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Abstract

The mammalian gut microbiota is composed of autochthonous species that permanently colonize the host
intestine, and of allochthonous species that are only transiently able to occupy the intestinal environment. In
this thesis research, Lactobacillus ruminis and Lactobacillus rhamnosus GG were investigated as paradigms
for each type of microbe-host interaction, with special emphasis on the in vitro characterization of their
adaptation factors in the host gastrointestinal tract (GIT).

As one of the best-characterized probiotics, L. rhamnosus GG is of great interest to researchers and the
probiotic industry. According to previous genome analyses, L. rhamnosus GG has two pilus operons: spaCBA
encoding the well-studied SpaCBA pili and spaFED putatively encoding SpaFED pili. However, the
expression of SpaFED pili in L. rhamnosus GG under laboratory conditions has not thus far been reported.
Nevertheless, in vivo expression of spaFED cannot be ruled out, either. Therefore, in this study, aimed at
exploring the role of SpaFED pili in host adhesion and immunomodulatory effects, a nisin-induced expression
system was used for the generation of SpaFED or SpaF-deleted pili in Lactococcus lactis NZ9000. The results
revealed that SpaFED pili were essential in mediating lactococcal adhesion to intestinal cell lines (Caco-2 and
HT-29), to certain extracellular matrix (ECM) proteins, and to porcine mucins, the tip pilin SpaF playing a
central role as a focal adhesion factor. With regard to immunomodulation, SpaFED pili appeared to dampen
the immune responses, which was largely attributed to the SpaF pilin, in human embryonic kidney (HEK) 293-
blue cells expressing toll-like receptor (TLR) 2, and in Caco-2 cells. However, while encountering human
peripheral blood monocyte-derived dendritic cells (moDCs), neither immune response enhancement nor
immune dampening by SpaFED pili was observed.

For the autochthonous L. ruminis species, the mammalian GIT is so far the only identified niche. Consistent
with genomic analyses, transmission electron microscopy (TEM) demonstrated that pili in L. ruminis ATCC
25644 of human origin consisted of the tip (LrpC), basal (LrpB), and backbone (LrpA) pilins, assembled in a
pattern similar to that in SpaCBA and SpaFED pili of L. rhamnosus GG. Analogously to dissecting the
characteristics of SpaFED pili in L. rhamnosus GG, recombinant L. lactis strains were constructed, producing
either LrpCBA or LrpC-lacking pili of L. ruminis. Recombinant LrpCBA pili mediated lactococcal adherence
to ECM proteins and intestinal epithelial cells, and also dampened TLR2-dependent NF-kB signaling and IL-
8 production in HEK cells, whereas L. ruminis itself induced evidently elevated immune responses. When
incubated with Caco-2 cells, L. ruminis and recombinant lactococcal constructs expressing pili with and
without LrpC pilin lowered IL-8 production. Biofilm formation in L. ruminis was not attributed to LrpCBA
pili. Subsequently, a novel L. ruminis strain (GRL1172) was isolated from porcine feces and demonstrated to
be flagellated and piliated. To expand our knowledge of the autochthony-promoting properties of this gut-
dwelling species, we analyzed the abilities of this new isolate and three other L. ruminis strains (a human
isolate, ATCC 25644, and two bovine isolates, ATCC 27780 and ATCC27781) to adhere to host cells and
extracellular matrix proteins, to inhibit pathogen binding and growth, to maintain epithelial barrier functions,
and to modulate immune responses in vitro. The results indicated that the strains shared several characteristics,
such as binding to ECM proteins and HT-29 cells, inhibition of pathogen adhesion and growth, maintenance
of epithelial barrier functions in epithelial cells, and activation of innate immune responses to various extents.

In conclusion, this thesis study demonstrated the adhesiveness of SpaFED and LrpCBA pili, which may
respectively promote the gut retention of L. rhamnosus GG (in addition to the SpaCBA pili) and of L. ruminis.
Moreover, pilus-mediated dampening of innate immune responses might be a strategy for these two gut
bacterial species to induce immune tolerance in the host. Additionally, L. ruminis inhibited enteropathogen
adhesion and growth, as well as maintained intestinal barrier function, which could be regarded as beneficial
to the host and which may in turn favor the persistent residence of L. ruminis.



Introduction

1. Introduction

L. rhamnosus GG, originally isolated from the GIT of a healthy person (Goldin and Gorbach, 1984),
has been extensively used in the food and pharmacy industries, and its consumption has been reported
to be associated with several health-promoting effects, such as enhancing the treatment and prevention
of atopic eczema and diarrhea (Kallioméki et al., 2001; Kalliomaiki et al., 2003; Guarino et al., 2009;
Hojsak, 2017). Even so, the molecular mechanisms underlying these health benefits are not completely
understood. L. rhamnosus GG, demonstrated to be a piliated bacterium, has two pilus gene clusters in
its genome, one including spaCBA and the other including spaFED (Kankainen et al., 2009). SpaCBA
pili promote strong adhesion to human intestinal epithelial cells and display immunomodulatory effects
(Lebeer et al., 2012). They are recognized by TLR2, resulting in the activation of the TLR2-dependent
NF-«B signaling pathway leading to the production of pro- and anti-inflammatory cytokines (von
Ossowski et al., 2013). In contrast to the well-studied SpaCBA pili, the characteristics of SpaFED pili
are largely unknown. SpaFED pili appear not to be produced by L. rhamnosus GG under laboratory
conditions (Reunanen et al., 2012). However, SpaFED pili may be expressed in the host GIT, in a
similar way as the tight adherence pili IV (TadlV) of Bifidobacterium spp., which are only expressed
in the murine GIT in vivo and which play a crucial role in the bacterial colonization of the host
(Motherway et al., 2011). The tip pilin SpaF is the only subunit of SpaFED pili responsible for mucus
binding, as demonstrated by a study using recombinant SpaFED pilin proteins produced in E. coli (von
Ossowski et al., 2010). However, little other functional data is presently available regarding spaFED-
encoded pili. Therefore, one aim of this study was to explore the adhesive properties and
immunomodulatory functions of SpaFED pili to better understand the function of L. rhamnosus GG pili.

L. ruminis is an autochthonous gut-resident bacterial species in humans as well as many animals (Sharpe
et al., 1973; Al Jassim, 2003; Yun et al., 2005; O’Donnell et al., 2015). It is the only motile
autochthonous species of the genus Lactobacillus, which has so far been recorded in the mammalian
gut (Neville et al., 2012). In comparisons between flagellated strains and their isogenic mutants lacking
flagella, it has been found that flagella are involved in bacterial binding to mucus (Troge et al., 2012)
and the intestinal epithelium (Mahajan et al., 2009), and they are thus considered as early colonization
factors (Rossez et al., 2015). Therefore, being flagellated could be related to the persistent gut
colonization of L. ruminis. Additionally, L. ruminis exhibits immunomodulatory effects via its flagella
(Neville et al., 2012) or other unknown factors (Taweechotipatr et al., 2009). Importantly, it can hinder
the growth of enteropathogens such as vancomycin-resistant enterococci in vitro (Yun et al., 2005) and
rotavirus in vitro and in vivo (Kang et al., 2015). However, despite many interesting effects, L. ruminis
has surprisingly been poorly explored functionally, and is thus a much-overlooked and less
characterized gut commensal bacterial species. In a recent study, a cluster of pilus-related genes, similar
to those of L. rhamnosus GG, were identified in two L. ruminis strains, ATCC 25644 and ATCC 27782
(Forde et al., 2011), but to date there has been no report proving pilus gene expression in L. ruminis
either in vitro or in vivo, or demonstrating the functional characteristics of L. ruminis pili. Analogously
to the description of SpaCBA pili in L. rhamnosus GG (von Ossowski et al., 2013), one aim of this
study was to investigate the phenotypic traits, including the adhesive properties and immunomodulatory
effects, of L. ruminis pili.

The genomes of a limited number of L. ruminis strains isolated from humans, bovines, equines, and
pigs have so far been sequenced (Forde et al., 2011; Lee et al., 2011; O’Donnell et al., 2015), and certain
functional traits (e.g., fermentation patterns, survival capabilities and motility) of different host-sourced
L. ruminis are known to be strain-specific (O’Donnell et al., 2011; Neville et al., 2012; O’Donnell et
al., 2015). One aim of this work was to broaden knowledge of the characteristics of L. ruminis species.
To do this, a novel L. ruminis strain was isolated from porcine feces, and its phenotypic characteristics
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were dissected in parallel with those of one human and two bovine L. ruminis strains. In addition to
elucidating the adhesive and immunomodulatory properties, another aim of this study was to analyze
the effect of L. ruminis cells on epithelial barrier function, as many autochthonous or probiotic
lactobacilli have been shown to maintain the integrity of the intestinal barrier both in vitro and in vivo,
and some strains are even able to prevent barrier damage caused by enteropathogens (Roselli et al.,
2007; Johnson-Henry et al., 2008; Karczewski et al., 2010; Liu et al., 2015; Yu et al., 2015). Moreover,
one further aim of this study was to analyze the interactions between L. ruminis and certain enteric
pathogens. It has been reported that both strongly (Coconnier et al., 1993; Abedi et al., 2013; Hynonen
et al., 2014) and poorly (Tuomola et al., 1999; Gueimonde et al., 2006) adhesive lactobacilli can inhibit
pathogen adhesion to host intestinal epithelial cells or mucus. As L. ruminis is an autochthonous
member of the gut microbiota, this pathogen inhibition trait could be beneficial for its lifelong
colonization of the GIT.
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2. Literature review

2.1 Gut defense systems and homeostasis in mammals

The mucosal surface of the GIT is constantly exposed to foreign antigens, such as ingested food, drugs,
and a complex microbial community called the gut microbiota. Although facing variable conditions,
the mammalian gut is in a stable, healthy, and functional state under most circumstances. This is
attributed to the intestinal epithelial barrier and the intestinal microbiota, as well as to several
immunological mechanisms that lead to both the tolerance of harmless antigens (e.g. gut microbiota)
and immunological defense reactions against pathogens.

2.1.1 Gut mucosal immunity

The gut mucosal surface is protected by gut-associated lymphoid tissue (GALT), which is the largest
immune organ of the body and is composed of secondary lymphoid organs and lymphocytes, as
presented in Figure 1. Specifically, Peyer’s patches (PPs), the inductive sites for the intestinal immune
response in the small intestine, are composed of lymphoid follicles and covered by follicle-associated
epithelium containing specialized intestinal epithelial cells (IECs), called M cells (Nagler-Anderson,
2001; Jung et al., 2010). M cells deliver antigens from the lumen to antigen-presenting cells such as
DCs in PPs. Isolated lymphoid follicles (ILFs) are intestinal lymphoid tissues that work as inductive
sites similar to PPs. The lamina propria (LP), the thin connective tissue layer located beneath the
epithelium, acts as an immune effector site and has abundant immune cells (Nagler-Anderson, 2001;
Artis, 2008). Mesenteric lymph nodes (MLNSs), another type of immune inductive site, collect lymphatic
drainage (containing, for example, food antigens and gut-resident microbes) from the LP, PPs, and the
intestinal mucosa (Macpherson and Smith, 2006; Round and Mazmanian, 2009). Effector T cells are
also found between the intestinal epithelial cells, where they are referred to as intraepithelial
lymphocytes (IELs) (Murphy et al., 2008). In response to infection, IELs rapidly release cytokines and
chemokines, thus eliminating the pathogens (Hayday et al., 2001).
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Figure 1. Schematic model of the epithelial barrier and gut-associated lymphoid tissue. LP, lamina
propria; MLN, mesenteric lymph node; PP, Peyer’s patch; ILF, isolated lymphoid follicle; IEL,
intraepithelial lymphocyte; MHC /11, major histocompatibility complex I/II; DC, dendritic cell; M@,
macrophage; TCR, T-cell receptor; AMPs; antimicrobial peptides; dimeric-sIgA, dimeric secretory
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immunoglobulin A; pIgR, polymeric immunoglobulin receptor; Treg, regulatory T cell; Th, helper T
cell; TJ, tight junction; AJ, adherens junction; D, desmosome. DCs harboring bacterial antigens from
PPs and the LP migrate to the MLN and activate naive T cells (CD8 T cells and CD4 T cells). B cells
are activated with or without the help of Th cells. Data from Turner, 2009; Murphy et al., 2008; and
Peterson and Artis, 2014.

The immune system consists of innate and adaptive immunity. Innate immunity is the first line of
immune defense, composed of the physical (e.g., skin, epithelia, and mucus) and chemical barriers (e.g.,
acidity of the stomach, lysozyme, and antimicrobial peptides secreted by host cells), innate immune
cells, and the complement system (Murphy et al., 2008). It distinguishes self from non-self, and is
immediately activated upon the recognition of foreign antigens through a limited number of pattern
recognition receptors (PRRs). In contrast, adaptive immunity takes several days to develop after
pathogenic encounter, and thus generates immunological memory and long-lasting protection,
dependent on a broad range of rearranged receptors on the surface of B and T lymphocytes (Akira et
al., 2006).

Innate immunity

Cells of intestinal innate immunity include macrophages, DCs, granulocytes (neutrophils, basophils,
and eosinophils), mast cells, and natural killer (NK) cells. Among these, phagocytes such as
macrophages, immature DCs, and neutrophils work as the first-line defense to clear foreign antigens.
They detect bacterial components via their surface receptors, followed by rapidly and efficiently
engulfing and degrading the microbes that breach the intestinal epithelium (Murphy et al., 2008). After
encountering antigens, macrophages residing in lymphoid and non-lymphoid tissues (Geissmann et al.,
2010) also release cytokines and chemokines that induce inflammation and recruit other immune cells
to the infection sites, thus killing the invaders (Galli et al., 2011). DCs, rich in LP and Peyer’s patches,
are divided into two groups: conventional DCs, which are specialized antigen-presenting cells (APCs),
and plasmacytoid DCs, which produce virus-induced interferon, but are not as crucial as conventional
DCs in antigen presentation owing to their inadequate production of major histocompatibility complex
(MHC) II and costimulatory molecules (Murphy et al., 2008; Reizis et al., 2011).

Innate immune responses are activated through the recognition of microbe-associated molecular
patterns (MAMPs) by PRRs expressed on immune cells and intestinal epithelial cells (IECs). PRRs are
able to detect a wide range of MAMPs shared by both the gut microbiota and the pathogens, such as
flagellin, lipopolysaccharides (LPS), and pili. TLRs recognizing various bacterial components are
signaling receptors and among the best characterized PRRs (Eisenbarth and Flavell, 2009). Activation
of any TLR is able to provoke NF-kB signaling, dependent on adaptor proteins that contribute to the
signal transduction, such as myeloid differentiation primary response gene 88 (MyD88), TIRAP, and
TRIF (Kawai and Akira, 2007). In the cytoplasm of inactivated cells, NF-«kB is bound to its inhibitor,
IxkB (Figure 2). Upon stimulation, IkB is phosphorylated by its kinase, IKK, resulting in the
translocation of NF-kB to the nucleus, which then induces the transcription of various cytokine and
chemokine genes (Tak and Firestein, 2001), and the expression of costimulatory molecules on cells
such as DCs (Kawai and Akira, 2007).

An important part of innate immunity is the generation of reactive oxygen species (ROS), in which
polymorphonuclear leukocytes (e.g. neutrophils) and mononuclear phagocytes (e.g. macrophages) are
involved (Fang, 2004). Upon bacterial stimulus, ROS production is immediately induced via the
NADPH phagocyte oxidase-dependent pathway, working as a host defense (Fang, 2004). The roles of
ROS are versatile and not restricted to the innate immune response: not only do they directly target and
disrupt microbial DNA, RNA, membranes, and proteins (Cabiscol et al., 2010), but they also regulate
host immunity. ROS are able to modulate various immune cells, including the induction of maturation
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of DCs, apoptosis in NK cells, and differentiation of B cells (Hansson et al., 1996; Yang et al., 2013).
Additionally, ROS help polymorphonuclear leukocytes to migrate and prolong their stay at the infection
sites, leading to bacterial killing (Nathan and Cunningham-Bussel, 2013). Moreover, ROS play a role
in signaling that leads to the activation of NF-kB and mitogen-activated protein kinases pathways
(Hancock et al., 2001; Son et al., 2011).

Adaptive immunity

APCs that have taken up antigens either stay in PPs and LPs or migrate to MLNs, as shown in Figure
1, and then present antigens to naive lymphocytes (Iwasaki and Medzhitov, 2010; Perez-Lopez et al.,
2016). Both DCs and macrophages work as APCs, but macrophages are not as efficient as DCs (Gordon
and Taylor, 2005). The naive T lymphocytes are divided into CD4 and CDS8 T cells, and their activation
is dependent on the antigens and co-stimulatory molecules on APCs. Naive CD8 T cells detect antigen
peptides through MHC I molecules on APCs, resulting in cytotoxic T cells that aim at killing infected
cells; in contrast, sensing the antigen peptides through MHC II molecules on APCs, CD4 T cells
differentiate into several subtypes of effector T helper (Th) cells, including the best-studied ones, Thl,
Th2, Th17, and regulatory T (Treg) cells (Murphy et al., 2008). Th1 cells, secreting interferon (IFN)-y,
tumor necrosis factor (TNF)-a, and granulocyte/macrophage colony-stimulating factor (GM-CSF),
attack intracellular foreign antigens carried by the macrophages and help B cells to differentiate into
plasma cells that mainly produce immunoglobulin (Ig) G; Th2 cells, releasing IL-4, IL-5, and IL-13,
primarily mediate plasma cells to produce IgE and secretory IgA (sIgA); Th17 cells produce IL-17,
which preserves the integrity of the mucosal barrier and combats pathogens; Treg cells, producing
cytokines such as IL-10 and transforming growth factor-f, establish immune tolerance to self-antigens
and inhibit redundant immune responses (Murphy et al., 2008; Sakaguchi et al., 2008; Gensollen et al.,
2016).

After encountering the antigens, naive B cell are activated with or without the assistance of Th cells.
When activated in a T cell-independent way, the humoral immune response is less robust. For example,
bacterial polysaccharides attach to B-cell receptors and thus induce the development of plasma cells,
but fail to generate memory B cells in most cases (Pollard et al., 2009). The antigens (invaded bacteria,
viruses, and their products) bound to antibodies produced by plasma cells are detected and eliminated
by phagocytes or through complement activation (Murphy et al., 2008).

Effector T cells and primed B cells in MLNs enter the bloodstream, but exhibit gut-homing capacities,
i.e. they return to the LP through the circulation (Brandtzaeg and Johansen, 2005). In the LP, dimeric
sIgA antibodies produced by plasma cells are attached to the polymeric immunoglobulin receptors
(pIgRs) on the basolateral side of IECs and transported across the epithelium to the lumen, where they
bind to foreign antigens and limit the penetration of luminal bacteria, thus fortifying the epithelial
barrier (Hooper and Gordon, 2001; Macpherson and Harris, 2004; Perez-Lopez et al., 2016).

Tolerance

The intestinal immune system develops tolerance to harmless antigens, such as diet and host gut
microbiota (Mowat, 2003). Defect in immune tolerance to the gut microbiota is considered as an
important cause of inflammatory bowel disease (IBD) (Round and Mazmanian, 2010). The underlying
mechanisms for the immune tolerance are associated with innate and adaptive immunity.

In the presence of the gut microbiota and under normal healthy conditions, DCs, via surface receptors,
can capture some of the invading gut-resident bacteria through M cells or directly access the intestinal
lumen via the protruding dendrites (Macpherson and Uhr, 2004; Kelsall, 2008). Subsequently, they
migrate to and are confined in the MLNs, which primes the local mucosal immune responses but avoids
systemic immunity (Macpherson and Uhr, 2004).
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The location of PRRs on IECs is of great importance in gut homeostasis (Artis, 2008). Certain TLRs
(TLR3, TLR7, and TLRS8) and nucleotide-binding oligomerization domain-like receptors are
respectively found in the endosome and cytoplasm of IECs (Peterson and Artis, 2014), which keeps
them at a distance from the gut microbiota residing in the lumen and mucus layer, largely limiting direct
contact with these microbes and thus preventing the activation of immune responses by IECs. The
locations of TLRs on IECs are illustrated in Figure 2. Moreover, TLRS is considered to be located on
the basolateral side of IECs. It detects basolaterally translocated flagellins in IECs, thus activating
proinflammatory immune responses (Gewirtz et al., 2001a). As an example, the enteropathogen
Salmonella typhimurium (but not intestinal E. coli) has the potential to transfer flagellins to the
basolateral side without bacterial invasion (Gewirtz et al., 2001a). Furthermore, after encountering the
microbial DNA, basolateral TLRY triggers NF-kB signaling; in contrast, recognition of microbial
ligands by apical TLR9 not only inhibits NF-kB pathway, but also induces tolerance that inhibits
inflammatory signaling (e.g., NF-kB activation and IL-8 production) activated by the subsequent
stimulation of other TLRs (Lee et al., 2006).

Bacterial cell wall components
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Figure 2. Toll-like receptors of intestinal epithelial cells and their bacterial ligands. IkB, inhibitor
of NF-kB; IKKs, kinases of IkB; PG, peptidoglycan; LTA, lipoteichoic acid; LPS, lipopolysaccharide;
MyD88 and TRIF, signaling adaptor proteins; CpG, a cytosine nucleotide linked to a guanine nucleotide
by a phosphate. Adapted from Peterson and Artis, 2014; and Kawai and Akira, 2010.

The presentation of gut microbe-derived antigens by retinoic-acid-receptor-related orphan receptor-yt
positive (RORyt") innate lymphoid cells through MHC II limits the T-cell response primed by the gut
microbes and can also directly cause the death of these activated T cells, thereby contributing to the
maintenance of immune tolerance towards the microbiota (Hepworth et al., 2013; Hepworth et al., 2015).
Furthermore, gut sIgA antibodies can mediate tolerance to gut microbes. Secreted IgA adheres to the
surface of the bacterial antigens to avert gut-associated bacteria—host interaction, which would
otherwise lead to unnecessary immune responses (Honda and Littman, 2016). For instance, the gut
symbiont bacterium Bacteroides thetaiotaomicron induces robust pro-inflammatory responses in
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germfree mice lacking secreted IgA (Peterson et al., 2007). Moreover, intestinal Treg cells expressing
transcription factor forkhead box P3 (Foxp3) are largely implicated in tolerance towards the gut
microbiota (Bilate and Lafaille, 2012; Cebula et al., 2013). Intracellular Foxp3 mediates the
development and function (e.g. suppression of immune response) of Treg (Fontenot et al., 2003).
Tolerogenic Foxp3™ Treg cells are more abundant in the intestinal LP than in other parts of body
(Atarashi et al., 2011). It has been reported that the gut microbiota can induce the development of
Foxp3™ Treg cells (Round and Mazmanian, 2010; Atarashi et al., 2011) and shape the diverse TCR
repertoire on them, which is distinct from that on other intestinal T-cell subsets (Lathrop et al., 2011).
Recognition of antigens derived from the gut microbiota by TCRs on Foxp3™ Treg and other types of
Treg cells can lead to the secretion of anti-inflammatory cytokines (e.g. IL-10 and transforming growth
factor-B), which also contributes to immune tolerance (Sakaguchi et al., 2008).

2.1.2 Intestinal epithelial barrier

In addition to the immunological defense systems, the cell composition and structure of the epithelial
layer are of paramount importance for gut functions and homeostasis. The intestinal epithelium is made
up of a single layer of epithelial cells of several types. Enterocytes, the major class of IECs, are in
charge of absorption, while specialized and secretory IECs promote digestive or barrier functions
(Peterson and Artis, 2014). Specifically, enteroendocrine cells secret a variety of hormones that assist
in digestion. Goblet cells synthesize trefoil peptides and mucins (e.g., MUC1 and MUC2) that form a
mucus layer located directly above the epithelial layer (Figure 1), thereby protecting the gut by reducing
the contact between IECs and the gut microbiota. For instance, mucin MUC2-lacking mice
spontaneously suffer from colonic inflammation (Van der Sluis et al., 2006). Paneth cells, another type
of specialized IECs, are capable of secreting many antimicrobial peptides (e.g., defensins), which break
down important bacterial surface components (e.g., surface membranes and Gram-positive cell wall
peptidoglycans) in order to minimize the bacterial number at the intestinal epithelial surface
(Tlaskalova-Hogenova et al., 2011; Peterson and Artis, 2014). The adjacent epithelial cells are
connected by junctions, including tight junctions (TJs), adherens junctions, and desmosomes (Figure
1), thus forming a well-sealed epithelium (Turner, 2009). Among them, the TJ is the most decisive
factor in controlling mucosal permeability. It is mainly composed of various proteins, including
transmembrane (e.g., claudin family and occludin) and peripheral membrane proteins (e.g. zonula
occludens, ZO) (Turner, 2009). Collectively, these structural characteristics lead to intact barriers that
prevent the invasion of gut-resident microbes and pathogens, and, together with the immunological
defense systems and the normal gut microbiota (see below), lay the foundation for maintaining intestinal
immune homeostasis.

2.2 Gut microbiota

The microbiota residing in the mammalian gut lumen and mucosa represents greater diversity and larger
number of microbes (bacteria, viruses, and parasites) than the microbiota in other niches of the body.
Human gut microbiota contains about 100 trillion organisms, which is approximately equal to the total
number of human cells in the body (Sender et al., 2016). Collectively, 99.1% of the human gut
microbiome (collective genome of the gut microbiota) is of bacterial origin (Qin et al., 2010), and it is
estimated that 1001000 bacterial species reside in the human gut (Browne et al., 2016). Along the GIT,
the concentration of oxygen continuously declines, while the diversity and abundance of intestinal
bacteria gradually rise in both the human and animal gut, as illustrated in Figure 3. For instance, the
upper bowel in humans, from the stomach to the jejunum, possesses fewer bacteria, ranging from 10!
to 107 organisms per ml of intestinal content, while the distal small intestinal tract and colon harbor 10'°
to 10'3 per ml (Dethlefsen et al., 2006; O'Hara and Shanahan, 2006; Sekirov et al., 2010; Zoetendal et
al., 2012). Most gut bacteria are considered uncultivable in laboratories (Walker et al., 2014). However,
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a recent study challenged such a notion, demonstrating that a large proportion of human gut bacteria
are cultivable by using a novel workflow that combines metagenomics and culture (Browne et al., 2016).
With more cultivable bacteria, it is possible to characterize the gut microbiota at the species level,
further expanding our knowledge of this “newly considered organ”.

As previously mentioned, the gut microbiota consists of autochthonous (indigenous) microbes that
persistently colonize the GIT and allochthonous (transient) members that pass through the GIT like
hitchhikers (Ley et al., 2006a). Autochthonous microbes are thought to be in close contact with the
mucosa, while allochthonous microbes mainly reside in the intestinal lumen (Nava and Stappenbeck,
2011). In general, both autochthonous and allochthonous gut microbes may represent different types of
symbiotic relationships with the host, including mutualism, commensalism, or parasitism (Walter et al.,
2011). In particular, mutual benefit between the host and the microbes is considered to be the main
status (Macpherson and Harris, 2004). The GIT provides a nutrient-rich niche for the gut microbiota
with steady growth conditions under most circumstances, while in return the gut microbiota assists the
GIT in fulfilling its functions.

There has been increasing interest in studying the structure and composition of the gut microbiota,
especially that of humans. Fecal samples, which resemble the bacterial composition of the distal colon,
have frequently been used in most of the studies, but lumen contents and mucosal samples from different
segments of the GIT have also been investigated. Generally, the gut microbiota is divided into the
mucosal and luminal one, and these two microbiotas differ in microbial populations and functions
(Eckburg et al., 2005). For example, in humans, the anaerobe/aerobe ratio in the luminal microbiota is
higher than that in the mucosal microbiota (O'Hara and Shanahan, 2006). Since the mucosal microbiota
is closer to the intestinal epithelium, it might be more important in mediating mucosal immune
responses, while the luminal microbiota might be more involved in digestion (Van den Abbeele et al.,
2011).

2.2.1 Structure and composition of the gut microbiota of humans and pigs

Humans and pigs share many similarities in the anatomy and physiology of the GIT, which is made up
of the stomach, small intestine (duodenum, jejunum, and ileum) and large intestine (cecum, colon, and
rectum), as shown in Figure 3 (Pond and Houpt, 1978; Pryde et al., 1999; Loh et al., 2006). Nevertheless,
the lengths of the small intestine and colon of adult pigs are about 15-22 m and 4-6 m, respectively
(Mochizuki and Makita, 1998), while the corresponding values are approximately 6 m and 1.5 m in
adult humans. With regard to physiological functions, the stomach mainly initiates the breakdown of
proteins and fats. It produces hydrochloric acid, which makes the stomach acidic and also assists in the
conversion of saliva-sourced nitrite to nitric oxide, eliminating swallowed pathogens (Benjamin et al.,
1994). The small intestine, with bile acids secreted in the duodenum and digestive enzymes present
along the whole length, is primarily in charge of the digestion and absorption of ingested food, including
carbohydrates, proteins and fat, as well as the absorption of most vitamins, iron, calcium, and water
(Ganong and Ganong, 1995). The large intestine is responsible for final water absorption and the
digestion of indigestible substances through microbial fermentation (Ganong and Ganong, 1995;
Biéckhed et al., 2005).

Human gut microbiota

The advent of modern technologies, such as 16S ribosomal RNA gene-based sequencing, metagenomics,
and transcriptomics, has enabled the detection of a much wider range of bacterial identities at the species
level and facilitated the study of the impact of human gut microbiota on host health. Irrespective of
differences in age and geographic location, it has been reported that the human gut microbiota is
dominated by four phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (De Filippo et
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al., 2010; Li et al., 2014; Odamaki et al., 2016). However, accumulated evidence has shown that the
composition of the gut microbiota changes from birth to later life.

The delivery mode, feeding methods, and antibiotics greatly affect the gut microbiota composition in
infants (Penders et al., 2006; Dominguez-Bello et al., 2010). Generally, the infant gut microbiota has
smaller bacterial loads (Mariat et al., 2009) and larger variation between individuals (Yatsunenko et al.,
2012) in comparison to the microbiota of older age groups; in babies fed with either breast milk or
formula, it is dominated by the genus Bifidobacterium. With the introduction of solid foods, the bacterial
diversity increases and the composition is modified: bifidobacteria and members of the
Enterobacteriaceae family decrease, while Lachnospiraceae and Ruminococcaceae increase (Fallani et
al., 2010; Bergstrom et al., 2014). An adult-like gut microbiota is developed within the first three years
(Yatsunenko et al., 2012; Bergstrom et al., 2014). Based on the analysis of fecal samples or colonic
mucosal tissue from healthy adults, the gut microbiota in healthy human adults mainly consists of the
two most abundant phyla, Firmicutes and Bacteroidetes (Eckburg et al., 2005; Qin et al., 2010), in which
most of the members are anaerobic, and which include the genera FEubacterium, Clostridium,
Ruminococcus, Faecalibacterium, and Bacteroides (Palmer et al., 2007). Studies on the bacterial
composition of the small intestine in healthy adults are considerably limited compared to those of the
colon. In general, the small intestine has a lower bacterial diversity than the colon, as revealed by 16S
rRNA gene sequencing and metagenomics (Booijink et al., 2010; Zoetendal et al., 2012). Ileostomy
effluent samples from one healthy adult revealed that the small intestine was dominated by Clostridium,
Streptococcus, E. coli, and high G+C Gram-positive bacteria (Zoetendal et al., 2012). Subsequently,
another study found that ileostomy samples from four healthy adults were dominated by the genera
Streptococcus and Veillonella (den Bogert et al., 2013). The gut microbiota in elderly people also shows
changes compared to younger adults. Typically, Bacteroidetes is more abundant and the most dominant,
while members of Firmicutes are decreased (Claesson et al., 2011). A higher abundance of Bacteroides,
Eubacterium, and Clostridiaceae has also been observed in elderly Japanese over 70 years old
(Odamaki et al., 2016). In addition to age, many other factors are also associated with the individual
variability in bacterial composition, such as diet and antibiotics. However, the gut microbiota within an
individual is relatively stable upon perturbations throughout life (Lozupone et al., 2012).

Pig gut microbiota

The bacterial composition of the pig gut microbiota resembles that in humans. Firmicutes and
Bacteroidetes are also predominant in pigs at any age (Lamendella et al., 2011; Looft et al., 2012; Kim
and Isaacson, 2015); however, differences between these two mammals still exist (Figure 3). For
instance, bifidobacteria either cannot be found or are detected at low levels in the pig gut (Leser et al.,
2002; Dowd et al., 2008; Petri et al., 2010; Zhao et al., 2015), whereas they are common colonizers in
the human gut (Turroni et al., 2008). In contrast, the genus Lactobacillus is abundant in the pig gut
microbiota (Dowd et al., 2008; Niu et al., 2015), while lactobacilli are subdominant in the human gut,
comprising maximally about 1% of the total bacteria (Guarner and Malagelada, 2003; Mueller et al.,
2006). In studies that have used strict anaerobic culture methods, the majority of pig gut bacteria have
been identified as Gram positive and have mainly included lactic acid bacteria (LAB, mostly consisting
lactobacilli and streptococci), eubacteria, and clostridia (Salanitro et al., 1977; Russell, 1979; Robinson
et al., 1984; Pryde et al., 1999). Subsequently, comparative 16S DNA sequencing analysis has not only
confirmed the above findings, but also revealed that the genera Bacteroides and Prevotella dominate in
the less-abundant Gram-negative group (Leser et al., 2002). In the GIT of newborn and suckling piglets,
the first dominant colonizers include clostridia and lactobacilli (Konstantinov et al., 2006; Petri et al.,
2010). From weaning to maturity, these bacteria are still predominant, even though the relative
proportions show fluctuations (Konstantinov et al., 2006). Similarly to the human gut microbiota, the
bacterial number in the lumen content of pigs is much higher than that of the intestinal wall, based on
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direct microscopic counts and viable colony counts (Allison et al., 1979; Russell, 1979; Pryde et al.,
1999). Recently, a broader view of the ecology of the pig gut microbiota in different regions of the GIT
was presented. It was found by pyrosequencing that the ileum with digesta from weaned pigs (about 21
days old) mainly contains Clostridium spp., Lactobacillus spp., Streptococcus spp., and Sarcina spp.
(Dowd et al., 2008). Later, Isaacson and Kim (2012) revealed the bacterial composition in the jejunum,
which was dominated by the phylum Firmicutes (90%). In contrast, Zhao et al. demonstrated that the
main phyla in the jejunum of adult pigs include Proteobacteria (79.5%), Firmicutes (18.7%), and
Bacteroidetes (1%) (Zhao et al., 2015). Numerous studies have shown that in the ileum, Firmicutes and
Proteobacteria are the major phyla (Dowd et al., 2008; Isaacson and Kim, 2012; Looft et al., 2014; Zhao
et al.,, 2015), with Streptococcus, Clostridium, Anaerobacter, and Lactobacillus being the most
important at the genus level. Two studies demonstrated that the major phyla in the cecum and
colon/mid-colon were Firmicutes and Bacteroidetes (Isaacson and Kim, 2012; Looft et al., 2014),
whereas in another study, Firmicutes and Proteobacteria were the dominant phyla (Zhao et al., 2015).
Considering the differences in pig breeds, diet, growth conditions, and other factors, such a discrepancy
is conceivable.
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Figure 3. The gastrointestinal tract and the dominant phyla or genera in different regions of the
GIT in adult humans and pigs. Data of human studies from Dethlefsen et al., 2006; O’Hara and
Shanahan, 2006; Sekirov et al., 2010; and Zoetendal et al., 2012. Data of pig studies from Allison et al.,
1979; Pryde et al., 1999; Konstantinov et al., 2006; Loh et al., 2006; Looft et al., 2014; and Zhao et al.,
2015.

2.2.2 Role of the gut microbiota

The gut microbiota has highly evolved to adapt to the host. Therefore, in healthy individuals, the
intestinal immune system exhibits tolerance to the resident microbes, while it protects the host from
intestinal pathogen infection. It is now evident that the interactions between the intestinal immune
system and the gut microbiota play a vital role in the maintenance of gut homeostasis. Meanwhile, the
gut microbiota has a role in the modulation of host metabolism and the control of invading pathogens.
However, it is also implicated in host diseases.

2.2.2.1 Structural and developmental effects of the intestine

Structural development of the GIT

In the absence of the gut microbiota, germfree mice generally have a smaller intestinal surface area
(Gordon and Bruckner-Kardoss, 1961), longer and thinner villi, and a lower vessel density in the villi
(Sommer and Béckhed, 2013). However, introducing the normal gut microbiota to germfree mice
resulted in the villi becoming shorter and wider, and thus more capable of efficiently inhibiting
microbial invasion (Sommer and Béickhed, 2013). Additionally, the structural development of the
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intestinal immune system in germfree mice shows multiple defects, thus highlighting the important role
of the gut microbiota in its development. As an example, without gut microbiota, ILFs are few and
undeveloped, resulting in a lack of B cells (Bouskra et al., 2008; Hooper et al., 2012). However, the
number of ILFs was increased by the colonization of germfree mice with Gram-negative gut bacteria
(e.g., Bacteroides distasonis and E. coli) or the introduction of peptidoglycan isolated from E. coli
(Bouskra et al., 2008). Moreover, as compared with colonized animals, germfree animals possess fewer
and smaller PPs and MLNSs, a thinner LP, and fewer plasma cells in germinal centers (Round and
Mazmanian, 2009). Collectively, the lack of the gut microbiota results in the impaired development of
GALTs, therefore leading to deficiencies in immune responses, as demonstrated by the observation that
germfree mice exhibit an increased susceptibility to infections caused by enteropathogens (Round and
Mazmanian, 2009).

Enhancement of the intestinal epithelial barrier

Mounting evidence has shown that the gut microbiota is capable of fortifying the physical and chemical
intestinal barriers: the mucus layer, the epithelial layer, and secreted antimicrobial peptides (e.g. a-
defensins). In antibiotic-treated mice, the expression of MUC2 mucin, which is the major component
of the mucus layer, was reduced in goblet cells, resulting in a thinner inner mucus layer, which in turn
caused more severe enteric pathogen Citrobacter rodentium-derived colitis, compared to untreated mice
(Wlodarska et al., 2011). Additionally, in germfree mice, the colonization of Bacteroides
thetaiotaomicron (a member of the gut microbiota) strengthened the intestinal barrier functions through
the upregulation of expression of Sprr2a protein, which contributed to the formation of desmosomes
(Hooper et al., 2001). Moreover, gut commensal E. coli strains (e.g., E. coli Nissle 1917 and ECOR63)
and their extracellular products enhanced the epithelial barrier function via the upregulation of ZO-1
and claudin-14, and the downregulation of claudin-2 involved in epithelial pore formation, thus
fortifying TJs (Ukena et al., 2007; Alvarez et al., 2016). In addition to the presence of bacterial cells,
bacterial metabolites also fortify the epithelial barrier. As an example, short-chain fatty acids (SCFAs)
produced by gut-resident bacteria increase MUC2 expression in IECs and modulate the location of ZO-
1 and occludin, which thus increases the trans-epithelial electrical resistance (TEER, a parameter to
assess the epithelial barrier integrity) (Willemsen et al., 2003; Peng et al., 2009). Importantly, the gut
microbiota has been shown to protect the intestinal epithelia from radiation-induced injury (Rakoff-
Nahoum et al., 2004) and to stimulate epithelial proliferation in the mouse small intestine (Hormann et
al., 2014). Additionally, the gut microbiota enhances the barrier function by inducing the production of
antimicrobial molecules (Kamada et al., 2013). The introduction of gut-resident bacteria to germfree
mice strongly triggers the coordinated expression of antimicrobial lectin REGIIIy in Paneth cells, which
binds to the peptidoglycan of luminal bacteria and thus restricts bacterial invasion (Cash et al., 2006).

2.2.2.2 Immunological effects

The mucus layer minimizes direct contact with the gut microbiota, and the intestinal epithelium reduces
the interactions between the gut microbiota and the intestinal immune system. However, some bacteria
in the gut lumen, as well as bacterial products and structural components, have the potential to
translocate through mucus and attach to or enter the IECs, thus activating inflammatory innate immune
responses. In a healthy host, the intestinal immune system is tolerant to the gut microbiota, but initiates
inflammatory immune responses in order to eliminate invading pathogens. The gut microbiota has the
potential to modulate mucosal immunity by contributing to both immunological defense and tolerance.
Indeed, mono-colonization of germfree mice with 53 individual bacterial species from the human gut
microbiota covering 5 dominant phyla (Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and
Fusobacteria) revealed that the majority of the tested bacteria had strain-specific immunomodulatory
properties (Geva-Zatorsky et al., 2017).
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Effects on innate immunity. Recognition of the gut-resident microbes by TLRs at the mucosal site
is crucial for maintaining gut immune homeostasis. It has been demonstrated that antibiotic-treated mice
lose the ability to produce cytokines via the MyD88-dependent pathway, whereas conventional mice
yield a pronounced level of IL-6 that could protect the host from colonic injury caused by dextran sulfate
sodium (Rakoff-Nahoum et al., 2004). Similarly, a recent study proved that, under steady-state
conditions, sensing of microbial signaling from the gut microbiota by intestinal macrophages can
activate the MyD88-dependent pathway and evoke IL-1f secretion, leading to the constant production
of growth factor GM-CSF (also termed CSF2), which promotes intestinal homeostasis by regulating
the number and function of macrophages and DCs (Mortha et al., 2014). In contrast, encountering of
antibiotic-treated microbiota by macrophages resulted in the dysfunction of DCs (Mortha et al., 2014).

Moreover, the gut microbiota enhances ROS generation and thus mediates innate immune responses.
IECs contacted by gut commensal bacteria immediately produce ROS, which results in IxB degradation
(but not dissociation from NF-kB) through cullin-dependent signaling, thus leading to the suppression
of the NF-kB signaling pathway (Kumar et al., 2007). SCFAs produced by gut bacteria also stimulate
ROS production. Butyrate produced by commensal bacteria degraded IkB, resulting in the inhibition of
NF-«B activation (Kumar et al., 2009). Notably, SCFAs are also able to regulate the expression of
cytokines and chemokines in various leukocytes and then exhibit anti-inflammatory effects (Vinolo et
al., 2011b). For example, butyrate impairs the production of pro-inflammatory cytokines (IL-12 and
TNF-a), but upregulates anti-inflammatory IL-10 secretion, and is also able to inhibit NF-xB activation
(Segain et al., 2000; Sédemann et al., 2000; Vinolo et al., 2011a). A recent study has demonstrated that
other metabolites, including palmitoleic acid and tryptophan, have an inhibitory effect on the production
of pro-inflammatory cytokines induced by certain pathogens ex vivo (Schirmer et al., 2016), suggesting
that these metabolites may be used to treat diseases caused by excessive pro-inflammatory cytokine
production, such as autoimmune disease.

Effects on adaptive immunity. The gut microbiota is associated with T-cell differentiation and
pro/anti-inflammatory cytokine production. Th17 cells are deficient in the small intestinal LP of
germfree mice; however, upon colonization with a normal mouse gut microbiota or segmented
filamentous bacteria (most closely related to Clostridia), they are upregulated, which promotes the
secretion of various cytokines protecting the host from pathogen infections (Ivanov et al., 2009;
Atarashi et al., 2015). In mice with Citrobacter rodentium infection, SCFAs promote the differentiation
of naive T cell into Th1 or Th17 in order to fight pathogens (Park et al., 2015).

Meanwhile, the gut microbiota is also able to modulate Treg differentiation. Oral inoculation of a
mixture of 17 clostridial strains isolated from human feces largely enriched Tregs and IL-10 in the colon
LP of germfree mice, and provided protection against colitis (Atarashi et al., 2013). The three dominant
SCFAs, butyrate, propionate, and acetate (Macfarlane and Macfarlane, 2003), also promote the
generation of colonic Tregs and further dramatically increase the expression of Foxp3 and IL-10, which
suppresses the excessive immune responses and protects the host against colitis (Arpaia et al., 2013;
Furusawa et al., 2013; Smith et al., 2013).

Furthermore, the gut microbiota plays an essential role in sIgA production. Plasma cells in the intestine
of germfree animals are drastically decreased (Honda and Littman, 2016), and the produced sIgA fails
to bind the bacterial components (Macpherson et al., 2000), while the introduction of a normal gut
microbiota immediately promotes sIgA secretion. It has also been reported that sIgA diversity is
enhanced by the increased complexity of the gut microbiota, as germfree mice colonized with the
complex gut microbiota from specific-pathogen-free mice generate more diverse IgA repertoires than
those colonized with single strains of gut microbes (e.g., segmented filamentous bacteria or Clostridium
strains) (Lindner et al., 2015), therefore binding to a larger extent of antigens.
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2.2.2.3 Protective effects against gastrointestinal pathogens

The gut microbiota located in the mucus layer and close to the intestinal epithelia potentially acts as a
microbial barrier to protect the host from pathogen infection, highlighted by the observation that the
susceptibility to intestinal pathogens is largely increased in germfree and antibiotic treated-mice
(Lawley et al., 2009; Fukuda et al., 2011). Protective effects against pathogens conferred by the gut
microbiota are generally grouped into two types, direct and indirect inhibition, which are both based on
multiple mechanisms (Buffie and Pamer, 2013).

Direct inhibition of pathogens

First of all, the ability of the gut microbiota to outcompete pathogens for common and essential nutrients
might lead to the starvation or exclusion of pathogens (Kamada et al., 2012; Kamada et al., 2013). As
an example, a commensal microbe, Escherichia coli Nissle 1917, outcompeted Salmonella
typhimurium for iron and thus reduced Salmonella colonization of the GIT of chronically and acutely
infected mice (Deriu et al., 2013). In addition, the gut microbes may inhibit pathogen colonization by
occupying common binding sites. For instance, the adhesive L. crispatus JCM 8779 isolated from
human feces strongly reduced the adherence of Enterococcus faecalis TT1 to Caco-2 cells (Todoriki et
al., 2001). Furthermore, acidic conditions (e.g. lactic acid) and certain metabolites, such as SCFAs and
antimicrobial molecules produced by the gut microbiota, have a pivotal role in pathogen inhibition. The
growth of Escherichia coli O157:H7 is markedly inhibited by acetate, butyrate, and propionate
produced by gut anaerobes (Shin et al., 2002; Fukuda et al., 2011). Butyrate also reduces the invasion
of IECs by Salmonella enterica by down-regulating the expression of several virulence genes (Gantois
et al., 2006). Bacteriocins are antimicrobial peptides secreted by various gut-resident bacteria that can
inhibit bacterial growth. For instance, bacteriocins produced by Bacillus thuringiensis effectively kill
clinical Clostridium difficile strains ex vivo (Rea et al., 2010). Recently, 74 bacteriocin gene clusters
were found in the human gut microbiome (Walsh et al., 2015), suggesting that the human gut microbiota
has the potential to inhibit intestinal pathogen growth. Notably, recent studies have demonstrated that
antimicrobial proteins with antagonistic effects against competitors and enteric pathogens are secreted
through the type VI secretion systems (T6SSs) of gut-dwelling bacteria in a cell-to-cell contact manner
(Russell et al., 2014; Hecht et al., 2016). T6SSs are frequently found in the genomes of many gut-
resident bacteria, especially in members of the gut-dominant phylum Bacteroidetes (Chatzidaki-Livanis
et al., 2016). For instance, non-pathogenic and enteropathogenic Bacteroides fragilis strains are
ubiquitous in the GIT, and a recent in vivo study revealed that non-pathogenic B. fragilis utilizes T6SSs
to provide colonization resistance against enteropathogenic B. fragilis and to suppress enteropathogenic
B. fragilis-induced colitis (Hecht et al., 2016).

Indirect inhibition of pathogens

The gut microbiota can also indirectly inhibit pathogen colonization based on its ability to strengthen
the epithelial barrier function and to evoke mucosal immune responses. The underlying mechanisms
include the promotion of antimicrobial peptide expression and sIgA production, effects on T-cell
differentiation, and pro/anti-inflammatory cytokine secretion in the host, as discussed in sections 2.2.2.1
and 2.2.2.2. Furthermore, another indirect inhibition mechanism of pathogens is associated with the
production of secondary bile acids, which are transformed from bile acids by the gut microbiota
(Rolhion and Chassaing, 2016). Secondary bile acids have antimicrobial effects, as demonstrated by the
observation that their production was decreased in antibiotic-treated mice, resulting in the colonization
of pathogenic Clostridium difficile (Theriot and Young, 2015; Theriot et al., 2016). In another example,
Clostridium scindens, a member of the gut microbiota that participates in secondary bile acid synthesis,
inhibits Clostridium difficile growth in a manner dependent on secondary bile acids (Buffie et al., 2015).
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2.2.2.4 Nutritional effects

In accordance with the variation in bacterial composition between the small intestinal and colon
microbiota, it has been reported that the bacteria in the small intestine are capable of the rapid uptake
and degradation of simple carbohydrates, while colon bacteria specifically ferment complex
carbohydrates (Zoetendal et al., 2012). The gut microbiota also enhances nutrient absorption, as
demonstrated by the observation that the mRNA levels of genes involved in lipid absorption are elevated
after introducing a gut-resident bacterial species, Bacteroides thetaiotaomicron, to germfree mice
(Hooper et al., 2001).

In the colon, the gut microbiota ferments indigestible carbohydrates, such as starch and fiber, and many
of the resulting metabolites, such as SCFAs, serve as energy sources for the host (Macfarlane and
Macfarlane, 2003; Qin et al., 2010). Specifically, as the main SCFA, most acetate is absorbed by liver
cells and used as the substrate for cholesterogenesis and lipogenesis (den Besten et al., 2013; Canfora
et al., 2015); propionate appears to be the precursor of gluconeogenesis, while butyrate is a substrate
for lipogenesis (Wong et al., 2006; Canfora et al., 2015) and the preferred energy source for colon
epithelial cells (Donohoe et al., 2011). Additionally, SCFAs have other nutritional functions in the body,
as they may, for instance, promote adipocyte differentiation, insulin sensitization, and blood glucose
level control (Canfora et al., 2015). Collectively, the potential of bacterial metabolites to modulate the
host metabolism may affect the ability of the host to maintain blood glucose levels and lipid content, as
well as body energy homeostasis. An imbalanced gut microbiota produces imbalanced metabolites that
may lead to host diseases. The gut microbiota is also involved in drug detoxification (Claus et al., 2011)
and the beneficial transformation of bioactive compounds (O'keefe, 2016), whereas it is additionally
implicated in some detrimental activities as well, such as the generation of carcinogens (Hope et al.,
2005) and the activation of genotoxicants (Blaut et al., 2006).

In addition to SCFAs, certain gut bacteria are suppliers of amino acids and vitamins, including vitamins
of the B group (e.g., folate and riboflavin) and vitamin K (Hill, 1997; Qin et al., 2010). Vitamin
production by the gut microbiota compensates for the biosynthesis deficiency of many essential
vitamins in humans (Hill, 1997; LeBlanc et al., 2013). Compared to conventionally reared animals,
germfree animals require vitamin K and more B-group vitamins in their diet (Sumi et al., 1977;
Wostmann, 1981), indirectly suggesting that bacterially synthesized vitamins can be assimilated by the
host. A study performed in humans directly demonstrated that folate produced by small intestinal
bacteria was absorbed and used by the human body (Camilo et al., 1996).

2.2.2.5 Pathogenic effects

An increasing number of studies have demonstrated that the gut microbiota is associated with various
disorders of metabolism, the GIT, heart and brain. These disorders include type 1 (Vatanen et al., 2016)
and 2 diabetes (Mardinoglu et al., 2016), obesity (Ley et al., 2006b), liver diseases through the gut—
liver axis, alcoholic (Yan et al., 2011) and nonalcoholic fatty liver disease (Abu-Shanab and Quigley,
2010)), irritable bowel syndrome (IBS) (Kassinen et al., 2007), IBD (Morgan et al., 2012), heart failure
(Kamo et al., 2017), asthma (Abrahamsson et al., 2014), allergy (West et al., 2015), GI and non-GI
cancers (Yoshimoto et al., 2013; Louis et al., 2014), and even anxiety and depression (Foster and
Neufeld, 2013), autism (Strati et al., 2017), multiple sclerosis (Berer et al., 2011), and Parkinson’s
disease (Scheperjans et al., 2015) through the gut-brain axis. An imbalanced gut microbiota has been
associated with the pathogenesis of these diseases, but whether the dysbiosis is a causative contributor
or a consequence of these disorders remains in most cases unknown. Dysbiosis is characterized by the
reduction in commensals and diversity, and the expansion of pathobionts, i.e. bacteria that live as
commensals in the GIT under normal circumstances, but which have the potential to cause diseases
(Levy et al., 2017). For instance, a reduced abundance of Firmicutes (e.g. Faecalibacterium prausnitzii)
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and a relative enrichment in Enterobacteriaceae (e.g. E. coli) was observed in patients suffering from
IBD, both in Crohn’s disease affecting the whole GIT, and in ulcerative colitis only affecting the colon
(Baumgart and Sandborn, 2007; Kostic et al., 2014; Matsuoka and Kanai, 2015). Treatments, such as
fecal microbiota transplantation and probiotics, aiming at normalizing the gut microbiota, have been
employed with promising outcomes to ameliorate IBD (Matsuoka and Kanai, 2015).

2.3 Lactic acid bacteria

LAB, also termed as the order Lactobacillales, are Gram-positive, nonsporulating cocci or rods, which
are listed under the phylum Firmicutes (Von Wright and Axelsson, 2011). They inhabit a variety of
niches, including the environment, plants, fermented food, skin, the oral cavity, and the GIT of
mammals. Since ancient times, LAB have been extensively used in food processing, such as food
fermentation. Meanwhile, they are generally considered as safe bacteria with various health-promoting
properties. Among LAB, Lactobacillus, Lactococcus, Streptococcus, Leuconostoc, Pediococcus, and
Enterococcus are the most important genera (Makarova et al., 2006). Based on their fermentation
characteristics, LAB are divided into homofermentative LAB, which produce lactic acid as the main
end-product, and heterofermentative LAB, which produce lactic acid as well as carbon dioxide, acetic
acid, and ethanol (Kandler, 1983). In the human GIT, LAB account for a small part of the gut microbiota
(Douillard and de Vos, 2014). For instance, in the study of Rossi et al. (2016), their abundance was
0.08-0.3% of the total bacteria in human fecal samples. Nevertheless, they provide many beneficial
effects to the host. Lactic acid and other metabolic products (e.g. bacteriocins) have antimicrobial
effects that are able to inhibit infection by various pathogens (Dicks and Botes, 2009). LAB also
synthesize important vitamins in the GIT, such as folate and riboflavin (LeBlanc et al., 2013).
Importantly, LAB possess immunomodulatory properties that strengthen host immunity (Perdigon et
al., 2002; Dicks and Botes, 2009).

2.3.1 The genus Lactobacillus

Lactobacillus is the largest and highly heterogeneous genus of LAB (Claesson et al., 2007), with
currently more than 220 species identified from various origins (http://www.bacterio.net, last searched
September 2017). Members of the genus Lactobacillus are rod-shaped, anaerobic or aerotolerant
bacteria, classified as obligately homofermentative, or facultatively/obligately heterofermentative
lactobacilli (Hammes and Vogel, 1995). Lactobacillus species have a long history of utilization in food
production and preservation. Due to their beneficial effects, Lactobacillus strains have been consumed
as probiotic supplements by humans and animals more frequently than other LAB (Ouwehand et al.,
2002). Additionally, some genetically modified lactobacilli have proven to be effective delivery vectors
of foreign (immunogenic or therapeutic) antigens in mucosal vaccination (Wyszynska et al., 2015).
Furthermore, a recent study has revealed that the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas adaptive immune systems are broadly present in lactobacilli (Sun et al., 2015).
CRISPR-Cas systems contribute to resistance to foreign genetic material, such as bacteriophage DNA
(Horvath and Barrangou, 2010), consequently increasing the survival rates of lactobacilli in competitive
environments, such as the GIT.

In the GIT, lactobacilli are either permanent colonizers or transient passengers. Thus far, it has been
demonstrated that in the Lactobacillus genus, L. ruminis, L. salivarius, L. gasseri, and L. reuteri are
truly autochthonous species (Tannock et al., 2000; Reuter, 2001), which have adapted to the host GIT
environment and are thus able to colonize certain sites lifelong. In contrast, several well-studied species,
including L. acidophilus and one of the best characterized health-promoting microbes, L. rhamnosus
GG, originate from food products and have been referred to as allochthonous strains (Walter, 2008).
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2.3.1.1 Probiotic lactobacilli

As defined by the World Health Organization (WHO), probiotics are live microorganisms that confer a
health benefit on the host when administered in adequate amounts. Possible probiotic actions are
illustrated in Figure 4. Probiotics are versatile with regard to their functions. They have been proposed,
for example, to cure or prevent diarrhea (Isolauri et al., 1991; Szajewska and Mrukowicz, 2001;
Dendukuri et al., 2005), control IBS and IBD (Kruis et al., 1997; Niedzielin et al., 2001; Whelan and
Quigley, 2013), prevent necrotizing enterocolitis in babies (Lin et al., 2005; AlFaleh and Anabrees,
2014) and atopic dermatitis in infants and young children (Kalliomiki et al., 2001; Kallioméiki et al.,
2003; Pelucchi et al., 2012), reduce cholesterol levels (Ooi and Liong, 2010), ameliorate constipation
(Chmielewska and Szajewska, 2010), and relieve allergies and asthma (Majamaa and Isolauri, 1997;
West et al., 2016).

Therefore, searching for probiotic candidates is still of great interest nowadays. The screening process
is based on a few established selection criteria. First and foremost, probiotics must be safe to the host.
Another important prerequisite is that, in order to maintain the viability of the bacteria, candidate
probiotics should be able to withstand the harsh conditions encountered during industrial processing as
well as in the GIT (e.g. the acidity in the stomach). Furthermore, an adhesive property is a priority for
a candidate probiotic in order to increase retention in the GIT and to interact with the host. Targets used
when testing adherence in vitro usually comprise extracellular matrix (ECM) proteins, intestinal mucus,
intestinal epithelial cells (e.g., Caco-2 and HT-29), and host tissues (Ouwehand and Salminen, 2003).
Additionally, based on adhesion, candidate probiotics should also have potential to inhibit the adhesion
of gastrointestinal pathogens to host tissues, and thus provide beneficial effects (Collado et al., 2007).
The commonly employed in vitro inhibition assay types, based on the same substrates as the adhesion
tests, are the following: competition (probiotics and pathogens are added simultaneously), competitive
exclusion (probiotics are added before pathogens), and displacement (pathogens are added before
probiotics) (Lee et al., 2003; Collado et al., 2007; Hyndnen et al., 2014). The following mechanisms
have been suggested to underlie inhibition: i) competition for common adhesion sites on the host
intestinal mucosa, ii) bacterial coaggregation, and iii) the secretion of inhibitory proteins (Lebeer et al.,
2008; Hynonen et al., 2014). Lastly, still another practical requirement is that preferably it should be
possible to consider candidate probiotics as immune boosters that have the potential to modulate
immune responses (Delcenserie et al., 2008).

In addition to Lactobacillus, Bifidobacterium and other LAB strains such as Streptococcus thermophilus
(Saavedra et al., 1994), Streptococcus salivarius K12 (Burton et al., 2006), and Enterococcus faecium
(Hlivak et al., 2005) are commonly consumed as probiotics. Commercial probiotic products can contain
single bacterial strains or mixtures of several species representing several genera (Table 1). Examples
of the proposed health-promoting properties of lactobacilli currently used as probiotics in Finland are
listed in Table 1.

pathogens and * Production of antimicrobial compounds

" Protection against * Colonization resistance
pathobionts

Enh ¢ of *  Promotion of mucin generation
Probiotic actions mhancement o + Strengthening of tight junctions

intestinal barrier .
* Induction of sIgA

» Activation of the innate and adaptive

immunity

Immunomodulatory
effects

Figure 4. Proposed beneficial actions of Lactobacillus probiotics. Adapted from Lebeer et al., 2008.
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Notably, in contrast to the probiotic side, there is evidence showing the pathogenic potential of lactobacilli, as
they may sometimes cause diseases in compromised individuals. Lactobacillus sepsis has been found in
children supplemented with L. rhamnosus GG to treat and prevent short gut syndrome (Kunz et al., 2004),
necrotizing enterocolitis (Dani et al., 2016), or antibiotic-associated diarrhea (Land et al., 2005; Dani et al.,
2016). Furthermore, a premature infant developed sepsis that was caused by L. acidophilus infection obtained
through an inserted intravenous central catheter (Thompson et al., 2001). Nevertheless, in total only a few
severe infection cases caused by Lactobacillus in high-risk patients have been reported. Therefore, collectively,
Lactobacillus are generally considered safe.

2.3.1.2 Selected Lactobacillus surface structures

As in other Gram-positive bacteria, the cell wall of Lactobacillus consists of a thick and multilayered
peptidoglycan, and membrane-bound and cell wall-bound components. A schematic illustration of the surface
structures of Lactobacillus is presented in Figure 5. Specifically, lipoproteins, lipoteichoic acids (LTA), and
flagella are anchored to the cell membrane, while teichoic acids, pili, and S-layers, as well as other cell wall
polysaccharides including exopolysaccharides (EPS), are either covalently or non-covalently anchored to the
peptidoglycan (Desvaux et al., 2006; Lebeer et al., 2008; Schneewind and Missiakas, 2012). Structural
variations in cell surface composition exist in different species/strains. Notably, certain surface components,
such as S-layers, pili, and flagella, are strain/species-specific and only present in some lactobacilli.
Lactobacillus surface structures have versatile functions that are associated with immunomodulatory, adhesive,
and protective properties, as well as with motility, and they fundamentally contribute to the reported health-
promoting effects.

Flagella
Pili
o
e LIA GEps CWTA
Ps Lipoprotein
.. b4
S layer
- *
PG
- %
4

Cytoplasmic membrane

Figure 5. Schematic presentation of the surface structures of Lactobacillus. LTA, lipoteichoic acid; EPS,
exopolysaccharide; WTA, wall teichoic acid; PG, peptidoglycan. Pili, EPS, WTA, and the S-layer are anchored
to the PG. Flagella, LTA, and lipoproteins are anchored to the cytoplasmic membrane. Data from Desvaux et
al., 2006; Lebeer et al., 2008; and Schneewind and Missiakas, 2012.

2.3.1.2.1 Pili

Pili, also known as fimbriae, are hair-like surface appendages, protruding from the body of certain Gram-
positive and Gram-negative bacteria, and implicated in adhesion, biofilm formation, and conjugation (Christie,
2001; Proft and Baker, 2009). In Gram-positive bacteria, pili are very thin (a few nanometers across) but long,
being a few micrometers in length (Kang and Baker, 2012). In 1968, pili in a Gram-positive bacterium were
first observed in Corynebacterium renale by electron microscopy (EM) (Yanagawa et al., 1968). Subsequently,
an increasing number of piliated pathogenic and non-pathogenic Gram-positive bacteria have been detected
by EM, such as Streptococcus (Lauer et al., 2005), Actinomyces (Mishra et al., 2007), and even probiotic
bifidobacteria (Motherway et al., 2011). In older studies, several Lactobacillus strains were demonstrated to
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have pili on the surface by EM, including Lactobacillus fermentum (Barrow et al., 1980) and vaginal isolates
(L. acidophilus, L. jensenii, L. fermentum, L. rhamnosus, and L. casei) (McGroarty, 1994). Recently, pili have
been observed on Lactobacillus johnsonii (Pridmore et al., 2004) and L. rhamnosus GG (Lebeer et al., 2009).
However, only a few pilus gene clusters have been found in lactobacilli. One pioneering study demonstrated
that the genome sequence of L. johnsonii NCC 533 has a fimbrial operon (Pridmore et al., 2004). Thereafter,
a comparative genomic analysis revealed the presence of spaCBA and spaFED gene clusters in L. rhamnosus
GG, each cluster being composed of three pilin genes and a sortase-specific gene (Kankainen et al., 2009).
Subsequently, these two pilus gene clusters have also been identified in 36 strains of the species L. paracasei
(Smokvina et al., 2013). Recently, a comparative genomic study revealed that 51 LAB strains in
L.casei/rhamnosus, L. ruminis, Lactobacillus brevis/parabrevis, and Lactobacillus composti clades were
predicted to have altogether 67 pilus gene clusters; of these 51 strains, 42 strains possessed one pilus cluster
(Sun et al., 2015).

Structurally, typical pilus shafts in Lactobacillus are composed of the major pilin protein (SpaA) building up
the pilus shaft, and one or two minor pilins (SpaB and SpaC) that are located at the pilus base and tip,
respectively. In contrast to Gram-negative bacteria, these pilins are covalently connected to each other, and the
pilus shaft is covalently linked to the bacterial cell wall. Each pilin harbors an LPXTG sorting motif, specific
for sortase recognition, at the carboxyl terminus (Kang and Baker, 2012). Sortases are membrane-associated
transpeptidases and, of the several classes of sortases, those of classes A and C mediate pilus assembly
(Hendrickx et al., 2011). Additionally, many pilins possess the YPKN pilin motif and the E box, which are
essential for pilus assembly (Mandlik et al., 2008b).

Until 2003, the mechanism of pilus assembly had only been uncovered in the pathogen Corynebacterium
diphteriae (Ton-That and Schneewind, 2003), thereafter being used as a paradigm of pilus assembly in Gram-
positive bacteria. Pilins are exported across the bacterial membrane via the Sec-dependent pathway, while the
hydrophobic domain of each pilin is anchored to the membrane (Danne and Dramsi, 2012). Typically, pilus
polymerization takes place when the pilus-specific sortase C (also called pilin-specific sortase) cleaves the
LPXTG motif of the tip and backbone pilins, forming an acyl-enzyme intermediate that continues to recruit
backbone pilins, until the basal pilin connects to the pilin shaft by polymerization of sortase A, which attaches
the pili to the cell wall (Danne and Dramsi, 2012).

Gram-positive pili are involved in various activities. In Gram-positive bacteria, pilins not only work as
adhesins that facilitate bacterial colonization in the host, but also contribute to biofilm development (Mandlik
et al., 2008b). Importantly, Gram-positive pili interact with host immunity (Danne and Dramsi, 2012).
However, to date, the characteristics of Lactobacillus pili have only been studied in L. rhamnosus GG,
discussed in chapter 2.3.1.3.1

2.3.1.2.2 Flagella

Flagella, projecting out from the body of prokaryotic cells, are essential organelles that mediate motility. From
the bacterial perspective, flagellar clockwise and anticlockwise rotation generates the tumbling and running
(swimming or swarming) movements, respectively (Korani et al., 2009). Flagellar organization on both Gram-
positive and negative bacteria can be grouped into four patterns, including monotrichous (one polar flagellum),
amphitrichous (two polar flagella at opposite sites), lophotrichous (a few polar flagella at one site), and
peritrichous (many flagella around the bacterial body) (Leifson, 1951). Given the significant sequence
conservation of genes associated with flagellar assembly, both Gram-positive and negative bacteria appear to
generate flagella similarly (Beatson et al., 2006). The flagellar structure is composed of several parts: the basal
body, the motor, the switch, the hook working as a universal joint, the helical filament, capping proteins, and
junction proteins located between the hook and the filament (Macnab, 2003). The rod of the basal body, which
is embedded in the cell wall, markedly differs between Gram-positive and negative bacteria (Altegoer et al.,
2014). Flagellin, also known as FliC, constitutes the flagellar filament (Ramos et al., 2004). There are several
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domains in the flagellin, including the DO and D1 domains highly conserved in all bacteria, and variable
domains that differ not only between Gram-positive and negative bacteria, but also within Gram-positive or
negative bacteria (Smith et al., 2003; Beatson et al., 2006; Altegoer et al., 2014). After being recognized by
TLRS on the host cells, flagellins of Gram-positive and negative bacteria activate either the NF-kB or the p38
MAPK signaling pathway; the choice appears to be dependent on the TLRS binding site of the D1 domain
(Hayashi et al., 2001; Smith et al., 2003; Yu et al., 2003; Verma et al., 2005).

Motility provides bacteria with tremendous benefits, as demonstrated by strains not belonging to the genus
Lactobacillus. Motile bacteria are able to reach favorable niches for colonization and nutrient intake, and
escape toxic substances (Ottemann and Miller, 1997). Flagella may also contribute to the pathogenicity of
some pathogenic bacteria by propelling them to the targeted location of the host. For instance, the gastric
pathogen Helicobacter pylori uses such motility to colonize the stomach, leading to disease, whereas
flagellated but non-motile mutants are less able to access infection sites, being thus less virulent (Ottemann
and Lowenthal, 2002). Additionally, flagella facilitate biofilm formation in both Gram-positive and Gram-
negative bacteria (O'Toole et al., 2000; Lemon et al., 2007; Houry et al., 2010). A biofilm is a collection of
bacteria growing on a surface and frequently embedded in an extracellular polymeric matrix. It protects the
bacteria against the harsh environment and harmful agents, e.g. antibiotics (Costerton et al., 1999; O'Toole et
al., 2000). When coated by a biofilm, some pathogens, such as Pseudomonas aeruginosa, can then cause
chronic or even life-threatening infections, such as airway infections in cystic fibrosis patients (Parsek and
Singh, 2003). Moreover, flagella are involved in adhesion, as demonstrated by the observation that an E. coli
mutant without flagella was less adhesive on different surfaces compared to the wild type (Friedlander et al.,
2013).

Generally, most LAB are aflagellated. Of some strains in the genera Lactobacillus, Enterococcus (Langston et
al., 1960), Sporolactobacillus (Kitahara and Suzuki, 1963), and Carnobacterium (Nicholson et al., 2015),
flagella have occasionally been visualized. Flagellated lactobacilli demonstrated by EM to date are
summarized in Table 2. Among them, most strains originate from the environment. Other motile lactobacilli
have been reported without EM verification of flagella, including the species Lactobacillus nagelii (Neville et
al., 2012), Lactobacillus vini (Rodas et al., 2006), Lactobacillus uvarum (Maiies-Lazaro et al., 2008),
Lactobacillus oeni (Mafies-Lazaro et al., 2009a), and Lactobacillus aquaticus (Mafies-Lazaro et al., 2009b).

Table 2. Flagellated Lactobacillus strains, demonstrated by electron microscopy

Strains Origin Flagella type References

L. ruminis

ATCC27780 Bovine rumen Peritrichous Sharpe et al., 1973

ATCC27781 Bovine rumen Monotrichous | O’Donnell et al., 2015

ATCC27782 Bovine rumen Peritrichous Neville et al., 2012

DPC 6830 and 6831 Porcine feces Peritrichous O’Donnell et al., 2015

DPC 6832, 6833, 6834, Equine feces Peritrichous O’Donnell et al., 2015

6835 and 6836

L. mali

JCM 1153 JCM 1161 Fermented cider and wine must Peritrichous Kaneuchi et al., 1988

JCM 3821 JCM 3822

L. agilis BKN88 A variant of chick strain L. agilis Peritrichous Kajikawa et al., 2016
JCM 1048

L. sucicola JICM 15457 Oak tree Peritrichous Irisawa and Okada, 2009

L. satsumensis DSM 16230 | Mashes of shochu, a Japanese Peritrichous Endo and Okada, 2005
distilled alcoholic beverage

L. ghanensis DSM 18630 Ghanaian fermenting cocoa Peritrichous Nielsen et al., 2007

L. capillatus DSM 19910 Brine of stinky tofu, a Chinese Peritrichous Chao et al., 2008
traditional snack

L. curvatus NRIC 0822 Kabura-zushi, a Japanese Peritrichous Cousin et al., 2015
fermented food
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The characteristics of Lactobacillus flagella are poorly known, with only a few published studies mainly
focusing on immunomodulatory effects. In one study, flagellins isolated from L. ruminis ATCC 27782, L.
nagelii DSM 13675, Lactobacillus mali DSM 20444, and Lactobacillus ghanensis 1489 induced IL-8
production in HT-29 cells via the TLRS5-dependent signaling pathway (Neville et al., 2012). In another study,
depolymerized flagellar filaments from Lactobacillus agilis BKN88 stimulated TLRS5-modulated I1L-8
production in Caco-2 cells to a degree that was much lower than that induced by the same amount of
Salmonella flagellins, whereas whole L. agilis BKN88 cells did not have immune stimulating effects
(Kajikawa et al., 2016).

2.3.1.3 Lactobacillus rhamnosus GG

L. rhamnosus GG is one of the best-studied lactobacilli, with many proven beneficial effects, and has been
used as a probiotic for almost three decades. It was originally isolated from a stool sample of a healthy human
in the 1980s, with desirable characteristics including resistance to gastric acid and bile, adherence to human
IECs, the production of an antimicrobial agent, and an appreciable growth rate (Goldin and Gorbach, 1984).
Since then, it has been attracting increasing attention. It has been used in dairy products since 1990 (Salminen
et al., 2002) and has rapidly become a popular probiotic in the food industry and pharmacies worldwide. After
discontinuing the consumption, probiotic L. rhamnosus GG can be identified in most stool samples for 4 days
and in 33% of the samples up to 7 days; however, even though its existence is prolonged in human colonic
mucosae, it ultimately disappears (Goldin et al., 1992; Alander et al., 1999). Therefore, it has been regarded
as an allochthonous member of the gut microbiota. However, EPS (Lebeer et al., 2011) and mucus-specific
adhesins, such as pili, the mucus-binding factor (von Ossowski et al., 2011), and the modulator of adhesion
and biofilm (MabA) protein (Velez et al., 2010), appear to prolong the gastrointestinal retention time of L.
rhamnosus GG.

2.3.1.3.1 L. rhamnosus GG pili

The presence of pili in L. rhamnosus GG was first observed in 2009: a comparative genomic analysis revealed
two pilus gene clusters (spaCBA and spaFED) in the genome (Kankainen et al., 2009). SpaCBA and SpaFED
pili in L. rhamnosus GG are each composed of three different pilin subunit types. SpaA (31 kDa) or SpaE (45
kDa) builds up the backbone of the pilus fiber, SpaB (21 kDa) or SpaD (51 kDa) forms the pilus base, and
SpaC (91 kDa) or SpaF (104 kDa) is positioned at the pilus tip (Kankainen et al., 2009; von Ossowski et al.,
2010). Each pilin except for SpaE has an LPXTG-like motif and an E-box, and an YPKN pilin motif was found
in SpaA, SpaB, and SpaD (Kankainen et al., 2009). For the SpaCBA pili, the ratio of each pilin
(SpaA:SpaB:SpaC) is 5:2:1, as analyzed by mass spectrometry (Tripathi et al., 2013). Reunanen et al. (2012)
clearly demonstrated in their study that there were 10 to 50 pili per L. rhamnosus GG cell, the length of a pilus
was up to 1 um, and SpaC was located at the tip and along the pilus shaft. Subsequently, the existence of
SpaCBA pili was further confirmed by immuno-TEM with SpaA and SpaB antisera. A comparative analysis
of the L. rhamnosus pan-genome revealed that all 13 tested strains possessed the spaFED operon, which was
categorized as belonging to the core genome, while only the genomes of four strains (including L. rhamnosus
GG) in L. rhamnosus species harbored the spaCBA loci (Kant et al., 2014). However, thus far, native
expression of SpaFED pili has not been demonstrated in any L. rhamnosus strain in vitro.

Functional properties of SpaCBA pili

The SpaCBA pili have been well characterized. The major feature is adhesiveness, such as binding to the
human intestinal epithelial cell line Caco-2 and human intestinal mucus (Lebeer et al., 2012; von Ossowski et
al., 2013), which probably facilitates L. rhamnosus GG residence in the GIT. The SpaC pilin subunit exhibits
a strong binding capacity to human intestinal mucus; in contrast, this binding ability of L. rhamnosus GG is
almost completely abolished when L. rhamnosus GG is pretreated with SpaC antiserum or when it carries an
inactivated spaC gene (Kankainen et al., 2009). Furthermore, the SpaC pilin subunit adheres to Caco-2 cells,
porcine type II mucin, type I collagen, and murine intestinal epithelia (Lebeer et al., 2012; Tripathi et al., 2013;
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Ardita et al., 2014). A subsequent study showed that, in addition to SpaC, the recombinant SpaB pilin protein
expressed in E. coli also binds significantly to human intestinal mucus; however, the mucus-binding property
of L. rhamnosus GG pretreated with SpaB antiserum was not affected, indicating that the binding of SpaB to
mucus was mediated by non-specific electrostatic interactions rather than by the presence of specific binding
sites (von Ossowski et al., 2010). The recombinantly expressed SpaA pilin subunit lacked the capacity to
adhere to human intestinal mucus (von Ossowski et al., 2010). Taken together, the SpaC pilin subunit was an
indispensable and dominant adhesive factor in L. rhamnosus GG. Nevertheless, it is worthwhile to mention
that in addition to SpaC, other adhesins such as MabA and mucus binding factor also contribute to the adhesion
of L. rhamnosus GG to mucus (Velez et al., 2010; von Ossowski et al., 2011). Notably, SpaCBA pili also take
part in biofilm formation in a SpaC-dependent way; one possible mechanism is that the SpaC—SpaC
interactions (homophilic adhesion) lead to bacterial aggregation, which contributes to biofilm formation
(Lebeer et al., 2012; Tripathi et al., 2013).

In addition to adhesion, another important feature of SpaCBA pili is their immunomodulatory effect. A mutant
lacking SpaCBA pili induces an elevated level of proinflammatory cytokine IL-8 mRNA expression in Caco-
2 cells as compared to the wild type L. rhamnosus GG (Lebeer et al., 2012). Conversely, a recombinant
lactococcal strain producing SpaCBA pili activates TLR2-dependent signaling, which leads to NF-xB
induction and IL-8 production in HEK293 cells, and upregulates the production of pro- and anti-inflammatory
cytokines (TNF-a, IL-6, IL-10, and IL-12) in moDCs (von Ossowski et al., 2013). The dampening and boosting
immunological effects of SpaCBA pili may somehow be balanced within the gut and thus promote the
maintenance of gut immune homeostasis.

Functional properties of SpaFED pili

In comparison to SpaCBA pili, studies on the function of SpaFED pili were sparse before this thesis work,
probably due to the fact that the native expression of SpaFED in L. rhamnosus GG or other lactobacilli has not
yet been observed under laboratory conditions. However, the existence of SpaFED pili in L. rhamnosus GG in
the GIT cannot be excluded, either. Of the three pilin subunits of L. rhamnosus GG that have been
recombinantly expressed in E. coli, only SpaF was shown to have the potential to adhere to human intestinal
mucus, at a level similar to SpaC (von Ossowski et al., 2010).

2.3.1.3.2 L. rhamnosus GG contributes to gastrointestinal well-being

The consumption of probiotics is a safe and effective way to generate beneficial effects in the host intestine.
Numerous studies have demonstrated that L. rhamnosus GG exhibits health-promoting effects, such as effects
on dental health (Nése et al., 2001), allergic diseases (Peldan et al., 2017), and especially on the maintenance
of gastrointestinal health, including the fortification of the intestinal barrier and combatting of GIT disorders.

First of all, L. rhamnosus GG is able to promote the intestinal barrier function in many pathological states. For
example, alcohol treatment of Caco-2 cells dislocates and decreases the expression of tight junction proteins
(e.g., ZO-1, claudin-1 and occludin), whereas such pathogenic effects are completely prevented in Caco-2 cells
that are pre-treated with the L. rhamnosus GG culture supernatant (Wang et al., 2011). In another example, L.
rhamnosus GG culture supernatant elevates the production of mucin, IgA, and ZO-1 in the neonatal rat
intestine, through which intestinal damage caused by E. coli K1 is prevented (He et al., 2017). Other animal
studies have further strengthened this notion by showing that L. rhamnosus GG decreases gut permeability
caused by alcohol consumption, thus preventing endotoxemia and ameliorating liver damage in a rat model
(Forsyth et al., 2009; Wang et al., 2011).

Furthermore, L. rhamnosus GG has anti-inflammatory activities in vitro and in vivo. In vitro studies performed
on human intestinal epithelial cells have indicated that L. rhamnosus GG suppresses IL-8 production induced
by TNF-a and E. coli K88, in part as a result of the blockage of NF-kB nuclear translocation and/or the
inhibition of pathogen adhesion (Zhang et al., 2005; Roselli et al., 2006; Donato et al., 2010). In a mouse model,
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L. rhamnosus GG has been demonstrated to upregulate the mRNA of IL-10R2 (a subunit of IL-10 receptor),
thereby attenuating the concentrations of pro-inflammatory cytokines (e.g., TNF-a and macrophage
inflammatory protein (MIP)-2) in the immature colon and protecting mice from intestinal damage induced by
inflammatory factors (e.g., platelet activating factor and LPS) (Mirpuri et al., 2012). Additionally, mice
infected with Pseudomonas aeruginosa showed elevated mRNA levels of pro-inflammatory cytokines,
including IL-6, IL-1B, and TNF-a, whereas L. rhamnosus GG treatment significantly down-regulated these
levels in the colon (Khailova et al., 2016).

L. rhamnosus GG has been shown to modulate the composition of the gut microbiota. A 16S rRNA gene
sequencing analysis revealed that L. rhamnosus GG suppressed the pathogenic expansion of the members of
Proteobacteria and Actinobacteria in mice fed with alcohol, thereby preventing epithelial barrier disruption,
endotoxemia, and liver damage (Bull-Otterson et al., 2013). Additionally, human intervention trials have
further proved that L. rhamnosus GG is able to modulate the gut microbiota composition. When infants with
cow’s milk allergy were treated with extensively hydrolyzed casein formula and L. rhamnosus GG, they
acquired tolerance towards cow’s milk, whereas control infants who were only supplemented with extensively
hydrolyzed casein formula remained allergic (Canani et al., 2015). In most tolerant infants, the amount of fecal
butyrate was significantly increased, which was associated with significantly increased gut butyrate-producing
bacteria, such as the genera Blautia and Roseburia (Canani et al., 2015). In another study applying a
metagenomics approach, L. rhamnosus GG was shown to alter and protect the gut microbiota against antibiotic
disturbance in children (Korpela et al., 2016): long-term L. rhamnosus GG consumption increased the quantity
of species related to Lactobacillus, Lactococcus, Prevotella, and Ruminococcus, but decreased the amount of
species related to E. coli, Eubacterium cylindroides, and Clostrium ramosum. Penicillin treatment enriched
potential pathogens, including Clostridium cluster I and relatives of Clostridium difficile; nevertheless, such
pathological effects were normalized by L. rhamnosus GG (Korpela et al., 2016).

Based on effects such as those described above, L. rhamnosus GG has been widely used to prevent and treat
GIT disorders in humans, with promising outcomes. Early in 1987, L. rhamnosus GG showed the potential to
prevent the relapse of Clostridium difficile colitis (Gorbach et al., 1987). Later, L. rhamnosus GG also
effectively prevented the relapse of ulcerative colitis (Zocco et al., 2006). In placebo-controlled trials, the
administration of L. rhamnosus GG has prevented and enhanced the treatment of antibiotic- and healthcare-
associated diarrhea (e.g. rotavirus gastroenteritis) (Isolauri et al., 1991; Kaila et al., 1995; Arvola et al., 1999),
reduced nosocomial gastrointestinal and respiratory tract infections (Hojsak et al., 2010), and alleviated the
symptoms of IBS (Pedersen et al., 2014).

2.3.1.4 Lactobacillus ruminis

L. ruminis belongs to the L. salivarius clade (Sharpe et al., 1973). Members of this clade have usually
originated from food and the environment, as well as the mammalian GIT, and several species in this clade
can be regarded as candidate probiotics due to their beneficial properties, such as immunomodulatory effects
and pathogen inhibition (Neville and O'Toole, 2010). Of the 25 species in this clade (Neville and O'Toole,
2010), L. ruminis is one of the poorly characterized members. It was first isolated in 1960 from the stool sample
of a healthy human (Lerche and Reuter, 1960), and later from the rumen contents of a cow (Sharpe et al., 1973),
the large intestinal contents of pigs (Al Jassim, 2003), horse feces (Willing et al., 2009), and the bovine uterus
(Gértner et al., 2015). An increasing number of new isolates have been identified in different mammalian hosts,
including humans (Yun et al., 2005; O’Donnell et al., 2015). Due to its consistent identification in the
mammalian intestine and feces, L. ruminis has been considered as one of the few autochthonous Lactobacillus
species in the GIT (Tannock et al., 2000; Reuter, 2001). It has evolved to adapt to the GIT environment, as it
has, for instance, the potential for anaerobic respiration (Kant et al., 2017).
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The autochthony of L. ruminis could be explained by its stress survival, carbohydrate utilization, and intestinal
colonization. A recent study demonstrated that 16 L. ruminis strains of human, porcine, bovine, and equine
origin are resistant to porcine bile, and most strains are able to grow in simulated gastric fluid with a low pH
and digestive enzymes (O’Donnell et al., 2015), indicating that L. ruminis is able to survive in the intestine.
Moreover, L. ruminis exhibits metabolic versatility. Thereby, it can obtain energy via various sources and may
have growth benefits over some other gut microbes in the nutritionally competitive intestine. L. ruminis strains
show abilities to metabolize diverse carbohydrates to varying degrees, including monosaccharides and non-
digestible oligosaccharides, which are rich in the colon (O’Donnell et al., 2011; O’Donnell et al., 2015). A
recent pan-genome study provided additional data about the above findings. In this study, the analysis of the
core genome of 9 L. ruminis strains revealed that it can synthesize indispensable enzymes for fermentation via
the phosphoketolase pathway, suggesting that L. ruminis has the potential to utilize hexose and pentose
carbohydrates (Kant et al., 2017). Therefore, it was concluded that L. ruminis may use both homofermetative
and heterofermentative pathways to widen its repertoire of energy sources (Kant et al., 2017). Additionally, in
de Man-Rogosa-Sharpe (MRS) medium supplemented with glucose, lactose, or sucrose, 16 L. ruminis strains
of different origins had varying abilities to produce EPS (O’Donnell et al., 2015). Specifically, 3 human, 1
porcine, and 2 bovine strains produced EPS under these three conditions, whereas 4 strains, including one
bovine isolate (ATCC 27782), did not synthesize EPS at all (O’Donnell et al., 2015), even though a gene
cluster for EPS production was detected in the genome of this bovine isolate genome (Forde et al., 2011).
However, the possibility to synthesize EPS in vivo or with other carbon sources could not be ruled out, as in
the species L. salivarius (Raftis et al., 2011), EPS production largely relies on the growth conditions, including
carbohydrate availability. Furthermore, the genome of this bovine strain contained genes encoding a
bacteriocin, as well as accessory proteins and proteins related to bacteriocin immunity and regulation, whereas
bacteriocin activity has not been reported in this strain so far (Forde et al., 2011). In contrast, the human strain
ATCC 25644 lacks genes for bacteriocin peptides and the transport apparatus (Forde et al., 2011).

Microbial surface structures are pivotal in mediating microbe—host interactions and essential for the microbe
to prevail in an ecological niche. Genes encoding sortase A and C, and LPXTG motif-containing proteins
including sortase-dependent pili were identified in the genomes of L. ruminis ATCC 25644 isolated from a
human, and in ATCC 27782 of bovine origin; the transcription of the pilus genes was remarkably up-regulated
in the human strain compared to that in the bovine strain, when they were anaerobically cultivated in MRS for
15 h (Forde et al., 2011). Additionally, 7 other L. ruminis strains with human, bovine, porcine, and equine
origins were predicted to have pilus genes and to express sortase-dependent surface proteins containing an
intact LPXTG domain, indicating that these strains have the potential to express pili (Kant et al., 2017).

In addition to pili, flagella also probably contribute to L. ruminis autochthony. With the potential to display
flagella, L. ruminis could reach nutrient-rich locations and epithelial cells by penetrating the mucus layer, thus
outcompeting other gut microbes and prolonging the gut retention time via adhesion by pili or other surface
proteins. An early study by Sharpe et al. (1973) clearly demonstrated that certain L. ruminis strains were
flagellated, as examined by EM. Subsequently, motility genes involved in flagellar assembly and chemotaxis
have been found in the genomes of many L. ruminis strains, including isolates of human, bovine, porcine, and
equine origin (Forde et al., 2011; Neville et al., 2012; Lawley et al., 2013; Kant et al., 2017). Human L. ruminis
was observed to be motile as early as in the 1960s (Lerche and Reuter, 1960), but motility has not subsequently
been detected, despite a complete set of flagellar biogenesis genes being found in the genomes of some strains,
including ATCC 25644 (Forde et al., 2011; Neville et al., 2012). In contrast, other mammalian-sourced L.
ruminis strains are motile (Neville et al., 2012; O’Donnell et al., 2015). Of the 16 mammalian strains studied
by O’Donnell et al. (2015), 10 were able to swarm on solid agar plates; among them, porcine and equine
isolates possessed more flagella on a single bacterium, and were thereby more motile than bovine isolates
(O’Donnell et al., 2015). Nevertheless, some bacterial cells of the human non-motile strain ATCC 25644 are
able to perform a tumbling movement after passing through the murine GIT (Neville et al., 2012). Importantly,
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flagella are typical MAMPs that can be recognized by PRRs of the host cells and thus can induce inflammatory
cytokine production. As an example, the recombinantly expressed flagella of ATCC 25644 produced in E. coli,
flagella purified from ATCC 27782, and also flagellated ATCC 27782 bacterial cells promote IL-8 secretion
through the TLRS signaling pathway in various cell lines (Neville et al., 2012).

Considering the probiotic potential of L. ruminis, its putative immunomodulatory and anti-pathogen properties
are of interest. L. ruminis has been reported to promote the production of TNF in vitro (Taweechotipatr et al.,
2009), and activate the NF-kB pathway in the human monocyte cell line THP-1 (Taweechotipatr et al., 2009).
In addition, L. ruminis SPMO0211 inhibited the growth of antibiotic-resistant pathogens (vancomycin
intermediate-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus) in a co-culture-based
assay (Yun et al., 2005). In a later study, L. ruminis SPM0211 was found to inhibit the growth of rotavirus in
Caco-2 cells and in the GIT of neonatal mice, in which significantly upregulated IFN-a/p levels were detected
(Kang et al., 2015). Considering the probiotic potential, however, several strains, especially human isolates,
are not applicable due to their susceptibility to an acidic pH (O’Donnell et al., 2015).
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3. Aims of the study

Members of the gut microbiota live permanently (autochthonous species) or survive for a certain period of
time (allochthonous species) in the harsh GIT conditions. L. ruminis, a motile species and one of the few
autochthonous Lactobacillus in the mammalian gut, is poorly investigated. In contrast, L. rhamnosus GG, an
allochthonous bacterium, is a popular and broadly used probiotic. The SpaCBA pili of L. rhamnosus GG have
been investigated thoroughly. However, the properties of its SpaFED pili are largely unknown. Therefore, we
chose these two species, representing different types of gut residence, and phenotypically characterized their
pili. Subsequently, we also analyzed other niche-adaptive factors of L. ruminis (e.g. pathogen inhibition) and
other interactions of L. ruminis with the host. The specific aims of this study were:

» To phenotypically characterize the SpaFED pili of L. rhamnosus GG, recombinantly expressed in
Lactococcus lactis (1),

» To phenotypically characterize the LrpCBA pili of L. ruminis, recombinantly expressed in
Lactococcus lactis (11);

» To investigate the adhesive, pathogen inhibitory and immunomodulatory functions of four L. ruminis
strains of different mammalian origin (III).
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4. Materials and methods

The plasmid, bacterial strains, cells and adhesion targets used in this study are listed in Table 3. The
experimental methods are summarized in Table 4. The detailed culture conditions and methodological
descriptions are presented in the articles.

Table 3. Plasmid, strains, cells, and proteins used in this work

Plasmid, strain, cell, or protein Origin and/or reference  Study
Plasmid pKTHS5080: a pNZ8032-derived expression von Ossowski et al., 2013 L II
vector containing a nisin-inducible promoter
L. rhamnosus GG Human I
L. ruminis ATCC 25644 Human JIRII
L. ruminis ATCC 27780 Bovine I
L. ruminis ATCC 27781 Bovine I
L. ruminis GRL1172 Pig (this study) m
GRS71: Lactococcus lactis NZ9000 De Ruyter et al., 1996 LI
GRS1052: L. lactis NZ9000 + pKTH5080 von Ossowski et al., 2013 I, II
GRS1224: L. lactis NZ9000 + pKTH5080 This study I
Lactic acid with l[rpCBA of L. ruminis ATCC 25644
bacteria GRS1225: L. lactis NZ9000 + pKTH5080 This study II
with I[rpACBA of L. ruminis ATCC 25644
GRS1189: L. lactis NZ9000 + pKTH5080 This study I
with spaFED of L. rhamnosus GG
GRS1226: L. lactis NZ9000 + pKTH5080 This study 1
with spaAFED of L. rhamnosus GG
GRS1185: L. lactis NZ9000 + pKTH5080 von Ossowski et al., 2013 1I
with spaCBA of L. rhamnosus GG
GRSI1211: L. lactis NZ9000 + pKTH5080 von Ossowski et al., 2013 1T
with spaACBA of L. rhamnosus GG
Escherichia coli ETEC (F47) Pig, Roselli et al., 2007 1
E. coli ATCC 43894 (EHEC, O157) Human 11
E. coli ERF 2014 (F18%, 0141) Pig, Hynonen et al., 2014 III
Pathogens Salmonella enterica serotype typhimurium Chicken I
ATCC 14028
Yersinia enterocolitica DSM 13030 Human I
Listeria monocytogenes ATCC 19117 Sheep I
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Table 3. Plasmid, strains, cells, and proteins used in this work (continued)

Plasmid, strain, cell, or protein Origin or reference Study
HT-29 Human colorectal I, 11, III
adenocarcinoma
(ECACC)
Caco-2 Human colon I 1L, 1T
Cells adenocarcinoma (ATCC)
IPEC-1 Porcine small intestinal I
epithelium (DSMZ)
moDCs Human monocytes LI
(Finnish Red Cross)
HEK293-TLR2 cells Human embryonic I II, I
kidney, engineered
(InvivoGen, USA)
HEK293-TLRS5 cells Human embryonic I, 11, I
kidney, engineered
(InvivoGen)
Other substrates ECM proteins: fibronectin, collagen type [and Human LI, 1T
for adhesion v
assays Type II mucin Pig LI
Table 4. Methods used in this study
Methods Study
DNA manipulation  Construction of recombinant L. lactis strains LI
and analysis Sequencing and sequence comparisons il
Analysis of Nisin-induced expression of pilus genes in recombinant L. I, II
bacterial surface lactis
structures Western blotting LII
Electron microscopy I, II, 1T
Biofilm formation assay II
Adhesion assays Adherence to intestinal epithelial cell lines I, I1, 111
Adherence to porcine mucin LI
Adherence to extracellular matrix proteins I, 11, 11T
Pathogen inhibition Inhibition of pathogen growth by L. ruminis supernatants 11
assays Inhibition of pathogen adherence by L. ruminis to 1
intestinal epithelial cells and ECM proteins
Barrier function Measurement of paracellular permeability and TEER 111
analysis Immunofluorescence assay of TJ proteins 1
Analysis of Stimulation of HEK-TLR2/TLRS cells I, 1L, III
immunomodulatory Measurement of IL-8 production in Caco-2 cells LI
effects Measurement of cytokine production in moDCs LI
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5. Results and discussion

The structural and functional traits of the studied L. rhamnosus GG SpaFED pili and L. ruminis LrpCBA pili
are summarized in Table 5 and elaborated more closely in the later sections. The adhesiveness of SpaFED and
LrpCBA pili most likely reflects the gut adaptation of these two bacterial species. Moreover, other features of
L. ruminis, such as its ability to inhibit pathogens and to maintain barrier function in epithelial cells, suggest
that this autochthonous species has a mutualistic relationship with the host. However, further in vivo studies
are needed.

Table 5. Features of SpaFED pili in L. rhamnosus GG and LrpCBA pili in L. ruminis

SpaFED pili of L. rhamnosus
GG
Not yet detected

LrpCBA pili of L. ruminis

Native expression

Recombinant expression in
L. lactis
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,‘ i f
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3 ¥ £
}

im
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Pilin subunits

SpaD (major), SpaE (basal), and
SpaF (tip, adhesin)

LrpA (major), LrpB (basal), and
LrpC (tip, adhesin)

Pilus biogenesis

Sortase-dependent assembly

Sortase-dependent assembly

Adhesion to mucus

+

Adhesion to ECM proteins

fibronectin, collagen type I and IV

fibronectin, collagen type I and IV

Adhesion to IECs

HT-29, poorly to Caco-2

HT-29, Caco-2

Biofilm formation

No contribution

No contribution

Immunomodulation

Immune-dampening effect in
HEK-TLR2 and Caco-2 cells

Immune-dampening effect in
HEK-TLR2 and Caco-2 cells

5.1 In silico analysis of the IrpCBA operon (1)

To determine whether L. ruminis ATCC 25644 possesses pilus-encoding genes, its genome sequence data
obtained from the NCBI database were analyzed. Scrutiny of the genome revealed that L. ruminis ATCC 25644
contains a pilus gene cluster (nucleotide position 23941 to 31363) that encodes three pilin subunits (LrpA,
LrpB, and LrpC) and one sortase C class enzyme. Each pilus gene has the sequence for a ribosomal binding
site and encodes an E-box domain (Figure 1 in II). Moreover, an N-terminal secretion signal and an LPXTG-
like sortase recognition motif at the C-terminal domain were found in each predicted pilin protein, but only
the predicted LrpA and LrpB proteins possessed a pilin motif. Additionally, a predicted collagen-binding
domain was identified only in LrpC pilin, while no sequences encoding mucus-binding domains were found
in the L. ruminis ATCC 25644 genome. BlastP analysis revealed that each pilin of L. ruminis ATCC 25644
shows the highest amino acid identity to the counterpart pilins from other L. ruminis strains. Sequence
alignment of the /rpC genes of five L. ruminis strains from different origins, including ATCC 25644, revealed
that these gene operons are highly similar with an identical ribosomal binding site and two consensus promoter
elements. However, the similarities in amino acid sequences between L. ruminis ATCC 25644 and lactobacillar
SpaCBA or SpaFED pilins were not very high. These results suggest that the /rpCBA pilus operon might be
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specific to L. ruminis species, unlike spaCBA and spaFED operons, which can be found in many lactobacilli
(Kankainen et al., 2009; Mufoz-Provencio et al., 2012; Smokvina et al., 2013).

5.2 Surface structures of L. ruminis revealed by Western blotting and TEM (11, III)

To detect native pilus expression on L. ruminis, Western blotting was first employed, as it is a widely used
approach to detect bacterial pilin production. Each of the anti-pilin sera, including anti-LrpA, anti-LrpB, and
anti-LrpC, detected ladder-like bands when membranes blotted with L. ruminis ATCC 25644 cells were probed,
suggesting the presence of monomeric pilins as well as truncated and wall-attached LrpCBA pili of different
sizes (Figure 3A in II). Indeed, as pili in Gram-positive bacteria are made of covalently linked adhesive pilin
subunits, high-molecular-weight (HMW) bands are interpreted as pili of different lengths in Western blots
(Reunanen et al., 2012). In contrast, no bands were observed when L. rhamnosus GG was used as the negative
control.

Subsequently, immuno-TEM was applied to examine the surface display of LrpCBA pili. With single labeling,
using antiserum against the backbone pilin (LrpA) of L. ruminis ATCC 25644, pilus shafts of different lengths
were clearly observed (Figure 3B top left panel in II). These pili of different lengths were either broken or
attached to the bacterial surface. Generally, most bacterial cells were piliated, while cells without pili were
also observed. Notably, even though the LrpA antiserum was specifically generated against the ATCC 25644
LrpA pilin proteins, it could also be used to confirm the presence of pili in GRL1172 (our unpublished results).
Thus, it is evident that the main pilus subunits of these two L. ruminis strains with different origins share
structural similarity. In contrast, anti-LrpA antibodies did not detect L. rhamnosus GG pili (Figure 3B top right
panel in II), demonstrating that the main subunit of L. ruminis pilus is distinct from that of L. rhamnosus GG.

To further determine the positions of other pilin subunits, double labeling was performed. When L. ruminis
ATCC 25644 and porcine L. ruminis GRL1172 bacteria were treated with anti-LrpA and anti-LrpC antibodies,
LrpC pilins were found at the pilus tip, as well as along the pilus shaft (Figure 3B bottom left panel in II and
Figure 1B in III), which was reminiscent of the position of the tip pilin SpaC in SpaCBA pili of L. rhamnosus
GG (Kankainen et al., 2009; Reunanen et al., 2012). It has been reported that the recognizable pilin motif is
absent from the SpaC pilin, which makes it impossible to integrate it into the pilus backbone (Reunanen et al.,
2012). However, its putative two E box motifs or other unidentified systems might account for its incorporation
in the pilus fiber (Reunanen et al., 2012). In L. ruminis labeled with anti-LrpA and anti-LrpB antibodies, the
pilus shaft was dominated by the LrpA pilin, while the basal pilin LrpB subunits were also present on the pilus
backbone (Figure 3B bottom right panel in II). In conclusion, the TEM results of this study have thus revealed
that L. ruminis is a piliated Lactobacillus species.

So far, L. ruminis has been considered as the only motile autochthonous Lactobacillus species in the human
gut microbiota (Neville et al., 2012). A bioinformatics analysis identified genes encoding flagella in the
genomes of ATCC 25644 and the bovine L. ruminis strain ATCC 27782, but the expression of flagella was
only confirmed in the latter (Neville et al., 2012). Therefore, ATCC 25644 was regarded as aflagellated by
these authors. Conversely, we found by EM that ATCC 25644 (Figure 6, our unpublished result) as well as
GRL1172 (Figure 1A in IIT), when they were grown on MRS agar plates for 2 days, have flagella. ATCC
25644 possessed a single flagellum, while GRL1172 cells had one or several flagella. However, aflagellated
cells of both strains were also present. Considering the harsh conditions of the GIT, being motile could confer
many competitive advantages to autochthonous L. ruminis, as flagella are able to propel the bacteria towards
nutrient-rich environments and other favorable colonization niches.
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Figure 6. Visualization of flagella in L. ruminis
ATCC 25644. Negative staining of L. ruminis
cells. The black arrowhead indicates a flagellum.

1 t!h_

5.3 Expression of L. rhamnosus GG SpaFED and L. ruminis LrpCBA pili in Lactococcus lactis
(L ID

To study the phenotypic characteristics of L. rhamnosus GG SpaFED and L. ruminis LrpCBA pili, the spaFED
or IrpCBA operon was cloned into the nisin-dependent expression vector pKTH5080, and the recombinant
plasmids were transformed into Lactococcus lactis NZ9000. The resulting recombinant strains were then
named as GRS1189 or GRS1224, respectively. This cloning method has also been used to investigate other
pilus types in Gram-positive bacteria (Buccato et al., 2006; Quigley et al., 2010; Oxaran et al., 2012), including
L. rhamnosus GG SpaCBA pili (von Ossowski et al., 2013). To better understand the role of the tip pilin
subunits, we also constructed recombinant lactococcal clones expressing SpaAFED or LrpACBA pili without
the tip pilin, termed as GRS1226 or GRS1225, respectively. To verify pilus expression in these recombinants,
Western blotting was first conducted, followed by TEM. After nisin induction, the sonicated recombinant
lactococcal cells were analyzed by immunoblotting with anti-pilin antibodies. Clear ladder-like protein bands
appeared when sonicated GRS1189 and GRS1224 cells were immunoblotted with each of the SpaFED- (anti-
SpaF, anti-SpaE and anti-SpaD) and LrpCBA-specific (anti-LrpC, anti-LrpB and anti-LrpA) antisera,
respectively (Figure 4 in I and Figure 4B in II). Bands representing the monomeric pilins were obviously
present: SpaD~51 kDa, SpaE~45 kDa, SpaF~104 kDa, LrpA~49 kDa, LrpB~39 kDa, LrpC~123 kDa. These
results evidently demonstrated that SpaFED and LrpCBA pili can be expressed in lactococci. GRS1226 and
GRS 1225 were also proved to express backbone and basal pilins, but not tip pilins. As expected, the anti-pilin
antibodies did not detect anything on polyvinylidene difluoride membranes blotted with sonicated L. lactis
cells carrying the vector control without insert (GRS1052) (Figure 4 in I and Figure 4B in II).

We further applied TEM to visualize the recombinantly expressed SpaFED and LrpCBA pili in L. lactis in the
same way as TEM was used to detect native LrpCBA pili in L. ruminis ATCC 25644. For L. rhamnosus GG
SpaFED pili, nisin-induced GRS1189 (Figure 5A in I) and GRS1226 (Figure SE in I) were single-labeled with
anti-SpaD antibodies, and pilus structures were evidenced by black dots along the dense lines extending out
from the cell wall surface. No pilus-like structures were detected in Lactococcus lactis NZ9000, used as the
negative control (GRS71), when it was incubated with anti-SpaD, as shown in Figure 5B in I. Subsequently,
double labeling was carried out using antibody pairs that detected either SpaD and SpaF pilins (Figure 5C and
F in I) or SpaD and SpaE pilins (Figure 5D and G in I). In GRS1189, SpaF pilin was not only found at the
pilus tip, but also along the shaft in a manner similar to the basal SpaE pilin. Such an assembly of minor pilins
has also been observed in other pilus types in Gram-positive bacteria, such as in the SpaCBA pili in
Corynebacterium diphtheriae (Mandlik et al., 2008a) and L. rhamnosus GG (Reunanen et al., 2012). In
GRS1126, SpaF pilin was not present at the pilus tip as expected, but appeared on the pilus backbone. This
result was not consistent with the Western blotting observation, where SpaF could not be detected in GRS1226
with anti-SpaF antibodies. This discrepancy suggests that anti-SpaF antibodies cross-react with the backbone
pilin SpaD, and thus SpaF pilin, seemingly attaching to the pilus fiber, was a TEM artifact. It is worth

31



Results and discussion

mentioning that pili in GRS1226 were much longer and occasionally more abundant per bacterium compared
with those in GRS1189. One possible explanation is that the lack of the spaF gene results in the upregulation
of the expression of the spaD, spaE and sortase-encoding genes.

Immuno-TEM was also applied to detect LrpCBA pili of L. ruminis on recombinant lactococci. After treatment
with anti-LrpA antibodies, pili were clearly visible in GRS1224 and GRS1225 cells, whereas pili-like
structures were not observed in GRS71, as expected (Figure 4C in II). Double labeling with anti-LrpA
antibodies coupled with antibodies targeting LrpC or LrpB pilins revealed that pili were evidently exhibited in
GRS1224 and GRS1225 (Figure 4C middle and bottom panels in II). As observed in the case of SpaF
immunostaining of the deletion mutant GRS1226, LrpC subunits were observed on the pilus fiber of GRS1225
by TEM, although they were not detected by Western blotting with anti-LrpC antibodies. Then again, we
considered such a phenomenon to be an artifact. Since there was a heavy background in some TEM images
(Figure 4C in II), GRS1224 and GRS1225 were incubated with the corresponding pre-immune serum, and
only a negligible background appeared (S4 Fig in II). These results indicated that the gold particles in the
background (Figure 4C in II) were indeed due to specific antibody binding to pilus fragments. However, as the
recombinant pili were longer than the native ones, they might have been fractured more easily. The broken pili
were then recognized by specific antibodies, which seemed to be difficult to wash off, and this binding possibly
formed the background.

5.4 Adhesion of L. rhamnosus GG SpaFED pili and Lactobacillus ruminis (1, 11, I11)

The intestinal barrier, including mucus and the epithelial layer, largely confines bacteria in the lumen and
inhibits their invasion. The capacity of gut-resident microbes to adhere to host cells or tissues is regarded as
niche-adaptation, as it facilitates host colonization either permanently or transiently. Mucin (or mucus),
epithelial cells, and ECM proteins are usually used as substrates to assess bacterial adhesiveness.

5.4.1 Adhesion capacity of L. rhamnosus GG SpaFED pili (I)

As an allochthonous bacterium, L. rhamnosus GG utilizes its certain structural components, including EPS
(Lebeer et al., 2011), mucus-binding factor (von Ossowski et al., 2011), MabA (Velez et al., 2010), and
SpaCBA pili (von Ossowski et al., 2013), to extend its transient colonization of the GIT. As previously reported,
the recombinantly expressed SpaF pilin subunit binds to human mucus as strongly as SpaC pilin protein (von
Ossowski et al., 2010). To characterize the putative SpaFED pili, we tested their adhesion abilities and the
contribution of SpaF subunits to adhesion using a lactococcal display system in L. lactis. Similarly to the
recombinant SpaCBA pili, which adhered to human intestinal mucus (von Ossowski et al., 2013), L. lactis
GRS1189 expressing SpaFED pili strongly bound to porcine mucin, whereas GRS1226 lacking the tip pilin
SpaF showed a much weaker adhesion (Figure 6 in I). As the negative controls, GRS71 and GRS1052 showed
no or negligible adherence to mucin. Thereby, the determining role of SpaF in mediating the mucin binding of
SpaFED was confirmed.

ECM, composed of several proteins such as fibronectin and collagen, is located beneath epithelial cells. These
ECM proteins are exposed in the damaged host mucosa and may thus promote microbial colonization (Styriak
et al., 2003). Pilus-mediated ECM adhesion has been reported in various Gram-positive bacteria (Telford et
al., 2006; Hilleringmann et al., 2008). For instance, the L. rhamnosus GG pilus SpaC subunit binds to collagen
(Tripathi et al., 2013). Accordingly, the adhesiveness of SpaF to ECM proteins was investigated using the
lactococcal expression system. Obviously, GRS1189 adhered well to fibronectin as well as to type I and IV
collagen (Figure 7 in I). The negative controls (GRS71 and GRS1052) and GRS1226 did not bind to any ECM
proteins tested. The results indicated that the adhesion of SpaFED pili to ECM proteins is attributed to the
SpaF pilin subunit.

We also investigated whether SpaFED pili could adhere to intestinal epithelial cells, which are often used as
targets to assess the attachment and colonization of pathogenic and non-pathogenic bacteria (Styriak et al.,
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2003; Rendon et al., 2007; Chagnot et al., 2012). GRS1189 exhibited pronounced adherence to HT-29 cells,
while a relatively low level of adherence to Caco-2 cells was observed (Figure 8 in I). However, these levels
of GRS1189 were markedly higher than those of GRS71 and GRS1052. Once again, the importance of the
SpaF subunit in adhesion was demonstrated, as GRS1226 showed an evident reduction in adherence to these
two cell lines.

The adhesiveness to intestinal components of SpaFED pili, especially the SpaF subunit, might offer L.
rhamnosus GG a longer residence time in the gut, if SpaFED pili were expressed in vivo. Moreover, with
ECM-adhesive factors such as SpaCBA (Lebeer et al., 2012; Tripathi et al., 2013) and SpaFED pili, L.
rhamnosus GG might outcompete pathogens for binding sites in the ECM if the epithelial layer is broken, and
thus prevent infection. However, such a hypothesis needs further confirmation and future work is warranted
to identify appropriate conditions for SpaFED pilus expression.

5.4.2 Adhesion capacity of Lactobacillus ruminis (11, III)

In the stable GIT, autochthonous bacteria are supposed to live and proliferate in the intestinal lumen (van der
Waaij et al., 2005). Nevertheless, the adherence of these bacteria to host intestinal substrates, such as mucins,
other proteins, or epithelial cells, is usually assessed to explain their persistent presence in the gut (Vélez et al.,
2007). Such adhesiveness of autochthonous bacteria conferred by surface structures such as pili denotes the
potential to competitively inhibit or interfere with pathogen colonization.

Considering intestinal colonization, adherence to mucus is regarded as an advantage for both gut-resident
bacteria and pathogens, as mucus forms the first layer of the intestinal barrier. However, according to a pan-
genome analysis, L. ruminis genomes do not encode proteins that possess mucus-binding domains (Kant et al.,
2017). In line with this prediction, our experiments revealed that L. ruminis ATCC 25644 cannot bind to mucus,
and neither can the lactococcal recombinant constructs GRS1224 and GRS1225 expressing LrpCBA or
LrpACBA pili (data not shown). Therefore, as an autochthonous bacterial species, L. ruminis must have
evolved to adhere to other intestinal substrates in order to achieve its lifelong colonization in the GIT.

The IrpC gene, encoding the tip pilin LrpC in L. ruminis ATCC 25644, is predicted to encode a collagen-
binding domain (S2 Fig in II). Therefore, we investigated the binding abilities of this L. ruminis strain to
collagen as well as to fibronectin, and tested the effects of LrpCBA pili and the LrpC subunit on ECM protein
binding by using the lactococcal clones GRS1224 and GRS1225. Evidently, in comparison with the controls
GRS71 and GRS1052, L. ruminis pronouncedly adhered to collagen, but at a much higher level to type I than
to type IV (Figure 5A and B in II). Similarly, nisin-induced GRS1224 markedly bound to type I collagen,
while much less to type IV collagen, but still significantly better than the controls. Without the tip pilin LrpC,
the adherence of GRS1225 to both collagen types was reduced compared to GRS1224, but was still obviously
better than that of the controls.

Regarding fibronectin binding, the degree of adherence of each strain was analogous to that of type I collagen
binding (Figure 5C in II). Specifically, L. ruminis itself was able to bind to fibronectin at a level similar to the
binding to type I collagen. Again, GRS1224 strongly bound to fibronectin and a reduction in GRS1225
adherence was observed. The obtained results undoubtedly proved that LrpCBA pili contributed at least partly
to the ECM-binding activity of L. ruminis, in which LrpC subunit has an indispensable role. Noticeably, L.
ruminis adhered less readily to ECM proteins than GRS1224 and GRS1225, which might reflect that pili in
each L. ruminis bacterium were less numerous, as observed by TEM.

We further tested whether other L. ruminis strains of different host origins share ECM-binding properties. In
addition to ATCC 25644 used as a positive control, a newly isolated L. ruminis strain, GRL1172, and two
bovine strains, ATCC 27780 and ATCC 27781, were assessed for their ECM-binding activities (Figure 7). All
four strains had similar binding patterns, but with varying levels of efficiency: the binding level to fibronectin
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was the highest for each strain, followed by type I collagen, with the lowest binding to type IV collagen (Figure
7). The adherence of all the strains to any ECM component was significantly higher than the binding to BSA.
The binding to fibronectin of GRL1172 and ATCC 27781 was the highest, while GRL1172 and ATCC 25644
were the strongest binders to type I collagen. Among these strains, ATCC 27780 was the least adhesive strain
to all tested ECM proteins. Since LrpCBA pili are essential in mediating the adherence of ATCC 25644 to
ECM, we assume that the binding activities of the other three strains are also related to pili. In the genomes of
both ATCC 27780 and ATCC 27781, at least one gene is predicted to encode a pilin protein that has a collagen-
binding domain (Kant et al., 2017). Given that the predicted LrpC pilins of GRL1172 and ATCC 25644 share
high similarity in their primary structures (data not shown), and that a collagen-binding domain has been
identified in the LrpC pilin of ATCC 25644 (II), GRL1172 most likely also has a collagen-binding domain in
its LrpC pilin. Moreover, the presence of pili in GRL1172 was demonstrated by TEM (Figure 1B in III) and
pilus operons in the two bovine strains were verified by PCR (our unpublished data). For these three strains,
unveiling the role of pili in adherence requires further investigation.
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Figure 7. Adherence of L. ruminis to ECM proteins. Modified from Figure 2 in study III.

Since binding to epithelial cells could facilitate L. ruminis colonization and promote bacteria—host interactions,
we tested whether L. ruminis and the recombinant constructs GRS1224 and GRS1225 bind to intestinal
epithelial cells. ATCC 25644 adhered to Caco-2 and HT-29 cells at levels similar to the intrinsic binding of L.
lactis strains GRS71 and GRS1052 (Figure 6 in II). However, GRS1224 efficiently bound to these two
intestinal cell lines, indicating that LrpCBA pili can increase the adherence of L. lactis. The important role of
the LrpC subunit in binding was again demonstrated, as lower adherence was detected for GRS1225 (Figure
6 in II). Similarly, all four L. ruminis strains bound weakly to Caco-2 (data not shown), but strongly to HT-29
(Figure 3 in III). Nevertheless, the porcine isolate GRL1172 could not bind to the porcine intestinal cell line
IPEC-1, and neither could the other strains (data not shown). The pronounced adherence to HT-29 of human
L. ruminis may reflect the frequent detection of this bacterial species in the human colon (Tannock et al., 2000,
Reuter, 2001). As the non-human-originating L. ruminis strains were able to bind to human intestinal HT-29
cells and to human ECM proteins, host specificity of L. ruminis adherence was not seen in our current results.
Host specificity is, however, difficult to investigate further due to the lack of available intestinal cells or
proteins originating from animals.
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5.5 Biofilm formation in L. ruminis (1)

Pili are able to participate in biofilm formation, as has been demonstrated with many Gram-positive bacteria
(Mandlik et al., 2008b), including L. rhamnosus GG, in which SpaCBA pili play a focal role in facilitating
biofilm formation (Lebeer et al., 2012). Accordingly, we tested whether the LrpCBA pili in L. ruminis possess
such a feature in vitro. In the experimental set-up, L. rhamnosus GG, the SpaCBA-expressing strain GRS1185,
and the SpaC-deleted GRS1211 construct (von Ossowski et al., 2013) served as controls. L. rhamnosus GG
efficiently formed biofilms in polystyrene microplate wells, and SpaCBA pili appeared to partly contribute to
this activity in a SpaC (tip pilin) dependent manner: the SpaC-deleted strain GRS1211 exhibited a substantial
decrease in biofilm formation (Figure 7 in II). Similarly, L. ruminis ATCC 25644 had the capacity to form
biofilms, whereas LrpCBA-piliated GRS1224 and GRS1225 failed to do so (Figure 7 in II). Therefore, we
concluded that LrpCBA pili were not associated with biofilm formation in ATCC 25644. In the same way, the
recombinant SpaFED pili did not participate in the biofilm formation of L. rhamnosus GG, either, as it was
observed that the SpaFED-piliated strains GRS1189 and GRS1226 could not produce a biofilm. In fact, the
obtained results are in line with the current knowledge that in Lactobacillus species, the involvement of pili in
biofilm development is uncommon (Lebeer et al., 2012).

5.6 Pathogen inhibition by L. ruminis (I11)

Members of the human gut microbiota exhibit pathogen inhibition by various mechanisms, including
competition for common binding sites and nutrients, and the secretion of inhibitory factors (Todoriki et al.,
2001; Kamada et al., 2013). As a gut-dwelling species, L. ruminis might have the potential to inhibit the
adhesion and growth of enteropathogens. To prove this hypothesis, we first assessed the inhibitory effects of
four L. ruminis strains on pathogen adhesion using three inhibition assays (competition, exclusion and
displacement), with ECM proteins and intestinal epithelial cells as binding targets. We first found that Yersinia
enterocolitica DSM 13030 can bind to fibronectin and type I collagen, and a F4-fimbriated ETEC strain was
found to adhere to type I collagen. Thus, these two strains were used as target pathogens. We then assessed
the ability of L. ruminis to inhibit their adherence to these ECM proteins. Competition and exclusion assays
indicated that all the L. ruminis strains evidently inhibited the adhesion of both pathogens to varying degrees
(Figure 8). Nevertheless, in exclusion assays, except for ATCC 25644, the inhibitory rates of Yersinia binding
to type I collagen conferred by the strains decreased by about 15-20% when compared to the inhibition rates
of fibronectin binding.

Subsequently, we investigated the inhibition abilities in intestinal epithelial cell models, including IPEC-1 and
Caco-2, representing porcine and human small intestinal epithelial cells, respectively, even though all the L.
ruminis strains poorly bound to these two cell lines. In line with previous studies demonstrating that poorly
adhesive lactobacilli can still reduce pathogen adhesion (Tuomola et al., 1999; Gueimonde et al., 2006), all the
L. ruminis strains clearly reduced the adherence of ETEC to IPEC-1 cells in competition and exclusion assays,
while ATCC 27780 and ATCC 27781 showed slightly lower inhibitory rates in exclusion assays than in
competition assays (Figure 5A and B in III). All the strains inhibited the adherence of S. typhimurium, Yersinia,
and ETEC to Caco-2 cells at levels of around 20-50% in competition and 20—45% in exclusion assays (Figure
6A and B in III). Additionally, although the adhesion rates of ATCC 27780 to fibronectin and type I collagen
were the lowest of all the L. ruminis strains, the inhibition of pathogen adherence to the same substrates by
ATCC 27780 was as efficient as the inhibition caused by the other strains. Therefore, it appears that the
inhibition of pathogen adherence is not associated with the adhesiveness of L. ruminis. Indeed, apart from
competition for common binding sites, other factors, such as coaggregation with pathogens and the excretion
of inhibitory compounds, can also inhibit pathogen adherence (Lebeer et al., 2008). However, evident
coaggregation between L. ruminis and pathogens was not observed in vitro in the present study (results not
shown).
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Generally, studies on pathogen displacement by lactobacilli are scarce. The few studies available have shown
that lactobacilli either fail to displace pre-adherent pathogens from host substances or generate much lower
degrees of inhibition compared to competition or exclusion assays (Lee et al., 2003; Gueimonde et al., 2006).
Accordingly, our results revealed that all the L. ruminis strains failed to displace previously adhered pathogens
from fibronectin and type I collagen (Figure 8). Surprisingly, all the strains did, however, displace previously
adhered S. typhimurium (inhibition of 20-30%), but not Y. enterocolitica or ETEC from Caco-2 cells (Figure
6C in III). Our results were in line with one previous study showing that the pathogen displacement efficiencies
of lactobacilli are dependent on the pathogen strains used (Lee et al., 2003).
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The culture supernatants of the four L. ruminis strains inhibited the growth of six selected enteropathogens.
The inhibition of ETEC growth was the strongest, with an approximately 1000-fold reduction (Figure 7 in III).
The growth inhibition of other pathogens was decreased by about 10- to 100-fold. Notably, the growth
inhibition was largely attributed to the pH of the supernatant, as the inhibition caused by the supernatant from
ATCC 27780 with the lowest pH of 4.13 was the most efficient, while the supernatant from GRL1172 with
the highest pH of 4.34 was the least efficient. Moreover, after adjusting the supernatants to the pH of plain
MRS medium, a less than 10-fold reduction in pathogen growth was detected, confirming that the dominant
contributors to growth inhibition were acids produced during fermentation. Lactic acid is apparently the
principal factor, as L. ruminis is regarded as a homofermentative species (Kanlder and Weiss, 1986), although
a recent publication suggested that it may also use heterofermentative pathways to widen its repertoire of
energy sources (Kant et al., 2017). Apart from lowering the pH, lactic acid could also permeabilize the outer
membrane of Gram-negative bacteria and thus improve the efficiency of other antimicrobial substances
(Alakomi et al., 2000). In accordance with our results, many other lactobacilli originating from humans and
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animals are able to inhibit the growth of intestinal pathogens due to the acidic environment they create (Annuk
et al., 2003; Lahteinen et al., 2010). In addition to acids, other metabolites produced by lactobacilli, such as
hydrogen peroxide, carbon dioxide, diacetyl, and bacteriocins, have antimicrobial effects (Ouwehand and
Vesterlund, 2004). Genes encoding bacteriocins have been identified in the genomes of human L. ruminis
ATCC 25644 and the bovine L. ruminis strain ATCC 27782 (Forde et al., 2011), but their presence in other L.
ruminis strains and their expression in vitro require further investigation.

5.7 Immunomodulatory effects of L. rhamnosus GG and L. ruminis (I, 11, III)

The host immune system mounts efficient protective immune responses against pathogens and exhibits
tolerance to the diverse gut-dwelling microbes (Artis, 2008). For either immune tolerance or protective defense,
the interactions between MAMPs and PRRs on epithelial or immune-related cells are of great importance. In
Lactobacillus, cell surface components, including LTA, lipoproteins, lipopeptides, flagella (Wells, 2011), S-
layers (Konstantinov et al., 2008; Hynonen et al., 2014), and SpaCBA pili in L. rhamnosus GG (Lebeer et al.,
2012; von Ossowski et al., 2013), are able to activate innate immunity. In this study, we assessed the
immunomodulatory effects of L. rhamnosus GG SpaFED pili and L. ruminis LrpCBA pili.

5.7.1 Immuno-characteristics of L. rhamnosus GG SpaFED pili (I)

Previously, it was reported that L. vhamnosus GG SpaCBA pili expressed in lactococci interact with the innate
immune system (von Ossowski et al., 2013). SpaCBA pili, functioning as one type of MAMPs, were
recognized by TLR2 and thus elicited NF-kB signaling as well as IL-8 production in HEK-TLR2 cells.
Additionally, SpaCBA pili activated pro- and anti-inflammatory cytokine production in human-derived
moDCs. Importantly, the tip pilin SpaC was essential in the above immune responses. To investigate whether
L. rhamnosus GG SpaFED pili have similar effects, we tested the immuno-characteristics of GRS1189 and
GRS1226 with the same methodology as used for SpaCBA pili. GRS71 and GRS1052, used as controls,
induced marked NF-kB activation in HEK293-TLR2 cells, whereas GRS1189 evoked such a reaction at a level
much lower than the controls (Figure 9 in I). However, GRS1226 lacking the tip pilin SpaF promoted NF-xB
activation to a similar degree as the controls (Figure 9 in I). The results here suggested that the SpaFED pili
appeared to hinder TLR2-dependent NF-«kB signaling activated by L. lactis, in which the SpaF subunit
appeared to have a determining role. To test whether such immune responses are activated by proteinaceous
components, the above experiment was performed with the aforementioned lactococci that were treated by
heat. After exposure to a protein-denaturing temperature, all the lactococcal strains almost failed to induce NF-
kB activation (Figure 9 in I), suggesting that heat-labile proteins were implicated in the immunostimulating
effect. Moreover, to determine whether such immune responses were triggered by direct contact between
bacterial surface-associated proteins, Transwell cell culture membrane inserts with a 0.4-um pore size were
used to separate HEK-TLR2 cells from the lactococcal strains. Without cell-to-cell contact, NF-xB activation
was eliminated, which also indicated that the proteinaceous stimuli were either attached to or released from
the bacteria but could not go through the membrane (Figure 10 in I).

Furthermore, the immune-dampening effect caused by SpaFED pili was also observed in intestinal Caco-2
cells. Compared to GRS1052, GRS1189 generated lower IL-8 production, whereas GRS1226 was as efficient
as GRS1052 (Figure 11 in I). In contrast, as shown in Figure 12 in study I, GRS1189 no longer dampened the
production of pro- and anti-inflammatory cytokines (TNF-a, IL-12 and IL-10) in moDCs, nor promoted these
immune reactions like SpaCBA pili (von Ossowski et al., 2013). Since the moDCs were isolated from
peripheral blood, we presumed that such immune responses might not fully reflect the bacteria—host cell
interactions in the gut. If SpaFED pili are expressed in vivo, their immuno-dampening effects may represent
adaptation to the host gut, counteracting the SpaCBA pili-induced immune responses, to achieve immune
homeostasis.
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5.7.2 Immuno-characteristics of L. ruminis (11, I1I)

Firstly, HEK-TLR2 cells were used to assess the immune stimulation profile of L. ruminis ATCC 25644 and
its LrpCBA pili displayed on L. lactis. L. ruminis evoked pronounced levels of NF-kB activation and IL-8
production in HEK-TLR2 cells. This activation was slightly decreased when L. ruminis was treated with a
protein-denaturing high temperature (Figure 8 in II), but largely and more pronouncedly decreased (though
still measurable) when L. ruminis was segregated from HEK-TLR2 cells (Figure 9 in II). The results here
indicated that the immunomodulatory effects of L. ruminis were partly related to its heat-labile proteins, which
were either anchored to the cell surface or could not pass through the insert membrane if secreted or detached.
However, GRS1224 and GRS1225 expressing LrpCBA or LrpACBA pili induced much lower immune
responses than did L. ruminis and the controls, GRS71 and GRS1052 (Figure 8 in II). Similarly to L. rhamnosus
GG SpaFED pili, we assumed that LrpCBA pili also dampened the immune responses elicited by L. lactis, but
tip pilin LrpC did not have an essential role. When GRS71, GRS1052, GRS1224, and GRS1225 were treated
with a high temperature and separated from HEK-TLR?2 cells, these immune reactions were almost abolished
(Figure 8 and 9 in II), which then again confirmed that the bacterial stimuli were heat-labile and were either
attached to the cell surface or secreted but could not pass through the membrane.

Analogous experiments were performed with three other different-sourced L. ruminis strains, with the human
strain ATCC 25644 used as a control. All the strains induced NF-«B activation and IL-8 production in HEK-
TLR2 cells to varying degrees (Figure 10 in III and Table 6). Among them, the two bovine strains generated
relatively low levels of these immune activities. After being inactivated by high temperature, all strains except
the human isolate almost completely failed to evoke immune responses. Unanimously, all the strains
partitioned from HEK-TLR2 cells by Transwell inserts no longer stimulated immune activities. However, we
observed that the culture supernatants of the four L. ruminis strains retained the immunostimulatory effects
(Figure 11 in III). Therefore, we assumed that some released cell surface components present in the spent
culture supernatant, but not able to penetrate the Transwell insert membrane, such as LTA and lipoproteins,
were involved, as demonstrated by other studies (Jones et al., 2005; Henneke et al., 2008). When the culture
supernatant was treated with a high temperature, NF-kB activation was only partly affected, displaying a slight
reduction, whereas IL-8 production was markedly reduced (Figure 11 in III). This suggested that some secreted
or detached heat-resistant substances were associated with TLR2-dependent signaling.

Table 6. NF-kB signaling induced by L. ruminis in HEK-TLR2 and HEK-TLRS cells

Efficiency of induction*

HEK-TLR2 HEK-TLRS
Strain or control Heat treatment Heat treatment
GRL1172 5.0+0.2%** 1.3+0.1 12.24£2.6%** 8.9+1.2
ATCC 25644 5.6+0.5%** 2.0+0.2 6.2+1.8*** 0.9+0.1
ATCC 27880 4.0£0.5%** 1.6+0.0 11.6£2.4%** 1.1+0.1
ATCC 27781 3.9+0.4%** 1.0+0.1 12.242 4%** 5.0+1.9
Medium 1 1 1 1

*Efficiencies are expressed as relative values of NF-kB activation compared to the induction caused by the
growth medium. Pairwise comparisons between samples with or without heat treatment were shown as:
*#*%P<0.0001 (extremely significant).

In addition, to study TLRS ligands in L. ruminis, we also tested whether L. ruminis could activate TLRS
signaling. L. ruminis is so far the only motile Lactobacillus species that is known to be an autochthonous
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member in the mammalian gut microbiota (Neville et al., 2012). We utilized HEK-TLRS cells to confirm the
expression of flagella-encoding genes in this strain, as well as in the other three L. ruminis isolates, as flagellins
appear to be the only ligands that induce TLRS signaling (Hayashi et al., 2001). All four strains, after growing
on MRS agar plates for 2 days (based on our preliminary experiments, flagella in L. ruminis are well expressed
under these conditions), elicited conspicuous TLRS5-dependent NF-kB activation (Figure 12A in III and Table
6), suggesting that in these strains, flagellar proteins were produced. Nevertheless, compared to the other three
strains, ATCC 25644 induced considerably lower IL-8 production (Figure 12B in III). After high-temperature
treatment, ATCC 25644 and ATCC 27780 totally failed to induce NF-kB signaling, but the other two L.
ruminis strains still had immunostimulatory properties. Therefore, we speculated that the flagellins of
GRL1172 and ATCC 27781 were more heat resistant, but the underlying mechanism is unknown. Separation
from HEK-TLRS cells did not affect NF-«kB activation and IL-8 production induced by GRL1172 and ATCC
27781, while it lowered the NF-kB and IL-8-inducing activities of ATCC 25644 and ATCC 27780. It is
reasonable to propose that flagellins or broken flagella can pass through the insert membrane with a pore size
of 0.4 pm, since 0.2 um pore-sized filters cannot prevent the passing of flagellins (Gewirtz et al., 2001b). It
appeared that flagella in GRL1172 and ATCC 27781 were more likely to be detached, or these bacterial cells
were more prone to be broken, thus resulting in more flagellins being released and correspondingly higher
TLRS5-dependent immune responses. Interestingly, GRL1172 and the two bovine strains elicited NF-xB
activation to similar degrees, but varying IL-8 induction levels. Since flagellins are also able to promote the
production of IL-8 through the TLR5-p38 MAPK signaling pathway, which is independent of the NF-xB route
(Yu et al., 2003; Gewirtz et al., 2004), we assumed that these three strains had varying capabilities to activate
the p38 route, thus resulting in varying IL-8 levels. It has also been reported that amino acid sequence variations
in the structural domains of flagellin may account for differences in IL-8 secretion (Verma et al., 2005; Im et
al., 2009); this finding may apply to L. ruminis flagellins as well.

Additionally, intestinal Caco-2 cells and moDCs were used to assess the immunomodulatory effects of L.
ruminis ATCC 25644 and its LrpCBA pili. In Caco-2 cells, LrpCBA-expressing GRS1224 and GRS1225
constructs induced the production of IL-8 to a similar extent, but mildly lower compared to the controls GRS71
and GRS1052 (Figure 10 in II), indicating that LrpCBA pili have a dampening effect and the LrpC subunit is
not the determining factor. Similar results were observed in HEK-TLR2 cells (Figures 8 and 9 in II). L. ruminis
ATCC 25644 itself induced the lowest IL-8 secretion among all the strains, being at a level equivalent to the
DMEM medium control (Figure 10 in IT), indicating that other factors in L. ruminis, in addition to pili, dampen
the IL-8 response. It is conceivable that host cells are tolerant to autochthonous L. ruminis cells in order to
maintain gut homeostasis, which in return is also beneficial for the persistent residence of this bacterial species.
Conversely, in HEK-TLR2 cells, L. ruminis ATCC 25644 efficiently evoked IL-8 secretion, and we speculate
the following: Given that TLR2 is expressed on the basolateral membrane of IECs (Peterson and Artis, 2014),
L. ruminis colonizing the mucosal layer under healthy conditions is not thought to induce TLR2-mediated pro-
inflammatory responses through this receptor, which may partly explain the different immune behavior of L.
ruminis in HEK-TLR2 (artificial cells overexpressing TLR2) and Caco-2 cells.

Subsequently, we noticed that all the lactococcal strains elicited almost similar degrees of TNF-a and 1L-12
secretion in moDCs, which were lower than those induced by L. ruminis ATCC 25644 (S5 Figure in II). The
result was in line with the observations with SpaFED pili in a similar experimental set-up (the first study in
this work). The data here revealed that other MAMPs of L. ruminis rather than LrpCBA pili were engaged in
the elevated production of inflammatory cytokines by in moDCs. Indigenous bacteria in the GIT are recognized
by host innate cells (e.g., DCs) under normal circumstances, which activates the production of inflammatory
cytokines in vivo, but still maintaining gut homeostasis (Rakoff-Nahoum et al., 2004). In this way,
hypothetically, with the ability to stimulate moDCs, L. ruminis might contribute to gut homeostasis. However,
the immune responses induced by indigenous bacteria are regulated and balanced, exhibiting an immune to
tolerant state. Otherwise, this microbe—host interaction would result in detrimental effects.

39



Results and discussion

5.8 Effects of L. ruminis on intestinal barrier function (III)

Intestinal epithelial cells are interconnected by junctions such as TJ protein complexes that are indispensable
in the maintenance of barrier integrity. Confronting enteropathogens may result in changes in TJ protein
distribution, thus leading to augmentation of permeability. It has been reported that several members of the gut
microbiota of humans, pigs, and canines, such as L. plantarum (Qin et al., 2009), L. acidophilus (Kainulainen
et al., 2015), and L. amylovorus (Roselli et al., 2016), are able to increase the TEER values and TJ protein
expression, prevent pathogen-caused barrier damage, and thus preserve an intact epithelial layer. Therefore, to
determine whether L. ruminis can affect intestinal barrier function in vitro, we exposed Caco-2 cells, grown
on tissue-culture inserts, to four L. ruminis strains alone or with ETEC and measured changes in TEER values
(Figure 9), dextran diffusion (Figure 8B in III), and the location of TJ proteins (Figure 9 in III). During the
three-day measurement, TEER values were slightly decreased when Caco-2 cells were incubated with the cell
culture medium alone, whereas the values dropped to about 15% of the original levels 24 h after the addition
of ETEC (Figure 9). Conversely, all the four L. ruminis strains increased TEER values during the experimental
period, though fluctuations were observed (Figure 9).
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Figure 9. Changes of TEER values in Caco-2 induced by L. ruminis and ETEC. Modified from Figure 8A
in study III.

Dextran, incubated on Caco-2 cells in the cell culture medium with or without L. ruminis cells, cannot diffuse
through the epithelium. However, the addition of ETEC alone or with L. ruminis strains to the cell culture
medium largely induced dextran diffusion. These results indicated that L. ruminis fortifies the barrier, but
cannot inhibit barrier defects caused by ETEC, which was further confirmed by immunofluorescence assays
locating TJ proteins. In these assays, clear and continuous lines were seen around each Caco-2 cell when they
were exposed to the L. ruminis strains and the detection was performed with antibodies against TJ proteins
(ZO-1, claudin-4, and occludin) (Figure 9A in III). In contrast, blurry cell boundaries, scattered fluorescent
spots, or even visible holes appeared in Caco-2 cells incubated with ETEC alone or with ETEC and L. ruminis
strains (Figure 9A and B in III), indicating that these TJ proteins were dislocated and the epithelial barrier was
disrupted. Our results demonstrate that L. ruminis, as an autochthonous bacterial species in the gut, can
maintain the epithelial barrier, which reflects the role of gut microbiota in maintaining host intestinal health.
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6. Conclusions and future perspectives

The gut microbiota peacefully exists in the host GIT under healthy conditions, which is attributed to various
niche-adaptation factors. In this study, L. rhamnosus GG and L. ruminis, respectively representing an
allochthonous and an autochthonous member of the gut microbiota, were used as paradigms to investigate the
gut-adaptive traits of intestinal bacteria.

In the first study, the L. rhamnosus GG SpaFED pili recombinantly expressed on L. lactis were characterized.
SpaFED pili exhibited adhesive properties to mucin, ECM components, and intestinal epithelial cells (Caco-2
and HT-29), and the tip pilin SpaF was shown to be the essential adhesive factor. Therefore, in addition to the
adhesive SpaCBA pili (von Ossowski et al., 2013), SpaFED pili might also contribute to the prolongation of
the gut retention time of allochthonous L. rhamnosus GG. Moreover, SpaFED pili dampened the innate
immune responses that were activated by L. lactis in HEK-TLR2 cells. This was completely opposite to the
outcome seen with L. rhamnosus GG SpaCBA pili, which elevated NF-«B activation and IL-8 production (von
Ossowski et al., 2013). In the gut environment, if SpaFED pili were expressed, their dampening effects might
balance the immune responses induced by SpaCBA pili to maintain immune homeostasis. A pan-genomic
study demonstrated the presence of the spaF'ED operon in all 13 of the L. rhamnosus strains studied, and it
was thus considered as belonging to the core genome, whereas the spaCBA operon was only shared by four
strains, and it was correspondingly excluded from the core genome (Kant et al., 2014). Additionally, the
spaFED operon was also identified in the genomes of L. casei and L. paracasei (Muiioz-Provencio et al., 2012;
Smokvina et al., 2013). Nevertheless, native SpaFED pili have not been proved to be present on any of these
Lactobacillus strains under the experimental conditions used. However, we assume that spaFED operon might
be expressed in vivo only in the host GIT, like the bifidobacterial Tad pilus genes (Motherway et al., 2011).
To test this hypothesis, germfree mice could be fed with adequate numbers of L. rhamnosus GG cells, and
intestinal extracts could be collected to determine SpaFED pilus expression by performing Western blotting
or immuno-TEM at different time points after inoculation. If SpaFED pili were successfully detected by these
proposed methods, derivatives of L. rhamnosus GG without SpaFED pili could be constructed to verify the
observed properties of SpaFED pili in vitro, such as adhesiveness and immune dampening, to further
investigate the functional characteristics of SpaFED pili in vivo.

In study II, a novel pilus type was identified in the gut-autochthonous species L. ruminis. LrpCBA pili in L.
ruminis ATCC 25644, and especially the tip pilin LrpC, contributed to L. ruminis adherence to ECM proteins
and intestinal epithelial cells, as demonstrated by the lactococcal expression system. However, neither L.
ruminis nor L. lactis expressing LrpCBA pili bound to mucin. Presumably, L. ruminis can penetrate the mucus
and reside closely to the epithelial cells. In addition to acting as an adhesive factor that may facilitate gut
colonization, LrpCBA pili, when displayed on L. /actis, also had a dampening effect on L. lactis-induced NF-
kB signaling in HEK-TLR2 cells and on IL-8 production in Caco-2 cells. These results suggest that LrpCBA
pili might partly explain the immune tolerance of the host to L. ruminis, which thus indirectly contributes to
the gut indigeneity of L. ruminis. Conversely, whole L. ruminis cells pronouncedly activated TLR2-dependent
signaling in HEK-TLR2 cells, which indicated that other cell surface structures in L. ruminis, such as LTA and
lipoproteins, are involved in immunomodulation. This, however, remains to be investigated. L. ruminis did not
show any immunostimulatory effects when exposed to Caco-2 cells, thus suggesting that the host cells have
evolved to tolerate the gut autochthonous species, which has also developed to not induce elimination by the
host. However, in vivo studies are needed to characterize the roles of LrpCBA pili in the interactions between
L. ruminis and the host GIT in more detail. To do this, the expression of LrpCBA pili in vivo could be
investigated. Subsequently, the role of LrpCBA pili in L. ruminis gut colonization and immunomodulation
could be evaluated by comparisons between L. ruminis and its mutants lacking LrpCBA pili or specific pilins.
Meanwhile, other factors that contribute to the gut indigeneity of L. ruminis are worth exploring in the future.
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In study III, a novel L. ruminis strain was isolated from porcine feces and was demonstrated by TEM to be
piliated and flagellated. Some common features were observed in different L. ruminis strains by analyzing the
functional characteristics of this new strain together with three other L. ruminis strains (one human and two
bovine isolates). None of the strains could bind to mucin, but they bound to ECM components and to HT-29
cells, suggesting that L. ruminis may reside near the epithelial layer. Moreover, all the strains inhibited
pathogen growth and adherence to host surfaces, including intestinal epithelial cells (Caco-2 and IPEC-1) and
ECM proteins. Such properties can not only protect the host from pathogen infection, but also contribute to
the long-term colonization of L. ruminis. Notably, even though the binding of these four L. ruminis strains to
Caco-2 and IPEC-1 was poor, they conferred inhibition of pathogen colonization. On the grounds of this, it
appears obvious that mechanisms other than competitive adherence are involved, which requires further
investigation. Additionally, when incubated on Caco-2 cells, all the strains increased the TEER value,
prevented dextran diffusion and maintained the location of TJ proteins, which supported the epithelial barrier
functions of Caco-2 cells. This phenomenon can be regarded as an advantage to the host and it thus partly
contributes to the gut indigeneity of L. ruminis. Furthermore, these strains evoked innate immune responses,
including NF-kB activation and IL-8 production, in HEK-TLR2/TLRS cells. The mucosal immune system
exhibits tolerance to the indigenous microbes, and how the immunomodulatory L. ruminis and the host
maintain the homeostasis therefore needs to be investigated in the future. Since flagellin, based on current
knowledge, is the only known ligand for TLRS, the activation of TLRS signaling thus indicates that in addition
to the porcine isolate, the human and bovine L. ruminis are also flagellated. Of the gut indigenous lactobacilli,
L. ruminis is currently considered as the only motile species (Neville et al., 2012). Flagella can propel L.
ruminis through the mucus to reach nutrient-rich niches and facilitate colonization in the gut. However, in vivo
studies are still required to determine whether the above traits can be detected in the host GIT and whether
they contribute to the autochthony of L. ruminis, as well as to investigate the location of L. ruminis in the GIT.

Due to the potential gut autochthonicity-promoting factors (e.g. adhesiveness) and several interesting effects
that L. ruminis may confer to the host, such as immunostimulation and pathogen inhibition, L. ruminis might
be a candidate probiotic for humans and animals in the future. Even though some L. ruminis strains have been
reported to be susceptible to gastric and bile acids (O’Donnell et al., 2015), they might survive in the GIT if
delivered in enterocapsules or in other forms that delay their release in the GIT. The combination of several
beneficial strains appears to be a trend for probiotic products, but whether L. ruminis has antagonistic effects
on other probiotic strains should be explored if L. ruminis is to be considered as a probiotic in the future. Many
Lactococcus and several Lactobacillus strains have been extensively studied as carriers for mucosal
vaccination, due to features such as safety, adhesiveness, and abilities to boost immune responses (Wyszynska
et al., 2015), in a manner similar to adjuvants. Therefore, L. ruminis strains might also be considered as novel
vaccine carriers, for the following reasons: (1) L. ruminis is a member of the genus Lactobacillus and an
autochthonous species in the GIT, so it is regarded to be safe to the host; (2) since it is flagellated and piliated,
L. ruminis could get closer to the intestinal epithelium, colonize it, and promote host—antigen interactions.
These speculative applications are worth further investigation.

42



Acknowledgements

7. Acknowledgements

This study was conducted in the Department of Veterinary Biosciences, Faculty of Veterinary Medicine at the
University of Helsinki. I thank the Dean, Prof. Antti Sukura, former Head of the Department, Emerita Prof.
Airi Palva, Head of the Department, Prof. Tomi Taira, and Head of Veterinary Microbiology and
Epidemiology Division, Prof. Olli Vapalahti for providing the excellent research facilities.

The China Scholarship Council, the Academy of Finland, the Finnish Veterinary Foundation, the Finnish
Foundation of Veterinary Research, University of Helsinki, and the Doctoral Programme in Food Chain and
Health are thanked for their financial support. The Doctoral Programme in Food Chain and Health is also
thanked for offering interesting courses both domestically and internationally.

I would like to express my most sincere gratitude to my principal supervisor, Prof. Airi Palva. It has been a
privilege for me to pursue a PhD under your supervision. Throughout the five years of study, your invaluable
advice, guidance, encouragement, and support have always kept me going in the right direction. More than
three decades of dedication to science, which has marked your tenure, will be an inspiration to me! I am also
deeply grateful to my supervisor, Dr Ulla Hynonen. You are always willing to share your broad and deep
knowledge and expertise in microbiology with me. Every time we had a discussion, I have always learned
something from you. You have devoted your time to thoroughly revising my manuscripts over and over again,
and to offering tremendously valuable suggestions and comments. Whenever I had questions regarding
research, daily life, or childcare, I know you are a person whom I could always turn to for help. Thank you
also for your companionship in the office, kind concern, and comfort when I was having bad days. I would
also like to thank my supervisor, Dr Silja Avall-Jiaskeldinen. Throughout the course of this PhD, you have
constantly and generously provided me with immeasurable help. You mentored me in the laboratory, assisted
me in creating the study plan, and improved my thesis with insightful comments. You have always been
available whenever I have needed help. Many thanks are due to my three supervisors for their guidance,
suggestions, support, and encouragement, which brought the thesis to this point.

Pre-examiners Dr Hanna-Leena Alakomi and Docent Pekka Varmanen are enormously acknowledged for
reviewing the thesis and for providing valuable comments and suggestions.

Great thanks go to Dr Johanna Rintahaka. [ have always felt so lucky to have you as my mentor and friend!
You have been constantly dedicated to guiding and training me to be a qualified researcher. At work, you
assisted me step-by-step in acquiring laboratory skills, in improving my experimental recording techniques, in
analyzing the data, in expanding my knowledge of immunology and microbiology, and in enhancing my
scientific writing. [ am also extremely grateful for your encouragement, praise, and advice whenever I had a
presentation. Your passion for science, high work efficiency, and sense of humor made days in the laboratory
not only productive but also joyful. Even when you left the research group, you always generously gave me
suggestions and comments on my work. Thank you also for caring about my daily life and helping me to
gradually integrate into Finnish culture. I am also thankful to Docent Ingemar von Ossowski for all the kind
help during these five years, guidance in the laboratory, scientific advice, and overwhelming contribution to
the articles. Special thanks go to University lecturer Dr Sami Junnikkala for inspiring discussions and
guidance in immunology. Dr Agneta Lindholm and Dr Taija Pietilé are acknowledged for training me in the
laboratory.

I additionally want to thank all the co-authors for their valuable contributions to the publications. All the
present and former members of Department of Veterinary Biosciences are thanked for their company. Docent
Frangois Douillard and Dr Pia Rasinkangas are thanked for the chats, support, and encouragement. Dr Jing
Cheng is thanked for the support, encouragement, discussion about the thesis writing, the details of the
graduation process and life in general, and for care while I was in Kétildopisto. University lecturer Dr Anna-
Maija Virtala is especially thanked for her hospitality, concern, and guidance in Finnish culture, which made
my life in Finland much more meaningful and interesting. Technician Anja Osola is thanked for her generous
care and chats, in which she tried to use simple Finnish words to make me understand. Esa Pohjonen is
thanked for the company, support, advice, and numerous chats. Maija Mikinen is thanked for all her kind
help. I also want to thank Kelsey Hartikainen, whom I met at the end of my PhD study, but who has given
me tremendous help and advice in oral presentations. My friends, Dr Cheng Zhu, Dr Xuemeng Li, Zhongmei

43



Acknowledgements

Han, Jinyu Wang, Yilin Wang, Yan Fu, Xue Jiang, Yanyan Lu, to name but a few, in Finland and China
are sincerely acknowledged for their company, care, great help, and support during this study.

Last but not least, my deepest gratitude goes to my beloved family. The unfailing love, faith in me, endless
encouragement and support from my parents, Guogang Yu and Bili Lu, helped me complete this PhD study.
You have worked so hard, and gone through much struggle and pain to provide me a good education. You are
always there for me and worrying about me! I want to thank my grandfather, Changlin Lu, for his love and
positive attitude towards every aspect of life, which builds a happy family. I am truly grateful to my aunts,
Bihua Lu and Biying Lu, who regard me as their own child, for their love, and for supporting me financially
and spiritually. Thank you for taking care of my parents when they were ill. My husband, Zhigang Wang, is
deeply thanked for his love, company, support, tolerance, and understanding. Especially I thank my little one,
Onni, for the joy and laughter you have brought to us.

U Z IR, WSS TRMEE, G4, SUlMSCR, ST Tk, B
FHERR 55577, bR T RIFNEE . AMERSEML, RAEENS2ENER! Bk
REMINA GBI PE R, EHBRWR NS BALRINAE 7 — BRI RSEE | R = A DY 0
TAM L%, it Bt ERSCR: W EANERE G 4 TSSO, B
SRS IRAIBEFE, SR, ORSEME. BRI NT I, RS, R AT RN

Helsinki, October 2017

44



References

8. References

Abedi, S.F., Akbari, V., and A Jafarian-Dehkordi, D. (2013). In vitro anti-bacterial and anti-adherence effects of Lactobacillus
delbrueckii subsp bulgaricus on Escherichia coli. Research in pharmaceutical sciences 8(4), 261-268.

Abrahamsson, T., Jakobsson, H., Andersson, A.F., Bjorkstén, B., Engstrand, L., and Jenmalm, M. (2014). Low gut microbiota diversity
in early infancy precedes asthma at school age. Clinical & Experimental Allergy 44(6), 842-850.

Abu-Shanab, A., and Quigley, E.M. (2010). The role of the gut microbiota in nonalcoholic fatty liver disease. Nature Reviews
Gastroenterology and Hepatology 7(12), 691-701.

Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and innate immunity. Cell 124(4), 783-801.

Al Jassim, R. (2003). Lactobacillus ruminis is a predominant lactic acid producing bacterium in the caecum and rectum of the pig.
Letters in applied microbiology 37(3), 213-217.

Alakomi, H.L., Skyttd, E., Saarela, M., Mattila-Sandholm, T., Latva-Kala, K., and Helander, I. (2000). Lactic acid permeabilizes Gram-
negative bacteria by disrupting the outer membrane. Applied and environmental microbiology 66(5), 2001-2005.

Alander, M., Satokari, R., Korpela, R., Saxelin, M., Vilpponen-Salmela, T., Mattila-Sandholm, T., et al. (1999). Persistence of
colonization of human colonic mucosa by a probiotic strain, Lactobacillus rhamnosus GG, after oral consumption. Applied
and Environmental Microbiology 65(1), 351-354.

AlFaleh, K., and Anabrees, J. (2014). Probiotics for prevention of necrotizing enterocolitis in preterm infants. Evidence-Based Child
Health: A Cochrane Review Journal 9(3), 584-671.

Allison, M.J., Robinson, I., Bucklin, J., and Booth, G. (1979). Comparison of bacterial populations of the pig cecum and colon based
upon enumeration with specific energy sources. Applied and environmental microbiology 37(6), 1142-1151.

Altegoer, F., Schuhmacher, J., Pausch, P., and Bange, G. (2014). From molecular evolution to biobricks and synthetic modules: a
lesson by the bacterial flagellum. Biotechnology and Genetic Engineering Reviews 30(1), 49-64.

Alvarez, C.S., Badia, J., Bosch, M., Giménez, R., and Baldoma, L. (2016). Outer membrane vesicles and soluble factors released by
probiotic Escherichia coli Nissle 1917 and commensal ECOR63 enhance barrier function by regulating expression of tight
junction proteins in intestinal epithelial cells. Frontiers in Microbiology 7(1981).

Andreasen, A.S., Larsen, N., Pedersen-Skovsgaard, T., Berg, R.M., Moller, K., Svendsen, K.D., et al. (2010). Effects of Lactobacillus
acidophilus NCFM on insulin sensitivity and the systemic inflammatory response in human subjects. British Journal of
Nutrition 104(12), 1831-1838.

Annuk, H., Shchepetova, J., Kullisaar, T., Songisepp, E., Zilmer, M., and Mikelsaar, M. (2003). Characterization of intestinal
lactobacilli as putative probiotic candidates. Journal of Applied Microbiology 94(3), 403-412.

Ardita, C.S., Mercante, J.W., Kwon, Y.M., Luo, L., Crawford, M.E., Powell, D.N., et al. (2014). Epithelial adhesion mediated by pilin
SpaC is required for Lactobacillus rhamnosus GG-induced cellular responses. Applied and environmental microbiology
80(16), 5068-5077.

Arpaia, N., Campbell, C., Fan, X., Dikiy, S., van der Veeken, J., Liu, H., et al. (2013). Metabolites produced by commensal bacteria
promote peripheral regulatory T-cell generation. Nature 504(7480), 451-455.

Artis, D. (2008). Epithelial-cell recognition of commensal bacteria and maintenance of immune homeostasis in the gut. Nature Reviews
Immunology 8(6), 411-420.

Arvola, T., Laiho, K., Torkkeli, S., Mykkdnen, H., Salminen, S., Maunula, L., et al. (1999). Prophylactic Lactobacillus GG reduces
antibiotic-associated diarrhea in children with respiratory infections: a randomized study. Pediatrics 104(5), e64-¢64.

Atarashi, K., Tanoue, T., Ando, M., Kamada, N., Nagano, Y., Narushima, S., et al. (2015). Th17 cell induction by adhesion of microbes
to intestinal epithelial cells. Cell 163(2), 367-380.

Atarashi, K., Tanoue, T., Oshima, K., Suda, W., Nagano, Y., Nishikawa, H., et al. (2013). Treg induction by a rationally selected
mixture of Clostridia strains from the human microbiota. Nature 500(7461), 232-236.

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al. (2011). Induction of colonic regulatory T cells by
indigenous Clostridium species. Science 331(6015), 337-341.

Barrow, P., Brooker, B., Fuller, R., and Newport, M. (1980). The attachment of bacteria to the gastric epithelium of the pig and its
importance in the microecology of the intestine. Journal of Applied Microbiology 48(1), 147-154.

Baumgart, D.C., and Sandborn, W.J. (2007). Inflammatory bowel disease: clinical aspects and established and evolving therapies. The
Lancet 369(9573), 1641-1657.

Beatson, S.A., Minamino, T., and Pallen, M.J. (2006). Variation in bacterial flagellins: from sequence to structure. Trends in
microbiology 14(4), 151-155.

Benjamin, N., O'Driscoll, F., Dougall, H., Duncan, C., Smith, L., Golden, M., et al. (1994). Stomach NO synthesis. Nature 368(6471),
502-502.

Berer, K., Mues, M., Koutrolos, M., Al Rasbi, Z., Boziki, M., Johner, C., et al. (2011). Commensal microbiota and myelin autoantigen
cooperate to trigger autoimmune demyelination. Nature 479(7374), 538-541.

Bergstrom, A., Skov, T.H., Bahl, M.1., Roager, H.M., Christensen, L.B., Ejlerskov, K.T., et al. (2014). Establishment of intestinal
microbiota during early life: a longitudinal, explorative study of a large cohort of Danish infants. Applied and environmental
microbiology 80(9), 2889-2900.

Bilate, A.M., and Lafaille, J.J. (2012). Induced CD4+ Foxp3+ regulatory T cells in immune tolerance. Annual review of immunology
30, 733-758.

Blaut, M., Braune, A., Wunderlich, S., Sauer, P., Schneider, H., and Glatt, H. (2006). Mutagenicity of arbutin in mammalian cells after
activation by human intestinal bacteria. Food and chemical toxicology 44(11), 1940-1947.

Booijink, C.C., El-Aidy, S., Rajili¢-Stojanovi¢, M., Heilig, H.G., Troost, F.J., Smidt, H., et al. (2010). High temporal and inter-
individual variation detected in the human ileal microbiota. Environmental microbiology 12(12), 3213-3227.

Bouskra, D., Brézillon, C., Bérard, M., Werts, C., Varona, R., Boneca, 1.G., et al. (2008). Lymphoid tissue genesis induced by
commensals through NOD1 regulates intestinal homeostasis. Nature 456(7221), 507-510.

45



References

Brandtzaeg, P., and Johansen, F.E. (2005). Mucosal B cells: phenotypic characteristics, transcriptional regulation, and homing
properties. Immunological reviews 206(1), 32-63.

Browne, H.P., Forster, S.C., Anonye, B.O., Kumar, N., Neville, B.A., Stares, M.D., et al. (2016). Culturing of ‘unculturable’human
microbiota reveals novel taxa and extensive sporulation. Nature 533(7604), 543-546.

Buccato, S., Maione, D., Rinaudo, C.D., Volpini, G., Taddei, A.R., Rosini, R., et al. (2006). Use of Lactococcus lactis expressing pili
from group B Streptococcus as a broad-coverage vaccine against streptococcal disease. The Journal of infectious diseases
194(3), 331-340.

Buffie, C.G., Bucci, V., Stein, R.R., McKenney, P.T., Ling, L., Gobourne, A., et al. (2015). Precision microbiome reconstitution
restores bile acid mediated resistance to Clostridium difficile. Nature 517(7533), 205-208.

Buffie, C.G., and Pamer, E.G. (2013). Microbiota-mediated colonization resistance against intestinal pathogens. Nature Reviews
Immunology 13(11), 790-801.

Bull-Otterson, L., Feng, W., Kirpich, I., Wang, Y., Qin, X., Liu, Y., et al. (2013). Metagenomic analyses of alcohol induced pathogenic
alterations in the intestinal microbiome and the effect of Lactobacillus rhamnosus GG treatment. PloS One 8(1), €53028.

Burton, J., Chilcott, C., Moore, C., Speiser, G., and Tagg, J. (2006). A preliminary study of the effect of probiotic Streptococcus
salivarius K12 on oral malodour parameters. Journal of applied microbiology 100(4), 754-764.

Bickhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A., and Gordon, J.I. (2005). Host-bacterial mutualism in the human intestine.
science 307(5717), 1915-1920.

Cabiscol, E., Tamarit, J., and Ros, J. (2010). Oxidative stress in bacteria and protein damage by reactive oxygen species. International
Microbiology 3(1), 3-8.

Camilo, E., Zimmerman, J., Mason, J.B., Golner, B., Russell, R., Selhub, J., et al. (1996). Folate synthesized by bacteria in the human
upper small intestine is assimilated by the host. Gastroenterology 110(4), 991-998.

Canani, R.B., Sangwan, N., Stefka, A.T., Nocerino, R., Paparo, L., Aitoro, R., et al. (2015). Lactobacillus rhamnosus GG-supplemented
formula expands butyrate-producing bacterial strains in food allergic infants. The ISME journal 10(3), 742-750.

Canfora, E.E., Jocken, J.W., and Blaak, E.E. (2015). Short-chain fatty acids in control of body weight and insulin sensitivity. Nature
reviews. Endocrinology 11(10), 577.

Cash, H.L., Whitham, C.V., Behrendt, C.L., and Hooper, L.V. (2006). Symbiotic bacteria direct expression of an intestinal bactericidal
lectin. Science 313(5790), 1126-1130.

Cebula, A., Seweryn, M., Rempala, G.A., Pabla, S.S., McIndoe, R.A., Denning, T.L., et al. (2013). Thymus-derived regulatory T cells
control tolerance to commensal microbiota. Nature 497(7448), 258.

Chagnot, C., Listrat, A., Astruc, T., and Desvaux, M. (2012). Bacterial adhesion to animal tissues: protein determinants for recognition
of extracellular matrix components. Cellular microbiology 14(11), 1687-1696.

Chao, S.H., Tomii, Y., Sasamoto, M., Fujimoto, J., Tsai, Y.C., and Watanabe, K. (2008). Lactobacillus capillatus sp. nov., a motile
bacterium isolated from stinky tofu brine. International journal of systematic and evolutionary microbiology 58(11), 2555-
2559.

Chatzidaki-Livanis, M., Geva-Zatorsky, N., and Comstock, L.E. (2016). Bacteroides fragilis type VI secretion systems use novel
effector and immunity proteins to antagonize human gut Bacteroidales species. Proceedings of the National Academy of
Sciences, 201522510.

Chmielewska, A., and Szajewska, H. (2010). Systematic review of randomised controlled trials: probiotics for functional constipation.
World Journal of Gastroenterology 16(1), 69-75.

Christie, P.J. (2001). Type IV secretion: intercellular transfer of macromolecules by systems ancestrally related to conjugation machines.
Molecular microbiology 40(2), 294-305.

Cimperman, L., Bayless, G., Best, K., Diligente, A., Mordarski, B., Oster, M., et al. (2011). A randomized, double-blind, placebo-
controlled pilot study of Lactobacillus reuteri ATCC 55730 for the prevention of antibiotic-associated diarrhea in
hospitalized adults. Journal of clinical gastroenterology 45(9), 785-789.

Claesson, M.J., Cusack, S., O'Sullivan, O., Greene-Diniz, R., de Weerd, H., Flannery, E., et al. (2011). Composition, variability, and
temporal stability of the intestinal microbiota of the elderly. Proceedings of the National Academy of Sciences
108(Supplement 1), 4586-4591.

Claesson, M.J., Van Sinderen, D., and O'Toole, P.W. (2007). The genus Lactobacillus—a genomic basis for understanding its diversity.
FEMS microbiology letters 269(1), 22-28.

Claus, S.P., Ellero, S.L., Berger, B., Krause, L., Bruttin, A., Molina, J., et al. (2011). Colonization-induced host-gut microbial metabolic
interaction. MBio 2(2), €00271-00210.

Coconnier, M.H., Bernet, M.F., Kernéis, S., Chauviére, G., Fourniat, J., and Servin, A.L. (1993). Inhibition of adhesion of
enteroinvasive pathogens to human intestinal Caco-2 cells by Lactobacillus acidophilus strain LB decreases bacterial
invasion. FEMS Microbiology Letters 110(3), 299-305.

Collado, M.C., Meriluoto, J., and Salminen, S. (2007). In vitro analysis of probiotic strain combinations to inhibit pathogen adhesion
to human intestinal mucus. Food Research International 40(5), 629-636.

Costerton, J.W., Stewart, P.S., and Greenberg, E.P. (1999). Bacterial biofilms: a common cause of persistent infections. Science
284(5418), 1318-1322.

Cousin, F.J., Lynch, S.M., Harris, H.M., McCann, A., Lynch, D.B., Neville, B.A., et al. (2015). Detection and genomic characterization
of motility in Lactobacillus curvatus: confirmation of motility in a species outside the Lactobacillus salivarius clade. Applied
and environmental microbiology 81(4), 1297-1308.

Dani, C., Coviello, C., Corsini, 1., Arena, F., Antonelli, A., and Rossolini, G.M. (2016). Lactobacillus sepsis and probiotic therapy in
newborns: two new cases and literature review. American Journal of Perinatology Reports 6(01), €25-¢29.

Danne, C., and Dramsi, S. (2012). Pili of Gram-positive bacteria: roles in host colonization. Research in microbiology 163(9), 645-
658.

46



References

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J.B., Massart, S., et al. (2010). Impact of diet in shaping gut
microbiota revealed by a comparative study in children from Europe and rural Africa. Proceedings of the National Academy
of Sciences 107(33), 14691-14696.

De Ruyter, P., Kuipers, O.P., Beerthuyzen, M.M., van Alen-Boerrigter, I., and de Vos, W.M. (1996). Functional analysis of promoters
in the nisin gene cluster of Lactococcus lactis. Journal of bacteriology 178(12), 3434-3439.

Delcenserie, V., Martel, D., Lamoureux, M., Amiot, J., Boutin, Y., and Roy, D. (2008). Immunomodulatory effects of probiotics in the
intestinal tract. Current issues in molecular biology 10(1/2), 37.

den Besten, G., van Eunen, K., Groen, A.K., Venema, K., Reijngoud, D.J., and Bakker, B.M. (2013). The role of short-chain fatty acids
in the interplay between diet, gut microbiota, and host energy metabolism. Journal of lipid research 54(9), 2325-2340.

den Bogert, B.v., Erkus, O., Boekhorst, J., Goffau, M.d., Smid, E.J., Zoetendal, E.G., et al. (2013). Diversity of human small intestinal
Streptococcus and Veillonella populations. FEMS microbiology ecology 85(2), 376-388.

Dendukuri, N., Costa, V., McGregor, M., and Brophy, J.M. (2005). Probiotic therapy for the prevention and treatment of Clostridium
difficile-associated diarrhea: a systematic review. Canadian Medical Association Journal 173(2), 167-170.

Deriu, E., Liu, J.Z., Pezeshki, M., Edwards, R.A., Ochoa, R.J., Contreras, H., et al. (2013). Probiotic bacteria reduce Sal/monella
typhimurium intestinal colonization by competing for iron. Cell host & microbe 14(1), 26-37.

Desvaux, M., Dumas, E., Chafsey, I., and Hebraud, M. (2006). Protein cell surface display in Gram-positive bacteria: from single
protein to macromolecular protein structure. FEMS microbiology letters 256(1), 1-15.

Dethlefsen, L., Eckburg, P.B., Bik, E.M., and Relman, D.A. (2006). Assembly of the human intestinal microbiota. Trends in ecology
& evolution 21(9), 517-523.

Dicks, L., and Botes, M. (2009). Probiotic lactic acid bacteria in the gastro-intestinal tract: health benefits, safety and mode of action.
Beneficial Microbes 1(1), 11-29.

Dominguez-Bello, M.G., Costello, E.K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., et al. (2010). Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proceedings of the National
Academy of Sciences 107(26), 11971-11975.

Donato, K.A., Gareau, M.G., Wang, Y .J.J., and Sherman, P.M. (2010). Lactobacillus rhamnosus GG attenuates interferon-y and tumour
necrosis factor-a-induced barrier dysfunction and pro-inflammatory signalling. Microbiology 156(11), 3288-3297.
Donohoe, D.R., Garge, N., Zhang, X., Sun, W., O'Connell, T.M., Bunger, M.K., et al. (2011). The microbiome and butyrate regulate

energy metabolism and autophagy in the mammalian colon. Cell metabolism 13(5), 517-526.

Douillard, F.P., and de Vos, W.M. (2014). Functional genomics of lactic acid bacteria: from food to health. Microbial cell factories
13(1), S8.

Dowd, S.E., Sun, Y., Wolcott, R.D., Domingo, A., and Carroll, J.A. (2008). Bacterial tag—encoded FLX amplicon pyrosequencing
(bTEFAP) for microbiome studies: bacterial diversity in the ileum of newly weaned Salmonella-infected pigs. Foodborne
pathogens and disease 5(4), 459-472.

Eckburg, P.B., Bik, E.M., Bernstein, C.N., Purdom, E., Dethlefsen, L., Sargent, M., et al. (2005). Diversity of the human intestinal
microbial flora. Science 308(5728), 1635-1638.

Eisenbarth, S.C., and Flavell, R.A. (2009). Innate instruction of adaptive immunity revisited: the inflammasome. EMBO molecular
medicine 1(2), 92-98.

Endo, A., and Okada, S. (2005). Lactobacillus satsumensis sp. nov., isolated from mashes of shochu, a traditional Japanese distilled
spirit made from fermented rice and other starchy materials. International journal of systematic and evolutionary
microbiology 55(1), 83-85.

Fallani, M., Young, D., Scott, J., Norin, E., Amarri, S., Adam, R., et al. (2010). Intestinal microbiota of 6-week-old infants across
Europe: geographic influence beyond delivery mode, breast-feeding, and antibiotics. Journal of pediatric gastroenterology
and nutrition 51(1), 77-84.

Fang, F.C. (2004). Antimicrobial reactive oxygen and nitrogen species: concepts and controversies. Nature Reviews Microbiology
2(10), 820-832.

Fontenot, J.D., Gavin, M.A., and Rudensky, A.Y. (2003). Foxp3 programs the development and function of CD4+ CD25+ regulatory
T cells. Nature immunology 4(4), 330.

Forde, B.M., Neville, B.A., O’Donnell, M.M., Riboulet-Bisson, E., Claesson, M.J., Coghlan, A., et al. (2011). Genome sequences and
comparative genomics of two Lactobacillus ruminis strains from the bovine and human intestinal tracts. Microbial cell
factories 10(1), 1.

Forsyth, C.B., Farhadi, A., Jakate, S.M., Tang, Y., Shaikh, M., and Keshavarzian, A. (2009). Lactobacillus GG treatment ameliorates
alcohol-induced intestinal oxidative stress, gut leakiness, and liver injury in a rat model of alcoholic steatohepatitis. Alcohol
43(2), 163-172.

Foster, J.A., and Neufeld, K.A.M. (2013). Gut-brain axis: how the microbiome influences anxiety and depression. Trends in
neurosciences 36(5), 305-312.

Friedlander, R.S., Vlamakis, H., Kim, P., Khan, M., Kolter, R., and Aizenberg, J. (2013). Bacterial flagella explore microscale
hummocks and hollows to increase adhesion. Proceedings of the National Academy of Sciences 110(14), 5624-5629.

Fukuda, S., Toh, H., Hase, K., Oshima, K., Nakanishi, Y., Yoshimura, K., et al. (2011). Bifidobacteria can protect from
enteropathogenic infection through production of acetate. Nature 469(7331), 543-547.

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T.A., Nakato, G., Takahashi, D., et al. (2013). Commensal microbe-derived butyrate
induces the differentiation of colonic regulatory T cells. Nature 504(7480), 446-450.

Galli, S.J., Borregaard, N., and Wynn, T.A. (2011). Phenotypic and functional plasticity of cells of innate immunity: macrophages,
mast cells and neutrophils. Nature immunology 12(11), 1035.

Ganong, W.F. (1995). Review of medical physiology (12th edition). Appleton & Lange, Norwalk, CT, USA.

Gantois, ., Ducatelle, R., Pasmans, F., Haesebrouck, F., Hautefort, I., Thompson, A., et al. (2006). Butyrate specifically down-regulates
Salmonella pathogenicity island 1 gene expression. Applied and environmental microbiology 72(1), 946-949.

47



References

Gao, X.W., Mubasher, M., Fang, C.Y., Reifer, C., and Miller, L.E. (2010). Dose-response efficacy of a proprietary probiotic formula
of Lactobacillus acidophilus CL1285 and Lactobacillus casei LBC8OR for antibiotic-associated diarrhea and Clostridium
difficile-associated diarrhea prophylaxis in adult patients. The American journal of gastroenterology 105(7), 1636.

Geissmann, F., Manz, M.G., Jung, S., Sieweke, M.H., Merad, M., and Ley, K. (2010). Development of monocytes, macrophages, and
dendritic cells. Science 327(5966), 656-661.

Gensollen, T., Iyer, S.S., Kasper, D.L., and Blumberg, R.S. (2016). How colonization by microbiota in early life shapes the immune
system. Science 352(6285), 539-544.

Geva-Zatorsky, N., Sefik, E., Kua, L., Pasman, L., Tan, T.G., Ortiz-Lopez, A., et al. (2017). Mining the human gut microbiota for
immunomodulatory organisms. Cell 168(5), 928-943. e911.

Gewirtz, A.T., Navas, T.A., Lyons, S., Godowski, P.J., and Madara, J.L. (2001a). Cutting edge: bacterial flagellin activates
basolaterally expressed TLRS to induce epithelial proinflammatory gene expression. The Journal of Immunology 167(4),
1882-1885.

Gewirtz, A.T., Simon, P.O., Schmitt, C.K., Taylor, L.J., Hagedorn, C.H., O’Brien, A.D., et al. (2001b). Salmonella typhimurium
translocates flagellin across intestinal epithelia, inducing a proinflammatory response. The Journal of clinical investigation
107(1), 99-109.

Gewirtz, A.T., Yu, Y., Krishna, U.S., Israel, D.A., Lyons, S.L., and Peek, R.M. (2004). Helicobacter pylori flagellin evades toll-like
receptor 5-mediated innate immunity. Journal of Infectious Diseases 189(10), 1914-1920.

Goldin, B.R., and Gorbach, S.L. (1984). Alterations of the intestinal microflora by diet, oral antibiotics, and Lactobacillus: decreased
production of free amines from aromatic nitro compounds, azo dyes, and glucuronides. Journal of the National Cancer
Institute 73(3), 689-695.

Goldin, B.R., Gorbach, S.L., Saxelin, M., Barakat, S., Gualtieri, L., and Salminen, S. (1992). Survival of Lactobacillus species (strain
GG) in human gastrointestinal tract. Digestive diseases and sciences 37(1), 121-128.

Gorbach, S., Chang, T.W., and Goldin, B. (1987). Successful treatment of relapsing Clostridium difficile colitis with Lactobacillus GG.
The Lancet 330(8574), 1519.

Gordon, H.A., and Bruckner-Kardoss, E. (1961). Effect of normal microbial flora on intestinal surface area. American Journal of
Physiology--Legacy Content 201(1), 175-178.

Gordon, S., and Taylor, P.R. (2005). Monocyte and macrophage heterogeneity. Nature reviews. Immunology 5(12), 953.

Guarino, A., Vecchio, A.L., and Canani, R.B. (2009). Probiotics as prevention and treatment for diarrhea. Current opinion in
gastroenterology 25(1), 18-23.

Guarner, F., and Malagelada, J.R. (2003). Gut flora in health and disease. The Lancet 361(9356), 512-519.

Gueimonde, M., Jalonen, L., He, F., Hiramatsu, M., and Salminen, S. (2006). Adhesion and competitive inhibition and displacement
of human enteropathogens by selected lactobacilli. Food research international 39(4), 467-471.

Girtner, M.A., Bondzio, A., Braun, N., Jung, M., Einspanier, R., and Gabler, C. (2015). Detection and characterisation of Lactobacillus
spp. in the bovine uterus and their influence on bovine endometrial epithelial cells in vitro. PloS One 10(3), e0119793.

Hammes, W.P., and Vogel, R.F. (1995). The genus Lactobacillus. In: Wood, B.J.B and Holzapfel, W.H. (Eds.) The genera of lactic
acid bacteria. pp. 19-54. Blackie academic, London, UK.

Hancock, J., Desikan, R., and Neill, S. (2001). Role of reactive oxygen species in cell signalling pathways. Biochemical Society
Transactions 29, 345-350.

Hansson, M., Asea, A., Ersson, U., Hermodsson, S., and Hellstrand, K. (1996). Induction of apoptosis in NK cells by monocyte-derived
reactive oxygen metabolites. The Journal of Immunology 156(1), 42-47.

Hayashi, F., Smith, K.D., Ozinsky, A., Hawn, T.R., Eugene, C.Y., Goodlett, D.R., et al. (2001). The innate immune response to bacterial
flagellin is mediated by Toll-like receptor 5. Nature 410(6832), 1099-1103.

Hayday, A., Theodoridis, E., Ramsburg, E., and Shires, J. (2001). Intraepithelial lymphocytes: exploring the third way in immunology.
Nature immunology 2(11), 997-1003.

He, X., Zeng, Q., Puthiyakunnon, S., Zeng, Z., Yang, W., Qiu, J., et al. (2017). Lactobacillus rhamnosus GG supernatant enhance
neonatal resistance to systemic Escherichia coli K1 infection by accelerating development of intestinal defense. Scientific
Reports 7, 43305.

Hecht, A.L., Casterline, B.W., Earley, Z.M., Goo, Y.A., Goodlett, D.R., and Wardenburg, J.B. (2016). Strain competition restricts
colonization of an enteric pathogen and prevents colitis. EMBO reports 17(9), 1281-1291.

Hendrickx, A.P., Budzik, J.M., Oh, S.Y., and Schneewind, O. (2011). Architects at the bacterial surface-sortases and the assembly of
pili with isopeptide bonds. Nature Reviews Microbiology 9(3), 166-176.

Henneke, P., Dramsi, S., Mancuso, G., Chraibi, K., Pellegrini, E., Theilacker, C., et al. (2008). Lipoproteins are critical TLR2 activating
toxins in group B streptococcal sepsis. The Journal of Immunology 180(9), 6149-6158.

Hepworth, M.R., Fung, T.C., Masur, S.H., Kelsen, J.R., McConnell, F.M., Dubrot, J., et al. (2015). Group 3 innate lymphoid cells
mediate intestinal selection of commensal bacteria—specific CD4+ T cells. Science 348(6238), 1031-1035.

Hepworth, M.R., Monticelli, L.A., Fung, T.C., Ziegler, C.G., Grunberg, S., Sinha, R., et al. (2013). Innate lymphoid cells regulate
CD4+ T cell responses to intestinal commensal bacteria. Nature 498(7452), 113.

Hill, M. (1997). Intestinal flora and endogenous vitamin synthesis. European Journal of Cancer Prevention 6(2), S43-S45.

Hilleringmann, M., Giusti, F., Baudner, B.C., Masignani, V., Covacci, A., Rappuoli, R., et al. (2008). Pneumococcal pili are composed
of protofilaments exposing adhesive clusters of Rrg A. PLoS Pathogens 4(3), e1000026.

Hlivak, P., Odraska, J., Ferencik, M., Ebringer, L., Jahnova, E., and Mikes, Z. (2005). One-year application of probiotic strain
Enterococcus faecium M-74 decreases serum cholesterol levels. Bratisl Lek Listy 106(2), 67-72.

Hojsak, 1. (2017). Probiotics in Children: What Is the Evidence? Pediatric gastroenterology, hepatology & nutrition 20(3), 139-146.

Hojsak, I., Abdovi¢, S., Szajewska, H., Milosevi¢, M., Krznari¢, 7., and Kola&ek, S. (2010). Lactobacillus GG in the prevention of
nosocomial gastrointestinal and respiratory tract infections. Pediatrics 125(5), e1171-e1177.

Honda, K., and Littman, D.R. (2016). The microbiota in adaptive immune homeostasis and disease. Nature 535(7610), 75-84.

Hooper, L.V., and Gordon, J.I. (2001). Commensal host-bacterial relationships in the gut. Science 292(5519), 1115-1118.

48



References

Hooper, L.V., Littman, D.R., and Macpherson, A.J. (2012). Interactions between the microbiota and the immune system. Science
336(6086), 1268-1273.

Hooper, L.V., Wong, M.H., Thelin, A., Hansson, L., Falk, P.G., and Gordon, J.I. (2001). Molecular analysis of commensal host-
microbial relationships in the intestine. Science 291(5505), 881-884.

Hope, M.E., Hold, G.L., Kain, R., and El-Omar, E.M. (2005). Sporadic colorectal cancer-role of the commensal microbiota. FEMS
microbiology letters 244(1), 1-7.

Horvath, P., and Barrangou, R. (2010). CRISPR/Cas, the immune system of bacteria and archaea. Science 327(5962), 167-170.

Houry, A., Briandet, R., Aymerich, S., and Gohar, M. (2010). Involvement of motility and flagella in Bacillus cereus biofilm formation.
Microbiology 156(4), 1009-1018.

Hynénen, U., Kant, R., Lahteinen, T., Pietild, T.E., Beganovi¢, J., Smidt, H., et al. (2014). Functional characterization of probiotic
surface layer protein-carrying Lactobacillus amylovorus strains. BMC microbiology 14(1), 199.

Hormann, N., Branddo, 1., Jackel, S., Ens, N., Lillich, M., Walter, U., et al. (2014). Gut microbial colonization orchestrates TLR2
expression, signaling and epithelial proliferation in the small intestinal mucosa. PloS One 9(11), €e113080.

Im, J., Jeon, J.H., Cho, M.K., Woo, S.S., Kang, S.S., Yun, C.H., et al. (2009). Induction of IL-8 expression by bacterial flagellin is
mediated through lipid raft formation and intracellular TLRS activation in A549 cells. Molecular immunology 47(2), 614-
622.

Irisawa, T., and Okada, S. (2009). Lactobacillus sucicola sp. nov., a motile lactic acid bacterium isolated from oak tree (Quercus sp.)
sap. International journal of systematic and evolutionary microbiology 59(11), 2662-2665.

Isaacson, R., and Kim, H.B. (2012). The intestinal microbiome of the pig. Animal Health Research Reviews 13(01), 100-109.

Isolauri, E., Rautanen, T., Juntunen, M., Sillanaukee, P., and Koivula, T. (1991). A human Lactobacillus strain (Lactobacillus casei sp
strain GG) promotes recovery from acute diarrhea in children. Pediatrics 88(1), 90-97.

Ivanov, L1, Atarashi, K., Manel, N., Brodie, E.L., Shima, T., Karaoz, U., et al. (2009). Induction of intestinal Th17 cells by segmented
filamentous bacteria. Cell 139(3), 485-498.

Iwasaki, A., and Medzhitov, R. (2010). Regulation of adaptive immunity by the innate immune system. Science 327(5963), 291-295.

Johnson-Henry, K., Donato, K., Shen-Tu, G., Gordanpour, M., and Sherman, P. (2008). Lactobacillus rhamnosus strain GG prevents
enterohemorrhagic Escherichia coli O157: H7-induced changes in epithelial barrier function. Infection and Immunity 76(4),
1340-1348.

Jones, K.J., Perris, A.D., Vernallis, A.B., Worthington, T., Lambert, P.A., and Elliott, T.S. (2005). Induction of inflammatory cytokines
and nitric oxide in J774. 2 cells and murine macrophages by lipoteichoic acid and related cell wall antigens from
Staphylococcus epidermidis. Journal of medical microbiology 54(4), 315-321.

Jung, C., Hugot, J.P., and Barreau, F. (2010). Peyer's patches: the immune sensors of the intestine. International journal of inflammation
2010, 823710.

Kaila, M., Isolauri, E., Saxelin, M., Arvilommi, H., and Vesikari, T. (1995). Viable versus inactivated Lactobacillus strain GG in acute
rotavirus diarthoea. Archives of disease in childhood 72(1), 51-53.

Kainulainen, V., Tang, Y., Spillmann, T., Kilpinen, S., Reunanen, J., Saris, P.E., et al. (2015). The canine isolate Lactobacillus
acidophilus LAB20 adheres to intestinal epithelium and attenuates LPS-induced IL-8 secretion of enterocytes in vitro. BMC
microbiology 15(1), 1.

Kajikawa, A., Midorikawa, E., Masuda, K., Kondo, K., Irisawa, T., Igimi, S., et al. (2016). Characterization of flagellins isolated from
a highly motile strain of Lactobacillus agilis. BMC microbiology 16(1), 49.

Kallioméki, M., Salminen, S., Arvilommi, H., Kero, P., Koskinen, P., and Isolauri, E. (2001). Probiotics in primary prevention of atopic
disease: a randomised placebo-controlled trial. The Lancet 357(9262), 1076-1079.

Kallioméki, M., Salminen, S., Poussa, T., Arvilommi, H., and Isolauri, E. (2003). Probiotics and prevention of atopic disease: 4-year
follow-up of a randomised placebo-controlled trial. The Lancet 361(9372), 1869-1871.

Kamada, N., Chen, G.Y., Inohara, N., and Nuiiez, G. (2013). Control of pathogens and pathobionts by the gut microbiota. Nature
immunology 14(7), 685-690.

Kamada, N., Kim, Y.G., Sham, H.P., Vallance, B.A., Puente, J.L., Martens, E.C., et al. (2012). Regulated virulence controls the ability
of a pathogen to compete with the gut microbiota. Science 336(6086), 1325-1329.

Kamo, T., Akazawa, H., Suda, W., Saga-Kamo, A., Shimizu, Y., Yagi, H., et al. (2017). Dysbiosis and compositional alterations with
aging in the gut microbiota of patients with heart failure. PloS One 12(3), e0174099.

Kandler, O. (1983). Carbohydrate metabolism in lactic acid bacteria. Antonie van Leeuwenhoek 49(3), 209-224.

Kaneuchi, C., Seki, M., and Komagata, K. (1988). Taxonomic study of Lactobacillus mali Carr and Davis 1970 and related strains:
validation of Lactobacillus mali Carr and Davis 1970 over Lactobacillus yamanashiensis Nonomura 1983. International
Journal of Systematic and Evolutionary Microbiology 38(3), 269-272.

Kang, H.J., and Baker, E.N. (2012). Structure and assembly of Gram-positive bacterial pili: unique covalent polymers. Current opinion
in structural biology 22(2), 200-207.

Kang, J.Y., Lee, D.K., Ha, N.J., and Shin, H.S. (2015). Antiviral effects of Lactobacillus ruminis SPMO0211 and Bifidobacterium
longum SPM1205 and SPM1206 on rotavirus-infected Caco-2 cells and a neonatal mouse model. Journal of Microbiology
53(11), 796-803.

Kankainen, M., Paulin, L., Tynkkynen, S., von Ossowski, I., Reunanen, J., Partanen, P., et al. (2009). Comparative genomic analysis
of Lactobacillus rhamnosus GG reveals pili containing a human-mucus binding protein. Proceedings of the National
Academy of Sciences 106(40), 17193-17198.

Kanlder, O., and Weiss, N. (1986). Regular nonsporing Gram positive rods. Section 14 In: Garrity, G. (Ed) Bergey’s Manual of
Systematic Bacteriology. pp. 1208-1260. Springer, New York, USA.

Kant, R., Palva, A., and von Ossowski, I. (2017). An in silico pan-genomic probe for the molecular traits behind Lactobacillus ruminis
gut autochthony. PloS One 12(4), e0175541.

Kant, R., Rintahaka, J., Yu, X., Sigvart-Mattila, P., Paulin, L., Mecklin, J.P., et al. (2014). A comparative pan-genome perspective of
niche-adaptable cell-surface protein phenotypes in Lactobacillus rhamnosus. PloS One 9(7), €102762.

49



References

Karczewski, J., Troost, F.J., Konings, 1., Dekker, J., Kleerebezem, M., Brummer, R.-J.M., et al. (2010). Regulation of human epithelial
tight junction proteins by Lactobacillus plantarum in vivo and protective effects on the epithelial barrier. American Journal
of Physiology-Gastrointestinal and Liver Physiology 298(6), G851-G859.

Kassinen, A., Krogius-Kurikka, L., Miakivuokko, H., Rinttild, T., Paulin, L., Corander, J., et al. (2007). The fecal microbiota of irritable
bowel syndrome patients differs significantly from that of healthy subjects. Gastroenterology 133(1), 24-33.

Kawai, T., and Akira, S. (2007). Signaling to NF-kB by Toll-like receptors. Trends in molecular medicine 13(11), 460-469.

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nature
immunology 11(5), 373-384.

Kelsall, B. (2008). Recent progress in understanding the phenotype and function of intestinal dendritic cells and macrophages. Mucosal
immunology 1(6), 460-469.

Khailova, L., Baird, C.H., Rush, A.A., Barnes, C., and Wischmeyer, P.E. (2016). Lactobacillus rhamnosus GG treatment improves
intestinal permeability and modulates inflammatory response and homeostasis of spleen and colon in experimental model of
Pseudomonas aeruginosa pneumonia. Clinical Nutrition 36(6), 1549-1557.

Kim, H.B., and Isaacson, R.E. (2015). The pig gut microbial diversity: understanding the pig gut microbial ecology through the next
generation high throughput sequencing. Veterinary microbiology 177(3), 242-251.

Kitahara, K., and Suzuki, J. (1963). Sporolactobacillus nov. subgen. The Journal of General and Applied Microbiology 9(1), 59-71.

Konstantinov, S.R., Awati, A.A., Williams, B.A., Miller, B.G., Jones, P., Stokes, C.R., et al. (2006). Post-natal development of the
porcine microbiota composition and activities. Environmental Microbiology 8(7), 1191-1199.

Konstantinov, S.R., Smidt, H., de Vos, W.M., Bruijns, S.C., Singh, S.K., Valence, F., et al. (2008). S layer protein A of Lactobacillus
acidophilus NCFM regulates immature dendritic cell and T cell functions. Proceedings of the National Academy of Sciences
105(49), 19474-19479.

Korani, W.M., Dorrah, H.T., and Emara, H.M. (2009). Bacterial foraging oriented by particle swarm optimization strategy for PID
tuning. 2009 IEEE International Symposium on Computational Intelligence in Robotics and Automation (CIRA), 445-450.

Korpela, K., Salonen, A., Virta, L.J., Kumpu, M., Kekkonen, R.A., and De Vos, W.M. (2016). Lactobacillus rhamnosus GG intake
modifies preschool children’s intestinal microbiota, alleviates penicillin-associated changes, and reduces antibiotic use. PloS
One 11(4), e0154012.

Kostic, A.D., Xavier, R.J., and Gevers, D. (2014). The microbiome in inflammatory bowel disease: current status and the future ahead.
Gastroenterology 146(6), 1489-1499.

Kruis, W., Schiitz, E., Fric, P., Fixa, B., Judmaier, G., and Stolte, M. (1997). Double-blind comparison of an oral Escherichia coli
preparation and mesalazine in maintaining remission of ulcerative colitis. Alimentary pharmacology & therapeutics 11(5),
853-858.

Kumar, A., Wu, H., Collier-Hyams, L.S., Kwon, Y.M., Hanson, J.M., and Neish, A.S. (2009). The bacterial fermentation product
butyrate influences epithelial signaling via reactive oxygen species-mediated changes in cullin-1 neddylation. The Journal
of Immunology 182(1), 538-546.

Kumar, A., Wu, H., Collier-Hyams, L.S., Hansen, J.M., Li, T., Yamoah, K., et al. (2007). Commensal bacteria modulate cullin-
dependent signaling via generation of reactive oxygen species. The EMBO journal 26(21), 4457-4466.

Kunz, AN., Noel, J.M., and Fairchok, M.P. (2004). Two cases of Lactobacillus bacteremia during probiotic treatment of short gut
syndrome. Journal of pediatric gastroenterology and nutrition 38(4), 457-458.

Lamendella, R., Santo Domingo, J.W., Ghosh, S., Martinson, J., and Oerther, D.B. (2011). Comparative fecal metagenomics unveils
unique functional capacity of the swine gut. BMC microbiology 11(1), 103.

Land, M.H., Rouster-Stevens, K., Woods, C.R., Cannon, M.L., Cnota, J., and Shetty, A.K. (2005). Lactobacillus sepsis associated with
probiotic therapy. Pediatrics 115(1), 178-181.

Langston, C., Gutierrez, J., and Bouma, C. (1960). Motile enterococci (Streptococcus faecium var. mobilis var. n.) isolated from grass
silage. Journal of bacteriology 80(5), 714.

Lathrop, S.K., Bloom, S.M., Rao, S.M., Nutsch, K., Lio, C.W., Santacruz, N., et al. (2011). Peripheral education of the immune system
by colonic commensal microbiota. Nature 478(7368), 250.

Lauer, P., Rinaudo, C.D., Soriani, M., Margarit, 1., Maione, D., Rosini, R., et al. (2005). Genome analysis reveals pili in Group B
Streptococcus. Science 309(5731), 105-105.

Lawley, B., Sims, .M., and Tannock, G.W. (2013). Whole-transcriptome shotgun sequencing (RNA-seq) screen reveals upregulation
of cellobiose and motility operons of Lactobacillus ruminis L5 during Growth on Tetrasaccharides Derived from Barley -
Glucan. Applied and environmental microbiology 79(18), 5661-5669.

Lawley, T.D., Clare, S., Walker, A.W., Goulding, D., Stabler, R.A., Croucher, N., et al. (2009). Antibiotic treatment of Clostridium
difficile carrier mice triggers a supershedder state, spore-mediated transmission, and severe disease in immunocompromised
hosts. Infection and immunity 77(9), 3661-3669.

Lebeer, S., Claes, L., Tytgat, H.L., Verhoeven, T.L., Marien, E., von Ossowski, L., et al. (2012). Functional analysis of Lactobacillus
rhamnosus GG pili in relation to adhesion and immunomodulatory interactions with intestinal epithelial cells. Applied and
environmental microbiology 78(1), 185-193.

Lebeer, S., Claes, 1.J., Verhoeven, T.L., Vanderleyden, J., and De Keersmaecker, S.C. (2011). Exopolysaccharides of Lactobacillus
rhamnosus GG form a protective shield against innate immune factors in the intestine. Microbial biotechnology 4(3), 368-
374.

Lebeer, S., Vanderleyden, J., and De Keersmaecker, S.C. (2008). Genes and molecules of lactobacilli supporting probiotic action.
Microbiology and Molecular Biology Reviews 72(4), 728-764.

Lebeer, S., Verhoeven, T.L., Francius, G., Schoofs, G., Lambrichts, 1., Dufréne, Y., et al. (2009). Identification of a gene cluster for
the biosynthesis of a long, galactose-rich exopolysaccharide in Lactobacillus rhamnosus GG and functional analysis of the
priming glycosyltransferase. Applied and environmental microbiology 75(11), 3554-3563.

LeBlanc, J.G., Milani, C., de Giori, G.S., Sesma, F., Van Sinderen, D., and Ventura, M. (2013). Bacteria as vitamin suppliers to their
host: a gut microbiota perspective. Current opinion in biotechnology 24(2), 160-168.

50



References

Lee, J., Mo, J.H., Katakura, K., Alkalay, I., Rucker, AN, Liu, Y.T., et al. (2006). Maintenance of colonic homeostasis by distinctive
apical TLRO signalling in intestinal epithelial cells. Nature cell biology 8(12), 1327-1336.

Lee, S., Cho, Y.J,, Lee, AH., Chun, J., Ha, N.J., and Ko, G. (2011). Genome sequence of Lactobacillus ruminis SPM0211, isolated
from a fecal sample from a healthy Korean. Journal of bacteriology 193(18), 5034-5034.

Lee, Y.K., Puong, K.Y., Ouwehand, A.C., and Salminen, S. (2003). Displacement of bacterial pathogens from mucus and Caco-2 cell
surface by lactobacilli. Journal of medical microbiology 52(10), 925-930.

Leifson, E. (1951). Staining, shape, and arrangement of bacterial flagella. Journal of bacteriology 62(4), 377.

Lemon, K.P., Higgins, D.E., and Kolter, R. (2007). Flagellar motility is critical for Listeria monocytogenes biofilm formation. Journal
of Bacteriology 189(12), 4418-4424.

Lerche, M., and Reuter, G. (1960). Contribution to the technique of isolation and differentiation of the aerobic "Lactobacilli" (Genus
Beijerinck). Zentralblatt fur Bakteriologie, Parasitenkunde, Infektionskrankheiten und Hygiene, Abt. I (Originale) 179(3),
354-370.

Leser, T.D., Amenuvor, J.Z., Jensen, T.K., Lindecrona, R.H., Boye, M., and Moller, K. (2002). Culture-independent analysis of gut
bacteria: the pig gastrointestinal tract microbiota revisited. Applied and Environmental Microbiology 68(2), 673-690.

Levy, M., Kolodziejezyk, A.A., Thaiss, C.A., and Elinav, E. (2017). Dysbiosis and the immune system. Nature Reviews Immunology
17(4), 219-232.

Ley, R.E., Peterson, D.A., and Gordon, J.I. (2006a). Ecological and evolutionary forces shaping microbial diversity in the human
intestine. Cell 124(4), 837-848.

Ley, R.E., Turnbaugh, P.J., Klein, S., and Gordon, J.I. (2006b). Microbial ecology: human gut microbes associated with obesity. Nature
444(7122), 1022.

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., et al. (2014). An integrated catalog of reference genes in the human gut
microbiome. Nature biotechnology 32(8), 834-841.

Lin, H.C., Su, B.H., Chen, A.C., Lin, T.W., Tsai, C.H., Yeh, T.F., et al. (2005). Oral probiotics reduce the incidence and severity of
necrotizing enterocolitis in very low birth weight infants. Pediatrics 115(1), 1-4.

Lindner, C., Thomsen, I., Wahl, B., Ugur, M., Sethi, M.K., Friedrichsen, M., et al. (2015). Diversification of memory B cells drives
the continuous adaptation of secretory antibodies to gut microbiota. Nature immunology 16(8), 880.

Lionetti, E., Miniello, V., Castellaneta, S., Magista, A., De Canio, A., Maurogiovanni, G., et al. (2006). Lactobacillus reuteri therapy
to reduce side-effects during anti-Helicobacter pylori treatment in children: a randomized placebo controlled trial. Alimentary
pharmacology & therapeutics 24(10), 1461-1468.

Liu, H.Y., Roos, S., Jonsson, H., Ahl, D., Dicksved, J., Lindberg, J.E., et al. (2015). Effects of Lactobacillus johnsonii and Lactobacillus
reuteri on gut barrier function and heat shock proteins in intestinal porcine epithelial cells. Physiological reports 3(4), e12355.

Loh, G., Eberhard, M., Brunner, R.M., Hennig, U., Kuhla, S., Kleessen, B., et al. (2006). Inulin alters the intestinal microbiota and
short-chain fatty acid concentrations in growing pigs regardless of their basal diet. The Journal of nutrition 136(5), 1198-
1202.

Looft, T., Allen, H.K., Cantarel, B.L., Levine, U.Y., Bayles, D.O., Alt, D.P., et al. (2014). Bacteria, phages and pigs: the effects of in-
feed antibiotics on the microbiome at different gut locations. The ISME journal 8(8), 1566-1576.

Looft, T., Johnson, T.A., Allen, H.K., Bayles, D.O., Alt, D.P., Stedtfeld, R.D., et al. (2012). In-feed antibiotic effects on the swine
intestinal microbiome. Proceedings of the National Academy of Sciences 109(5), 1691-1696.

Louis, P., Hold, G.L., and Flint, H.J. (2014). The gut microbiota, bacterial metabolites and colorectal cancer. Nature Reviews
Microbiology 12(10), 661-672.

Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K., and Knight, R. (2012). Diversity, stability and resilience of the human
gut microbiota. Nature 489(7415), 220-230.

Léhteinen, T., Malinen, E., Koort, J.M., Mertaniemi-Hannus, U., Hankimo, T., Karikoski, N., et al. (2010). Probiotic properties of
Lactobacillus isolates originating from porcine intestine and feces. Anaerobe 16(3), 293-300.

Macfarlane, S., and Macfarlane, G.T. (2003). Regulation of short-chain fatty acid production. Proceedings of the Nutrition Society
62(01), 67-72.

Macnab, R.M. (2003). How bacteria assemble flagella. Annual Reviews in Microbiology 57(1), 77-100.

Macpherson, A.J., Gatto, D., Sainsbury, E., Harriman, G.R., Hengartner, H., and Zinkernagel, R.M. (2000). A primitive T cell-
independent mechanism of intestinal mucosal IgA responses to commensal bacteria. Science 288(5474), 2222-2226.

Macpherson, A.J., and Harris, N.L. (2004). Interactions between commensal intestinal bacteria and the immune system. Nature Reviews
Immunology 4(6), 478-485.

Macpherson, A.J., and Smith, K. (2006). Mesenteric lymph nodes at the center of immune anatomy. Journal of Experimental Medicine
203(3), 497-500.

Macpherson, A.J., and Uhr, T. (2004). Induction of protective IgA by intestinal dendritic cells carrying commensal bacteria. Science
303(5664), 1662-1665.

Mahajan, A., Currie, C.G., Mackie, S., Tree, J., McAteer, S., McKendrick, I., et al. (2009). An investigation of the expression and
adhesin function of H7 flagella in the interaction of Escherichia coli O157: H7 with bovine intestinal epithelium. Cellular
microbiology 11(1), 121-137.

Majamaa, H., and Isolauri, E. (1997). Probiotics: a novel approach in the management of food allergy. Journal of Allergy and Clinical
Immunology 99(2), 179-185.

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., Koonin, E., et al. (2006). Comparative genomics of the lactic acid
bacteria. Proceedings of the National Academy of Sciences 103(42), 15611-15616.

Mandlik, A., Das, A., and Ton-That, H. (2008a). The molecular switch that activates the cell wall anchoring step of pilus assembly in
Gram-positive bacteria. Proceedings of the National Academy of Sciences 105(37), 14147-14152.

Mandlik, A., Swierczynski, A., Das, A., and Ton-That, H. (2008b). Pili in Gram-positive bacteria: assembly, involvement in
colonization and biofilm development. Trends in microbiology 16(1), 33-40.

51



References

Mane, J., Pedrosa, E., Lorén, V., Gassull, M., Espadaler, J., Cune, J., et al. (2011). A mixture of Lactobacillus plantarum CECT 7315
and CECT 7316 enhances systemic immunity in elderly subjects. a dose-response, double-blind, placebo-controlled,
randomized pilot trial. Nutricion hospitalaria 26(1).

Maiies-Lazaro, R., Ferrer, S., Rossello-Mora, R., and Pardo, I. (2008). Lactobacillus uvarum sp. nov.—a new lactic acid bacterium
isolated from Spanish Bobal grape must. Systematic and applied microbiology 31(6), 425-433.

Maiies-Lazaro, R., Ferrer, S., Rossello-Mora, R., and Pardo, 1. (2009a). Lactobacillus oeni sp. nov., from wine. International journal
of systematic and evolutionary microbiology 59(8), 2010-2014.

Maies-Lazaro, R., Song, J., Pardo, 1., Cho, J.C., and Ferrer, S. (2009b). Lactobacillus aquaticus sp. nov., isolated from a Korean
freshwater pond. International journal of systematic and evolutionary microbiology 59(9), 2215-2218.

Mardinoglu, A., Boren, J., and Smith, U. (2016). Confounding effects of metformin on the human gut microbiome in type 2 diabetes.
Cell metabolism 23(1), 10-12.

Mariat, D., Firmesse, O., Levenez, F., Guimarées, V., Sokol, H., Dor¢, J., et al. (2009). The Firmicutes/Bacteroidetes ratio of the human
microbiota changes with age. BMC microbiology 9(1), 123.

Matsuoka, K., and Kanai, T. (2015). The gut microbiota and inflammatory bowel disease. In Seminars in immunopathology. pp. 47-
55. Springer, Berlin Heidelberg.

McGroarty, J.A. (1994). Cell surface appendages of lactobacilli. FEMS microbiology letters 124(3), 405-409.

Medellin-Pena, M.J., and Griffiths, M.W. (2009). Effect of molecules secreted by Lactobacillus acidophilus strain La-5 on Escherichia
coli O157: H7 colonization. Applied and environmental microbiology 75(4), 1165-1172.

Mirpuri, J., Sotnikov, I., Myers, L., Denning, T.L., Yarovinsky, F., Parkos, C.A., et al. (2012). Lactobacillus rhamnosus (LGG)
regulates IL-10 signaling in the developing murine colon through upregulation of the IL-10R2 receptor subunit. PLoS One
7(12), €51955.

Mishra, A., Das, A., Cisar, J.O., and Ton-That, H. (2007). Sortase-catalyzed assembly of distinct heteromeric fimbriae in Actinomyces
naeslundii. Journal of bacteriology 189(8), 3156-3165.

Mochizuki, S., and Makita, T. (1998). Differences in intestinal length between specific-pathogen-free (SPF) and conventional swine.
Journal of veterinary medical science 60(5), 545-548.

Morgan, X.C., Tickle, T.L., Sokol, H., Gevers, D., Devaney, K.L., Ward, D.V., et al. (2012). Dysfunction of the intestinal microbiome
in inflammatory bowel disease and treatment. Genome biology 13(9), R79.

Mortha, A., Chudnovskiy, A., Hashimoto, D., Bogunovic, M., Spencer, S.P., Belkaid, Y., et al. (2014). Microbiota-dependent crosstalk
between macrophages and ILC3 promotes intestinal homeostasis. Science 343(6178), 1249288.

Motherway, M.O.C., Zomer, A., Leahy, S.C., Reunanen, J., Bottacini, F., Claesson, M.J., et al. (2011). Functional genome analysis of
Bifidobacterium breve UCC2003 reveals type IVb tight adherence (Tad) pili as an essential and conserved host-colonization
factor. Proceedings of the National Academy of Sciences 108(27), 11217-11222.

Mowat, A.M. (2003). Anatomical basis of tolerance and immunity to intestinal antigens. Nature Reviews Immunology 3(4), 331-341.

Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L., Midtvedt, T., et al. (2006). Differences in fecal microbiota in different
European study populations in relation to age, gender, and country: a cross-sectional study. Applied and environmental
microbiology 72(2), 1027-1033.

Muiioz-Provencio, D., Rodriguez-Diaz, J., Collado, M.C., Langella, P., Bermidez-Humaran, L.G., and Monedero, V. (2012).
Functional analysis of the Lactobacillus casei BL23 sortases. Applied and environmental microbiology 78(24), 8684-8693.

Murphy, K., Travers , P., and Walport, M. (2008). Janeway's immunobiology, Tth edition. Garland science, Taylor & Francis group,
LLC, New York, USA.

Nagler-Anderson, C. (2001). Man the barrier! Strategic defences in the intestinal mucosa. Nature reviews immunology 1(1), 59-67.

Nathan, C., and Cunningham-Bussel, A. (2013). Beyond oxidative stress: an immunologist's guide to reactive oxygen species. Nature
Reviews Immunology 13(5), 349-361.

Nava, G.M., and Stappenbeck, T.S. (2011). Diversity of the autochthonous colonic microbiota. Gut microbes 2(2), 99-104.

Neville, B., and O'Toole, P. (2010). Probiotic properties of Lactobacillus salivarius and closely related Lactobacillus species. Future
Microbiology 5(5), 759-774.

Neville, B.A., Forde, B.M., Claesson, M.J., Darby, T., Coghlan, A., Nally, K., et al. (2012). Characterization of pro-inflammatory
flagellin proteins produced by Lactobacillus ruminis and related motile lactobacilli. PLoS One 7(7), e40592.

Niccoli, A.A., Artesi, A.L., Candio, F., Ceccarelli, S., Cozzali, R., Ferraro, L., et al. (2014). Preliminary results on clinical effects of
probiotic Lactobacillus salivarius 1LSO01 in children affected by atopic dermatitis. Journal of clinical gastroenterology 48,
S34-S36.

Nicholson, W.L., Zhalnina, K., de Oliveira, R.R., and Triplett, E.-W. (2015). Proposal to rename Carnobacterium inhibens as
Carnobacterium inhibens subsp. inhibens subsp. nov. and description of Carnobacterium inhibens subsp. gilichinskyi subsp.
nov., a psychrotolerant bacterium isolated from Siberian permafrost. International journal of systematic and evolutionary
microbiology 65(2), 556-561.

Niedzielin, K., Kordecki, H., and ena Birkenfeld, B. (2001). A controlled, double-blind, randomized study on the efficacy of
Lactobacillus plantarum 299V in patients with irritable bowel syndrome. European journal of gastroenterology &
hepatology 13(10), 1143-1147.

Nielsen, D.S., Schillinger, U., Franz, C.M., Bresciani, J., Amoa-Awua, W., Holzapfel, W.H., et al. (2007). Lactobacillus ghanensis sp.
nov., a motile lactic acid bacterium isolated from Ghanaian cocoa fermentations. International journal of systematic and
evolutionary microbiology 57(7), 1468-1472.

Niu, Q., Li, P., Hao, S., Zhang, Y., Kim, S.W., Li, H., et al. (2015). Dynamic distribution of the gut microbiota and the relationship
with apparent crude fiber digestibility and growth stages in pigs. Scientific reports 5, 9938.

Nise, L., Hatakka, K., Savilahti, E., Saxelin, M., Ponké, A., Poussa, T., et al. (2001). Effect of long—term consumption of a probiotic
bacterium, Lactobacillus rhamnosus GG, in milk on dental caries and caries risk in children. Caries research 35(6), 412-420.

O'Hara, A.M., and Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO reports 7(7), 688-693.

52



References

O'keefe, S.J. (2016). Diet, microorganisms and their metabolites, and colon cancer. Nature Reviews Gastroenterology & Hepatology
13(12), 691-706.

O'Toole, G., Kaplan, H.B., and Kolter, R. (2000). Biofilm formation as microbial development. Annual Reviews in Microbiology 54(1),
49-79.

O’Donnell, M.M., Forde, B.M., Neville, B, Ross, P.R., and O’Toole, P.W. (2011). Carbohydrate catabolic flexibility in the mammalian
intestinal commensal Lactobacillus ruminis revealed by fermentation studies aligned to genome annotations. Microbial cell
factories 10(1), S12.

O’Donnell, M.M., Harris, H.M.B., Lynch, D.B., Ross, R.P., and O’Toole, P.W. (2015). Lactobacillus ruminis strains cluster according
to their mammalian gut source. BMC microbiology 15(1), 80.

Odamaki, T., Kato, K., Sugahara, H., Hashikura, N., Takahashi, S., Xiao, J.z., et al. (2016). Age-related changes in gut microbiota
composition from newborn to centenarian: a cross-sectional study. BMC microbiology 16(1), 90.

Ooi, L.G., and Liong, M.T. (2010). Cholesterol-lowering effects of probiotics and prebiotics: a review of in vivo and in vitro findings.
International journal of molecular sciences 11(6), 2499-2522.

Ottemann, K.M., and Lowenthal, A.C. (2002). Helicobacter pylori uses motility for initial colonization and to attain robust infection.
Infection and immunity 70(4), 1984-1990.

Ottemann, K.M., and Miller, J.F. (1997). Roles for motility in bacterial-host interactions. Molecular microbiology 24(6), 1109-1117.

Ouwehand, A.C., and Salminen, S. (2003). /n vitro adhesion assays for probiotics and their in vivo relevance: a review. Microbial
ecology in health and disease 15(4), 175-184.

Ouwehand, A.C., Salminen, S., and Isolauri, E. (2002). Probiotics: an overview of beneficial effects. Antonie Van Leeuwenhoek, 82(1-
4), 279-289.

Ouwehand, A.C., Tiihonen, K., Saarinen, M., Putaala, H., and Rautonen, N. (2008). Influence of a combination of Lactobacillus
acidophilus NCFM and lactitol on healthy elderly: intestinal and immune parameters. British Journal of Nutrition 101(3),
367-375.

Ouwehand, A.C., and Vesterlund, S. (2004). Antimicrobial components from lactic acid bacteria. In: Salminen, S., von Wright, A.,
and Ouwehand, A.C. (Eds.) Lactic acid bacteria: microbiological and functional aspects (3rd edition). pp. 375-395. Marcel
Dekker Inc, New York, USA.

Oxaran, V., Ledue-Clier, F., Dieye, Y., Herry, .M., Péchoux, C., Meylheuc, T., et al. (2012). Pilus biogenesis in Lactococcus lactis:
molecular characterization and role in aggregation and biofilm formation. PLoS One 7(12), €50989.

Palmer, C., Bik, E.M., DiGiulio, D.B., Relman, D.A., and Brown, P.O. (2007). Development of the human infant intestinal microbiota.
PLoS biology 5(7), e177.

Park, J., Kim, M., Kang, S.G., Jannasch, A.H., Cooper, B., Patterson, J., et al. (2015). Short-chain fatty acids induce both effector and
regulatory T cells by suppression of histone deacetylases and regulation of the mTOR-S6K pathway. Mucosal immunology
8(1), 80-93.

Parsek, M.R., and Singh, P.K. (2003). Bacterial biofilms: an emerging link to disease pathogenesis. Annual Reviews in Microbiology
57(1), 677-701.

Pedersen, N., Andersen, N.N., Végh, Z., Jensen, L., Ankersen, D.V., Felding, M., et al. (2014). Ehealth: low FODMAP diet vs
Lactobacillus rhamnosus GG in irritable bowel syndrome. World Journal of Gastroenterology: WJG 20(43), 16215-16226.

Peldan, P., Kukkonen, A K., Savilahti, E., and Kuitunen, M. (2017). Perinatal probiotics decreased eczema up to 10 years of age, but
at 5-10 years, allergic rhino-conjunctivitis was increased. Clinical & Experimental Allergy 47(7), 975-979.

Pelucchi, C., Chatenoud, L., Turati, F., Galeone, C., Moja, L., Bach, J.F., et al. (2012). Probiotics supplementation during pregnancy
or infancy for the prevention of atopic dermatitis: a meta-analysis. Epidemiology 23(3), 402-414.

Penders, J., Thijs, C., Vink, C., Stelma, F.F., Snijders, B., Kummeling, I., et al. (2006). Factors influencing the composition of the
intestinal microbiota in early infancy. Pediatrics 118(2), 511-521.

Peng, L., Li, Z.R., Green, R.S., Holzman, I.R., and Lin, J. (2009). Butyrate enhances the intestinal barrier by facilitating tight junction
assembly via activation of AMP-activated protein kinase in Caco-2 cell monolayers. The Journal of nutrition 139(9), 1619-

1625.

Perdigon, G., Galdeano, C.M., Valdez, J., and Medici, M. (2002). Interaction of lactic acid bacteria with the gut immune system.
European journal of clinical nutrition 56(n4s), S21.

Perez-Lopez, A., Behnsen, J., Nuccio, S.P., and Raffatellu, M. (2016). Mucosal immunity to pathogenic intestinal bacteria. Nature
Reviews Immunology 16(3), 135-148.

Peterson, D.A., McNulty, N.P., Guruge, J.L., and Gordon, J.I. (2007). IgA response to symbiotic bacteria as a mediator of gut
homeostasis. Cell host & microbe 2(5), 328-339.

Peterson, L.W., and Artis, D. (2014). Intestinal epithelial cells: regulators of barrier function and immune homeostasis. Nature Reviews
Immunology 14(3), 141-153.

Petri, D., Hill, J., and Van Kessel, A. (2010). Microbial succession in the gastrointestinal tract (GIT) of the preweaned pig. Livestock
Science 133(1), 107-109.

Pollard, A.J., Perrett, K.P., and Beverley, P.C. (2009). Maintaining protection against invasive bacteria with protein—polysaccharide
conjugate vaccines. Nature Reviews Immunology 9(3), 213-220.

Pond, W.G., and Houpt, K.A. (1978). The biology of the pig. Comell University Press.

Pridmore, R.D., Berger, B., Desiere, F., Vilanova, D., Barretto, C., Pittet, A.C., et al. (2004). The genome sequence of the probiotic
intestinal bacterium Lactobacillus johnsonii NCC 533. Proceedings of the National Academy of Sciences of the United States
of America 101(8), 2512-2517.

Proft, T., and Baker, E. (2009). Pili in Gram-negative and Gram-positive bacteria—structure, assembly and their role in disease. Cellular
and molecular life sciences 66(4), 613-635.

Pryde, S.E., Richardson, A.J., Stewart, C.S., and Flint, H.J. (1999). Molecular analysis of the microbial diversity present in the colonic
wall, colonic lumen, and cecal lumen of a pig. Applied and environmental microbiology 65(12), 5372-5377.

53



References

Qin, H., Zhang, Z., Hang, X., and Jiang, Y. (2009). Lactobacillus plantarum prevents enteroinvasive Escherichia coli-induced tight
junction proteins changes in intestinal epithelial cells. BMC microbiology 9(1), 1.

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established
by metagenomic sequencing. Nature 464(7285), 59-65.

Quigley, B.R., Hatkoff, M., Thanassi, D.G., Ouattara, M., Eichenbaum, Z., and Scott, J.R. (2010). A foreign protein incorporated on
the Tip of T3 pili in Lactococcus lactis elicits systemic and mucosal immunity. Infection and immunity 78(3), 1294-1303.

Raftis, E.J., Salvetti, E., Torriani, S., Felis, G.E., and O'Toole, P.W. (2011). Genomic diversity of Lactobacillus salivarius. Applied
and environmental microbiology 77(3), 954-965.

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., and Medzhitov, R. (2004). Recognition of commensal microflora by
toll-like receptors is required for intestinal homeostasis. Cell 118(2), 229-241.

Ramos, H.C., Rumbo, M., and Sirard, J.C. (2004). Bacterial flagellins: mediators of pathogenicity and host immune responses in
mucosa. Trends in microbiology 12(11), 509-517.

Rea, M.C,, Sit, C.S., Clayton, E., O'Connor, P.M., Whittal, R.M., Zheng, J., et al. (2010). Thuricin CD, a posttranslationally modified
bacteriocin with a narrow spectrum of activity against Clostridium difficile. Proceedings of the National Academy of Sciences
107(20), 9352-9357.

Reizis, B., Bunin, A., Ghosh, H.S., Lewis, K.L., and Sisirak, V. (2011). Plasmacytoid dendritic cells: recent progress and open questions.
Annual review of immunology 29, 163-183.

Rendoén, M.a.A., Saldafia, Z., Erdem, A.L., Monteiro-Neto, V., Vazquez, A., Kaper, J.B., et al. (2007). Commensal and pathogenic
Escherichia coli use a common pilus adherence factor for epithelial cell colonization. Proceedings of the National Academy
of Sciences 104(25), 10637-10642.

Reunanen, J., von Ossowski, 1., Hendrickx, A.P., Palva, A., and de Vos, W.M. (2012). Characterization of the SpaCBA pilus fibers in
the probiotic Lactobacillus rhamnosus GG. Applied and environmental microbiology 78(7), 2337-2344.

Reuter, G. (2001). The Lactobacillus and Bifidobacterium microflora of the human intestine: composition and succession. Current
issues in intestinal microbiology 2(2), 43-53.

Ridwan, B., Koning, C., Besselink, M., Timmerman, H., Brouwer, E., Verhoef, J., et al. (2008). Antimicrobial activity of a multispecies
probiotic (Ecologic 641) against pathogens isolated from infected pancreatic necrosis. Letters in applied microbiology 46(1),
61-67.

Ringel, Y., Ringel-Kulka, T., Maier, D., Carroll, I., Galanko, J.A., Leyer, G., et al. (2011). Clinical trial: probiotic bacteria Lactobacillus
acidophilus NCFM and Bifidobacterium lactis Bi-07 versus placebo for the symptoms of bloating in patients with functional
bowel disorders-a double-blind study. Journal of clinical gastroenterology 45(6), 518.

Robinson, I.M., Whipp, S.C., Bucklin, J.A., and Allison, M.J. (1984). Characterization of predominant bacteria from the colons of
normal and dysenteric pigs. Applied and environmental microbiology 48(5), 964-969.

Rodas, A.M., Chenoll, E., Macian, M.C., Ferrer, S., Pardo, 1., and Aznar, R. (2006). Lactobacillus vini sp. nov., a wine lactic acid
bacterium homofermentative for pentoses. International journal of systematic and evolutionary microbiology 56(3), 513-517.

Roessler, A., Friedrich, U., Vogelsang, H., Bauer, A., Kaatz, M., Hipler, U., et al. (2008). The immune system in healthy adults and
patients with atopic dermatitis seems to be affected differently by a probiotic intervention. Clinical & Experimental Allergy
38(1), 93-102.

Rolhion, N., and Chassaing, B. (2016). When pathogenic bacteria meet the intestinal microbiota. Philosophical transactions of the
royal society B 371(1707).

Roselli, M., Finamore, A., Britti, M.S., Konstantinov, S.R., Smidt, H., de Vos, W.M,, et al. (2007). The novel porcine Lactobacillus
sobrius strain protects intestinal cells from enterotoxigenic Escherichia coli K88 infection and prevents membrane barrier
damage. The Journal of nutrition 137(12), 2709-2716.

Roselli, M., Finamore, A., Britti, M.S., and Mengheri, E. (2006). Probiotic bacteria Bifidobacterium animalis MB5 and Lactobacillus
rhamnosus GG protect intestinal Caco-2 cells from the inflammation-associated response induced by enterotoxigenic
Escherichia coli K88. British Journal of Nutrition 95(06), 1177-1184.

Roselli, M., Finamore, A., Hynonen, U., Palva, A., and Mengheri, E. (2016). Differential protection by cell wall components of
Lactobacillus amylovorus DSM 16698 T against alterations of membrane barrier and NF-kB activation induced by
enterotoxigenic F4+ Escherichia coli on intestinal cells. BMC microbiology 16(1), 226.

Rossez, Y., Wolfson, E.B., Holmes, A., Gally, D.L., and Holden, N.J. (2015). Bacterial flagella: twist and stick, or dodge across the
kingdoms. PLoS pathogens 11(1), e1004483.

Rossi, M., Martinez-Martinez, D., Amaretti, A., Ulrici, A., Raimondi, S., and Moya, A. (2016). Mining metagenomic whole genome
sequences revealed subdominant but constant Lactobacillus population in the human gut microbiota. Environmental
microbiology reports 8(3), 399-406.

Round, J.L., and Mazmanian, S.K. (2009). The gut microbiota shapes intestinal immune responses during health and disease. Nature
Reviews Immunology 9(5), 313-323.

Round, J.L., and Mazmanian, S.K. (2010). Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal
microbiota. Proceedings of the National Academy of Sciences 107(27), 12204-12209.

Russell, A.B., Wexler, A.G., Harding, B.N., Whitney, J.C., Bohn, A.J., Goo, Y.A., et al. (2014). A type VI secretion-related pathway
in Bacteroidetes mediates interbacterial antagonism. Cell host & microbe 16(2), 227-236.

Russell, E.G. (1979). Types and distribution of anaerobic bacteria in the large intestine of pigs. Applied and environmental
microbiology 37(2), 187-193.

Saavedra, J.M., Bauman, N.A., Perman, J., Yolken, R., and Oung, 1. (1994). Feeding of Bifidobacterium bifidum and Streptococcus
thermophilus to infants in hospital for prevention of diarrhoea and shedding of rotavirus. The lancet 344(8929), 1046-1049.

Sakaguchi, S., Yamaguchi, T., Nomura, T., and Ono, M. (2008). Regulatory T cells and immune tolerance. Cell 133(5), 775-787.

Salanitro, J., Blake, 1., and Muirhead, P. (1977). Isolation and identification of fecal bacteria from adult swine. Applied and
environmental microbiology 33(1), 79-84.

54



References

Salminen, M.K., Tynkkynen, S., Rautelin, H., Saxelin, M., Vaara, M., Ruutu, P., et al. (2002). Lactobacillus bacteremia during a rapid
increase in probiotic use of Lactobacillus rhamnosus GG in Finland. Clinical infectious diseases 35(10), 1155-1160.

Savino, F., Pelle, E., Palumeri, E., Oggero, R., and Miniero, R. (2007). Lactobacillus reuteri (American Type Culture Collection Strain
55730) versus simethicone in the treatment of infantile colic: a prospective randomized study. Pediatrics 119(1), e124-e130.

Scheperjans, F., Aho, V., Pereira, P.A., Koskinen, K., Paulin, L., Pekkonen, E., et al. (2015). Gut microbiota are related to Parkinson's
disease and clinical phenotype. Movement Disorders 30(3), 350-358.

Schirmer, M., Smeekens, S.P., Vlamakis, H., Jaeger, M., Oosting, M., Franzosa, E.A., et al. (2016). Linking the human gut microbiome
to inflammatory cytokine production capacity. Cell 167(4), 1125-1136. e1128.

Schneewind, O., and Missiakas, D.M. (2012). Protein secretion and surface display in Gram-positive bacteria. Philosophical
transactions of the royal society B 367(1592), 1123-1139.

Segain, J., De La Blétiere, D.R., Bourreille, A., Leray, V., Gervois, N., Rosales, C., et al. (2000). Butyrate inhibits inflammatory
responses through NF-kB inhibition: implications for Crohn's disease. Gut 47(3), 397-403.

Sekirov, I., Russell, S.L., Antunes, L.C.M., and Finlay, B.B. (2010). Gut microbiota in health and disease. Physiological reviews 90(3),
859-904.

Sender, R., Fuchs, S., and Milo, R. (2016). Are we really vastly outnumbered? Revisiting the ratio of bacterial to host cells in humans.
Cell 164(3), 337-340.

Sharpe, M.E., Latham, M., GARVIE, E.I, Zirngibl, J., and Kandler, O. (1973). Two new species of Lactobacillus isolated from the
bovine rumen, Lactobacillus ruminis sp. nov. and Lactobacillus vitulinus sp. nov. Microbiology 77(1), 37-49.

Shin, R., Suzuki, M., and Morishita, Y. (2002). Influence of intestinal anaerobes and organic acids on the growth of enterohaemorrhagic
Escherichia coli O157: H7. Journal of medical microbiology 51(3), 201-206.

Smith, K.D., Andersen-Nissen, E., Hayashi, F., Strobe, K., Bergman, M.A., Barrett, S.L.R., etal. (2003). Toll-like receptor 5 recognizes
a conserved site on flagellin required for protofilament formation and bacterial motility. Nature immunology 4(12), 1247-
1253.

Smith, P.M., Howitt, M.R., Panikov, N., Michaud, M., Gallini, C.A., Bohlooly-y, M., et al. (2013). The microbial metabolites, short-
chain fatty acids, regulate colonic Treg cell homeostasis. Science 341(6145), 569-573.

Smits, H.H., Engering, A., van der Kleij, D., de Jong, E.C., Schipper, K., van Capel, T.M., et al. (2005). Selective probiotic bacteria
induce IL-10—producing regulatory T cells in vitro by modulating dendritic cell function through dendritic cell-specific
intercellular adhesion molecule 3—grabbing nonintegrin. Journal of Allergy and Clinical Immunology 115(6), 1260-1267.

Smokvina, T., Wels, M., Polka, J., Chervaux, C., Brisse, S., Boekhorst, I., et al. (2013). Lactobacillus paracasei comparative genomics:
towards species pan-genome definition and exploitation of diversity. PLoS One 8(7), e68731.

Sommer, F., and Bickhed, F. (2013). The gut microbiota—masters of host development and physiology. Nature Reviews Microbiology
11(4), 227-238.

Son, Y., Cheong, Y.K., Kim, N.H., Chung, H.T., Kang, D.G., and Pae, H.O. (2011). Mitogen-activated protein kinases and reactive
oxygen species: how can ROS activate MAPK pathways? Journal of signal transduction 2011.

Spinler, J.K., Taweechotipatr, M., Rognerud, C.L., Ou, C.N., Tumwasorn, S., and Versalovic, J. (2008). Human-derived probiotic
Lactobacillus reuteri demonstrate antimicrobial activities targeting diverse enteric bacterial pathogens. Anaerobe 14(3), 166-
171.

Strati, F., Cavalieri, D., Albanese, D., De Felice, C., Donati, C., Hayek, J., et al. (2017). New evidences on the altered gut microbiota
in autism spectrum disorders. Microbiome 5(1), 24.

Styriak, I., Nemcova, R., Chang, Y.H., and Ljungh, A. (2003). Binding of extracellular matrix molecules by probiotic bacteria. Letters
in applied microbiology 37(4), 329-333.

Sumi, Y., Miyakawa, M., Kanzaki, M., and Kotake, Y. (1977). Vitamin B-6 deficiency in germfree rats. The Journal of nutrition 107(9),
1707-1714.

Sun, Z., Harris, HM., McCann, A., Guo, C., Argimén, S., Zhang, W., et al. (2015). Expanding the biotechnology potential of
lactobacilli through comparative genomics of 213 strains and associated genera. Nature communications 6, 8322.
Szajewska, H., and Mrukowicz, J.Z. (2001). Probiotics in the treatment and prevention of acute infectious diarrhea in infants and
children: a systematic review of published randomized, double-blind, placebo-controlled trials. Journal of pediatric

gastroenterology and nutrition 33, S17-S25.

Siemann, M.D., Béhmig, G.A., Osterreicher, C.H., Burtscher, H., Parolini, O., Diakos, C., et al. (2000). Anti-inflammatory effects of
sodium butyrate on human monocytes: potent inhibition of IL-12 and up-regulation of IL-10 production. The FASEB Journal
14(15), 2380-2382.

Tak, P.P., and Firestein, G.S. (2001). NF-«B: a key role in inflammatory diseases. Journal of clinical investigation 107(1), 7.

Tannock, G., Munro, K., Harmsen, H., Welling, G., Smart, J., and Gopal, P. (2000). Analysis of the fecal microflora of human subjects
consuming a probiotic product containing Lactobacillus rhamnosus DR20. Applied and environmental microbiology 66(6),
2578-2588.

Taweechotipatr, M., Iyer, C., Spinler, J.K., Versalovic, J., and Tumwasorn, S. (2009). Lactobacillus saerimneri and Lactobacillus
ruminis: novel human-derived probiotic strains with immunomodulatory activities. FEMS microbiology letters 293(1), 65-
72.

Telford, J.L., Barocchi, M.A., Margarit, 1., Rappuoli, R., and Grandi, G. (2006). Pili in Gram-positive pathogens. Nature Reviews
Microbiology 4(7), 509-519.

Theriot, C.M., Bowman, A.A., and Young, V.B. (2016). Antibiotic-induced alterations of the gut microbiota alter secondary bile acid
production and allow for Clostridium difficile spore germination and outgrowth in the large intestine. MSphere 1(1), e00045-
00015.

Theriot, C.M., and Young, V.B. (2015). Interactions between the gastrointestinal microbiome and Clostridium difficile. Annual review
of microbiology 69, 445-461.

Thompson, C., McCarter, Y.S., Krause, P.J., and Herson, V.C. (2001). Lactobacillus acidophilus sepsis in a neonate. Journal of
Perinatology 21(4), 258-260.

55



References

Tlaskalova-Hogenova, H., gtépémkové, R., Kozakova, H., Hudcovic, T., Vannucci, L., Tu¢kova, L., et al. (2011). The role of gut
microbiota (commensal bacteria) and the mucosal barrier in the pathogenesis of inflammatory and autoimmune diseases and
cancer: contribution of germ-free and gnotobiotic animal models of human diseases. Cellular & molecular immunology 8(2),
110-120.

Todoriki, K., Mukai, T., Sato, S., and Toba, T. (2001). Inhibition of adhesion of food-borne pathogens to Caco-2 cells by Lactobacillus
strains. Journal of Applied Microbiology 91(1), 154-159.

Ton-That, H., and Schneewind, O. (2003). Assembly of pili on the surface of Corynebacterium diphtheriae. Molecular microbiology
50(4), 1429-1438.

Tripathi, P., Beaussart, A., Alsteens, D., Dupres, V., Claes, 1., von Ossowski, 1., et al. (2013). Adhesion and nanomechanics of pili
from the probiotic Lactobacillus rhamnosus GG. Acs Nano 7(4), 3685-3697.

Troge, A., Scheppach, W., Schroeder, B.O., Rund, S.A., Heuner, K., Wehkamp, J., et al. (2012). More than a marine propeller—the
flagellum of the probiotic Escherichia coli strain Nissle 1917 is the major adhesin mediating binding to human mucus.
International Journal of Medical Microbiology 302(7), 304-314.

Tuomola, E.M., Ouwehand, A.C., and Salminen, S.J. (1999). The effect of probiotic bacteria on the adhesion of pathogens to human
intestinal mucus. FEMS Immunology & Medical Microbiology 26(2), 137-142.

Turner, J.R. (2009). Intestinal mucosal barrier function in health and disease. Nature Reviews Immunology 9(11), 799-809.

Turroni, F., Ribbera, A., Foroni, E., van Sinderen, D., and Ventura, M. (2008). Human gut microbiota and bifidobacteria: from
composition to functionality. Antonie Van Leeuwenhoek 94(1), 35-50.

Ukena, S.N., Singh, A., Dringenberg, U., Engelhardt, R., Seidler, U., Hansen, W., et al. (2007). Probiotic Escherichia coli Nissle 1917
inhibits leaky gut by enhancing mucosal integrity. PloS One 2(12), e1308.

Valerio, F., Russo, F., de Candia, S., Riezzo, G., Orlando, A., Lonigro, S.L., et al. (2010). Effects of probiotic Lactobacillus paracasei-
enriched artichokes on constipated patients: a pilot study. Journal of clinical gastroenterology 44, S49-S53.

Valeur, N., Engel, P., Carbajal, N., Connolly, E., and Ladefoged, K. (2004). Colonization and immunomodulation by Lactobacillus
reuteri ATCC 55730 in the human gastrointestinal tract. Applied and Environmental Microbiology 70(2), 1176-1181.

Walker, A.W., Duncan, S.H., Louis, P., and Flint, H.J. (2014). Phylogeny, culturing, and metagenomics of the human gut microbiota.
Trends in microbiology 22(5), 267-274.

Walsh, C.J., Guinane, C.M., Hill, C., Ross, R.P., O’Toole, P.W., and Cotter, P.D. (2015). In silico identification of bacteriocin gene
clusters in the gastrointestinal tract, based on the Human Microbiome Project’s reference genome database. BMC
microbiology 15(1), 183.

Walter, J. (2008). Ecological role of lactobacilli in the gastrointestinal tract: implications for fundamental and biomedical research.
Applied and Environmental Microbiology 74(16), 4985-4996.

Walter, J., Britton, R.A., and Roos, S. (2011). Host-microbial symbiosis in the vertebrate gastrointestinal tract and the Lactobacillus
reuteri paradigm. Proceedings of the National Academy of Sciences 108(Supplement 1), 4645-4652.

Van den Abbeele, P., Van de Wiele, T., Verstraete, W., and Possemiers, S. (2011). The host selects mucosal and luminal associations
of coevolved gut microorganisms: a novel concept. FEMS microbiology reviews 35(4), 681-704.

Van der Sluis, M., De Koning, B.A., De Bruijn, A.C., Velcich, A., Meijerink, J.P., Van Goudoever, J.B., et al. (2006). MUC2-deficient
mice spontaneously develop colitis, indicating that MUC?2 is critical for colonic protection. Gastroenterology 131(1), 117-
129.

van der Waaij, L.A., Harmsen, H.J., Madjipour, M., Kroese, F.G., Zwiers, M., Van Dullemen, H., et al. (2005). Bacterial population
analysis of human colon and terminal ileum biopsies with 16S rRNA-based fluorescent probes: commensal bacteria live in
suspension and have no direct contact with epithelial cells. Inflammatory bowel diseases 11(10), 865-871.

Wang, Y., Kirpich, 1., Liu, Y., Ma, Z., Barve, S., McClain, C.J., et al. (2011). Lactobacillus rhamnosus GG treatment potentiates
intestinal hypoxia-inducible factor, promotes intestinal integrity and ameliorates alcohol-induced liver injury. The American
Jjournal of pathology 179(6), 2866-2875.

Vatanen, T., Kostic, A.D., d’Hennezel, E., Siljander, H., Franzosa, E.A., Yassour, M., et al. (2016). Variation in microbiome LPS
immunogenicity contributes to autoimmunity in humans. Cell 165(4), 842-853.

Vélez, M.P., De Keersmaecker, S.C., and Vanderleyden, J. (2007). Adherence factors of Lactobacillus in the human gastrointestinal
tract. FEMS microbiology letters 276(2), 140-148.

Velez, M.P., Petrova, M.1., Lebeer, S., Verhoeven, T.L., Claes, I., Lambrichts, L., et al. (2010). Characterization of MabA, a modulator
of Lactobacillus rhamnosus GG adhesion and biofilm formation. FEMS Immunology & Medical Microbiology 59(3), 386-
398.

Wells, J.M. (2011). Immunomodulatory mechanisms of lactobacilli. Microbial cell factories 10(1), S17.

Verma, A., Arora, S.K., Kuravi, S.K., and Ramphal, R. (2005). Roles of specific amino acids in the N terminus of Pseudomonas
aeruginosa flagellin and of flagellin glycosylation in the innate immune response. Infection and immunity 73(12), 8237-8246.

West, C.E., Jenmalm, M., and Prescott, S. (2015). The gut microbiota and its role in the development of allergic disease: a wider
perspective. Clinical & Experimental Allergy 45(1), 43-53.

West, C.E., Jenmalm, M.C., Kozyrskyj, A.L., and Prescott, S.L. (2016). Probiotics for treatment and primary prevention of allergic
diseases and asthma: looking back and moving forward. Expert review of clinical immunology 12(6), 625-639.

Whelan, K., and Quigley, E.M. (2013). Probiotics in the management of irritable bowel syndrome and inflammatory bowel disease.
Current Opinion in Gastroenterology 29(2), 184-189.

Wildt, S., Munck, L.K., Vinter-Jensen, L., Hanse, B.F., Nordgaard-Lassen, 1., Christensen, S., et al. (2006). Probiotic treatment of
collagenous colitis: A randomized, double-blind, placebo-controlled trial with Lactobacillus acidophilus and
Bifidobacterium animalis subsp. lactis. Inflammatory bowel diseases 12(5), 395-401.

Willemsen, L., Koetsier, M., Van Deventer, S., and Van Tol, E. (2003). Short chain fatty acids stimulate epithelial mucin 2 expression
through differential effects on prostaglandin E1 and E2 production by intestinal myofibroblasts. Gut 52(10), 1442-1447.

Willing, B., Vorés, A., Roos, S., Jones, C., Jansson, A., and Lindberg, J. (2009). Changes in faecal bacteria associated with concentrate
and forage-only diets fed to horses in training. Equine veterinary journal 41(9), 908-914.

56



References

Vinolo, M.A., Rodrigues, H.G., Hatanaka, E., Sato, F.T., Sampaio, S.C., and Curi, R. (2011a). Suppressive effect of short-chain fatty
acids on production of proinflammatory mediators by neutrophils. The Journal of nutritional biochemistry 22(9), 849-855.

Vinolo, M.A., Rodrigues, H.G., Nachbar, R.T., and Curi, R. (2011b). Regulation of inflammation by short chain fatty acids. Nutrients
3(10), 858-876.

Wlodarska, M., Willing, B., Keeney, K., Menendez, A., Bergstrom, K., Gill, N, et al. (2011). Antibiotic treatment alters the colonic
mucus layer and predisposes the host to exacerbated Citrobacter rodentium-induced colitis. Infection and immunity 79(4),
1536-1545.

von Ossowski, 1., Pietild, T.E., Rintahaka, J., Nummenmaa, E., Mékinen, V.M., Reunanen, J., et al. (2013). Using recombinant
lactococci as an approach to dissect the immunomodulating capacity of surface piliation in probiotic Lactobacillus rhamnosus
GG. PloS one 8(5), e64416.

von Ossowski, I., Reunanen, J., Satokari, R., Vesterlund, S., Kankainen, M., Huhtinen, H., et al. (2010). Mucosal adhesion properties
of the probiotic Lactobacillus rhamnosus GG SpaCBA and SpaFED pilin subunits. Applied and environmental microbiology
76(7), 2049-2057.

von Ossowski, 1., Satokari, R., Reunanen, J., Lebeer, S., De Keersmaecker, S.C., Vanderleyden, J., et al. (2011). Functional
characterization of a mucus-specific LPXTG surface adhesin from probiotic Lactobacillus rhamnosus GG. Applied and
environmental microbiology 77(13), 4465-4472.

Von Wright, A., and Axelsson, L. (2011). Lactic acid bacteria: an introduction. In: Lahtinen S., Ouwehand A. C., Salminen S., Von
Wright A. (Eds.) Lactic acid bacteria: microbiology and functional aspects (4th edition). pp. 1-16. CRC press, Taylor &
Francis group, Boca Raton, USA.

Wong, J.M., De Souza, R., Kendall, C.W., Emam, A., and Jenkins, D.J. (2006). Colonic health: fermentation and short chain fatty
acids. Journal of clinical gastroenterology 40(3), 235-243.

Wostmann, B.S. (1981). The germfree animal in nutritional studies. Annual review of nutrition 1(1), 257-279.

Wyszynska, A., Kobierecka, P., Bardowski, J., and Jagusztyn-Krynicka, E.K. (2015). Lactic acid bacteria—20 years exploring their
potential as live vectors for mucosal vaccination. Applied microbiology and biotechnology 99(7), 2967-2977.

Yan, A.W., E Fouts, D., Brandl, J., Stirkel, P., Torralba, M., Schott, E., et al. (2011). Enteric dysbiosis associated with a mouse model
of alcoholic liver disease. Hepatology 53(1), 96-105.

Yanagawa, R., Otsuki, K., and Tokui, T. (1968). Electron microscopy of fine structure of Corynebacterium renale with special
reference to pili. Japanese journal of veterinary research 16(1), 31-37.

Yang, Y., Bazhin, A.V., Werner, J., and Karakhanova, S. (2013). Reactive oxygen species in the immune system. International reviews
of immunology 32(3), 249-270.

Yatsunenko, T., Rey, F.E., Manary, M.J., Trehan, 1., Dominguez-Bello, M.G., Contreras, M., et al. (2012). Human gut microbiome
viewed across age and geography. Nature 486(7402), 222-227.

Yoshimoto, S., Loo, T.M., Atarashi, K., Kanda, H., Sato, S., Oyadomari, S., et al. (2013). Obesity-induced gut microbial metabolite
promotes liver cancer through senescence secretome. Nature 499(7456), 97-101.

Yu, Q., Yuan, L., Deng, J., and Yang, Q. (2015). Lactobacillus protects the integrity of intestinal epithelial barrier damaged by
pathogenic bacteria. Frontiers in cellular and infection microbiology 5(26).

Yu, Y., Zeng, H., Lyons, S., Carlson, A., Merlin, D., Neish, A.S., et al. (2003). TLR5-mediated activation of p38 MAPK regulates
epithelial IL-8 expression via posttranscriptional mechanism. American Journal of Physiology-Gastrointestinal and Liver
Physiology 285(2), G282-G290.

Yun, J.H., Yim, D.S., Kang, J.Y., Kang, B.Y., Shin, E.A., Chung, M.J., et al. (2005). Identification of Lactobacillus ruminus SPM0211
isolated from healthy Koreans and its antimicrobial activity against some pathogens. Archives of pharmacal research 28(6),
660-666.

Zhang, L., Li, N., Caicedo, R., and Neu, J. (2005). Alive and dead Lactobacillus rhamnosus GG decrease tumor necrosis factor-o—
induced interleukin-8 production in Caco-2 cells. The Journal of nutrition 135(7), 1752-1756.

Zhao, W., Wang, Y., Liu, S., Huang, J., Zhai, Z., He, C., et al. (2015). The dynamic distribution of porcine microbiota across different
ages and gastrointestinal tract segments. PloS One 10(2), e0117441.

Zocco, M., Dal Verme, L.Z., Cremonini, F., Piscaglia, A., Nista, E., Candelli, M., et al. (2006). Efficacy of Lactobacillus GG in
maintaining remission of ulcerative colitis. Alimentary pharmacology & therapeutics 23(11), 1567-1574.

Zoetendal, E.G., Raes, J., Van Den Bogert, B., Arumugam, M., Booijink, C.C., Troost, F.J., et al. (2012). The human small intestinal
microbiota is driven by rapid uptake and conversion of simple carbohydrates. The ISME journal 6(7), 1415-1426.

57



	Table of contents
	List of original publications
	Abbreviations
	Abstract
	1. Introduction
	2. Literature review
	3. Aims of the study
	4. Materials and methods
	5. Results and discussion
	6. Conclusions and future perspectives
	7. Acknowledgements
	8. References

