific and homology driven proteomics will therefore fail to identify strain unique proteins
(Armengaud, 2013). A combined genomic-proteomic approach could solve this problem because a
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strain specific database containing all protein sequences encoded in the genome can be built and
used for the analyses of the mass spectra data.
Extracellular proteins are either actively transported through the cytoplasmic membrane into the
environment or simply shed from the bacterial surface (Sanchez et al., 2010). Most secreted proteins
are synthesized as precursors with N-terminal signal sequence that is cleaved off upon export.
However, a significant fraction of the extracellular proteins is secreted by non-classical pathways and
contain no or unknown signal peptides (Armengaud et al., 2012; Bendtsen et al., 2005; Petersen et
al., 2011; Song et al., 2009). The composition of the extracellular proteome, or the secretome,
strongly depends on bacterial nutrient preference. Protein secretion by bifidobacteria is pivotal for
their interactions and adaptations with the host, nutrient uptake, adhesion, and stress sensing
(Armengaud et al., 2012; Gil & Monteoliva, 2014; Yang et al., 2012). Further, extracellular proteins of
bifidobacteria are involved in beneficial mechanisms to the host (Ventura et al., 2014).
Bifidobacterial secretomes have been used to study their diversity and physiology (Christie-Oleza et
al., 2012) and differences in nutrient uptake and stress response (Armengaud, 2013). Comparative
studies of exoproteomes of closely related species like, Lactobacillus spp. (9 strains) and
Bifidobacterium spp. (4) (Butler et al., 2013), Listeria spp. (14) (Dumas et al., 2009; Trost et al., 2005),
B. clausii (4) (Lippolis et al., 2013), Bacillus spp. (3) (Gohar et al., 2005), Staphylococcus spp. (25)
(Ziebandt et al., 2010), Roseobacter spp. (12) (Christie-Oleza et al., 2012) and Clostridium spp. (2)
(Sengupta et al., 2010) resulted in the identification of highly variable exoproteomes and enabled the
characterization and differentiation of strains with specific properties related to nutrient uptake,
adhesion and response to different stress conditions.
B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 are strains isolated from breast fed iron
deficient Kenyan infants, selected for their high iron sequestration mechanisms (Chapter 2) and their
genome was completely sequenced (Chapter 3). Based on their high iron sequestration features we
hypothesized that B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 possess iron related genes
and excrete iron binding proteins in the culture media under iron limited conditions. Thus, the
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complete genomes of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 were compared to
other bifidobacterial genomes to identify genes potentially involved in iron metabolism and the
coding sequences from the genome were used as a scaffold to identify the extracellular proteome of
both strains grown under low iron conditions using a 1D gel-based shotgun proteomic approach.
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Bifidobacterium kashiwanohense PV20-2 and Bifidobacterium pseudolongum PV8-2 were isolated
from stool samples of iron deficient Kenyan infants (Chapter 2). Pre-cultures were obtained by
inoculating strains in de Man, Rogosa and Sharpe broth (Biolife, Italy) (MRS), supplemented with 0.5
g/L L-cysteine (Sigma-Aldrich, Switzerland). Batch incubation were carried out in Hungate tubes with
CO2 headspace (PanGas, Switzerland) at 37°C, and until reaching an OD600nm of 1.5 (Biowave CO8000,
Biochrom, England). Cultures were centrifuged, supernatant discarded, and cells were suspended in
peptone water (Oxoid, Switzerland) supplemented with 0.05% L-cysteine, pH 6.5 (peptone-cys). A
portion of 3.75 mL of this suspension was used to inoculate 250 mL of a chemically semidefined low
iron medium (CSDLIM) (iron concentration 1.5 µM) containing: 5.64 g/L 5X M9 minimal salts, 2.75 g/L
proteose-peptone (Becton Dickinson, Switzerland), 0.2 g/L cys, 20 mL/L of 20% glucose, 2 mL/L of 1M
MgSO4 and 0.2 mL/L of 1M CaCl2 (Sigma-Aldrich, Switzerland). The proteose-peptone, M9 minimal
salts and cys were dissolved in double distilled water and autoclaved. Glucose, MgSO4 and CaCl2
stock solutions were solved in double distilled water, sterile filtered (0.22 μm pore size, Millipore,
Switzerland), and added to the autoclaved portion. Iron concentration in the media (µM) was
measured by using a graphite furnace atomic absorption spectrophotometer (AA-240Z, Varian Inc.,
Australia) according to manufacturer’s instructions (Hoppler et al., 2014). Cultures were incubated at
37°C under anaerobic conditions until an OD600nm 1.5 (corresponding to the early stationary phase).
Three biological replicates were performed.

2.2

In silico analysis

The genomes of Bifidobacterium kashiwanohense PV20-2 (PV20-2), Tag locus assigned AH68, and
Bifidobacterium pseudolongum PV8-2 (PV8-2) , Tag locus code assigned AH67, were compared to the
genomes of 42 completely sequenced bifidobacterial strains (NCBI), using the tBLASTn algorithm
(Altschul et al., 1990) embedded in the CLC genomic workbench 7.0 (CLC genomics, Aarhus,
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Denmark) and a local database containing genomes of 42 completely sequenced bifidobacterial
strains downloaded from NCBI. The E-value cut off was set at < 1 exp-4 (Lugli et al., 2014).
Comparisons of genetic organization were visualized by the Artemis Comparison viewer (Carver et
al., 2005) with input files that were produced using Double Act version 2 (http://www.hpabioinfotools.org.uk/pise/double_act.html).

Coding sequences (CDS) were predicted from the genome and signal peptides were identified using
SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP) (Armengaud et al., 2012) with the option
“Gram positive” bacteria as organism group, default D-cutoff values (0.45) and transmembrane
regions included. D mean score of the neural networks and a positive signal peptide were considered
as extracellular proteins. Non-classical protein secretion was predicted with SecretomeP 2.0
(http://www.cbs.dtu.dk/services/SecretomeP) (Bendtsen et al., 2004) with Gram-positive bacteria
selected as organism group. A protein with signal peptide was considered when the SecP score was
above 0.5. Lipoproteins were identified using PredLipo with default parameters (Bagos et al., 2008).

2.3

Extraction of extracellular proteins and 1D Gel electrophoresis

Cultures were centrifuged at 10,000 x g at 4°C for 10 min and the supernatants were filtrated
through a 0.22 μm pore size filter (Millipore, Switzerland). Proteins in the supernatant were
precipitated with 10% v/v trichloroacetic acid (TCA) (Sigma-Aldrich, Switzerland) at 4°C for 3 h and
recovered by centrifugation at 11,000 x g at 4°C for 30 min. The precipitate was washed twice with
ice-cold acetone, dried in a centrifugal vacuum concentrator (Vacufuge 5301, Eppendorf,
Switzerland), and stored at -20°C until further use. Protein pellet was solubilized in 250 µL 50 mM
ammonium bicarbonate at pH 8.5 (AmBic), and protein concentration was determined by the
Bradford method using Bradford reagent and bovine serum albumin as standard. All chemicals and
supplements were obtained from Sigma Aldrich, Switzerland unless otherwise stated.
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Sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the
proteins (Schagger, 2006). The precipitated proteins were mixed 1:1 with Tricine Laemmli sample
buffer (Biorad, Switzerland), as described by manufacturer’s instructions, and incubated for 7 min at
99°C in a Dri-Block (Witec, Switzerland). 50 µg of standardized protein mixture was loaded on a 1020% Tris-Tricine Mini-Protean TGX precast gel (Biorad, Switzerland), with tris-tricine as running buffer
(Biorad, Switzerland). The gel was run at 180 V for 40 min, stained with Coomassie blue G250 (SigmaAldrich, Switzerland) and destained with 10 % (v/v) acetic acid (Sigma-Aldrich, Switzerland). Gel lanes
were cut in eight fractions and prepared for mass spectrometry analysis as described previously
(Shevchenko et al., 2006), but with slight modifications. Briefly, gel fractions were washed twice with
50 mM AmBic / 5% Acetonitrile (ACN) (Sigma-Aldrich, Switzerland) and dehydrated using 100% ACN.
Subsequently, gel pieces were treated with 15 µL sequencing grade trypsin solution according to
manufacturer’s instructions (Promega, Switzerland) for 1 h at 4°C. Digestion buffer containing 50 mM
AmBic, pH 8.5 was added, followed by incubation at 37°C for 16 h. The generated tryptic peptides
were extracted with 0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich, Switzerland) / 50% ACN v/v at
37°C in an ultrasonicator (VWR, Switzerland) for 15 min and finally concentrated with a vacuum
concentrator. Peptides were desalted using ZipTip C18 micro-columns (Millipore, Switzerland)
following the manufacturer’s instructions, and finally dried in a vacuum concentrator. The dried
peptide mixture was suspended in 5% ACN / 0.1% formic acid v/v for LC-MS/MS measurements.

2.4

Data acquistion

All data were acquired on an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific,
Germany) connected with an Easy-nLC 1000 HPLC system (Thermo Fisher Scientific, Germany).
Peptide samples (4 µL) were loaded onto a frit column (75 µm inner diameter) packed with reverse
phase C18 material (AQ, particle size 3 μm, pore size 200 Å, Bischoff GmbH, Leonberg, Germany), and
eluted with a flow rate of 300 nL per min. Solvent composition of buffer A was 0.1% formic acid in
water, and buffer B contained 0.1% formic acid in acetonitrile. The following liquid chromatography
gradient was applied: 0 min: 0% buffer B, 90 min: 30% B, 92 min: 100% B, 100 min: 100% B. Survey
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scans were recorded in the Orbitrap mass analyzer in the range of m/z 300-2000, with a resolution of
30000 at m/z 400. Collision-induced dissociation (CID) spectra were acquired in the ion trap, from the
20 most intense signals above a threshold of 1000 counts. A normalized collision energy of 35% and
an activation time of 10 ms were used for CID. The precursor ion isolation width was set to m/z 2.0.
Charge state screening was enabled, and singly charged ions and unassigned charge states were
rejected. Precursor masses already selected for MS/MS acquisition were excluded for further
selection during 45 s, and the exclusion window was 20 ppm.

2.5

Protein identification

Peak lists were generated with Mascot Distiller (version 2.4.1) from Matrix Science using the Thermo
MSFile Reader (2.2). Mascot Daemon (2.4) was used for merging and submitting the .mgf files from
Xcalibur FT package (2.0.7). The resulting mass spectra files obtained from mass spectrometry
analysis were searched using Mascot (Matrix Science, London, UK; version 2.4.1) and a decoy
database containing the genome predicted coding sequences (CDS) of each of the two
Bifidobacterium strains (1,875 CDS for (PV20-2), 1,587 CDS for (PV8-2)) and contaminants. Databases
were assembled separately for each bifidobacteria strain. Mascot search parameters were tryptic
peptides with a maximum of one missed cleavage during proteolytic digestion, mass tolerances of 7
ppm on the parent ion and 0.7 Da on the MS/MS. Oxidation of methionine (M) and pyroglutamate
formation from N- terminal glutamine (N-term Q) were set as variable modifications. Scaffold
(version 4.3) from Proteome Software was used to validate MS/MS based peptide and protein
identifications using Mascot and X!Tandem (version cyclone 2010.12.01.1). Peptide and protein
identification were accepted when less than 1% False Discovery Rate was achieved. The function
MudPit was used to group the eight fractions in each of the biological replicates. Finally, a protein
was considered valid when it was identified in the three biological replicates, at least two different
peptides were detected, a signal peptide with one of the two predictors was found and/or reported
to be extracellular. MS/MS chromatograms and Mascot searches are deposited in proteome
exchange with the dataset identifiers PXD001451 and PXD001452 for PV20-2 and PV8-2, respectively.
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3.

Results and discussion

3.1

Comparative genome analysis of B. kashiwanohense PV20-2 and B. pseudolongum
PV8-2

The strains B. kashiwanohense PV20-2 (PV20-2) and B. pseudolongum PV8-2 (PV8-2) were selected
for their iron sequestration mechanisms in a screening of 56 bifidobacterial strains (Chapter 2). To
analyze whether specific adaptations in their genomes related to iron uptake were present, we
compared the complete genome of both strains to 42 other completely sequenced bifidobacteria.
PV20-2 is the first strain of the species of which the genome is completely sequenced and assembled.
The comparison of PV20-2 with 42 bifidobacteria genomes revealed 147 CDSs unique for PV20-2 of
which 138 encode hypothetical functions. The nine other CDS contain three proteins apparently
involved in fatty acid metabolism (AH68_1355, AH68_1107, AH68_1105). PV20-2 has a fatty acid
machinery similar to that of other bifidobacteria genomes (data not shown) and the presence of the
second set of genes involved in fatty acid metabolism is remarkable. Refined analyses of the genes
AH68_1104 to AH68_1109, a unique cluster in PV20-2, revealed that it has high homology to nonribosomal peptide synthesis genes. The 560 AA at the C-terminus of long chain fatty acid CoA ligase
(AH68_1107) shares 33% identity and 52% similarity with the Bacillibactin synthetase component
from Bacillus subtilis 168 (Dertz et al., 2006). Bacillibactins are known to be involved in iron transport
in B. subtilis. Therefore the genes AH68_1104 to AH68_1109 might encode synthesis of a
bifidobacterial siderophore in PV20-2.

B. pseudolongum PV8-2 (PV8-2) was compared separately to the available genomes of the species; B.
pseudolongum AGR2145 (fecal calf isolate) and Bifidobacterium pseudolongum subsp. globosum
DSMZ 20092 (rumen isolate). The genome of PV8-2 contains 1,587 CDS of which 55 were not found
in any of the 42 bifidobacterial genomes. The products of these 55 CDS had mostly hypothetical or
phage related functions, paralleling the observation in the B. breve taxon (Bottacini et al., 2010). A
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total 46 CDSs did not have homologs in the two B. pseudolongum strains, but were present in other
bifidobacterial genomes. Most of these CDSs were found in two insertions in the PV8-2 genome. One
insertion encodes genes for arabinogalactan transport and utilization (AH67_207-214) that are
organized in a similar order as in B. adolescentis ATCC15703 (data not shown). Arabinogalactan are
pectin derived sugars that can be utilized by some bifidobacteria (Crociani et al., 1994). Genes
describing the utilization of arabinogalactan have been described in B. breve (O'Connell Motherway
et al., 2011). Two galactosidases encoding genes (AH67_181 and AH67_1596) were also found in the
genome of PV8-2 but not in the other B. pseudolongum genomes. Their products could be involved in
degradation of the galactose moiety of arabinogalactan. The second insertion encodes an operon
involved in the transport of ferric iron (AH67_517-520). The operon encodes two transporters, an
ATP binding and an iron binding protein. Detailed comparison of the corresponding genome regions
of the three B. pseudolongum strains showed a highly conserved organization, with exception of the
iron operon (Fig. 12), strongly suggesting that the operon has been acquired by PV8-2. PV8-2 was
isolated from stool of an iron deficient Kenyan infant that had the lowest hemoglobin level (Chapter
2) in a set of twenty-eight iron deficient infants. The presence of an additional iron uptake operon
might be related to the selective pressure mediated by the low iron abundance in the gut of the iron
deficient infants. Beside the ferric iron operon described above, also a ferrous iron transporter was
identified in PV8-2 (AH67_1107, Fig. 2). This transporter is also found the other two B. pseudolongum
strains. The functionality of the second iron transporter is different as it transports ferrous and not
ferric iron (Fig. 13). Taken together, strain PV8-2 seems to have systems to uptake both iron ions,
ferric and ferrous, that are found in nature which probably enables the strain to compete and
proliferate under low iron condition. The comparative genome analyses of both strains indicated
adaptation to a specific environment and to low iron condition, thus the genomic content reflects the
source of the strains (Turroni et al., 2009b).
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Figure 12. Ferric operon of B. pseudolongum PV8-2 compared to B. pseudolongum AGR2145. Genome
comparison of B. pseudolongum PV8-2 (top) to B. pseudolongum AGR2145 (bottom). Homologous genes are
linked with red lines. The insertion in B. pseudolongum PV8-2 is indicated with white arrows. I: Ferric iron ABC
transporter, iron-binding, II: IRON(III)-Transport system permease protein, III: Thiamin ABC transporter,
transmembrane, IV: Ferric iron ABC transporter, ATP-binding protein, V: COG family: predicted
phosphohydrolases.

Figure 13. Ferric and ferrous operons identified in the genome of B. kashiwanohense PV20-2 and B.
pseudolongum PV8-2.
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3.2

Secretome analysis of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2
under low iron conditions

The iron uptake mechanisms of B. kashiwanohense PV20-2 (PV20-2) and B. pseudolongum PV8-2
(PV8-2) were further studied by secretome analyses of both strains in a chemically semidefined low
iron medium (Chapter 2). The strains were grown in a chemically semidefined medium with an iron
concentration of 1.5 µM and extracellular proteins were isolated and identified by LC/MS. A total of
112 proteins were identified in PV20-2 (Table S1) of which 34 (30%) were predicted to contain a
classical signal peptide, 46 (41%) were predicted to be secreted by a non-classical secretion
pathways, and 32 (29%) were previously reported to be extracellular (Fig. 14a). In PV8-2, 92 proteins
were identified in the exoproteome (Table S2). Of these 110 identified proteins in PV8-2, 28 (30%)
were predicted to contain a classical signal peptide, 34 (36%) were predicted to be secreted nonclassical secretion pathway and 30 (33%) were previously reported to be extracellular (Fig. 14c). Of
the 112 identified proteins in PV20-2, 70 proteins had a homologue in PV8-2 (Table S3, supporting
information, Chapter 4).

Figure 14. Distribution of proteins in the secretome of B. kashiwanohense PV20-2 (PV20-2) and B.
pseudolongum PV8-2 (PV8-2). Central circles, represent the number of proteins identified in the proteome of B.
kashiwanohense PV20-2 and B. pseudolongum PV8-2. Inner circle represent the number proteins in B.
kashiwanohense PV20-2 with an homologue in B. pseudolongum PV8-2; and outer circles represent unique
proteins identified for each of the strains. Left circle, represent the percentage of proteins identified in PV20-2
secreted classical secretion pathway (blue), non classical secretion pathway (red) and the ones identified in
literature (green). Right circle, represent the percentage of proteins identified in PV8-2 secreted classical
secretion pathway (blue), non classical secretion pathway (red) and the ones identified in literature (green).
PV20-2 (B. kashiwanohense PV20-2) and PV8-2 (B. pseudolongum PV8-2).
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Bacteria, including, bifidobacteria secrete proteins to ensure the acquisition of essential nutrients,
cell to cell communication, and competition in their respective niches (Schaible & Kaufmann, 2004).
A summary of all the proteins described above is listed in Table 7. In our study we have identified
proteins related to different functions, including, iron metabolism, adhesion and antimicrobial
activity that bifidobacteria may utilize as a combinatory strategy to efficiently compete in the
intestine. It is increasingly recognized that two or more mechanisms are used to compete in different
environments (Cerasi et al., 2013; Haase & Rink, 2014; Johnson & Wessling-Resnick, 2012; Leal et al.,
2013).
Furthermore, the ability of bacteria to occupy specific environments mainly relies on their ability to
obtain adequate supplies of nutrients that are indispensable for their growth (Marco et al., 2006).
Essential micronutrients such as iron and zinc, are cofactors for many proteins related to biological
functions and iron and zinc uptake is likely essential for most of the gut microbiota groups (Waldron
et al., 2009). Iron is transported by high affinity transport systems that enable the utilization of this
essential micronutrient (Andrews et al., 2003; Brown & Holden, 2002). We hypothesize that strains
selected for their high iron sequestration mechanisms secrete iron binding proteins into the culture
media. In the exoproteome of PV20-2 three ferrous iron transporters AH68_126, AH68_127 and
AH68_129 were identified which may be associated to the high iron internalization activity of the
strain. In parallel, in the exoproteome of PV8-2 a ferric iron transporter (AH67_516) and a ferritin
protein (AH67_42) were identified, which may be associated to the high siderophore activity of the
strain. The competition for iron within the gut microbiota and the limited availability of iron in the
intestine, leads to a constant battle for iron between the enteric microbiota and the host (Monack,
2014; Nairz et al., 2010; Raffatellu & Baumler, 2010). Thus efficient iron acquisition mechanisms are
likely pivotal for proliferation and persistence in the gut (Cassat & Skaar, 2013; Diaz-Ochoa et al.,
2014; Kehl-Fie & Skaar, 2010). Additionally, withholding iron or interruption of iron trafficking to
bacterial and fungal pathogens, such as Salmonella, enterohemorrhagic E. coli, Vibrio spp., and S.
aureus, was reported to restrict or reduce their growth (Cassat & Skaar, 2013; Collins, 2008; Gao et
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al., 2012; Raffatellu et al., 2009; Rohmer et al., 2011). Production of iron binding proteins by
bifidobacteria may limit the iron available for pathogens thus potentially being implicated in a so
called nutritional immunity phenomenon (Rohmer et al., 2011; Stastna & Van Eyk, 2012; Weinberg,
2009). Although the aim of the present study was to identify iron binding proteins, it is of special
interest that the zinc ABC transporter (ZnuA) was identified in the exoproteome of both strains
AH68_820 and AH67_1065. Zinc metal transporters may facilitate, although to a lesser extent, the
uptake of other divalent ions, such as iron (Cvetkovic et al., 2010). Alternatively, their detection may
be the result of micronutrient stress sensing that may result in the utilization of other micronutrients,
such as zinc. However, zinc transporters might also be implicated in efficient zinc sequestration
mechanisms by bifidobacteria. Moreover, a second protein AH67_1670 with zinc binding function
(ZinT) was identified in PV8-2, which was found to be not widely distributed in bifidobacterial strains.
ZinT forms a complex with ZnuA to enhance its activity. ZinT was identified in the extracellular
fraction of enterohemorrhagic E. coli where it was important for colonization (Gabbianelli et al.,
2011; Ho et al., 2008). Zinc sequestration has drawn attention because it affects the metabolism of
enteric pathogens such as Salmonella (Cerasi et al., 2013; Hantke, 2005), and deletion of Zn
transporters was shown to decrease their pathogenicity (Liuzzi et al., 2005). Zinc competition in the
intestine may also play a role in nutritional immunity and control of enteropathogens growth, but
further research is needed to confirm the beneficial effects of zinc sequestration in the gut
environment (Haase & Rink, 2014; Kehl-Fie & Skaar, 2010). The ferric transporter AH67_516 and one
of the three ferrous iron binding proteins in AH68_127; together with the Zinc binding proteins
(ZnuA) AH68_820 and AH67_1065 possess an N-terminal signal peptide indicating that they are
exported by a conserved translocating mechanism and emphasizing their role as extracellular
proteins. In addition, these proteins were predicted to be lipoproteins, while lipoproteins of
bifidobacteria were reported to stimulate the immune system and were involved in adhesion
(Guglielmetti et al., 2008; Sengupta et al., 2010). However, the implication of these proteins in more
than one function has to be further tested.
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ABC transporters for carbohydrates represent 8-12% of the metabolism in bifidobacteria (Bottacini et
al., 2014). In the exoproteome of PV20-2 a galacto-N-biose transporter AH68_1927 was found. MalE
was identified in both datasets but in the exoproteome of PV8-2

a second set of

Maltose/Maltodextrin (AH67_1631) was found which could be associated to breakdown of complex
carbohydrates (Zhao & Cheung, 2013). ABC transporters for polar amino acids are also related to
degradation of human milk oligosaccharides. They are important for bifidobacteria as they support
their growth in breast fed infants and (Juillard et al., 1998), and two such ABC transporters were
identified in both datasets (AH68_498, AH68_1450 and AH67_474, AH67_1352). The presence of
these transporters in the extracellular fraction is probably related to adaptation to an environment in
which breast milk is a major nitrogen source (Jost et al., 2012). ABC carbohydrate transporters are
involved in polysaccharide degradation and fermentation in the large intestine, thus frequently
encountered in exoproteomes of intestinal microbes (Chassard & Lacroix, 2013; Lee & O'Sullivan,
2010). In agreement with these observations, a sugar ABC transporter was found in the extracellular
fraction of PV20-2 (AH68_91) and PV8-2 (AH67_130).
Enzymes play an important role in the recognition, modification and substrate degradation of
extracellular substrates (Boekhorst et al., 2006). A sialic acid 9-O-acetyl estearase (AH68_1879) was
found in the exoproteome of PV20-2 which might support the degradation of human
oligosaccharides (Corfield et al., 1992; Yu et al., 2013). Sialic acid hydrolases play a role in the
degradation of HMOs (Kiyohara et al., 2011; Nakano et al., 2001) and mucin glycoproteins in the
human colon (Corfield et al., 1992; Egan et al., 2014; Huang et al., 2013) and could provide a
competitive advantage against gut microbiota competing microorganism for adhesion properties.
Furthermore, in the exoproteome of PV8-2 a lysozyme M1 (AH67_1580) was identified which might
be involved in inhibition against competing microorganisms. Lysozymes or glycoside hydrolases such
as N-acetylmuramidases are reported to be involved in competition and antimicrobial activity
because they can act as bacteriolysins and sometimes are addressed as class iii bacteriocins (Butler et
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al., 2013). An alpha-amylase AH67_1497 was found in the exoproteome of PV8-2 which is likely
involved in the extracellular breakdown of complex carbohydrates (Zhao & Cheung, 2013).
Adhesion to intestinal epithelial cells is important for transit intestinal colonization and plays a key
role on the inhibition of pathogens via site competition (Ventura et al., 2012a). More proteins related
to adhesion were found in PV20-2 compared to PV8-2; such as the fibronectin AH68_1649, von
Willebrand factor type A AH68_657 and sortase dependent protein AH68_33 (Papasergi et al., 2013).
In PV8-2, a pullulanase (AH67_965) and a collagen adhesion (AH67_310) protein were identified that
are known to support adherence to epithelial cells (Papasergi et al., 2013). Adhesion properties of
bifidobacteria are considered to play a key role in host-microbe interactions and are a competitive
trait against pathogens by the competition for binding sites and/or modulation of host cell response
(Boekhorst et al., 2006; Bron et al., 2012). The different presence of adhesion factor in PV20-2 and
PV8-2 suggests different adhesion activities and robustness in the highly competitive and constantly
challenged environment of the gut.
Bacteria have systems to sense environmental changes and invading microorganisms (Guzzo et al.,
2000; Sugimoto et al., 2008). Proteins such as, DnaK (AH68_1949, AH67_1624); GroEL (AH68_664,
AH67_704) and thioredoxin (AH68_1686, AH67_1449) are expressed by bifidobacteria to cope with
stressful conditions and to respond to environmental changes that are important for host-microbe
interactions (Song et al., 2009; Turroni et al., 2014). Further, protein folding regulation is mediated
by proteins such as Elongation factor-Tu (AH68_630, AH67_667) that was found in both
exoproteomes (Dumas et al., 2009; Gohar et al., 2005; Sanchez et al., 2010). The presence of
glycolytic proteins like glucose-6-phosphate-dehydrogenase (GAPDH; AH68_1468, AH67_1242),
acetate kinase AH68_846, AH67_995, and ribosomal proteins such as, SSU-S6p AH68_1850,
AH67_1569, may be the result of growth in non-optimal conditions like stress or nutrient limitation
which may increase cellular leaking or cell lysis (Butler et al., 2013; Song et al., 2009). However, they
have been widely reported in the exoproteomes of Gram positive bacteria (Gilad et al., 2011;
Papasergi et al., 2013; Trost et al., 2005).
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Proteins potentially involved in immunemodulation have been described in bifidobacteria (Candela
et al., 2007; Ivanov et al., 2006). For instance a protein with a G5 domain protein was found in the
exoproteome of both strains. G5 domain is associated to the breakdown of IgA (AH68_522,
AH67_586). Moreover, an enolase was identified in both datasets (AH68_790, AH67_1092). Enolases
can bind human plasminogen and thus play an important role in the interaction process with the host
(Candela et al., 2009). Furthermore, proteins from the family Nlp/p60 (AH68_444, AH67_487) were
shown to inhibit cytokine-induced epithelial cell apoptosis in mouse colon epithelial cells (Yan et al.,
2007).
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Table 7. Proteins identified in the exoproteome of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2.

Protein function
Metal ion metabolism

Iron

Zinc
Carbohydrate
transport
Enzymes
Adhesion

Stress response

Glycolytic proteins
Immunogenic
proteins
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PV20-2
AH68_126
AH68_127
AH68_129
AH68_820

HIgh affinity iron permease
High affinity ferrous iron transport
Ferrous iron permease
Zinc binding (ZnuA)

AH68_1927 Galacto-n-biose transporter
AH68_91
Multiple sugar binding
AH68_1879 sialic acid 9-O-acetyl esterease
AH68_1649
AH68_567
AH68_33
AH68_1949
AH68_664
AH68_1686
AH68_630

Fibronectin
von Willebrand factor type A
Sortase
DnaK
GroEL
Thioredoxin
Elongation factor Tu
Glucose-6-phospateAH68_1468 dehydrogenase
AH68_846 Acetate kinase
AH68_522 G5 domain protein
AH68_790 Enolase
AH68_1686 Nlp/p60 protein

PV8-2
AH67_516
AH67_42

Ferric iron transporter
Ferritin

AH67_1065 Zinc binding (ZnuA)
AH67_1670 Zinc binding (ZinT)
AH67_1631
AH67_130
AH67_1497
AH67_1580
AH67_310

Maltose/Maltodextrin transporter
Multiple sugar binding
Alpha-amylase
Lysozyme M1
Collagen adhesion

AH67_1624
AH67_704
AH67_1449
AH67_667

DnaK
GroEL
Thioredoxin
Elongation factor TU
Glucose-6-phospateAH67_1242 dehydrogenase
AH67_995 Acetate kinase

AH67_586 G5 domain protein
AH67_1092 Enolase
AH67_1686 Nlp/p60 protein
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Concluding remarks

In our study we used genomics and proteomics to characterize the response to low iron conditions of
two bifidobacterial strains, selected for their high iron sequestration properties. The expression of
ferric and ferrous binding proteins and the different response to iron limitation reflect strain specific
characteristics which is in agreement with high strain variation among bifidobacteria (Butler et al.,
2013; Zhao & Cheung, 2013). In addition, to the ferrous iron operon identified for both studied
strains, B. pseudolongum isolated from an iron deficient infant was shown to have a specific ferric
iron operon, possibly reflecting the selective pressure in the intestine. The iron binding proteins
identified in this study are likely involved in iron metabolism and potentially involved in a nutritional
immunity phenomenon. The expression of iron binding proteins together with expression of
adhesion and/or antimicrobial proteins could be the result of a complex mechanism that
bifidobacteria utilize to efficiently compete in the gut environment; our data show that functional
assays together with genomics and proteomic tools may be used to uncover mechanisms that are
potentially involved in probiotic functions. However, the specific function combined with the
understanding of how these molecules are implicated in beneficial effects in the host should be
further investigated to understand strain specific health benefits. The implication of these proteins in
microbe-microbe, cell-microbe and host-microbe interaction will give further insight of their role as
probiotic effector molecules.
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Supporting information
Table S1. Proteins identified in the exoproteome of B. kashiwanohense PV20-2.

CDS Number
CDS_32
CDS_33
CDS_35
CDS_37
CDS_50
CDS_64
CDS_69
CDS_91
CDS_109
CDS_126
CDS_127
CDS_129
CDS_131
CDS_136
CDS_139
CDS_189
CDS_198
CDS_227
CDS_281
CDS_299
CDS_311
CDS_328
CDS_336
CDS_345
CDS_352
CDS_368
CDS_370
CDS_388
CDS_409
CDS_414
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Protein annotation
FIG215594: Membrane spanning protein
Sortase (surface protein transpeptidase)
Serine/threonine protein kinase PrkC, regulator of stationary phase
Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129)
Taurine-binding periplasmic protein TauA
FIG00672241: hypothetical protein
Peptidase M48, Ste24p precursor
Sugar ABC transporter, substrate-binding protein
large transmembrane protein possibly involved in transport
Putative high-affinity iron permease
Periplasmic protein p19 involved in high-affinity Fe2+ transport
Ferrous iron transport permease EfeU
ABC transporter system possible permease protein
Phage infection protein
dipeptidase
Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-)
Phosphocarrier protein of PTS system
Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94)
Glucose-6-phosphate isomerase (EC 5.3.1.9)
LSU ribosomal protein L1p (L10Ae)
LemA protein
Phosphate ABC transporter, periplasmic phosphate-binding protein PstS (TC 3.A.1.7.1)
LSU ribosomal protein L7/L12 (P1/P2)
Heat shock protein 60 family co-chaperone GroES
Capsule biosynthesis protein capA
LSU ribosomal protein L4p (L1e)
LSU ribosomal protein L2p (L8e)
Adenylate kinase (EC 2.7.4.3)
ABC transporter system probable amino-acid binding
FIG00423898: hypothetical protein

SignalP SecretomeP Pred-lipo Reference
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
Trost, 2005
Boekhorst, 2006
Lippolis, 2013
Song, 2009
x
x
x
x
Song, 2009
Trost, 2005
x
Trost, 2005
Song, 2009
Gilad, 2011
x
x
x
x
x

Chapter 4

PhD thesis Pamela Vazquez Gutierrez

Table S1 continuation. Proteins identified in the exoproteome of B. kashiwanohense PV20-2.

CDS Number
CDS_420
CDS_438
CDS_443
CDS_444
CDS_469
CDS_498
CDS_512
CDS_522
CDS_524
CDS_534
CDS_541
CDS_565
CDS_567
CDS_586
CDS_589
CDS_593
CDS_628
CDS_630
CDS_631
CDS_657
CDS_664
CDS_686
CDS_690
CDS_698
CDS_757
CDS_786
CDS_790
CDS_791
CDS_797

Protein annotation
SignalP SecretomeP Pred-lipo Reference
PTS system, beta-glucoside-specific IIA ,IIB,IIC component (EC 2.7.1.69)
x
putative 67 kDa myosin-crossreactive streptococcal antigen
Rosberg, 2011
Surface antigen
x
NLP/P60 family protein
x
x
Cell division protein FtsH (EC 3.4.24.-)
x
Branched-chain amino acid ABC transporter, amino acid-binding protein (TC 3.A.1.4.1)
x
x
x
metallopeptidase
Christie-Oleza, 2012
FIG00672196: amidase surface antigen
x
x
solute binding protein of ABC transporter system
x
x
x
N-Acetyl-D-glucosamine ABC transport system, sugar-binding protein
x
x
x
ABC-type sugar transport system, periplasmic component
x
Lysine-arginine-ornithine-binding periplasmic protein precursor (TC 3.A.1.3.1)
x
x
x
Methionine ABC transporter substrate-binding protein
x
x
x
Phosphoribosylaminoimidazole carboxylase catalytic subunit (EC 4.1.1.21)
Ziebandt, 2010
FIG00671960: hypothetical protein
x
Purine nucleoside phosphorylase (EC 2.4.2.1)
Ziebandt, 2010
Translation elongation factor G
Ziebandt, 2010
Translation elongation factor Tu
Trost, 2005
Translation elongation factor P
x
COG2304: Uncharacterized protein containing a von Willebrand factor type A (vWA) domain
x
Heat shock protein 60 family chaperone GroEL
Butler, 2013
/ Glutamine transport system permease protein GlnP (TC 3.A.1.3.2)
x
x
ABC transporter system for glutamate-binding
x
x
ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92)
Boekhorst, 2006
Fructose-2,6-bisphosphatase
Sengupta, 2010
INTEGRAL MEMBRANE PROTEIN (Rhomboid family)
x
Enolase (EC 4.2.1.11)
Dumas, 2009
putative membrane protein
x
Fk506-binding protein
Sengupta, 2010
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Table S1 continuation. Proteins identified in the exoproteome of B. kashiwanohense PV20-2.

CDS Number
CDS_798
CDS_805
CDS_808
CDS_813
CDS_820
CDS_846
CDS_847
CDS_861
CDS_868
CDS_880
CDS_902
CDS_935
CDS_1080
CDS_1111
CDS_1116
CDS_1169
CDS_1170
CDS_1207
CDS_1222
CDS_1224
CDS_1225
CDS_1277
CDS_1287
CDS_1289
CDS_1388
CDS_1399
CDS_1450
CDS_1468
CDS_1482
CDS_1486

100

Protein annotation
SignalP SecretomeP Pred-lipo Reference
Transcription elongation factor GreA
Gilad, 2011
Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily A1
x
x
FIG083739: Putative secreted protein
x
x
Response regulator receiver:Transcriptional regulatory protein, C-terminal, two component
Lippolis, 2013
Zinc ABC transporter, periplasmic-binding protein ZnuA
x
x
x
Acetate kinase (EC 2.7.2.1)
Ziebandt, 2010
putative acyltransferase
x
FIG004453: protein YceG like
x
COG family: methyl-accepting chemotaxis protein
x
YcfF/hinT protein: a purine nucleoside phosphoramidase
Ziebandt, 2010
LSU ribosomal protein L25p
Song, 2009
L-arabinose-binding periplasmic protein precursor AraF (TC 3.A.1.2.2)
x
x
x
Cell wall surface anchor family protein
x
ABC transporter, permease protein
x
Choloylglycine hydrolase (EC 3.5.1.24)
x
Transaldolase (EC 2.2.1.2)
Sanchez-Borja, 2008
Transketolase (EC 2.2.1.1)
Trost, 2005
Division initiation protein
x
Ribosome recycling factor
Boekhorst, 2006
Translation elongation factor Ts
Lippolis, 2013
SSU ribosomal protein S2p (SAe)
Song, 2009
Glutamate N-acetyltransferase (EC 2.3.1.35) / N-acetylglutamate synthase (EC 2.3.1.1)
x
x
Glutamine synthetase type I (EC 6.3.1.2)
Gilad, 2011
Transmembrane protein MT2276, clustered with lipoate gene
x
Membrane protein involved in colicin uptake
x
Peptidyl-prolyl cis-trans isomerase PpiC (EC 5.2.1.8)
Papasergi, 2013
Dipeptide-binding ABC transporter, periplasmic substrate-binding component (TC 3.A.1.5.2) x
x
x
NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)
Segupta, 2010
Probable solute-binding protein of ABC transporter for peptides
x
x
x
Cell division protein FtsQ homolog
x
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Table S1 continuation. Proteins identified in the exoproteome of B. kashiwanohense PV20-2.
CDS Number
CDS_1503
CDS_1516
CDS_1540
CDS_1550
CDS_1642
CDS_1649
CDS_1654
CDS_1668
CDS_1675
CDS_1682
CDS_1686
CDS_1687
CDS_1783
CDS_1785
CDS_1792
CDS_1802
CDS_1811
CDS_1821
CDS_1849
CDS_1850
CDS_1865
CDS_1866
CDS_1879
CDS_1891
CDS_1927
CDS_1930
CDS_1948
CDS_1949
CDS_2019
CDS_2035
CDS_2058
CDS_2070

Protein annotation
SignalP SecretomeP Pred-lipo Reference
L-lactate dehydrogenase (EC 1.1.1.27)
Ziebandt, 2010
Phosphoribosylformimino-5-aminoimidazole, carboxamide ribotide isomerase (EC 5.3.1.16)
x
Hydroxymethylpyrimidine ABC transporter, substrate-binding component
x
x
x
Lon-like protease with PDZ domain
x
Lead, cadmium, zinc and mercury transporting ATPase (EC 3.6.3.3) (EC 3.6.3.5)
x
Fribonectin type III
x
FIG00424233: hypothetical protein
x
ABC transporter, substrate-binding protein
x
x
x
penicillin-binding protein
x
Glycine cleavage system H protein
Trost, 2005
Thioredoxin
Gilad, 2011
FIG00672571: Immunogenic G5 domain
x
FIG00672346: hypothetical protein
x
x
FKBP-type peptidyl-prolyl cis-trans isomerase FkpA precursor (EC 5.2.1.8)
x
x
x
ATP synthase B chain (EC 3.6.3.14)
x
Inorganic pyrophosphatase (EC 3.6.1.1)
Gilad, 2011
FIG00424035: hypothetical protein
x
Aspartyl-tRNA(Asn) amidotransferase subunit C (EC 6.3.5.6)
Gilad, 2011
Single-stranded DNA-binding protein
x
SSU ribosomal protein S6p
Trost, 2005
UDP-galactopyranose (EC 5.4.99.9)
Gilad, 2011
Phosphoglycerol transferase and related proteins, alkaline phosphatase superfamily
x
Sialic acid-specific 9-O-acetylesterase
x
ABC-type antimicrobial peptide transport system, permease component
x
x
Predicted galacto-N-biose-/lacto-N-biose I ABC transporter, periplasmic substrate-binding protein
x
x
x
ABC-type sugar transport system, periplasmic component
x
Heat shock protein GrpE
x
Chaperone of protein DnaK
x
Maltose/maltodextrin transport ATP-binding protein MalK (EC 3.6.3.19)
Boekhorst, 2006
ABC transporter membrane-spanning permease, Pep export, Vex3, CDS2034
x
x
Cell wall-binding protein
x
x
Chromosome (plasmid) partitioning protein ParB / Stage 0 sporulation protein J
x
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Table S2. Proteins identified in the exoproteome of B. pseudolongum PV8-2.

CDS Number
CDS_42
CDS_50
CDS_73
CDS_76
CDS_78
CDS_82
CDS_113
CDS_130
CDS_140
CDS_145
CDS_157
CDS_215
CDS_222
CDS_224
CDS_231
CDS_241
CDS_294
CDS_306
CDS_308
CDS_310
CDS_320
CDS_328
CDS_357
CDS_368
CDS_378
CDS_387
CDS_394
CDS_400
CDS_420

102

Protein annotation
Non-specific DNA-binding protein Dps / Iron-binding ferritin-like antioxidant protein
L-arabinose-binding periplasmic protein precursor AraF (TC 3.A.1.2.2)
FIG215594: Membrane spanning protein
Serine/threonine protein kinase PrkC, regulator of stationary phase
Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129)
FHA domain containing protein
Peptidoglycan N-acetylglucosamine deacetylase (EC 3.5.1.-)
Multiple sugar ABC transporter, substrate-binding protein
putative secreted protein
large transmembrane protein possibly involved in transport
Phage infection protein
Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-)
Phosphoenolpyruvate-protein, phosphotransferase of PTS system (EC 2.7.3.9)
putative dipeptidase
Glutamyl-tRNA synthetase (EC 6.1.1.17) @ Glutamyl-tRNA(Gln) synthetase (EC 6.1.1.24)
Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94)
Glucose-6-phosphate isomerase (EC 5.3.1.9)
probable surface-anchored fimbrial subunit
Cell wall surface anchor family protein
collagen adhesin precursor
LSU ribosomal protein L1p (L10Ae)
Acyl-carrier-protein/acetyl transferase of FASI (EC 2.3.1.38)
ABC transporter, periplasmic phosphate-binding protein PstS (TC 3.A.1.7.1)
LSU ribosomal protein L7/L12 (P1/P2)
Heat shock protein 60 family co-chaperone GroES
4-alpha-glucanotransferase, (amylomaltase) (EC 2.4.1.25)
Alcohol dehydrogenase (EC 1.1.1.1); Acetaldehyde dehydrogenase (EC 1.2.1.10)
LSU ribosomal protein L4p (L1e)
Adenylate kinase (EC 2.7.4.3)

SignalP

SecretomeP

Pred-lipo

x

x
x
x
x
x
x
x
x
x
x
x

x

x

x
x
x

Reference
Gilad, 2013

x
x

Trost, 2005
x
Ziebandt, 2010
Boekhorst, 2006
Lippolis, 2013
x
x
x
Song, 2009
Boekhorst, 2006
x

x

x
Song, 2009
Trost, 2005
Boekhorst, 2006
Gilad, 2011
Trost, 2005
Gilad, 2011

Chapter 4

PhD thesis Pamela Vazquez Gutierrez

Table S2 continuation. Proteins identified in the exoproteome of B. pseudolongum PV8-2.

CDS Number
CDS_444
CDS_450
CDS_474
CDS_479
CDS_486
CDS_487
CDS_516
CDS_538
CDS_547
CDS_586
CDS_604
CDS_614
CDS_641
CDS_666
CDS_667
CDS_670
CDS_673
CDS_704
CDS_719
CDS_745
CDS_747
CDS_817
CDS_819
CDS_888
CDS_889
CDS_896
CDS_906
CDS_938
CDS_957
CDS_965

Protein annotation
FIG00423898: hypothetical protein
PTS system, beta-glucoside-specific IIB component (EC 2.7.1.69) / PTS system
Branched-chain amino acid ABC transporter, amino acid-binding protein (TC 3.A.1.4.1)
67 kDa myosin-crossreactive streptococcal antigen putative
Surface antigen
NLP/P60 family protein
Ferric iron ABC transporter, iron-binding protein
ABC transporter ATP-binding protein
Maltose/maltodextrin-Glucose binding, ABC transporter MalE
FIG00672196: amidase surface antigen
probable solute binding protein of ABC transporter system
solute binding protein, ABC transporter system for peptides
FIG00671960: hypothetical protein
Translation elongation factor G
Translation elongation factor Tu
Translation elongation factor P
Carbamoyl-phosphate synthase large chain (EC 6.3.5.5)
Heat shock protein 60 family chaperone GroEL
glutamate-binding ABC transporter system
Glutamine synthetase type I (EC 6.3.1.2)
Dihydrolipoamide dehydrogenase of branched-chain alpha-keto acid dehydrogenase (EC 1.8.1.4)
Translation elongation factor Ts
Ribosome recycling factor
Transketolase (EC 2.2.1.1)
Transaldolase (EC 2.2.1.2)
Phosphoglycerate kinase (EC 2.7.2.3)
Choloylglycine hydrolase (EC 3.5.1.24)
LSU ribosomal protein L25p
family: methyl-accepting chemotaxis protein COG
Pullulanase (EC 3.2.1.41)

SignalP
x
x

SecretomeP
x
x
x

Pred-lipo

Reference

x
Rosberg, 2011

x
x

x
x
x

x
Butler, 2013

x
x
x
x

x
x
x
x
x

x
x
x
Ziebandt, 2010
Trost, 2005

x
Gilad, 2011
Butler, 2013
x

x
Gilad, 2011
Boekhorst, 2006
Ziebandt, 2010
Boekhorst, 2006
Trost, 2005
Sanchez-Borja, 2008
x
x
Song, 2009

x

x
x
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Table S2 continuation. Proteins identified in the exoproteome of B. pseudolongum PV8-2.
CDS Number
CDS_970
CDS_995
CDS_1065
CDS_1071
CDS_1077
CDS_1079
CDS_1085
CDS_1086
CDS_1091
CDS_1092
CDS_1096
CDS_1111
CDS_1128
CDS_1146
CDS_1160
CDS_1204
CDS_1226
CDS_1242
CDS_1284
CDS_1306
CDS_1324
CDS_1335
CDS_1342
CDS_1352
CDS_1354
CDS_1399
CDS_1421
CDS_1445
CDS_1449
CDS_1451
CDS_1497

104

Protein annotation
FIG004453: protein YceG like
Acetate kinase (EC 2.7.2.1)
Zinc ABC transporter, periplasmic-binding protein ZnuA
1,4-alpha-glucan (glycogen) branching enzyme, GH-13-type (EC 2.4.1.18)
FIG083739: Putative secreted protein
Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily A1
Transcription elongation factor GreA
Fk506-binding protein
Cell division protein DivIC (FtsB), stabilizes FtsL against RasP cleavage
Enolase (EC 4.2.1.11)
INTEGRAL MEMBRANE PROTEIN (Rhomboid family)
6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44)
ABC transporter permease protein
ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92)
Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8)
Aconitate hydratase (EC 4.2.1.3)
putative ABC transporter integral membrane protein
NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)
L-lactate dehydrogenase (EC 1.1.1.27)
Hydroxyethylthiazole kinase (EC 2.7.1.50)
Lon-like protease with PDZ domain
Lysine-arginine-ornithine-binding periplasmic protein precursor (TC 3.A.1.3.1)
Methionine ABC transporter substrate-binding protein
Dipeptide-binding ABC transporter, periplasmic substrate-binding component (TC 3.A.1.5.2)
Phage shock protein A
peptidase S10, serine carboxypeptidase
FIG00424233: hypothetical protein
Glycine cleavage system H protein
Thioredoxin
FIG00672571: hypothetical protein
Alpha-amylase (EC 3.2.1.1)

SignalP

SecretomeP
x

Pred-lipo

x

x
x
x
x

x

Reference
Ziebandt, 2010

x
x

Gilad, 2011
Sengupta, 2010
x
Dumas, 2009
x
Dumas, 2009
x
Ziebandt, 2010
Papasergi, 2013
Gohar, 2005
x
Sengupta, 2010
Ziebandt, 2010
Sengupta, 2010
x
x
x

x
x
x
x

x
x
x
Sanchez-Borja, 2008

x
x
Trost, 2005
Gilad, 2010
x

x
x

Chapter 4

PhD thesis Pamela Vazquez Gutierrez

Table S2 continuation. Proteins identified in the exoproteome of B. pseudolongum PV8-2.

CDS Number
CDS_1507
CDS_1509
CDS_1512
CDS_1523
CDS_1527
CDS_1535
CDS_1543
CDS_1555
CDS_1568
CDS_1569
CDS_1571
CDS_1576
CDS_1580
CDS_1623
CDS_1624
CDS_1670
CDS_1672
CDS_1683

Protein annotation
FIG00672346: hypothetical protein
peptidyl-prolyl cis-trans isomerase FkpA precursor (EC 5.2.1.8) FKBP-type
ATP synthase beta chain (EC 3.6.3.14)
Oxalyl-CoA decarboxylase (EC 4.1.1.8)
Inorganic pyrophosphatase (EC 3.6.1.1)
FIG00424035: hypothetical protein
Aspartyl-tRNA(Asn) amidotransferase subunit B (EC 6.3.5.6)
Possible membrane protein
Single-stranded DNA-binding protein
SSU ribosomal protein S6p
Signal peptidase I (EC 3.4.21.89)
Phosphoglycerol transferase and related proteins, alkaline phosphatase superfamily
Glucan-binding domain / Lyzozyme M1 (1,4-beta-N-acetylmuramidase) (EC 3.2.1.17)
Heat shock protein GrpE
Chaperone DnaK
Candidate zinc-binding lipoprotein ZinT
Maltose/maltodextrin transport ATP-binding protein MalK (EC 3.6.3.19)
Virulence factor mviN

SignalP
x
x

SecretomeP
x
x
x

Pred-lipo

Reference

x
Ziebandt,2010
Gilad, 2011

x
Gilad, 2011
x
x
Song, 2009
x
x
x
x
Butler, 2013
x
x
x
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Table S3. Proteins identified in the exoproteome of B. kashiwanohense PV20-2 with an homolog in B. pseudolongum PV8-2.
CDS Number
CDS_32
CDS_35
CDS_37
CDS_64
CDS_91
CDS_109
CDS_136
CDS_139
CDS_189
CDS_198
CDS_227
CDS_281
CDS_299
CDS_328
CDS_336
CDS_345
CDS_368
CDS_388
CDS_414
CDS_420
CDS_438
CDS_443
CDS_444
CDS_498
CDS_522
CDS_524
CDS_565
CDS_567
CDS_589
CDS_628

106

Protein annotation
Homologue Bp SignalP SecretomeP Pred-lipo
FIG215594: Membrane spanning protein
CDS_73
x
Serine/threonine protein kinase PrkC, regulator of stationary phase
CDS_76
x
Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129)
CDS_78
x
x
FIG00672241: hypothetical protein
CDS_89
x
Sugar ABC transporter, substrate-binding protein
CDS_130
x
x
x
large transmembrane protein possibly involved in transport
CDS_145
x
x
Phage infection protein
CDS_157
x
dipeptidase
CDS_224
x
Multimodular transpeptidase-transglycosylase (EC 2.4.1.129) (EC 3.4.-.-)
CDS_215
x
Phosphocarrier protein of PTS system
CDS_222
Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94)
CDS_241
Glucose-6-phosphate isomerase (EC 5.3.1.9)
CDS_294
LSU ribosomal protein L1p (L10Ae)
CDS_320
Phosphate ABC transporter, periplasmic phosphate-binding protein PstS (TC 3.A.1.7.1) CDS_357
x
x
x
LSU ribosomal protein L7/L12 (P1/P2)
CDS_368
Heat shock protein 60 family co-chaperone GroES
CDS_378
LSU ribosomal protein L4p (L1e)
CDS_400
Adenylate kinase (EC 2.7.4.3)
CDS_420
FIG00423898: hypothetical protein
CDS_444
x
x
PTS system, beta-glucoside-specific IIA ,IIB,IIC component (EC 2.7.1.69)
CDS_450
x
putative 67 kDa myosin-crossreactive streptococcal antigen
CDS_479
Surface antigen
CDS_486
x
NLP/P60 family protein
CDS_487
x
x
Branched-chain amino acid ABC transporter, amino acid-binding protein (TC 3.A.1.4.1) CDS_474
x
x
x
FIG00672196: amidase surface antigen
CDS_586
x
x
solute binding protein of ABC transporter system
CDS_604
x
x
x
Lysine-arginine-ornithine-binding periplasmic protein precursor (TC 3.A.1.3.1)
CDS_1335
x
x
x
Methionine ABC transporter substrate-binding protein
CDS_1342
x
x
x
FIG00671960: hypothetical protein
CDS_641
x
Translation elongation factor G
CDS_666
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Table S3-contuinuation. Proteins identified in the exoproteome of B. kashiwanohense PV20-2 with an homolog in B. pseudolongum PV8-2.
CDS Number
CDS_630
CDS_631
CDS_664
CDS_690
CDS_698
CDS_786
CDS_790
CDS_797
CDS_798
CDS_805
CDS_808
CDS_820
CDS_846
CDS_861
CDS_868
CDS_902
CDS_935
CDS_1080
CDS_1111
CDS_1116
CDS_1169
CDS_1170
CDS_1222
CDS_1224
CDS_1287
CDS_1399
CDS_1450
CDS_1468
CDS_1482

Protein annotation
Homologue Bp SignalP SecretomeP Pred-lipo
Translation elongation factor Tu
CDS_667
Translation elongation factor P
CDS_670
x
Heat shock protein 60 family chaperone GroEL
CDS_704
ABC transporter system for glutamate-binding
CDS_719
x
x
ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92)
CDS_1146
INTEGRAL MEMBRANE PROTEIN (Rhomboid family)
CDS_1096
x
Enolase (EC 4.2.1.11)
CDS_1092
Fk506-binding protein
CDS_1086
Transcription elongation factor GreA
CDS_1085
Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily A1
CDS_1079
x
x
FIG083739: Putative secreted protein
CDS_1077
x
x
Zinc ABC transporter, periplasmic-binding protein ZnuA
CDS_1065
x
x
x
Acetate kinase (EC 2.7.2.1)
CDS_995
FIG004453: protein YceG like
CDS_970
x
COG family: methyl-accepting chemotaxis protein
CDS_957
x
LSU ribosomal protein L25p
CDS_938
L-arabinose-binding periplasmic protein precursor AraF (TC 3.A.1.2.2)
CDS_50
x
x
x
Cell wall surface anchor family protein
CDS_308
x
ABC transporter, permease protein
CDS_1128
x
Choloylglycine hydrolase (EC 3.5.1.24)
CDS_906
x
Transaldolase (EC 2.2.1.2)
CDS_889
Transketolase (EC 2.2.1.1)
CDS_888
Ribosome recycling factor
CDS_819
Translation elongation factor Ts
CDS_817
Glutamine synthetase type I (EC 6.3.1.2)
CDS_745
Peptidyl-prolyl cis-trans isomerase PpiC (EC 5.2.1.8)
CDS_1160
Dipeptide-binding ABC transporter, periplasmic substrate-binding component (TC 3.A.1.5.2)
CDS_1352
x
x
x
NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)
CDS_1242
Probable solute-binding protein of ABC transporter for peptides
CDS_614
x
x
x
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Table S3-contuinuation. Proteins identified in the exoproteome of B. kashiwanohense PV20-2 with an homolog in B. pseudolongum PV8-2.

CDS Number
CDS_1503
CDS_1550
CDS_1654
CDS_1682
CDS_1686
CDS_1687
CDS_1783
CDS_1785
CDS_1792
CDS_1802
CDS_1811
CDS_1821
CDS_1849
CDS_1850
CDS_1866
CDS_1948
CDS_1949
CDS_2019
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Protein annotation
Homologue Bp SignalP SecretomeP Pred-lipo
L-lactate dehydrogenase (EC 1.1.1.27)
CDS_1284
Lon-like protease with PDZ domain
CDS_1324
x
FIG00424233: hypothetical protein
CDS_1421
x
Glycine cleavage system H protein
CDS_1445
Thioredoxin
CDS_1449
FIG00672571: Immunogenic G5 domain
CDS_1451
x
FIG00672346: hypothetical protein
CDS_1507
x
x
FKBP-type peptidyl-prolyl cis-trans isomerase FkpA precursor (EC 5.2.1.8)
CDS_1509
x
x
x
ATP synthase B chain (EC 3.6.3.14)
CDS_1512
x
Inorganic pyrophosphatase (EC 3.6.1.1)
CDS_1527
FIG00424035: hypothetical protein
CDS_1535
x
Aspartyl-tRNA(Asn) amidotransferase subunit C (EC 6.3.5.6)
CDS_1543
Single-stranded DNA-binding protein
CDS_1568
x
SSU ribosomal protein S6p
CDS_1569
Phosphoglycerol transferase and related proteins, alkaline phosphatase superfamily CDS_1576
x
Heat shock protein GrpE
CDS_1623
x
Chaperone of protein DnaK
CDS_1624
x
Maltose/maltodextrin transport ATP-binding protein MalK (EC 3.6.3.19)
CDS_1672
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Abstract
The gut microbiota composition plays an important role in host health by competing with exogenous
pathogenic bacteria. Bifidobacteria are among the first commensal anaerobic bacteria that establish
in the infant gut and are associated with host protection effects against pathogenic bacteria, such as
Salmonella Typhimurium (S. Typhi) and Escherichia coli O157:H45 (EHEC). In the present study, the
inhibition activity of Bifidobacterium pseudolongum PV8-2 (Bp PV8-2) and Bifidobacterium
kashiwanohense PV20-2 (Bk PV20-2), previously selected for their high iron sequestration properties,
against S. Typhi N15 and EHEC was investigated in co-culture and cellular models in function of iron
availability. Single and co-cultures were carried out in a chemically semidefined low iron medium
without (1.5 µM) and with ferrous iron (30 µM) supplementation. Viable cell counts OD 600nm, pH and
organic acids were determined over 24 hours of anaerobic incubation at 37 °C in hungate tubes with
headspace filled with CO2. A high strain specificity of inhibition profiles for the two bifidobacterial
strains on the tested enteropathogens was recorded during co-culture experiments in iron depleted
conditions (1.5 µM). Bp PV8-2 significantly (P<0.05) inhibited S. Typhi N15 and EHEC by log10 2.5 +/0.05 CFU/mL and log10 1.2 +/- 0.13 CFU/mL after 24 hrs incubation, respectively, when compared to
mono-cultures of the pathogens. In contrast, Bk PV20-2 inhibited S. Typhi N15 to a lesser extent
(log10 1.06 +/- 0.11 CFU/mL) when compared to Bp PV8-2 and showed no inhibition effect on EHEC.
No significant inhibitory differences were observed on the tested enteropathogens during co-culture
with iron supplementation (30 µM). Bk PV20-2 showed high adhesion percentage (15.6 +/- 6.0 %)
compared to Bp PV8-2 (1.4 +/- 0.4 %) on mucus producing HT29-MTX cell layer. Affinity for intestinal
epithelial cell surface glycoproteins also revealed strain specific affinities, with high affinity of Bk
PV20-2 for fibronectin and of Bp PV8-2 for mucin. Inhibition activity of Bk PV20-2 and Bp PV8-2 in a
mucus secreting HT29-MTX model, showed that Bp PV8-2 significantly (P<0.05) inhibit S. Typhi N15
and EHEC, while Bk PV20-2 only to S. Typhi N15. Both bifidobacterial strains did not induce
inflammatory activity tested by NF-kB mediated response in THP1-Blue cells. Our study highlights the
inhibitory activity against S. Typhi N15 and EHEC of B. pseudolongum PV8-2 and B. kashiwanohense
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PV20-2 two strains selected for their high iron sequestration mechanisms. The ability of
bifidobacteria to efficiently sequester iron may confer an ecological advantage to the strains in the
human gut and these properties could be further tested to prevent the growth of enteric pathogens
in gut complex ecosystems for host protection against infection.
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1. Introduction
Bifidobacteria are among the first commensal anaerobic bacteria that reach high levels in the infant
gut within the first week of life, representing up to 50 - 80% of the gut bacteria (Jost et al., 2012;
Turroni et al., 2012). The establishment in the gut of bifidobacteria has been associated with a broad
range of beneficial effects on hosts health, such as modulation of the intestinal microbiota
composition, prevention of infection and immune-modulation (Broekaert & Walker, 2006;
Yatsunenko et al., 2012). Many mechanisms have been postulated by which bifidobacteria could
prevent the growth of pathogens in the gut including production of inhibitory substances, inhibition
of epithelial and mucosal invasion of pathogens, competition for limited nutrients and/or the
stimulation of mucosal immunity (Marco et al., 2006). Pathogen inhibition have been shown to result
from the production of short-chain fatty acids that can decrease local pH, making it less favorable to
the establishment of pathogenic bacteria, (Fukuda et al., 2011) or by the production of bacteriocins
that will influence the gut microbiota composition and herein host-health (Cheikhyoussef et al.,
2008; Dobson et al., 2012; Martinez et al., 2013). Bifidobacteria might also compete with pathogens
for adhesion to intestinal epithelial sites and nutrients, which enhance resistance to colonization of
pathogenic bacteria and thus preventing or limiting their colonization (Aires et al., 2010; Collado et
al., 2007b).
The gut microbiota is constantly challenged by different stress factors, including pathogenic bacteria,
such as Salmonella Typhimurium (S. Typhi) and enterohemorrhagic E. coli O157:H45 (EHEC)
(Wardlaw et al., 2010). The pathogenesis of Salmonella requires adhesion to host cell surface and
ability to survive, invade and to disseminate in intestinal epithelial cells by spreading systemically
(Haraga et al., 2008; Sansonetti, 2004; Santos et al., 2009). EHEC pathophysiology is attributed to the
effects of shiga toxins, factors encoded in the pO157 plasmid, survival to harsh conditions and the
formation of attaching-and-effacing (A/E) lesions on epithelial cells (Melton-Celsa et al., 2012; Muller
et al., 2009a; Thiennimitr et al., 2012). To inhibit pathogen infection in the gut commensal intestinal
microorganisms, such as bifidobacteria, should be able to compete with pathogens for attachment
112

Chapter 5
sites of intestinal epithelial cells, preventing invasion and translocation into colonic tissue (Bernet et
al., 1994; Goto & Kiyono, 2012; Nardi et al., 1989). For this reason, the assessment of inhibition
activity of bifidobacteria against enteropathogens in microbe-microbe interaction models and
characterization of adherent competitive exclusion properties in intestinal cell models is important to
indicate potential beneficial strain features for the application as probiotic culture (Collado et al.,
2007b). Human intestinal cell models are widely used to study host-enteric pathogen interactions,
with different intestinal epithelial cell lines exhibiting specific characteristics and functions of the gut
epithelium (Gagnon et al., 2013). The HT29-MTX cell line is a mucus secreting clone of the HT-29
intestinal epithelial cell line suitable to mimic the mucosal surface of the gut epithelium where gut
microbiota–host interactions take place (Gagnon et al., 2013). Host mucus functions as a protective
barrier, separating the epithelium from the bacterial load of the intestinal content, but also as one of
the main host-derived nutrient sources for gut microorganisms that promotes adherence of gut
bacteria. The adherence to intestinal epithelial cells is an important characteristic of beneficial gut
bacteria, promoting increased gut residence time, pathogen exclusion and host-immune system
interactions (Bron et al., 2012; Izquierdo et al., 2008).
The ability of bacteria to establish in the intestine heavily relies on their ability to obtain adequate
supplies of nutrients that are indispensable for their growth (Andrews et al., 2003). Iron is an
essential micronutrient for growth proliferation and persistence for most gut microbiota species,
including bifidobacteria and enteropathogens but excluding lactobacilli (Turroni et al., 2014).
Pathogens such as S. Typhi and EHEC are known to possess efficient iron sequestration mechanisms
that contribute to their pathogenicity and competitiveness in the gut (Berkley et al., 2005; Cassat &
Skaar, 2013; Monack & Hultgren, 2013; Wardlaw et al., 2010; Winter et al., 2013). Thus, efficient iron
sequestration systems have been directly linked to the fitness of strains and ability to establish
efficiently in the gut (Kortman et al., 2012; Weinberg, 2009). In a previous study we reported
isolation of fifty-six bifidobacterial strains from stools of breast fed iron deficient Kenyan infants with
the hypothesis that low iron conditions favor the selection of bifidobacteria with efficient iron
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sequestration mechanisms. Isolated strains were characterized together with public culture
collection strains for siderophore activity (iron chelating molecules) and for iron internalization, that
are mechanisms involved in iron acquisition. From this study two strains, B. kashiwanohense PV20-2
(Bk PV20-2) and B. pseudolongum PV8-2 (Bp PV8-2), were selected for their high iron high iron
sequestration properties. We also showed by sequencing the complete genome and extracellular
proteome analysis of both strains, that ferrous and specific ferric iron operons were identified in
their genome and an insertion of a ferric iron transport operon occurred in the genome of Bp PV8-2.
These data were supported by the presence of a ferrous iron binding in the extracellular fraction of
Bk PV20-2 while adhesion related proteins were also identified. In the extracellular proteome of Bp
PV8-2 a ferric iron binding protein belonging to the ferric iron transport operon was shown. In the
present study, the inhibitory activity against S. Typhi N15 and EHEC and competition for epithelial
binding sites of Bp PV8-2 and Bk PV20-2 were investigated in vitro in co-culture and cell-microbe
interaction models under two iron availability conditions.
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2.

Materials and methods

2.1

Bacterial strains and growth conditions

Bifidobacterium pseudolongum DSMZ20099 (Bp DSMZ20099) and Bifidobacterium kashiwanohense
DSMZ21854 (Bk DSMZ21854) were obtained from the German collection of microorganisms (DSMZ).
B. pseudolongum PV8-2 (Bp PV8-2) and B. kashiwanohense PV20-2 (Bk PV20-2), were obtained from
the culture collection of the Laboratory of Food Biotechnology and were previously isolated from
breast fed iron deficient Kenyan infants and selected for their high iron binding properties (Chapter
2). Salmonella Typhimurium N15 (S. Typhi N15) a clinical isolate obtained from the National Centre
for Enteropathogenic bacteria and Listeria (NENT, University of Zurich, Switzerland) and Escherichia
coli O157:H45 (EHEC) kindly provided by Prof. Roger Stephan, were used as enteropathogens.
Bifidobacteria were cultured in de Man, Rogosa and Sharpe (MRS) broth (Biolife, Italy) supplemented
with 0.05 % of L-cysteine hydrochloride monohydrate (cys) (Sigma-Aldrich, Switzerland).
Enteropathogens were cultured in Luria-Bertani (LB) broth (Becton Dickinson, Switzerland) unless
otherwise specified. Cells suspensions and serial dilutions were carried out in peptone water at pH
6.5, containing 1.5 g/L peptone water (CDH Bioscience, India) and 0.6 g/L cys (peptone-cys).
Bifidobacterial viable cell counts were enumerated on MRS-cys agar (Becton Dickinson, Switzerland)
plates, incubated for 72 hours under anaerobiosis. S. Typhi and EHEC enumeration was done in MacConkey agar (Oxoid, Switzerland) incubated 24 hours at 37°C. A chemically semidefined low iron
media (CSDLIM) with an iron concentration of 1.5 µM was used for co-culture interaction assays.
CSDLIM has shown to be positive with the CAS assay (Chapter 2) and proteins annotated for iron
metabolism were identified in the extracellular fraction (Chapter 4). CSDLIM medium contained:
containing: 5.64 g/L 5X M9 minimal salts, 5.0 g/L proteose-peptone (Becton Dickinson, Switzerland),
0.2 g/L cys, 20 mL/L of 20% glucose, 2 mL/L of 1 M MgSO4 and 0.2 mL/L of 1 M CaCl2 2H2O (SigmaAldrich, Switzerland) was used for microbe-microbe interaction assays. Iron concentration in CSDLIM
was measured by atomic absorption spectrometry according to manufacturer’s instructions (Hoppler
et al., 2014). Iron supplementation of the CSDLIM medium was achieved by adding 30 µM of ferrous
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iron (Sigma-Aldrich, Switzerland) which is the iron concentration were Salmonella and EHEC
increased their pathogenicity as previously reported (Cernat & Scott, 2012; Kortman et al., 2012).

2.2

Inhibitory activity of B. pseudolongum PV8-2 and B. kashiwanohense PV20-2
against enteropathogens

Growth interactions between bifidobacteria and enteropathogens were performed in CSDLIM with
and without ferrous iron supplementation as follow. The strains were first cultured two times in
MRS-cys and LB broth at 37°C during 24 hours and 12 hours, respectively. Bacterial cells were
harvested by centrifugation (Biofuge Primo, Heraeus, Switzerland) at 24 °C, 16,000 x g during 10
minutes; the supernatant was discarded, pellet resuspended in peptone-cys water to OD600nm
absorbance 1.0. Hungate tubes containing 10 mL of CSDLIM with headspace filled with CO2 were
inoculated with a sterile syringe and needle to approximately log10 6.5±0.05 CFU/mL Bp PV8-2, log10
6.6±0.13 CFU/mL Bk PV20-2, log10 5.5±0.06 CFU/mL S. Typhi N15 and log10 5.4±0.15 CFU/mL EHEC in
both mono and co-cultures. This experiment was performed in three independent repetitions with
and without ferrous iron supplementation (30 µM ferrous iron). Hungate tubes were incubated at 37
°C during 24 hours and samples were taken at 0, 12 and 24 hours. For determination of absorbance
at OD600nm (Biowave, CO8000, Biochrom Ltd, England), pH, and viable cell counts. Short chain fatty
acids (SCFA) were measured by high performance liquid chromatography (HPLC) (Thermo Fisher
Scientific, Switzerland) as previously described (Cleusix et al., 2008). Briefly, 2 mL supernatant
samples were centrifuged (5417-R, Vaudaux-Eppendorf, Switzerland), for 12 minutes at 10’000 x g, 4
°C, and supernatant was filtered with a 0.45 µm nylon membrane (Infochroma AG, Switzerland)
directly in vials. Analysis was performed at a flow rate of 0.4 mL/min with 10 mM sulphuric acid as
eluent with an injection volume of 20 µL. Each experiment was performed in three independent
replicates and mean metabolite concentrations were expressed in millimolar (mM).
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Survival to acidic pH (4.5) of S. Typhimurium N15 and E. coli O157:H45
In order to test the effect of pH decrease and SCFA concentration on enteropathogens growth of S.
Typhi N15 and EHEC was tested at pH 4.5, which was close to the pH recorded at the end of cocultures with bifidobacteria (pH 4.2) and at SCFA concentration when cell counts of enteropathogens
in co-culture started to decrease. S. Typhi N15 and EHEC were grown anaerobically in LB broth and
cultured at 37 °C during 12 hours. After centrifugation at 24 °C, 16,000 x g for 10 minutes, cell pellets
were suspended in peptone-cys water and adjusted to OD600nm 1.0. Then hungate tubes containing 10
mL of CSDLIM pH 4.5, 7 mM lactate and 13 mM acetate, were inoculated with log10 5.4±0.06 CFU/mL
S. Typhi N15 and log10 5.3±0.13 CFU/mL EHEC, which were the viable cell counts reached in cocultures after 12 hours incubation. Hungate tubes were incubated for 24 hours at 37 °C and 1 mL
sample was taken every 4 hours to determine pH, absorbance at 600 nm and viable cell counts.
Experiment was performed in three independent replicates in CSDLIM and CSDLIM with Fe
supplementation.

2.3

Surface properties of bifidobacterial strains

The bacterial adhesion to solvent (BATS) assay was used to investigate cell surface properties of
bifidobacterial strains according to Xu et al, (2009) with slight modifications. Surface hydrophobicity,
electron donor and acceptor properties were determined based on the affinity of bifidobacteria to
xylene (apolar solvent), chloroform (polar acidic solvent) and ethyl acetate (polar basic solvent).
Bifidobacteria were cultured in MRS-cys and CDSLIM as described previously. Briefly, cell pellets were
re-suspended in phosphate-buffered saline (PBS), pH 7.3 to an OD600nm of 1.0. A volume of 3 mL of
cell suspension was mixed with 1 mL of either xylene (apolar solvent), chloroform (electron
acceptor), or ethyl acetate (electron donor) (Sigma-Aldrich, Switzerland). The mixture was vortexed
for 1 min and allowed to stand for 5 min to allow separation into two distinct phases. Thereafter, 1
mL of the aqueous phase was carefully collected with a pipette and OD600nm was measured using a
UV-Visible spectrophotometer CARY 1Bio (Varian, Switzerland). The decrease in absorbance of the
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aqueous phase after contact with solvent was used as a measure of the cell surface hydrophobicity
or electron donor-electron acceptor interaction, which was expressed using the formula, BATS (%) =
(1 – A5min/A0min) × 100, where A0min is the absorbance before extraction and A5min the absorbance after
extraction with the solvents (Xu et al., 2009). Experiment was performed in three independent
replicates.

2.4

Adhesion to different intestinal cell surface molecules

The adhesion affinities of bacteria to the extracellular matrix molecules (ECM) of intestinal epithelial
cells were tested as presented by (Sillanpaa et al., 2008) with slight modifications. Briefly, a solution
of type II mucus (Sigma-Aldrich, Switzerland) at 50 µg/mL was prepared in tris-HCl (0.1 M, pH 8).
Collagen I (Sigma-Aldrich, Switzerland), fibrinogen (Sigma-Aldrich, Switzerland) and fibronectin
(Sigma-Aldrich, Switzerland) were resuspended

(10 µg/mL) in phosphate-buffered saline (PBS,

Gibco), pH 7.5. Bovine serum albumin (BSA) (Sigma-Aldrich, Switzerland) was resuspended (50
µg/mL) in tris-HCl and applied at the same volume as control for estimation of unspecific adhesion. A
volume of 100 µL of the suspensions were added to wells of a MaxiSorp™ 96-well microtiter plate
(Nunc, Switzerland) and left overnight at 4 °C for adsorption of ECM. After removal of the liquids,
adsorbed coated molecules were fixed for 10 minutes at 65 °C and subsequently blocked with 100 µL
PBS 1 % Tween 20 per well for 1 hour at 37 °C. Before application of bacteria, plates were washed
three times with 100 µL PBS 0.005 % Tween 20 to remove unbound ECM and used immediately or
wells were added with 100 µl PBS for storage for a maximum of 24 hours at 4 °C. All strains were
cultured as previously described. Cell pellets (24 °C, 16’000 x g during 10 minutes) were resuspended in PBS at pH 5.5 and pH 7.5 and OD600nm of 1.0. A volume of 100 µl of each bacterial
suspension was applied in three independent replicates to coated plates and incubated for 1 hour at
37 °C for measuring bacterial adhesion. Wells were washed three times with 100 µL PBS 0.005 %
Tween 20 to remove unattached bacteria and dried for 10 minutes at 65 °C. Adhered bacteria were
stained with 100 µL crystal violet (1 mg/mL, Sigma-Aldrich, Switzerland) per well for 45 minutes at
room temperature. Crystal violet retained by fixed bacteria after three washing steps with 100 µL
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PBS was resolubilized in 100 µL citrate buffer (50 mM; pH 4) under continuous shaking at 37 °C for 1
hour . Absorbance of solubilized crystal violet was measured at OD595nm using a Powerwave XS
spectrophotometer (Bio Tek, Switzerland). Specific bacterial adhesion to ECM and data reported as
means of three independent replications.

2.5

In vitro antagonism of bifidobacteria against pathogen adhesion to HT29-MTX cells

The mucus-secreting intestinal epithelial cell line HT29-MTX was used to investigate adhesion
abilities of bifidobacteria and enteropathogens as described previously with slight modifications
(Gagnon et al., 2013). Briefly, HT29-MTX cells were seeded in 24-well tissue culture plates
(Bioswisstec, Switzerland) at a concentration of 4x104 cells/well, and grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma-Aldrich, Switzerland) supplemented with 20 % fetal bovine serum
(FBS) (Invitrogen, Switzerland), 1 % penicillin/streptomycin (Life technologies, Switzerland), and 1 %
non-essential amino acids (NEAA) (Life technologies, Switzerland), at 37 °C and 10 % CO2 in a
humidified incubator (RB150, Revco, Switzerland). Culture medium was exchanged every other day
and experiments were performed 21 days post seeding on fully differentiated, confluent monolayers
verified by using Alcian blue (stains acid mucopolysaccharides) and periodic acid Schiff (PAS, stains
hexose and sialic acid-containing mucosubstances). Tested bacterial cultures were prepared as
described above, bacterial cultures were washed with sterile 0.85 % NaCl, and resuspended in DMEM
for application to the cell monolayers. Cell monolayers were carefully washed with 500 µL of PBS. For
all tests, bifidobacteria were added at approximately log10 7.7±0.12 CFU/mL DMEM and S. Typhi N15
and EHEC were added at approximately log10 6.3±0.05 CFU/mL DMEM to the HT29-MTX monolayer.
After 2 hours incubation at 37 °C, HT29-MTX monolayers were washed twice with PBS to remove
non-attached bacteria and treated with 0.25 % trypsin-EDTA solution (Life technologies, Switzerland)
to release adherent cells and viable cell counts were measured as described above. Adhesion (%) was
expressed as the ratio of adhered cells to number of cells added to the HT29-MTX monolayer.
Experiments were carried out with three independent replicates.
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To determine the inhibition of pathogen adhesion by bifidobacteria the method of Gagnon et al,
2013; was used with slight modifications. Briefly, bifidobacteria was applied to the cell monolayer for
1 hour. Then the well was washed once with PBS to remove non-adhering cells and the tested
pathogen was added for a further incubation period of 1 hour. After, bifidobacteria and pathogens
were enumerated by serial dilution. To examine if already adhered pathogenic bacteria could be
displaced by the addition of bifidobacteria, enteropathogens were added first and bifidobacteria
were added after 1 hour, after a washing step with PBS. To investigate the ability of bifidobacteria to
competitively exclude enteropathogens, bifidobacteria and pathogenic bacteria were added
simultaneously to the HT29-MTX monolayer, followed by an incubation period of 2 hours. All
incubations were done at 37 °C and 10 % CO2. HT29-MTX monolayers were washed twice with PBS to
remove non-attached bacteria, and treated with a 0.25 % trypsin-EDTA solution for 15 minutes, for
bifidobacteria

and

enteropathogens

enumeration

as

previously

presented.

Activity

of

Bifidobacterium strains to compete, displace and inhibit the adhesion of S. Typhi N15 and EHEC to
the intestinal epithelial cell line HT29-MTX was expressed using the adhesion ratio, calculated as the
percentage of adhesion of bifidobacteria or pathogenic bacteria when added simultaneously divided
by the percentage of adhesion of the Bifidobacterium strain or pathogenic bacteria when added
alone.

2.6

Inflammatory activity in THP1-Blue cells

THP1-Blue™ NF-κB cells (Invivogen, France) were used according to supplier to quantify NF-κB
activating potential of bifidobacteria. THP1-Blue cells were cultured in RPMI 1640 (Life technologies,
Switzerland) supplemented with 10 % FBS (Invitrogen, Switzerland), 1 % penicillin/streptomycin, 1 %
non-essential amino acids (NEAA), 1 % Minimum essential medium (MEM) vitamin solution and 1 %
Na-pyruvate (Life technologies, Switzerland). THP1-Blue cells were seeded at 4x105 cells/well (90 µL)
in 96-well plates and 10 µL of culture supernatant prepared as described above were added. After 24
hours stimulation at 37 °C and 5 % CO2, 10 µL supernatant of SEAP-expressing cells, or cell culture
120

Chapter 5
medium as a negative control, were added to QUANTI-Blue SEAP revelation substrate (InvivoGen,
Switzerland). After 5 hours incubation, secreted placental alkaline phosphatase (SEAP) activity was
quantified using a Powerwave XS spectrophotometer at OD655nm. To confirm viability of THP1-Blue
cells after exposition to bacterial supernatants, the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega, Switzerland) was used according to the suppliers notes. After 1 hour
incubation absorbance (490 nm) was measured (Powerwave XS spectrophotometer). Experiments
were performed in three independent replicates.

2.7

Statistical analysis

ANOVA with post-hoc Tukey test was used to assess significant affinity to ECM when compared to
the control (PBS) (P-value < 0.05). Each adhesion, competition and inhibition assay was performed in
triplicates on three consecutive passages of the HT29-MTX cell line. To assess differences between
treatments in inhibitory activity, BATS, adhesion to intestinal EMC the means of three independent
repetitions were compared using un-paired student’s t-tests. Statistical significance was established
at P-value < 0.05 and SPSS software 17.0 (SPSS Inc., Chicago, Il, USA) was used.
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3.

Results

3.1

Inhibitory activity of B. pseudolongum PV8-2 and B. kashiwanohense PV20-2
against enteropathogens

To determine the inhibitory activity of B. pseudolongum PV8-2 (Bp PV8-2) and B. kashiwanohense
PV20-2 (Bk PV20-2) against S. Typhi N15 and EHEC, bifidobacterial strains were cultivated separately
and co-cultured with enteropathogens in CSDLIM without and with ferrous iron supplementation (30
µM). Bp PV8-2 in monocultures reached log10 8.1±0.1 CFU/mL and pH 4.5±0.1 after 12 hours of
incubation and remained the same until 24 hours, without and with iron supplementation. Bp PV8-2
monocultures produced acetate, lactate and formate in decreasing concentrations (Table 8) and iron
supplementation was shown to significantly (P<0.05) increase acetate (12%), lactate (17%) and
formate (29%). Bk PV20-2 in monocultures reached log10 7.7±0.2 CFU/mL and pH was 5.3±0.04 and
4.8±0.06, with and without iron supplementation, respectively. Metabolites produced were acetate
and lactate (Table 9) that were significantly (P<0.05) increased when supplemented with iron,
acetate (27%) and lactate (20%). S. Typhi N15 reached log10 8.1±0.1 CFU/mL in monoculture and pH
value after 12 hours was 4.87±0.05 and 5.16±0.06, with and without iron supplementation,
respectively.
Table 8: Concentration of metabolites (mM) in culture supernatant measured by HPLC at 24 hours of growth in
CSDLIM media. (means ±SD n=3).

Acetate

Lactate

Formate

20.81 ±0.35
5.26 ±0.09
21.81 ±0.82
5.55 ±0.07
21.90 ±0.75

8.04 ±0.34
14.82 ±0.26
10.15 ±0.57
12.72 ±0.21
9.87 ±0.30

3.85 ±0.23
3.20 ±0.30
4.79 ±0.21

23.28 ±0.36
5.47 ±0.28
21.92 ±0.72
5.93 ±0.14
22.81 ±0.82

9.43 ±0.20
14.07 ±0.56
10.64 ±0.36
11.87 ±0.09
9.73 ±0.43

4.96 ±0.75
2.53 ±0.25
4.82 ±0.33

without iron supplementation
B. pseudolongum PV8-2
S. Typhimurium N15
B. pseudolongum PV8-2 / S. Typhimurium N15
E. coli O157:H45
B. pseudolongum PV8-2 / E. coli O157:H45

with iron supplementation (30 µM)
B. pseudolongum PV8-2
S. Typhimurium N15
B. pseudolongum PV8-2 / S. Typhimurium N15
EHEC
B. pseudolongum PV8-2 / E. coli O157:H45
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S. Typhi N15 metabolites were lactate and acetate (Table 8), and no significant differences (P<0.05)
were observed when iron was supplemented to the media. EHEC in monoculture reached log10
7.9±0.1 CFU/mL and pH 4.88±0.02 and 5.05±0.02 with and without iron supplementation,
respectively; metabolites produced were lactate and acetate (Table 8).
Viable cell counts of S. Typhi N15 significantly decreased (P<0.05) by log10 2.5±0.1 CFU/mL in coculture with Bp PV8-2 and non significantly by log10 1.1±0.1 CFU/mL with Bk PV20-2 after 24 hours
when compared to monocultures of S. Typhi N15 (Figure 15a, 15b). No significant differences in
viable cell counts without and with iron supplementation were observed for both bifidobacterial
strains (Figure 16a, 16b). pH in co-culture of S. Typhi N15 and Bp PV8-2 was 4.5±0.20 and with Bk
PV20-2 4.6±0.04 under both iron conditions. Metabolite production in co-culture with S. Typhi N15
and Bp PV8-2 were acetate, lactate and formate (Table 8), whereas with Bk PV20-2 only acetate and
lactate were identififed under iron depleted conditions and no significant differences were observed
when iron was supplemented to the media (Table 9).

Table 9: Concentration of metabolites (mM) measured in culture supernatant by HPLC at 24 hours of growth in
CSDLIM media. (means ±SD n=3).

Acetate

Lactate

8.69 ± 0.55
5.26 ±0.09
10.18 0.40
5.55 ±0.07
9.55 ±0.29

5.08 ±0.20
14.82 ±0.26
10.04 0.29
12.72 ±0.21
9.18 ±0.28

11.00 ±0.09
5.47 ±0.28
12.67 0.34
5.93 ±0.14
12.29 ±0.16

6.08 ±0.06
14.07 ±0.56
8.63 0.17
11.87 ±0.09
8.02 ±0.27

without iron supplementation
B. kashiwanohense PV20-2
S. Typhimurium N15
B. kashiwanohense PV20-2 / S. Typhimurium N15
E. coli O157:H45
B. kashiwanohense PV20-2 / E. coli O157:H45

with iron supplementation (30 µM)
B. kashiwanohense PV20-2
S. Typhimurium N15
B. kashiwanohense PV20-2 / S. Typhimurium N15
E. coli O157:H45
B. kashiwanohense PV20-2 / E. coli O157:H45

123

Figure 15: Viable cell counts during co-culture experiment in CSDLIM without iron supplementation a) B.
pseudolongum PV8-2 and S. Typhimurium N15, b) B. pseudolongum PV8-2 and E. coli O157:H45 c) B.
kashiwanohense PV20-2 and S. Typhimurium N15 and d) B. kashiwanohense PV20-2 and E. coli O157:H45,
(means ±SD, n=3). ).
B. pseudolongum PV8-2 ,
B. pseudolongum PV8-2 in coculture ,
S.
Typhimurium N15,
S. Typhimurium N15 Fe- in coculture Fe-,
B. kashiwanohense PV20-2,
B.
kashiwanohense PV20-2 in coculture,
E. coli O157:H45 Fe-,
E. coli O157:H45 in coculture.

During co-cultures viable cell counts of EHEC significantly (P<0.05) decreased by log10 1.2±0.13
CFU/mL in co-culture with Bp PV8-2 after 24 hours when compared to monocultures (Figure 15c) and
no significant decrease was observed when co-culture with Bk PV20-2 (Figure 15d). For both
bifidobacterial strains no significant differences were observed with and without iron
supplementation after 24 hours (Figure 16c, 16d). pH value after 24 hours in co-culture with EHEC
and Bp PV8-2, was 4.2±0.02 and with Bk PV20-2 was 4.6±0.06 under both iron conditions with no
significant differences. Metabolite production of EHEC in co-culture with Bp PV8-2 was lactate,
acetate and formate and with Bk PV20-2 was acetate and lactate with no significant (P<0.05)
differences under both iron concentrations (Table 8 and 9).
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Figure 16: Viable cell counts during co-culture experiment in CSDLIM with iron supplementation (30 µM) a) B.
pseudolongum PV8-2 and S. Typhimurium N15, b) B. pseudolongum PV8-2 and E. coli O157:H45 c) B.
kashiwanohense PV20-2 and S. Typhimurium N15 and d) B. kashiwanohense PV20-2 and E. coli O157:H45,
(means ±SD, n=3). ).
B. pseudolongum PV8-2 ,
B. pseudolongum PV8-2 in coculture ,
S.
Typhimurium N15,
S. Typhimurium N15 Fe- in coculture Fe-,
B. kashiwanohense PV20-2,
B.
kashiwanohense PV20-2 in coculture,
E. coli O157:H45 Fe-,
E. coli O157:H45 in coculture.

Survival to acidic pH (4.5) of S. Typhimurium N15 (S. Typhi N15) and E. coli O157:H45 (EHEC)
To verify how much organic acids produced by bifidobacteria influenced inhibitory activity against S.
Typhi N15 and EHEC, both enteropathogens were grown in medium containing 13 mM of acetate and
7 mM of lactate at a pH of 4.5, which corresponds to conditions measured at 12 hours when viable
cell counts started to decrease. Under this conditions S. Typhi N15 and EHEC viable cell concentration
remained constant (log10 5.4±0.12 CFU/mL) during 24 hours incubation at pH 4.5.

3.2

Surface properties of bifidobacterial strains

Physico-chemical characteristics of bifidobacterial cell surface such as hydrophobicity and electrondonor/electron-acceptor properties are properties have been linked to adhesion to intestinal
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epithelial cells, thus the affinity of bifidobacterial strains to different solvents xylene, chloroform and
ethyl acetate was determined. Bp PV8-2 showed similar adhesion affinities as the type strain DSMZ
(Figure 17a, 17b). Data showed that both strains were highly hydrophobic and had strong electron
donor properties. When grown in MRS-cys, affinity to hydrophobic xylene was 84.4±3.6 % for Bp
PV8-2 and 88.3±11.6 % for Bp DSMZ20099 under iron depleted conditions. Affinity to chloroform, an
acidic solvent, was 101.9±1 % for Bp PV8-2 and 98.4±3.5 % for Bp DSMZ20099 under iron depleted
conditions. Bp strains showed significantly less affinity to all solvents when grown in MRS-cys
compared to CSDLIM (P<0.05). In CSDLIM affinity to xylene was reduced to 53.4±0.5 % for Bp PV8-2
and 63.9±6.5 % for Bp DSMZ20099. Affinity to chloroform was 70.6±16.9 % and 80.0±8.3 % for Bp
PV8-2 and Bp DSMZ20099, respectively. When Bp strains were grown in CSDLIM, supplementation
with ferrous iron had no impact on the affinity to the solvents. Affinities to solvents of the two Bk
strains were similar when grown in MRS-cys but different when grown in CSDLIM. In MRS-cys
medium, affinity to xylene was -2.3±0.2 % and -28.9±1.1 % for Bk PV20-2 and Bk DSMZ21854,
respectively. Bk PV20-2 showed affinity with hydrophilic solvent for both mediums. In contrast Bk
DSMZ21854 showed hydrophilic surface properties only when grown in MRS-cys medium (-28.9±1.1
%) but hydrophobic surface properties when grown in CSDLIM (71.3±4.6 % under iron depletion)
(Figure 17c, 17d). In CSDLIM, Bk PV20-2 showed no affinities to solvents, while Bk DSMZ21854 was
highly hydrophobic (71.3 ± 1.8 %) and showed strong affinity for chloroform (89.7 – 94.5 %).
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Figure 17: Adhesion affinity of a) B. pseudolongum PV8-2, b) B. pseudolongum DSMZ20099, c) B.
kashiwanohense PV20-2 and d) B. kashiwanohense DSMZ21854 to xylene (hydrophobicity), chloroform
(electron-donor properties) and ethyl acetate (electron-acceptor properties). Bifidobacterial strains were
grown in MRS-cys and in CSDLIM without and with iron supplementation (means ±SD n=3). (Fe-: without iron
supplementation (1.5 µM), Fe2+: with iron supplementation (30 µM)).
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3.3

Adhesion to different intestinal cell surface molecules

Intestinal epithelial cell surface is covered by glycoproteins, such as Type II mucus, collagen,
fibrinogen and fibronectin that served as attachment site for the gut microbiota. The adhesion
affinity to glycoproteins would influence strain competition for epithelial binding sites. To determine
bacterial adhesion ability to different components of the extracellular matrix of intestinal epithelial
cells, bifidobacterial strains and enteropathogens were exposed to the extracellular glycoproteins
Type II mucus, collagen I, fibrinogen and fibronectin at pH 5.5 (Figure 18) and pH 7.5 (Figure 19),
representative of the pH in the proximal and distal colon. No significant adhesion to BSA and collagen
II was shown for all strains tested when compared to the control (PBS). Bp PV8-2, showed significant
(P<0.05) affinity to mucin II and Bk PV20-2 and Bk DSMZ21854 showed significant (P<0.05) affinity to
fibronectin when compared with PBS. S. Typhi N15 showed significant (P<0.05) affinity to mucin II,
fibronectin and fibrinogen when compared to PBS. EHEC showed significant (P<0.05) mucin II and
fibronectin when compared to PBS. No differences in affinities between the strains were observed at
pH 7.5 between solvent and PBS (control) (Figure 19), except for S. Typhi N15 that showed significant
differences to mucin II, fibrinogen and fibronectin at pH 7.5.

Figure 18: Adhesion of bifidobacteria and enteropathogens strains to intestinal epithelial surface molecules
(EMC) at pH 5.5 (means ±SD n=3). Stars denote significant (P<0.05) adhesion to EMC when compared to PBS.
PBS: white bars, BSA: doted bars, Muc II: dark gray bars, Collagen I light gray bars, dashed bars: fibrinogen,
black bars: fibronectin.
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Figure 19: Adhesion of bifidobacteria and enteropathogens strains to intestinal epithelial surface molecules
(EMC) at pH 7.5 (means ±SD n=3). Stars denote significant (P<0.05) adhesion to EMC when compared to PBS.
PBS: white bars, BSA: doted bars, Muc II: dark gray bars, Collagen I light gray bars, dashed bars: fibrinogen,
black bars: fibronectin.

3.4

In vitro inhibition of bifidobacteria against S. Typhimurium N15 and EHEC

The ability to adhere to mucus and epithelial cells is an important feature for bifidobacteria, as they
must adhere to the intestinal epithelium to exhibit their protective effects. Adhesion of Bp PV8-2 to
mucus secreting HT29-MTX was 1.4±0.4 % and very similar for Bp DSMZ20099 (1.3±0.3 %). In
contrast the adhesion of both Bk strains were very high, 15.6±6.0 % and 12.7±2.4 % for Bk PV20-2
and Bk DSMZ21854, respectively; while unexpectedly high adhesion abilities of S. Typhi N15 and
EHEC, 87.8±17.5% and 137.6±51.7 % respectively. Likely reflecting growth of the enteropathogens
during the cell test.
The capability of bifidobacterial strains, to compete, displace and inhibit the adhesion of
enteropathogens was tested on monolayers of the mucus-secreting intestinal epithelial cell line
HT29-MTX. Both bifidobacterial strains showed competitive abilities when added together with S.
Typhi N15 in the competition assay, as shown by adhesion ratios of significantly higher than 1
(1.88±0.64 for Bp PV8-2 and 1.76±0.51 for Bk PV20-2) (Figure 20a, 20b). In contrast, adhesion ratios
significantly lower than 1 were measured for S. Typhi N15 in competition with Bp PV8-2 (0.67±0.08),
and Bk PV20-2 (0.80±0.22) indicating that adhesion was decreased in the presence of both
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bifidobacteria. In the displacement assay, bifidobacterial strains induced the release of S. Typhi N15
bound to HT29-MTX with adhesion ratio of 0.43±0.15 measured after the addition of Bp PV8-2 and
0.44±0.13 with Bk PV20-2. The inhibition assay showed that already adhered bifidobacteria were
able to prevent the attachment of S. Typhi N15 and that they were able to stably occupy a sufficient
number of adhesion sites on the surface of HT29-MTX cells. Bp PV8-2 showed the highest degree of
inhibition of S. Typhi N15 (0.08±0.04) compared to Bk PV20-2 (0.21±0.12).
Bp PV8-2 was able to competitively exclude EHEC. In the competition assay, adhesion ratio of Bp
PV8-2 was 1.35±0.07 and 0.75±0.23 for EHEC (Figure 20c, 20d). However, in the displacement assay,
when EHEC was added before Bp PV8-2 to the HT29-MTX monolayer, Bp PV8-2 was not able to
occupy a sufficient number of adhesion sites (adhesion ratio, 0.16±0.03). In the inhibition assay,
EHEC adhesion could be significantly (P<0.05) decreased by the presence of already adhered Bp PV82. Bk PV20-2 did not reduce adhesion of EHEC when added simultaneously (competition assay) or
after the addition of EHEC (displacement assay).
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Figure 20. Activity of B. pseudolongum PV8-2 and B. kashiwanohense PV20-2 to compete, displace and inhibit
the adhesion of a) S. Typhi N15, b) EHEC to the mucus-secreting intestinal epithelial cell line HT29-MTX. a) Bp
PV8-2 and S. Typhi N15, b) Bp PV8-2 and EHEC, c) Bk PV20-2 and S. Typhimurium N15, d) Bk PV20-2 and EHEC.
Results are expressed as adhesion ratio. Dotted line (ratio = 1) represents the adhesion ability of the bacterial
strain when added alone and can be seen as a reference. Columns with an asterisk ( )٭are significantly different
from each other (P<0.05), (means ±SD n=3).

3.5

Inflammatory activity in THP1-Blue cells

One important criterium for the selection of probiotics is the absence of negative effects, such as a
strong immune response. Using a THP1 NF-κB reporter cell line, containing a secreted alkaline
phosphatase gene (SEAP) under NF-κB control, the inflammatory potential of bifidobacterial strains
was quantified and compared to that of enteropathogens. NF-κB activation was estimated using
QUANTI-BlueTM to colorimetrically quantify the SEAP concentration in the supernatant after 24h of
activation. All supernatants of the tested bifidobacterial strains showed significantly lower NF-κB
activation than did those of the two enteropathogens S. Typhi N15 and EHEC (Figure 21). Bk
DSMZ21854 induced a lower NF-κB activation compared to Bk PV20-2 that was a third of NF-κB
activation of enterobacteria supernatant. SEAP activation shown by Bp PV8-2 and Bp DSMZ20099
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was not significantly different (P<0.05). CellTiter 96 Aqueous Assay excluded that the observed effects
were due to lack of cellular viability (data not shown).

Figure 21: Absorbance at 655 nm was measured to assess SEAP activity in THP1-Blue cells stimulated by
TM
bifidobacterial strains and enteropathogens using the colorimetric enzyme assay QUANTI-Blue . Same letters
denote a group of bacteria, in which the SEAP activity was not significant different (P<0.05). (means ±SD n=3).
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4.

Discussion

4.1

Inhibitory activity of B. pseudolongum PV8-2 and B. kashiwanohense PV20-2
against enteropathogens

Gut bacteria play an essential role in the development and homeostasis of the immune system,
especially in infants were bifidobacteria represent one of the first commensal anaerobic bacteria
colonizing the infant gut that has been addressed to play an important role in shaping the immunity
of infants (Gupta & Garg, 2009). Efficient competition for Fe is linked to growth, persistence and
establishment (Andrews et al., 2003). B. pseudolongum PV8-2 (Bp PV8-2) and B. kashiwanohense
PV20-2 (Bk PV20-2) were selected for their high Fe sequestration mechanisms and their inhibitory
activity against two enteropathogens, S. Typhi N15 and EHEC, tested in vitro. Bifidobacteria may
exert inhibitory activity against enteropathogens through different mechanisms including the
production of organic acids, bacteriocins and the competition for growth essential nutrients (Butel,
2014). Furthermore, bifidobacteria can prevent infections of pathogens by altering host
environmental conditions by producing acetate and lactate that will lower the intestinal pH and
hence restricting colonization of pathogenic bacteria sensitive to pH (Bernet et al., 1993; Gopal et al.,
2001; Hammami et al., 2013; Lievin et al., 2000; Shu et al., 2000; Shu & Gill, 2001). Co-cultivation
experiments revealed the inhibitory activity of Bp PV8-2 and Bk PV20-2 against S. Typhi N15 and
EHEC, however activity was strain specific. Both enteropathogens survived under acidic and SCFA
conditions reached during co-cultures with bifidobacteria when a decrease of viability was starting,
but were not able to grow. This data is in agreement with previous results where enterobacteria
including S. Typhi and EHEC were tested against low pH conditions and organic acids (Bearson et al.,
1997; Lin et al., 1996; Oh et al., 2009). This also suggest that the observed enteropathogen viability
loss observed after 12 hours of incubation in co-cultures may not be due to only pH and SCFA effects.
It is known that lactic acid and acetate have inhibitory effects on pathogen growth, by lowering the
pH of the gut (Alakomi et al., 2000; Fukuda et al., 2011; Gantois et al., 2006; Tejero-Sarinena et al.,
2012); additionally, lactate and acetate, may also function as a permeabilizer of the outer membrane
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of Gram-negative bacteria and may thus potentiate the effects of other inhibitory substances, such
as bacteriocins (Alakomi et al., 2000). Thus, the effect of SCFA and pH on enteropathogens, could
also be influenced by other factors such as, the fitness of the strain due to high iron sequestration
mechanisms and the production of bacteriocins (Peterson et al., 2005). For instance, the extracellular
proteome of Bp PV8-2 showed the expression of a lysozyme that might contribute to the inhibitory
activity of the strain (Chapter 4) and the effect might be potentiated by the production of organic
acids (Tejero-Sarinena et al., 2012). Both Bifidobacterium strains tested were less efficient against
EHEC, possibly because EHEC has shown the ability to survive in many adverse conditions where it
enters starvation and survival allowing EHEC to adapt to very harsh conditions with almost no
available nutrients, including iron (Chekabab et al., 2013).

4.2

Surface properties of bifidobacterial strains

Adhesion activity of probiotic strains is an important factor for intestinal establishment (Collado et
al., 2007a) and is directly linked to the beneficial effects on the host (Moussavi & Adams, 2010).
Bacterial adhesion to intestinal epithelial mucus is a complex process and is mediated by multiple cell
surface properties like hydrophobicity and cell surface proteins (Botes et al., 2008; Xu et al., 2009).
Bp PV8-2 had high affinity for the apolar solvent xylene, indicating this strain to have highly
hydrophobic cell surface properties. In contrast Bk PV20-2 was highly hydrophilic and showed no
acid-base properties. The hydrophobic and hydrophilic properties are the result of different
extracellular membrane compounds and the presence of (glyco-) proteinaceous material at the cell
surface results in higher hydrophobicity, whereas hydrophilic surfaces are associated with the
presence of polysaccharides (Chauviere et al., 1992; Greene & Klaenhammer, 1994; Rojas & Conway,
1996). Results of previous studies have indicated that both, proteinaceous components and
carbohydrate moieties, are involved in the adhesion to mucus and enterocyte-like Caco-2 cells
(Bibiloni et al., 1999b). Media composition showed a strong impact on strain affinity for solvents but
not iron availability conditions tested in CSDLIM. Comparison of the affinity to solvents between the
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two bifidobacterial strains and their type strains revealed Bp PV8-2 to possess similar
physico-chemical cell surface properties as type strain Bp DSMZ20099. In contrast, affinities to
solvents of Bk PV20-2 and type strain Bk DSMZ21854 were only similar when grown in MRS-cys but
very different when grown in CSDLIM, as the media composition will influence the surface properties
of bacterial strains (Xu et al., 2009). Canzi et al 2005 observed that even very close genetically related
Bifidobacterium strains can reveal significantly different adhesion activity to hydrocarbons (xylene
and hexadecane), highlighting high strain specificity (Del Re et al., 2000).

4.3

Adhesion to different intestinal cell surface molecules

Binding of bacteria is often mediated through the specific affinity and recognition of sugar moieties
of the intestinal cell surface, including glycolipids and glycoproteins, as shown for bifidobacteria (He
et al., 2001). Adhesion activity to different components of the extracellular matrix of the intestinal
epithelial cells was measured by the adhesion affinity to the type II mucus, collagen I, fibrinogen and
fibronectin. Specific binding affinities to mucin II were low for all tested bifidobacterial strains, which
is in line with the findings of Collado et al 2005, who observed bifidobacterial strains of human origin
to adhere poorly to human intestinal mucus glycoproteins. Bk PV20-2 and Bk DSMZ21854 showed
specific affinity for fibronectin and this activity might be correlated with the fibronectin related
protein found in the extracellular fraction of Bk PV20-2 (Chapter 4). Both Bk strains shared the
binding affinity to fibronectin with both enteropathogens (Fujiwara et al., 2001), thereby providing a
first indication to consider Bk PV20-2 to prevent infections because it may compete against
enteropathogens for similar binding sites (Collado et al., 2005; Sperandio, 2012).

4.4

In vitro antagonism of bifidobacteria against pathogen adhesion to HT29-MTX cells

Adhesion to intestinal epithelial cells is an important trait for establishment in the human intestine
(Kortman et al., 2012; Laparra & Sanz, 2009). Adhesion activity data to mucus-secreting HT29-MTX
cells indicated Bp strains to possess modest adhesion abilities to mucus-secreting HT29-MTX cells
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when compared to Bk strains, S. Typhi N15 and EHEC. Several studies described a good correlation
between adhesion activity to intestinal cells and cell surface hydrophobicity measured with the BATS
assay (Del Re et al., 2000; Marin et al., 1997; Wadstrom et al., 1987). For instance, Pan et al 2006,
investigated the surface hydrophobicity and adhesion to intestinal epithelial Caco-2 cells of multiple
bifidobacterial strains and observed higher hydrophobic strains to have stronger adhesive
capabilities. However, this correlation between cell surface hydrophobicity and adhesion to intestinal
epithelial cells has not been confirmed in other studies (Canzi et al., 2005; Ouwehand et al., 1999;
Savage, 1992), as in the present study indicating that microbial adhesion involves an interplay of
many physico-chemical and structural factors rather than cell surface hydrophobicity alone (Marin et
al., 1997; Perez et al., 1998; Vandermei et al., 1995). Even though hydrophobicity did not correlate
with adhesion, bacterial adhesion to solvents assay showed that cell surface properties of Bp PV8-2
and Bk PV20-2 are different, indicating strain specificity.
Adhesion properties of beneficial bifidobacteria to the mucosa may promote gut residence time,
pathogen exclusion, protection of epithelial cells and immune modulation (Lebeer et al., 2008). Thus,
characterization of competitive exclusion properties of potential probiotic strains remains an
important task as they give an insight in the potential effects of the strains (Collado et al., 2007b).
The feature of beneficial bifidobacteria to counteract pathogenic adhesion to intestinal epithelial
cells is considered as one of the most important properties influencing inhibition and displacement of
pathogens (Alander et al., 1999). Results indicated that the degree of competition was highly
dependent on both, bifidobacterial strain and the enteropathogen. While both bifidobacterial strains
were able to competitively exclude S. Typhi N15, only Bp PV8-2 was able to decrease the adhesion
activity of EHEC. In the presence of Bk PV20-2 adhesion of EHEC was increased, indicating that they
may share metabolic activities that enhance their adhesion properties (Collado et al., 2005). In
previous studies with commensal bifidobacteria strains, an increase in the adhesion of E. coli, S. Typhi
and L. monocytogenes has been reported (Gueimonde et al., 2006).
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The reduction in Salmonella adhesion by bifidobacterial strains may be due to the fitness of the
strain due to high iron sequestration mechanisms or by competition of binding sites to protect the
host and thus inhibiting the invasion of enteropathogenic bacteria (Chauviere et al., 1992; Lee &
Puong, 2002). Serafini et al (2013) investigated the antagonistic effect of Bifidobacterium bifidum
PRL2010 against various enteropathogens, including S. Typhi and EHEC on no mucus secreting HT-29
cells under similar experimental conditions. Interaction binding between B. bifidum PRL2010 and
enteropathogens S. Typhi and E. coli for adhesion to HT-29 cells resulted in adhesion ratios of 1.9 and
2.5 for S. Typhi and E. coli, respectively (Serafini et al., 2013), suggesting that pathogen adhesion
activity was boosted by the presence of B. bifidum PRL2010. Even though the antagonistic activity of
a specific bifidobacterial strain strongly depends on its metabolic activity and thus the difficulty to
compare different studies, the highly competitive abilities of Bp PV8-2 and Bk PV20-2 are an indicator
of their potential beneficial features. Bp PV8-2 and Bk PV20-2 showed marked reduction in adhesion
of S. Typhi N15 and EHEC, indicating that colonization with these potential probiotic candidates could
offer at least partial protection from infection with enteropathogenic bacteria through this
mechanism (Collado et al., 2007b).
The displacement of pre-adhered pathogens was strain and pathogen dependent. Both
bifidobacterial strains showed higher antagonistic activity against S. Typhi N15 than against EHEC,
however, Bp PV8-2 was more effective for displacement of both S. Typhi N15 and EHEC. Degrees of
displacement of enteropathogens by bifidobacteria were lower than the degree of inhibition which
may suggest that enteropathogens could not be displaced within one hour of incubation. Lee et al
(Lee et al., 2000) showed that higher degrees of displacement were observed if the incubation time
was extended for two hours, suggesting that the displacement of gastrointestinal bacteria is a very
slow process. There are other studies reporting a strong reduction in S. Typhi in infected mice due to
orally administered probiotic bacteria (Deriu et al., 2013), indicating that if probiotics adhere, they
might outcompete enteropathogens over time. In agreement with previous reports (Bibiloni et al.,
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1999a; Collado et al., 2005; Serafini et al., 2013) no direct correlation between adhesion activity of
bifidobacterial strains and the inhibitory activity to exclude pathogens was found.

4.5

Inflammatory activity in THP1-Blue cells

Inflammation is part of the non-specific immune response that occurs in reaction to bacterial stimuli
summarized under the term microbe associated molecular patterns (MAMPs) (Ferrero-Miliani et al.,
2007). The inflammatory response to these MAMPs is mostly mediated by toll like receptors (TLRs)
expressed on the intestinal epithelium. Using a THP1 NF-κB reporter cell line equipped with all
known TLRs the inflammatory potential of secreted compounds of the bifidobacterial strains and the
studied enteropathogens was tested. The transcription factor NF-κB is the link between the TLRs of
the innate immunity and inflammatory cytokine production. None of the Bifidobacterium
supernatants activated NF-κB except for BK PV20-2, S. Typhi N15 and EHEC. This can be explained by
the expression of potent TLR4 activators, of the reporter system by both enteropathogens such as
lipolysacharides produced by Salmonella (Kogut et al., 2005).
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5.

Conclusions

Ability of commensals such as bifidobacteria, to restrain pathogen growth in the intestine is strongly
affected by their competition for space and nutrients. Our study showed that, B. pseudolongum PV82 and B. kashiwanohense PV20-2, isolated from breast fed iron deficient Kenyan infants and selected
for their high iron sequestration mechanisms, exhibit inhibitory activity against S. Typhi N15 and
EHEC in co-culture and cell interaction tests, thus being potential probiotic candidates. However,
biological significance of the observed pathogen inhibitory activity as potential probiotic features
could be further investigated in gut microbiota in vitro complex models and animal models.

139

Chapter 6
General conclusions and perspectives
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Conclusions and perspectives

Bifidobacteria is one of the first commensal anaerobic bacteria that colonize at high numbers the
infant gut. Their establishment has been associated with a broad range of positive and strain-specific
effects on host's health through various mechanisms including, niche occupation and nutrient
competition against pathogenic bacteria. The mechanistic basis supporting beneficial effects of
bifidobacteria in their host remain little understood although the efficacy of bifidobacteria has been
demonstrated in in vitro and in vivo studies. Iron (Fe) is a trace element of crucial importance to living
cells and is involved in different metabolic processes as a cofactor for different enzymes like cell
proliferation, electron transport. Fe is required for the growth of nearly all prokaryotic cells and
bacteria, including most of the human gut microbiota species, but might be present in limited
amounts in the human intestine. Withholding Fe has been identified as a competitive and defense
mechanism in many gram positive and negative bacteria, coined as nutritional immunity
phenomenon. Microorganisms have evolved different Fe acquisition systems, such as production of
siderophores (Fe chelating ligands) and import of Fe from different sources that are involved in Fe
competition that have been linked to growth, persistence and establishment. The aim of the present
study was to isolate bifidobacteria from low Fe environments such as from feces of breast fed Fe
deficient Kenyan infants and characterize, isolates with high Fe sequestration properties to further
select strains showing high Fe sequestration mechanisms at molecular and functional level.
Bifidobacterial strains with high Fe sequestration properties were isolated from fecal samples of iron
deficient Kenyan infants obtained from a parallel study carried out with Fe supplementation. Fifty-six
bifidobacterial strains were obtained by streaking twenty-eight stool samples from iron deficient
Kenyan infants in enrichment media; to enhance the isolation of strains with high Fe sequestration
mechanisms, a strong Fe chelator 2,2-dipyridyl was supplemented to the isolation media.
Bifidobacterial isolates identified to species level by 16S-rRNA sequencing belonged to B. bifidum
(19), B. longum (15), B. breve (11), B. kashiwanohense (7), B. pseudolongum (3) and B.
pseudocatenulatum (1). Most isolated bifidobacterial species are commonly encountered in the
infantile gut, while, B. kashiwanohense was not frequently reported. Nineteen strains from culture
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collections and fifty-six isolates were characterized for their ability to produce siderophores tested by
the Chrome Azurol S assay CAS assay and their capacity to internalize Fe. Siderophore activity ranged
from 98 - 2% of siderophore units while Fe internalization was in a broad range from 8 to 118 µM Fe.
Both properties were strain dependent and not correlated. B. pseudolongum PV8-2, B.
kashiwanohense PV20-2, B. bifidum PV28-2a and B. longum PV5-1 were selected for their high
siderophore activity and Fe internalization for further characterization of Fe mechanisms. This first
part of the research confirms the validity of our initial hypothesis that bifidobacteria with high Fe
sequestration properties can be found in stool samples of Fe deficient infants. Indeed sixteen out of
twenty strains belong to different species and that showed high Fe sequestration were strains
isolated in this study from Fe deficient infants.
Genomics and proteomics enable identification of specific pathways present at strain level.
Combination of genomics and proteomics was chosen to investigate Fe related mechanisms in B.
kashiwanohense PV20-2 and B. pseudolongum PV8-2. The complete genome sequence of B.
kashiwanohense PV20-2, was determined and genome assembly resulted in a completely assembled
genome of 2.3 Mbp. The genome of B. kashiwanohense PV20-2 is the first completely sequenced and
assembled of the species. The complete genome sequence of B. pseudolongum PV8-2 consists of a 2
Mbp chromosome and 4 kb plasmid. To assess whether specific adaptations in both genomes are
related to Fe uptake, the genomes were compared to 42 completely sequenced bifidobacteria. For B.
kashiwanohense PV20-2, 147 Coding sequences (CDS) were shown to be unique for B.
kashiwanohense PV20-2 of which 138 encode hypothetical functions, and 9 CDS contain 3 proteins
apparently involved in fatty acid metabolism. B. pseudolongum PV8-2 genome showed 55 unique
CDS not found in any of the 42 bifidobacterial genomes. A total 46 CDSs did not have homologs in the
two available genomes of B. pseudolongum DSMZ 20092 and B. pseudolongum AGR2145, but were
present in other bifidobacterial genomes. Two insertions were found in B. pseudolongum PV8-2
genome, encoding genes for arabinogalactan transport and utilization and an operon involved in the
transport of ferric Fe. Furthermore, bacteria secrete extracellular proteins that are needed in order
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to adapt and survive in their environment. Extracellular proteins play an essential role in the
interaction between microbial cells and are involved in nutrient uptake, adhesion, defence and are
frontline in host-microbe interactions. The extracellular proteome of B. kashiwanohense PV20-2 and
B. pseudolongum PV8-2 was characterized in a gel based shot gun proteomics approach and data
were matched to a genome coding sequence database. In the exoproteome of B. kashiwanohense
PV20-2, three ferrous Fe transporters were identified and in the exoproteome of B. pseudolongum
PV8-2, a ferric Fe binding protein and a ferritin were identified. The insertion in the genome of the
ferric Fe operon, together with the expression of Fe binding protein in culture supernatant, might be
related to the selective pressure mediated by the low Fe abundance in the gut of an anemic infant.
The identification of Fe binding proteins may be associated to the high siderophore activity and Fe
internalization activity of both selected strains. Fe binding proteins identified in the genome and
further in the exoproteome of B. kashiwanohense PV20-2 and a B. pseudolongum PV8-2 may have a
function to enhance competitiveness in the gut with low available Fe. Efficient Fe acquisition
mechanisms are likely pivotal for efficient competition by influencing proliferation and persistence of
bifidobacteria in the gut environment. Moreover, bifidobacterial proteins involved in carbohydrate
metabolism, adhesion, survival and immune-modulation were also identified highlighting the
possibility that bifidobacterial may utilize a combination of mechanisms to survive in the GIT.
Bifidobacterial features are strain specific, thus techniques such as genomics and proteomics are
needed to enable the identification of genes and the expression of its products. Therefore this
section of the study supports the strategy for the identification of strain specific iron related genes
and proteins in B. pseudolongum PV8-2 and B. kashiwanohense PV20-2.
The intestine is colonized with a complex microbiota including commensal but also enteric
pathogens. The modulation between these two groups play an important role on host health.
Bifidobacteria is one of the first commensal anaerobic bacteria that establishes in the infant gut and
is associated to host protection against pathogenic bacteria, such as Salmonella Typhimurium (S.
Typhi N15) and Escherichia coli O157:H45 (EHEC), especially through competition with pathogens for
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binding sites and nutrients and/or immune stimulation. B. pseudolongum PV8-2 and B.
kashiwanohense PV20-2 showed specific inhibition activity against S. Typhi N15 and EHEC in microbemicrobe and mucus secreting cell-microbe interactions models according to Fe availability. In low Fe
conditions, B. pseudolongum PV8-2 significantly inhibited S. Typhi N15 and EHEC, while B.
kashiwanohense PV20-2 inhibited S. Typhi N15 and EHEC, but to a lesser extent, with no observed
effect of Fe supplementation (30 µM). In addition, competition for adhesion sites with mucus
secreting intestinal cell line (HT29-MTX) revealed a higher adhesion for B. kashiwanohense PV20-2.
Furthermore, Bifidobacterium strains revealed different affinities to intestinal cell surface
glycoproteins, B. pseudolongum PV8-2 and B. kashiwanohense PV20-2 with higher affinity to mucin
and to fibronectin, respectively. B. pseudolongum PV8-2 showed high competition for epithelial
binding sites in HT29-MTX against S. Typhi N15 and EHEC, whereas B. kashiwanohense PV20-2 only to
S. Typhi N15. The antimicrobial activity features tested in B. kashiwanohense PV20-2 and B.
pseudolongum PV8-2 highlight the probiotic potential of strains selected for their high Fe
sequestration mechanisms for host protection against S. Typhi N15 and EHEC. Although no direct
correlation between iron related properties and inhibitory activity can be associated at this stage of
the study, it is important to highlight that iron plays a central role in the metabolism of
microorganism that require iron for their growth as it is involved in many metabolic process and is
linked to proliferation and persistence; thus efficient sequestration mechanisms can contribute for
strain inhibitory activities but further research is needed in order to address the implication of iron
sequestration mechanisms in antimicrobial activity. Transcriptomics and proteomics targeting the
ferrous and ferric genes and proteins, could give further insight in their implication in antimicrobial
activity.
Fe sequestration mechanisms in bifidobacteria are of potential interest for the inhibition of
pathogens, for instance Fe related genes and proteins identified in the exoproteome of B.
kashiwanohense PV20-2 and B. pseudolongum PV8-2, may have a function to enhance
competitiveness in low Fe environments, such as the gut, thus limiting the Fe available to pathogens
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that could be further associated to a nutritional immunity phenomenon. Thus, the effect of Fe
related metabolism of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 in the gut microbiota,
could potentially uncover pathways that play an important role in gut microbiota interactions. Very
little was known about iron sequestration mechanisms in bifidobacteria and the present study
contributes to knowledge acquisition of iron metabolism in bifidobacteria. Combination of different
iron related features, such as, iron deficient breast fed Kenyan infants, addition of dipiridyl for
isolation, characterization and selection based on iron related properties, led to the selection of
strains with unique metabolism features that show to be potential probiotic candidates as they
inhibit enteropathogenic bacteria. Thus basic knowledge on key metabolic activities is needed for the
identification of Bifidobacterium strains with unique properties that could potentially be applied as
probiotic strains, and may uncover important mechanisms that positively impact the host.
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Perspectives
Given the importance of Fe to most of the gut microbiota groups and the importance for growth,
proliferation and establishment, the pathways dedicated to Fe acquisition and proteins involved in
the acquisition of Fe, are appealing targets to inhibit the growth of enteropathogens. Fe
sequestration mechanisms were identified at molecular level in B. kashiwanohense PV20-2 and B.
pseudolongum PV8-2. Additionally, the distribution of Fe sequestration mechanisms in different
bifidobacterial strains could be addressed in silico by comparing the genome of related species. For
instance the genome of B. kashiwanohense PV20-2 is the first strain sequenced of its species.
Therefore for comparison purposes, the genome of other B. kashiwanohense strain, such as the type
strain (isolated from a Japanese infant) or strains isolated from donor 11 and 25, could give further
insight in strain specific differences. Further, B. pseudolongum PV8-2 was compared to the genome
of two B. pseudolongum strains isolated from calf and rumen, thus genome comparison with a B.
pseudolongum strain isolated from human could give deeper understanding on their iron metabolism
differences. Although comparative genomics may identify new pathways unique to strain specific
genes, efficacy of the strains has to be further evaluated in in vitro complex systems, such as
continuous intestinal fermentation models, animal models and ultimately in human clinical trials.
Prophylactic intake of B. kashiwanohense PV20-2 and B. pseudolongum PV8-2 could decrease the risk
of pathogenic colonization and may be used as a preventive measure in infants from developing
countries and in travelers’ diarrhea, after further investigation in clinical trials and demonstration of
safety. In view of clinical trials, safety of the strains has to be addressed, as B. pseudolongum PV8-2
and B. kashiwanohense PV20-2 were selected for their high Fe binding properties, and do not have a
long history of safety nor a qualified presumption of safety (QPS) status. Therefore both strains
should be characterized for a formal assesment on safety, as for example proposed by the EFSA: a)
Establishing identity: has been achieved by genome sequencing of both bifidobacterial strains. b)
Possible pathogenicity: can be evaluated by analyzing the genome for intrinsic antibiotic resistance
genes and further phenotypic susceptibility to the antibiotic list suggested by the EFSA. Further, in
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order to assess the potential of the strains for clinical applications, functionality based on the proper
identification of the mechanism invovled in the potential benefit, has to be addressed.
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