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Abstract

The role of glycan binding of gut microbes has been shown in colonization and interactions
between microbiota and host. While glycan binding of selected pathogens has been explored in a
targeted way, there has been limited research on glycan binding patterns of gut commensals. This
has partially been limited by tools available to assess glycan binding. In this thesis a novel Liquid
glycan array (LiGA), which comprises a library of glycosylated M13 phage particles with silent
DNA barcodes in the phage genome, was used to test glycan binding profiles of gut bacteria. The
potential role of glycan binding in host specificity of Limosilactobacillus reuteri was explored by
comparing 16 L. reuteri strains consisting of 4 isolates from each of murine, porcine, poultry and
human lineages. Many of the enriched glycans were shared amongst L. reuteri isolates, however,
there was no evidence that isolates from the same host shared greater glycan binding similarity,
thus glycan binding profile did not appear to be a key determinant of host specificity. However,
some strains showed notable unique glycan enrichment. In particular a poultry isolate L. reuteri
JCM1081 showed the drastically higher enrichment of Fucal-2GalB-Sp (Fold change (FC) = 88,
FDR < 0.0001) and GalB1-4GlcB-P4 (FC =46, FDR < 0.0001). The unique binding profile of this

isolate conforms with observations of enhanced adhesive capacity to gut epithelial cells.

Next, to understand the profiles of glycan binding of other bacterial species, we tested glycan
binding of taxonomically diverse bacteria from three different phyla Firmicutes/Bacillota,
Bacteroidetes/Bacteroidota, Proteobacteria/Pseudomonadota consisting of 9 different species L.
reuteri, Escherichia coli, Bacteroides dorei, Bacteroides thetaiotamicron, Bacteroides fragilis,
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Bacteroides vulgatus, Limosilactobacillus mucosae, Citrobacter fruendii, and Clostridium
ramosum. Results indicate that the taxonomic closeness leads to similar glycan binding of gut

bacteria with few exceptions.

We established that LiGA is an effective new tool for characterizing glycan binding of bacteria.
Exploring glycan binding profiles of more commensal bacteria using this novel approach will
provide new insights into intestinal microbial ecology and provide strategies to manipulate the

microbial community through the provision of glycans.
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1 Chapter 1: Literature review

1.1 Introduction

Glycans in the gastrointestinal (GI) environment facilitate the interaction of bacteria with the host,
and microbes can utilize these glycans for adherence and colonization (Ofek et al., 2005). The GI
tract presents abundant glycans in the forms of the epithelial glycocalyx, dietary glycans, and
mucus layer. The epithelial glycocalyx is the further most layer from the lumen and is made of

glycoproteins similar to the mucus layer glycoproteins.

Besides glycans, bacterial surface proteins also play a crucial role in interactions with the host,
some of these proteins are characterized as glycan-binding proteins (GBPs). GBPs are mostly

identified as lectins and adhesins.

A complete spectrum of glycans involved in host-bacterial interaction is known for a few bacteria
and Helicobacter pylori is one of the best described. The role of adhesins of H. pylori has been
studied in the context of its pathology (Ilver et al., 1998a). Recently, glycan array analysis of
Campylobacter jejuni determined the full spectrum of the glycans involved in host bacterial
interaction (Christopher J. Day et al., 2013; Christopher James Day et al., 2012). In the context of
commensals, the glycan-binding preferences can be used in deciphering the mechanism of
colonization, evaluating the probiotic potential of beneficial microbes, and understanding of
carbohydrate-binding modules in glycan recognition. GBPs in Bifidobacteria (Garrido et al., 2011;
Servin & Coconnier, 2003), Lactobacilli (Takao Mukai et al., 2004; Petrova et al., 2016), and
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Ruminococcus gnavus (Owen et al., 2017) have been studied, but GBPs for most of the gut

commensal remain unknown.

1.1.1 Glycans /sugars/ oligosaccharides in the gut

Colonic mucus layer is primarily made of mucin-2-glycoprotein (MUC?2), that contains large
amount of hydroxy amino acids, serine (Ser), and threonine (Thr), that act as attachment sites for
hydroxy linked carbohydrate chains also known as O-linked glycans (Schroeder, 2019)
(Johansson et al., 2011). These glycans mainly consist of N-acetyl galactosamine (GalNAc),
galactose (Gal), N-acetylglucosamine (GIcNAc), fucose (Fuc) and N-acetylneuraminic acid
(Neu5Ac) residues (Holmén Larsson et al., 2013). Additionally, dietary glycans which come in
forms of long polysaccharide chains (eg. Cellulose, pectins, resistant starch), oligosaccharides, and
disaccharides (e.g. glucose, lactose) play important role in shaping gut microbiota (Coker et al.,

2021; Schroeder, 2019).

1.1.2  Bacterial glycan-binding proteins (GBPs)

In gut microbes, glycan-binding proteins (GBPs) exist as lectins, adhesins, and carbohydrate-
binding modules (CBMs) of carbohydrate-active enzymes (CAZymes). Bacterial lectins occur
commonly in the form of elongated, multi-sub-unit protein appendages, known as fimbriae (Varki
etal.,2009). Some bacteria have multiple adhesins with different carbohydrate-binding specificity,

which help in defining a microbe’s ecological niche (Esko & Sharon, 2009).



However, CAZymes are generally studied regarding dietary carbohydrate utilization as they break
the glycosidic bonds joining sugar residues. By definition, CAZymes contain a catalytic domain
that can break glycosidic bonds, and the most common super-family of CAZymes is the glycoside
hydrolases (GHs) family (Cantarel et al., 2009). GHs often contain numerous accessory modules,
most common of which are carbohydrate-binding modules (CBMs) that non-catalytically mediate
enzyme-carbohydrate interaction (Boraston et al., 2004). CBMs help in concentrating enzymes on
carbohydrate substrates and thus enhance the catalytic activity but this mechanism is largely based
on the non-surface attached enzymes (A. K. Singh et al., 2014). Besides, there have been recent
highlights on the surface attached CAZymes with CBMs functioning as adhesion factors. CBMs
in surface anchored CAZymes mediate interactions between the bacteria and host. Ruminococcus
gnavus and Streptococcus pneumoniae (pneumococcus) express surface anchored sialidase
(RgNanH) and b-galactosidase (BgaA) respectively (Owen et al., 2017; A. K. Singh et al., 2014).
These surface proteins are hypothesized to be novel adhesins and further studies will be warranted

to understand the role of CBMs as adhesins. Few bacteria and their GBPs are listed in Table 1.1.

1.1.3  Diversity of glycan structures expressed on the host GI tract

Glycan mediated host-bacterial interaction calls for the understanding of the diversity of glycan
expression across the GI tract. Glycosylation in the GI tract is mainly present in the form of the
mucus glycosylation and the epithelial glycosylation (glycocalyx) (Figure 1.1). Literature suggests

that sources of selective pressure to create glycan diversity include the need to evade pathogenic



microbes and the need to sustain relationships with symbionts (Hooper & Gordon, 2001). For
example, a bacterial species could initiate pathogenic interactions with their hosts by first binding
to glycan structures, and as an evasive tactic the host could eliminate expression of the structures,
either by inactivation of glycosyltransferases that mediate its production or by activation of a
glycosyltransferase that utilizes the structure as an acceptor (Hooper et al., 1999). Gut symbiont,
Bacteroides thetaiotamicron presents a model system for gut commensals regulating the
expression of fucosylated glycans on host epithelium using the fucose sensing system FucR
(Hooper et al., 1999). Bacteroides thetaiotamicron has also been shown to contribute to mucus

fucosylation (Kandori et al., 1996).

The mucus layer mainly consists of two layers, a loosely adherent layer and a layer firmly attached
to the mucosa (Figure 1.1). The mucus layer is made of mucin, glycoproteins which are heavily
glycosylated and consist of approximately 50-80% carbohydrates (Karlsson et al., 1997). The
protective properties of mucus are significantly impacted by the high carbohydrate content of
mucins, as mucus glycans present the binding sites for bacteria and function as the barrier to limit
their invasion to the epithelium (Moran et al., 2011). Mucus layer glycans are also modulated with
the changes in microbiota similar to the glycocalyx remodelling. Intestinal Muc2 mucin
glycosylation is affected by microbiota as shown by comparing Muc2 glycosylation in germ free
(GF) and conventionally raised (ConvR) mice (Arike et al., 2017). Also, Salmonella has been seen
to degrade host glycocalyx and induce the expression of host genes for glycan remodelling

(Arabyan et al., 2016). Spatial and temporal changes in glycosylation are speculated to be affected



by gut microbiota, however, further studies are needed to shed light on glycan mediated host-

bacterial interactions and their impact on host glycan diversity.
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Figure 1.1 Bacterial interactions with glycans in the

intestinal environment. AMP:

antimicrobial peptides. CAZyme: Carbohydrate active enzyme. A) Bacterial adhesin binding to

mucus glycans. B) Recognition of dietary glycans by carbohydrate binding module of the

CAzyme/ glycosylhyrolases C) Pathogen binding to epithelial glycocalyx after breaching the

mucosal barrier. This figure was created in Biorender platform.



1.1.4 Glycan binding proteins in host-bacterial interactions

Glycan binding proteins play a crucial role in governing host-microbial interactions (Hooper &
Gordon, 2001). GBPs of bacteria that bind the glycoconjugates of gut epithelium are scarcely
studied, but there has been advancement in the understanding of proteins that play roles in binding
to host and host glycoconjugates. These proteins have been studied considering their role in
colonization of commensals, infections by pathogens, and protective roles of probiotics and

prebiotics.

1.1.4.1 Microbiota colonization and glycan-binding proteins

Bacterial adhesion to the host is one mechanism of colonization (Ofek & Doyle, 1994). Adhesion
to mucus and epithelial surfaces is mediated by the bacterial surface proteins, lectins, adhesins,
and attachment pili (Taylor et al., 1987). The mechanism of bacterial adhesion to host tissue has
been well studied, mostly in pathogens. Pathogenic bacteria like E. coli possess numerous lectins
with diverse sugar specificities allowing them to bind mucin as well as other glycoproteins and
extracellular matrix components of epithelial cells (Mouricout et al., 1995). Bacterial surface
proteins, pili, and cell wall components such as LPS (lipopolysaccharides) may act as adhesins
(Moran et al., 2011; Rogemond & Guinet, 1986). Adhesion mechanisms are thought to be
controlled by hydrophobic interactions, cation-bridging whereby divalent cations counteract the
repulsion of negatively charged surfaces of bacteria, and host receptor-ligand binding (Hooper &
Gordon, 2001; Liévin-Le Moal & Servin, 2006). Among these mechanisms, the binding of
bacterial lectins to the corresponding glycosylated receptors associated with host cells is one of

the extensively studied mechanisms (Moran et al., 2011).
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1.1.4.1.1 Colonization of Lactobacilli and Bifidobacteria (gram-positive

bacteria/commensals)
Bifidobacteria and Lactobacilli adhere to particular regions of the epithelium and mucus layer
with the surface proteins. Adhesion mechanisms of these have been in focus to evaluate their
probiotic potential and efficiency as the adherence to mucosal surfaces is an essential step for

probiotics to colonize and persist in GIT (Servin & Coconnier, 2003).

Lactobacilli that colonize the small intestine and stomach present a model system for studying
adhesion by commensals, with exopolysaccharides, pili, and cell-wall anchored proteins (Sengupta
et al., 2013). Cell surface anchored mucus binding proteins (MUBs) of Lactobacilli play a crucial
role in adherence (MacKenzie et al., 2010). Although the carbohydrate-binding ability of
lactobacilli is important to elucidate mechanisms of adhesion to the epithelial cells of digestive
tracts, little is understood about glycan-binding proteins in Limosictobacillus species. Three
Limnosilactobacillis reuteri strains have been shown to bind to different sugar residues of
glycoconjugates using Haemagglutination (HA), HA inhibition assays and TLC overlay assay (T.
Mukai et al., 1998). This binding was further shown to be mediated by mucus-binding proteins
(MUBSs) of L. reuteri (Roos & Jonsson, 2002). Further, the role of MUBs in strain-specific
adherence and recognition of mucus elements has been explored (MacKenzie et al., 2010). Strain
specific diversity in adhesion and biofilm formation factors likely confer the host specificity of L.
reuteri (Frese et al., 2013). The nature of interactions between MUBs and host have been
suggested to be the lectin-carbohydrate interactions (Ledder et al., 2008). Although a direct

interaction of MUB with specific glycans remains to be demonstrated, but competitive adhesion
7



assays showed that such an interaction can be significantly reduced by the addition of specific
glycans (Bumbaca et al., 2006; Pretzer et al., 2005; Roos & Jonsson, 2002), suggesting a lectin-
type mediated interaction. Further studies are required to investigate the direct interactions of

MUBs with specific glycans.

Like lactobacilli, bifidobacteria also show binding to glycolipids. Bifidobacterium bifidum’s cell-
surface proteinaceous components bind to the carbohydrate moieties of intestinal glycolipid and
its binding ability to intestinal glycolipids play a crucial role for colonization of the intestinal
mucosal surface (Takao Mukai et al., 2004). Recently, the novel major pilin subunit protein FimM
of Bifidobacterium longum BBMNG68 has been tested for its role in bacterial adhesion to intestinal
epithelial cells (Xiong et al., 2020), although its carbohydrate binding ability has not been tested.
In Bifidobacterium infantis, solute binding proteins (SBPs) have been characterized for their role

in binding to intestinal glycoconjugates (Garrido et al., 2011).

1.1.4.1.2 Colonization of H. pylori

H. pylori is gram-negative bacterium found in more than half of the human population (Hooper &
Gordon, 2001). Although it is prevalent in humans, it produces significant pathology in only a
small subset of people. Because of its ability induce pathology in a minority of the colonized
individuals, speculation has been that H. pylori exists as commensal and only emerges as pathogen
in response to host, microbial and environmental factors (Hooper & Gordon, 2001). H. pylori

presents the model for how glycans produced in gastric epithelial cells may affect the fate of
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colonization (Hooper & Gordon, 2001). The role of adhesins in colonization and infection strategy
of H. pylori has been extensively illustrated using in-vivo studies, which indicate that position of
H. pyroli in the commensal-pathogen continuum may be determined in part by the repertoire of
the glycans expressed in the gastric ecosystem of its host and by the microbe’s ability to express
the corresponding adhesins (Hooper and Gordon, 2001). Adhesins help this organism to attach to
the gastric epithelium that leads to the processes for evading host immunity and invading mucus
layer (Ilver et al., 1998b; Magalhaes & Reis, 2010). Among the known lectin-like adhesins of H.
pyroli, blood group-binding adhesin (BabA), sialic acid binding adhesin (SabA) and LabA (also
known as lacdiNAc- binding adhesin) are well studied. BabA binds to lewis b (Le®) H-1 antigens,
Sab A binds to sialyl-Le* (Magalhdes & Reis, 2010), LabA binds to lacdiNAc structures
(GaINACcB1-4GlcNAc) conjugated to MUCSAC mucins in the gastric mucosal layer (Rossez et al.,
2014). Le® mediated attachment of H. pyroli led to the hypothesis that Le® mediated binding to
epithelium decides whether colonization will result in a pathogenic relationship. Further studies
established that Le® mediated binding significantly alter the outcome of the infection (Hooper &
Gordon, 2001). Bacteria bind directly to the epithelium only in LeP positive transgenic animals.
The immune response elicited by this binding leads to the more severe gastritis (Guruge et al.,
1998). These three adhesins are most important for colonization and others are still to be studied

(Figure 1.2).
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Figure 1.2 Examples of glycan mediated interactions of pathogenic and commensal gut
bacteria with the host. A) Helicobacter pyroli binds to the gastric epithelium glycans with the
given sugar residues for colonization. B) Limosilactobacillus reuteri bind to mucus glycans and
inhibits pathogen-host interaction. Several surface mucus binding proteins of L. reuteri are shown.
MapA: mucus adhesion promoting protein A, MUB: mucus binding protein, EF-tu: Elongation

factor Tu, Cnb: collagen binding protein. This figure was created in Biorender platform.
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1.1.4.1.3 Colonization of C. jejuni

Campylobacter jejuni is a human pathogen, and its ability to recognize a broad range of host cell
surface glycosylation has been shown to be crucial for adherence and infectivity (Christopher J.
Day et al., 2009). C. jejuni can be either infectious or commensal in different hosts depending on
the host and environmental factors (Christopher J. Day et al., 2009). In vivo studies have shown
fucosylated glycans of human breast milk proteins and free fucosylated oligosaccharides can
protect against the incidence of C. jejuni infections (Morrow et al., 2005). It was suggested that
feeding fucosylated glycans confer protection by binding to C. jejuni preventing binding to host
glycans. Glycan array analysis was used to demonstrate that C. jejuni binds to fucose structures
(Christopher J. Day et al., 2013). Initial interactions for C. jejuni 11168 were speculated to be
mediated by the sialylated and mannosylated structures such as those found on human glycoprotein
MUCI, a releasable decoy abundant in human intestinal mucosa (Juge, 2012; McAuley et al.,
2007). Persistent C. jejuni infection in crypts of the intestinal epithelium seems to depend on fucose
and galactose, the structures more readily abundant on the gel forming mucin such as MUC2
(Christopher J. Day et al., 2009; Christopher James Day et al., 2012; Juge, 2012). Glycan array
results also showed that C. jejuni recognizes mannose and sialic acid more often after
environmental stress and binds to galactose and fucose in host-like conditions (Christopher J. Day
et al., 2013). Day et al (2013) illustrated the glycan binding profiles of twelve different strains of
C. jejuni to determine the glycan binding differences between the invasive and non-invasive
strains. They showed that there is a similarity in general types of structures of glycan recognized.
C. jejuni recognizes a broad range of both a and B linked galactose, which might explain the broad
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host range. Glycan array results suggest that C. jejuni has fucose and galactose binding lectins.
Further confirmatory studies will help in the understanding and characterization of these lectin-

like components on the surface of C. jejuni.

1.1.4.2 Fimbriae in E. coli infection

Fimbriae are proteinaceous adhesion components expressed on the bacterial envelope,
evolutionarily adapted by Escherichia coli strains for the colonization of epithelial cells. Lectin
domains of fimbrial adhesins of enterotoxigenic E. coli (ETEC) have been identified using glycan
arrays of the consortium for functional glycomics (CFG) (Lonardi et al., 2013). Fimbriae, F17 and
F18 have been seen on the surface of enterotoxigenic and septicemic E.coli strains (El Mazouari
et al., 1994; Hahn et al., 2000; Kapitany et al., 1979); these comprise of few thousand copies of
major pilin (F17A, and FedA respectively), several minor pilin proteins and a single two domain
adhesin at the tip (F17G (Lintermans et al., 1988), and FedF (Smeds et al., 2001) respectively).
F17G selectively recognize glycans with a terminal GIcNAc, abundant in intestinal mucins

(Lonardi et al., 2013).

F18-fimbriated E. coli are associated with postweaning diarrhea in pigs (Kaper et al., 2004). The
adhesion of F18-fimbriated E. coli to the susceptible pigs is mediated by the minor fimbrial subunit
FedF (Coddens et al., 2009). FedF recognizes epithelial glycosphingolipids having blood group
determinants ABH determinants on type 1 core, and blood group A type 4 heptaglycosylceramide

(Coddens et al., 2009). Additionally, epithelial receptor (F18R) was identified to mediate the
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binding of FI18-fimbriated bacteria with glycosphingolipids. Investigation of the
glycosphingolipids recognized by the F18-fimbriated bacteria revealed that these bacteria can also
interact with blood group A type 4 tetraglycosylceramide (Coddens et al., 2009). Complete
spectrum of the glycans involved in adhesion of these fimbriated E. coli would enhance the

understanding of their infectivity.

1.1.5 Sugars in protective roles against pathogens

Many intestinal pathogens, including Salmonella and enteropathogenic E. coli, express adhesins
that recognize the carbohydrates moieties expressed on epithelial cells (Quintero-Villegas et al.,
2013). A strategy for inhibiting bacterial adherence employs oligosaccharides that mimic epithelial

binding sites (Shoaf-Sweeney & Hutkins, 2008).

Galactooligosaccharides (GOS) and other prebiotics have been shown to inhibit pathogen
adherence to epithelial cells in vitro (Kittana et al., 2018). Prebiotics are non-digestible,
fermentable oligosaccharides capable of modulating the gut microbiota (Gibson et al., 2017), they
may also act as molecular decoys that competitively inhibit pathogen adherence to epithelial cells
in vitro. GOS supplementation significantly reduced the adherence of the murine pathogen
Citrobacter rodentium to the surface of cultured epithelial cells in a dose dependent manner
(Kittana et al., 2018). However, the mouse studies revealed that treatment with GOS neither
reduced the adherence of C. rodentium to the distal colon nor decreased its dissemination to

systemic organs. The protection against C. rodentium—induced colonic tissue damage is provided
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by dietary GOS supplementation in an anti-adherence-independent fashion (Kittana et al., 2018).
These mechanisms suggest that the well-established and highly reported anti adherence observed

for GOS in vitro do not explain the protective role of GOS observed in vivo (Kittana et al., 2018).

Additionally, antiadhesive effect of human milk oligosaccharides (HMOs) has been studied for a
number of bacteria (Andersson et al., 1986; Simon et al., 1997). In vitro studies showed the effect
of human milk oligosaccharides in inhibiting the adhesion of enteropathogenic E. coli, Vibrio
cholerae, and Salmonella fryis to Caco-2 cells. The capacity of fucosyl-oligosaccharides to inhibit
the adhesion of E. coli O119 is confirmed alongside 3-FL as it also resulted in a reduction in
adhesion (Coppa et al., 2006). Constituting single monosaccharides of HMOs (glucose, galactose,
sialic acid , N-acetylglucosamine, fucose), did not significantly inhibit the adhesion to Caco-2 cells
of E. coli, Vibrio cholerae, and Salmonella fryis (Coppa et al., 2006), whereas, intact
oligosaccharides were effective in inhibiting the adhesion of V. cholera and E. coli O119, but not
of S. fyris (Coppa et al., 2006). Collectively, the basis of the anti-adherence mechanism has not
been discussed in detail, one of the possible mechanisms is competitive adhesion by
oligosaccharides for sugar binding proteins on bacterial cells that have yet to be validated with
biochemical assays. Oligosaccharides that can act as decoys for bacteria are summarized in Table

1.2.
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Table 1.1 Glycans and glycan binding bacteria.

Bacteria Glycan/glycan Glycan structures Receptor (on bacteria, such as | References
component protein
Campylobacter | 1. Galactose 1. Gal (Day et al.,
jejuni 2.Mannose 2013)
3. Sialic acid 2.Man
4. Chitin structures
3.NeuSAc
4. (-GlCNAC-)n
Helicobacter 1.Lewis b (Le®)H-1 | 1. a-Fuc(1-2)-B-Gal-(1-3)-(a-Fuc-1-4)- Blood group-binding adhesin | (Ilver et al.,
pylori antigens GIcNAc (BabA) 1998b),
2. sialyl-Le* 2. Neu5Aca2-3Galp1-4[Fucal-3]GlcNAcp | Sialic acid binding adhesin (Sab | (Magalhdaes &
3. lacdiNAc A) Reis, 2010),
3.(GalNACcP1-4GlcNAc) lacdiNAc- binding adhesin | (Rossez et al.,
(LabA) 2014).
Lactobaccilus 1.Fucose 1.Fuc MUB (mucus binding protein) | (T. Mukai et
reuteri JCM108 | 2. Galp1- | 2.GalB1-3GalNAcp al., 1998)
1 3GalNAcp 3.Galal-3GalNAcB-4Galp1-4Glcpl-1’Cer
3. Asialo-GM1 4. HSO3-3Galp1-1’Cer
4.Sulfatide 5.Galp1-1"Cer
5. 6.Galp1-4Glcpl-1’"Cer
Galactosylceramide

6.Lactosylceramide
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F-18 fimbriated
E. coli

1. HS type 1
2.B6 type 1
3. A6 type 1
4. A7 type 1
5.B7 type 1
6. A8 type 1
7.A9 type 1

1. Fuco2GalB4GIcNAcB3Galp4Glep1Cer

2.
Galo3(Fuca2)GalB3GlcNAcB3Galp4Glcpl
Cer

3.GalNAco3(Fuca2)GalB3GlcNAcB3Galp
4GlcB1Cer
4.GalNAco3(Fuco2)GalB3(Fucad4)GlcNAc
B3GalB4Glcp1Cer

5.Gala3(Fuca2)GalB3(Fuco4)GIcNACIB3G
allp4Glclp1Cer

6.GalNAco3(Fuca2)GalB3GlcNAcBGalp3
GIcNAcB3Galp4GleplCer

7.GalNAco3(Fuca2)Galp3GalNAc3(Fuca
2)GalB3GIcNAcB3Galp4Glcp1Cer

(Coddens et al.,
2009)

Bifidobacterium | 1.Galactosylcerami | 1. Galp1-1’Cer (Takao Mukai
bifidum EB102 | de 2.GalB1-4Glcp1-1"Cer et al., 2004)
2.Lactosylceramide | 3.Galp1-3GalNAc1-4GalB1-4Glcp1-1’Cer
3. Asialo-GM1 4. GalNAcB1-4GalB1-4GlcB1-1Cer
4. Asialo-GM2 5.HSO3-3GalB1-1’Cer
5. Sulfatide
R. gnavus Sialic acid NeuSAc RgCBM40 (Owen et al.,
ATCC 29149 2017)
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B. animalis 1. Xylotetraose 1. Xylp1-4XylB1-4Xylp1-4Xyl BIAXBP (Ejby et al
subsp. lactis Bl- | 2. arabinoxylotriose 2013)
04
B. longum 1.lacto-N-biose 1.GalB1-3-GlcNAc F1SBPs (Sela et al.,
subsp. Infantis (LNB) 2.(-Galp1-4GIcNACcB1-3-)n 2008),
2. polylactosamines (Garrido et al.,
2011)

B. bifidum 1.lacto-N-biose 1. Galp1-3GIcNAc Homolog of F1SBP (Suzuki et al.,
(LNB), 2.Galp1-3GalNAc 2008)
2.Galacto-N-biose | 3. Galp1-3GIcNAcB1-3Galp1-4Glc
(GNB)
3.Lacto-N-tetraose
(LNT)

Streptococcus 1. lactose 1. Galp1-4Gle beta-galactosidase BgaA (A. K. Singh et
pneumoniae 2. N- al., 2014)
(pneumococcus) | acetylglucosamine | 2. GIcNAc
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Table 1.2 Protection by oligosaccharides against pathogens.

Decoy carbohydrates

Bacteria

Mechanism

Lacto-N-tetraose (LNT), lacto-N-
neotetraose (LNnT):

S. pneumoniae (Andersson et al.,
1986)

Anti-adherence based

Fucosyl-tetra-pentasaccharides:

E. coli (Cravioto et al., 1979)

Anti-adherence based

Fucosyloligosaccharides:

V. cholerae, E. coli 0119(Coppa
et al., 2006)

Anti-adherence based

Fucosyl-oligosaccharides

L. monocytogenes(Coppa et al.,
2006)

Anti-adherence based

Galacto-oligosaccharides

C. rodentium (Kittana et al.,
2018).

Anti-adherence
mechanism
independent
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1.1.6 Glycan recognition and utilization by gut bacteria

Many members of the gut microbiota have developed glycan utilization strategies that are
compatible with their specific cell structures and nutrient niches (Briggs et al., 2021). Glycan
utilization systems within the dominant phyla of Bacteroidetes, Firmicutes, and Actinobacteria
have some common functional components:1) non-catalytic-glycan binding proteins at the cell
surface that initiate substrate attachment and assist with transport; 2) ensembles of linkage specific
CAZymes, including polysaccharide lyases and glycoside hydrolases; 3) carbohydrate
transporters; and 4) carbohydrate sensors/transcriptional regulators (Briggs et al., 2021). Although
above strategies are used by gut microbes for glycan utilization, non-catalytic glycan binding
proteins are mainly discussed in the following sections. Here, we summarize the surface glycan-
binding proteins and their role in dietary and host derived glycan-utilization. Glycan binding
proteins are scarcely studied for most gut commensals yet there are some species of gut symbionts
that have been adequately characterized for their surface glycan binding proteins and glycan
utilization system. Moreover, we provide examples of surface binding proteins in glycan
recognition and glycan utilization from the dominant phyla with Ruminococcus gnavus,

Bacteroides, and Bifidobacteria.

1.1.6.1 Glycan recognition and utilization in Ruminococcus gnavus
The adaptation of intestinal bacteria to the mucosal environment is well exemplified by
Ruminococcus gnavus and dependent on mucosal glycan recognition and utilization characteristics

(Owen et al., 2017). The niche created by the mucus layer glycans provides bacteria with
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attachment sites as well as a source of nutrients. Two key glycan residues are found in the mucus
layer, sialic acid and fucose (Lewis & Lewis, 2012; Robbe et al., 2003). The regional distribution
of sialic acid throughout the length of the gut is dynamic, with the ratio of sialic acid to fucose
increasing aborally (Robbe et al., 2003). Notably, the ratio of sialic acid to fucose shows a reversed
pattern in the mouse (Holmén Larsson et al., 2013). Sialic acids such as N-acetyl neuraminic acid
(Neu5Ac) and fucose residues in the terminating positions on mucin glycans are the most common
target for commensal and pathogenic bacteria alike (Juge et al., 2016; Lewis & Lewis, 2012).
Bacteria access these sialic acids with sialidases and utilize the sialic acid for catabolism, biofilm
formation, or incorporation into surface glycan structure, which impacts host immune modulation
(Juge et al., 2016; Lewis & Lewis, 2012; Ouwerkerk et al., 2013; Tailford et al., 2015). The
sialidases also contain the carbohydrate-binding modules (CBM), such as sialic acid-specific
CBM40 (Moustafa et al., 2004; Tailford, et al., 2015). The discovery of intramolecular trans-
sialidase in Ruminococcus gnavus led to the understanding of the novel mechanisms of mucosal
adaptation. The IT-sialidase from R. gnavus (Rg) ATCC 29149 (RgNanH) comprises a catalytic
glycoside hydrolase domain, RgGH33, and a carbohydrate-binding module, RgCBM40 (Tailford

et al., 2015).

RgCBM40 increases binding affinity to mucin with increasing sialic acid content indicating that
binding of R. gnavus ATCC 29149 to intestinal mucus is sialic acid-mediated (Owen et al., 2017).
It has been suggested that CBMs not only mediate the attachment of CAZymes to glycans present
on host tissues but allow the adherence of the bacterium to the mucus layer (A. K. Singh et al.,

2014) . The potential avidity effect of CBM40-mediated binding of sialylated mucins in vivo may
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favor a mechanism by which CBM40 helps targeting the bacteria towards sialic acid-rich regions
of the GI tract, therefore promoting bacterial colonization within the outer mucus layer (Owen et

al., 2017).

There is a diverse repertoire of the CAZymes with CBM in the gut microbiota (Kaoutari et al.,
2013), although the specificity of binding for most CBMs is poorly characterized. Bioinformatic
analyses of bacterial genomes showed that the canonical RgCBM40 domain is widespread among
Firmicutes, yet is distinct from CBM of CAZyme amongst Bacteroidetes (Kaoutari et al., 2013).
It is speculated that CBMs are important in shaping the spatial distribution of symbiotic bacteria

among physical niches in the gut.

1.1.6.2 Sugar utilization and recognition in Bacteroides

The sugar utilization system, the mechanism of colonization, and the mucosal adaptation of
Bacteroides are the most extensively studied. Glycan utilization potential of these bacteria and
their colonization ability in the gut are regulated by the surface glycans and surface proteins to
some extent. Early studies revealed that many strains of the Bacteroides species possess very broad
glycan degradation/utilization potential, with some strains able to target dozens of different

complex glycans (Salyers et al., 1977; Tomlin et al., 1988).

In the quest to understand the glycan utilization and role of glycan-bacteria interactions in these
mechanisms, there have been ample efforts to characterize the structure and glycan-binding
preferences of surface proteins of bacteria. Advances in omics technologies and human

microbiome project have shed light on glycan utilization systems and the associated saccharolytic
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genes in Bacteroides species. These bacteria have acquired the ability to digest complex glycans
because they are an abundant nutrient source in the distal colon (Sonnenburg et al., 2005). In
Bacteroides species, polysaccharide utilization is driven by the binding of the putative outer
membrane receptor complex, and then it is translocated into the periplasm, where it is degraded

by enzymes (Reeves et al., 1997), rather than by extracellular polysaccharide degrading enzymes.

Bacteroides have a highly organized system for glycan utilization where all genes regulating the
degradation of the dietary or host-derived glycans are assembled in a single polysaccharide
utilization locus (PUL) (Martens et al., 2009). The most well-studied PUL-encoded glycan uptake
systems are the starch utilization system (Sus) and Sus-like system, which play an essential role in
dietary glycan and host-glycan utilization (Martens et al., 2009) and it encodes for eight proteins,
SusRABCDEFG. Despite being well-characterized structural and functional characteristics of sus-
like proteins, strategies of recognition of glycans by these proteins are not adequately understood.
A recent review (R. P. Singh, 2019) discussed glycan recognition by different Bacteroides species
from the view of Surface Glycan Binding Proteins (SGBPs) and it listed their glycan-binding
preferences. SGBPs of starch are particularly well characterized in B. thetaiotamicron and are
grouped as SusEFG. SusEF have lesser role in glycan binding as compared to SusD (Reeves et al.,
1997), while SusG is a starch-degrading enzyme (Shipman et al., 1999). Super-resolution imaging
of SusG has shown that SusG interacts with other membrane proteins (i.e. SusDEF) in presence of
glucose, maltose, and amylopectin (Karunatilaka et al., 2014) indicating that SusG is also
important to bind to these sugars. While the glycan binding of B. thetaiotamicron is well

understood and is the model organism for Bacteroides-glycan interactions, details of glycan-
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binding by SGBPs in other Bacteroides species is limited due to the complexity of structural and

functional characterization of these glycan binding proteins.

In addition to binding to dietary polysaccharides, mucin-glycan foraging of Bacteroides species
have also been linked to sus-like proteins. In Bacteroides thetaiotamicron SusD-like protein
BT1043 is an outer membrane protein associated with O-glycan utilization of host mucin (Martens
etal., 2008). Structural and functional characterization of a SusD like protein NanU, a SusD family
protein from B. fragilis has shown high binding affinity to sialic acid (Phansopa et al., 2014).
However, more studies will be required to characterize the full spectrum of the glycan-binding by
these Sus-like proteins. A recent study used fluorescently labeled, microscopic glass beads
containing different bound glycans to examine carbohydrate-based adhesion of Bacteroides strains
(Patnode et al., 2021). New high throughput methods like these along with various high throughput
glycan screening platforms will enhance understanding of glycan recognition by glycan utilization

machinery of bacteria.

1.1.6.3 Glycan recognition and utilization in Bifidobacteria

Bifidobacteria constitute approximately 60-90% of total gut microbiota in early life (Odamaki et
al., 2016). Unlike Bacteroides, Bifidobacteria preferentially utilize short oligosaccharides (Sela et
al., 2008). Similar to Bacteroides, Bifidobacteria possess membrane-associated glycohydrolase
(GHs) for digesting long oligo/polysaccharides, and solute-binding proteins (SBPs) for

recognizing those digested short oligosaccharides before importing into the cytoplasm (R. P.
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Singh, 2019). A conserved SBP (BIAXBP) of B. animalis subsp. lactis B1-04 is composed of two
domains which show specificity in binding to xylotetraose and arabinoxylotriose (Ejby et al.,
2013). Another SBP (BIG16BP) of Bl-04 shows generality in binding to glycans with an a-
(1,6)- galactoside/glucoside link (Ejby et al., 2016). It has been suggested that such sugar-binding
genericity of SBPs (BIAXBP and BIG16BP) may be an adaptive strategy to persist in a nutrient-
poor environment (R. P. Singh, 2019). Additionally, other SBPs, BIMnBP1, and B/MnBP2 are
characterized to have a different affinity towards mannan-oligosaccharides. The diversification of
the SBPs highlights the ability of these proteins to modulate the oligosaccharide uptake preferences

at the time of adaptation to specific ecological niches (Ejby et al., 2019).

Genomic analysis of a milk oligosaccharide utilizing bacterial strain, B. longum subsp. Infantis
ATCC15697, suggests the potential of encoding notable numbers of family 1 SBP (solute binding
protein) (F1SBP) of ABC transports, 7 of these are encoded by 43-kbp gene cluster for utilizing
diverse human milk oligosaccharides (Sela et al., 2008). Glycan array analysis of 11 FISBPs
showed that these proteins have binding affinities towards oligosaccharides belonging to lacto-N-
biose (LNB, GalB1-3-GIcNAc) and branched or unbranched polylactosamines (Garrido et al.,
2011). Notably, some of the FISBPs can bind to multiple glycans, such that Blon 2177,
Blon 2347, Blon_ 2344 and Blon 0883 can recognize multiple glycans including mucus glycans

(Garrido et al., 2011).

A homolog of F1SBP in mucus-glycan utilizing strains of B. bifidum can also recognize lacto-N-

biose (LNB), galacto-N-biose (GNB) and lacto-N-tetraose (LNT) (Suzuki et al., 2008).
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1.1.7 Glycan array technologies for bacteria

Different microarray technologies have been used to explore the bacterial surface glycans.
Antibody and lectin microarrays have played an important role in illustrating bacterial
glycosignatures, enabling differentiation among strains and to evaluate the difference in the glycan
structures due to changes in environmental conditions (Campanero-Rhodes et al., 2020). Several
lectin microarrays have been utilized for the analysis of glycosylation of bacteria such as lectin
microarray (Gao et al., 2010; Liu et al., 2016). Several bacterial glycan microarrays have been
designed for serodiagnosis of infections and bacterial glycan arrays for the identification of novel
vaccine candidates and bacterial glycan arrays for the study of bacterial glycan binding proteins.
The list of glycans printed in the arrays includes polysaccharides, lipopoly/lipooligosaccharides,
(lipo) teichoic acids, and peptidoglycans, as well as sequence-defined oligosaccharide fragments
(Campanero-Rhodes et al., 2020). For observing host- bacteria glycan- glycan interactions,
purified bacterial glycans have been used on the microarray printed host glycans (Christopher J.
Day et al., 2015). However, the potential of the carbohydrate microarrays for studying host -
bacteria interactions is inadequately explored due to limited library of probes that are used for

building the array.

1.1.7.1 DNA encoded Next generation glycan array
Despite some limitations, traditional microarray can theoretically be used to directly assay glycan-
binding preferences of intact bacterial cells. However, it captures limited amount of adhesion

because the two dimensional surface of slides can provide partial interaction of large intact cells
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(Yan et al., 2019). To enhance the robustness and high throughput ability of glycan microarray,
the next generation glycan microarray (NGGM) has been developed recently, which is based on
the artificial DNA-coding of glycans (Yan et al., 2019). NGGM is a mixture of glycans and
glycoconjugates which are coded with unique oligonucleotide code. Its solution phase binding

assay makes it amenable to screen glycan binding of intact cells.

1.1.7.2 Phage-display glycan arrays

With advances in phage-display technologies, engineered phages displaying monosaccharides and
oligosaccharides, referred as “glycophages”, have been designed as alternative to previously
mentioned glycan libraries (Celik et al., 2015). In these glycophage libraries, there are few
limitations, such as authors were not able to quantify the density of glycans on different

glycophages, and it can only be used for monovalent display of the glycans.

1.1.7.2.1 Liquid glycan array (Genetically encoded multivalent phage-display enabled
liquid glycan array)

The genetically encoded multivalent glycan array on M13 phage was developed and recently

published by the Derda group (Sojitra et al., 2021). Unlike the glycophage display system that

employs the biosynthesis of glycans, LiGA decouples DNA encoding and glycan display from

biosynthesis. Chemical manufacturing of LiGA allows the repurposing of many chemical

approaches previously employed in construction of the traditional PGAs. LiGA is built on
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filamentous M13 phage particles with silent DNA barcodes inside the phage genome. The authors
chemically conjugated glycans to a subset of ~2700 copies of major coat protein pVIII to produce a
multivalent display of ~150-1500 copies of glycans. LiGA has been used to test glycan binding of pure
lectins, glycan binding proteins and mammalian cells but it has not been previously used for testing

glycan binding of bacteria cells.

1.1.8 Research Objectives
Objective 1: To understand the glycan binding preferences of different L. reuteri isolates using

Liquid Glycan Array (LiGA).

Hypothesis: We hypothesize that glycan binding profiles differ between L. reuteri from different

hosts.

Objective 2: To understand the glycan binding preferences of bacteria from different taxonomic

groups using Liquid Glycan Array (LiGA).

Hypothesis:

We hypothesize that taxonomically closer gut bacteria have similar glycan binding profiles.
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2 Chapter 2: Glycan binding Profiles of the Limosilactobacillus

reuteri

2.1 Introduction

Vertebrates have evolved in association with the microbes in their digestive tracts. Gut microbes
not only enhance the metabolic ability of the host through the nutrient provision but also exclude
pathogens and help in the host immune system (Dethlefsen et al., 2007). It is evident that
vertebrates benefit from the symbiotic relationship with the gut microbes and this symbiotic
relationship plays a role in the evolution of vertebrates. The taxonomic profile of the vertebrate
microbiota is largely host-specific (Dethlefsen et al., 2007; Ley et al., 2008) and in some cases,
congruent with the evolution of host species. This seeming relatedness between the microbial
community composition and host phylogeny has been postulated as an evidence for co-evolution
(Fraune et al., 2010; Ley et al., 2008). Much of this information is derived from the 16s rRNA
gene analysis, this gene has evolved too slowly, especially given the more recent diversification

of contemporary vertebrate species compared to their bacterial symbionts.

However, definitive evidence for strong associations of specific lincages with vertebrate hosts over
evolutionary time scales has not been provided by 16s rRNA data (Frese et al., 2011). Co-
diversification of specific bacterial lineages hosts has been determined by analysis of fast evolving

gene phylogenies (Falush et al., 2003; Moeller et al., 2016). However, even in the few well-known
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cases, the mechanisms underlying the evolution of these microbes and the outcomes of this

evolution remain unclear.

Trends of community similarity provide evidence for co-diversification of gut communities with
their hosts, suggesting that there are host specific evolutionary interactions between hosts and their
microbiota (Ley et al., 2008). Additionally, some gut microbes are specialists, such as
Helicobacter pylori, which is highly host specific and has been used to track human migrations
over long time spans (Linz et al., 2007). On other hand, many microbes in the mammalian gut are
shared across host species (Ley et al., 2008), which shows that some members of the gut are
generalists inhabiting multiple ecosystems. This evolutionary strategy is illustrated by the
commensal Escherichia coli, which have broad host range and alternate between niches within the
environment and their vertebrate hosts (Tenaillon et al., 2010; Touchon et al., 2009). But there are
not a lot of vertebrate gut symbionts for which host specificity has been illustrated. Little is known
about the mechanisms by which gut microbes can evolve stable associations with their hosts that
would allow for reciprocal evolutionary interactions between bacterial lineages and host genotypes
(Frese et al., 2011). The gram-positive bacterium Limosilactobacillus. reuteri has been used as a
model organism to study the evolutionary strategy of vertebrate gut symbionts because this
organism colonizes the GIT of vertebrates as diverse as humans, pigs, mice, rats, and chickens. In
rodents, pigs and chickens, it is one of the dominant species in the GI tract and forms the biofilm
like associations with the stratified squamous epithelial lining of the proximal regions of the
digestive tract (Brooks et al., 2003; Leser et al., 2002; Salzman et al., 2002; Tannock, 1992; Walter,

2008). It is observed that strains of L. reuteri from global sources comprised distinct phylogenetic
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clusters that can be detected with the Multilocus Sequence Analysis (MLSA) and Amplified
fragment length polymorphism (AFLP), and these clades show significant association with host
origin (Jensen et al., 2014). Besides these genotypic patterns, an adaptive evolutionary process is
also demonstrated by phenotypic characteristics of L. reuteri strains in terms of the ecological
performance in the gut and adhesion to epithelial cells (Oh et al., 2010; Schreiber et al., 2009;
Suegara, 1975). Genomic approaches in combination with experiments in animal models offer
mechanistic insight into the evolution and ecology of microbial symbionts of vertebrates. Previous
study showed that only rodent strains of L. reuteri colonize the gut of reconstituted Lactobacillus
free mice in high number, while isolates from humans, swine, and chicken form either lower
populations or fail to colonize (Frese et al., 2011). A microarray analysis of 57 L. reuteri strains
revealed specific gene combination in host adapted lineages of L. reuteri. Among genomic features
associated with the host origin, large surface proteins of rodent lineage showed specificity towards
this lineage and these eleven large surface proteins were rare in isolates from pigs and poultry and
absent from lineage human isolates of MLSA lineage II. Several of these surface proteins are
predicted to be involved in epithelial adhesion and biofilm formation. Proteins Lr 69656,
Lr 70131, Lr 70134, Lr 70135, Lr 70581, and Lr 71380 contained putative mucin-binding
MucBP domains and other domains involved in the extracellular matrix binding (Frese et al.,

2011).

Although adhesion of these surface proteins to epithelial cells is known to be mediated by glycans,
direct binding of L. reuteri with specific glycans remains to be demonstrated. To determine

whether glycan binding profile was similar between L. reuteri from the same host, glycan binding
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of 16 L. reuteri isolates consisting of 4 isolates from each of murine, porcine, poultry and human
lineages was tested. Glycan binding was assessed using a novel Liquid Glycan Array (LiGA)
which comprises a library of glycosylated M13 phage particles with silent DNA barcodes in the
phage genome (Sojitra et al., 2021). Validation of glycan binding of LiGA was carried out using
mannose binding lectin, ConA and wild type and fimH-mutant E. coli. We hypothesized that the

glycan binding profiles of L. reuteri are host specific.

2.2 Materials and methods

2.2.1 Bacterial culture

To determine whether glycan binding profile was similar between L. reuteri from the same host,
glycan binding of 16 L. reuteri isolates consisting of 4 isolates from each of murine, porcine,
poultry and human lineages was tested. Bacterial strains used in this study are listed in Table 2.1.
L. reuteri strains were grown in de Man, Rogosa, and Sharpe (MRS) medium (Difco)
supplemented with 5% maltose and 10% fructose under anaerobic conditions (5% CO2, 5% H2,
and 90% N2) in anaerobic chamber. All E. coli strains were grown in Luria-Bertani (LB) broth
with agitation. Each strain was grown and the optical density (measured using spectrophotometer

[4001/4, Thermo Fisher Scientific]) and CFU/ml were noted at 12 hrs, 18 hrs, and 24 hrs.
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2.2.2 Sanger sequencing

Each bacterial strain was tested by the colony PCR using the sanger sequencing using 16S rRNA
primers using 8F and 926R primer (Coolen et al., 2005). Each 50 pl PCR reaction mixture
consisted of 2 pul of 10 uM forward primer 8F, 2 pl of 10 uM reverse primer 926R, 2 pul of 10 mM
deoxynucleotide triphosphate mix (Invitrogen, Carlsbad, CA), 5 pl of 10x Taq polymerase buffer
(Invitrogen), 2 pl of 50 mM MgCl2 (Invitrogen), 0.5 pl of 1 U/ul Taq polymerase (Invitrogen), and a
small amount of colony. The thermal cycling program included an initial 10 min denaturation step at
94°C, 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, and a final 7 min extension at
72°C. PCR products were visualized by 1% agarose gel electrophoresis followed by the SYBR Safe

DNA gel staining (Invitrogen). Sequencing results were verified using nucleotide blast.

Table 2.1 List of L. reuteri strains used in this study.

Strain Host Origin Source

L. reuteri DSM20016. Human Human JGI 2671180761
L. reuteri mm2-3. Human Human JGI 2502171171
L. reuteri Sd2112.human Human JGI 650716048
L. reuteri M27415.human Human JGI 2687453659
L. reuteri 15007.pig Pig JGI 2554235423
L. reuteri Lp167. Pig Pig JGI 2599185361
L. reuteri ATCC 53608. Pig Pig EMBL LN906634
L. reuteri.---pig pig Willing’s lab

L. reuteri Jcm 1081.poultry Poultry JGI 2684623011
L. reuteri 1366.poultry Poultry JGI 2684623010
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L. reuteri AP3.Poultry Poultry GCA 014145445
L. reuteri CSF8.poultry Poultry JGI 2684623009
L. reuteri M13.mouse Rodent JGI 2506381016
L. reuteri Tmw1.656. rat Rodent JGI 2534682350
L. reuteri Lpuphl.rat Rodent JGI 2506381017
L. reuteri 100-23. rat Rodent JGI 2500069000

2.2.3 Liquid Glycan array
Liquid glycan array LiGA-ED was prepared by Mirat Sojitra from Dr. Ratmir Derda’s lab . It
contains 96 (counting different glycosylation density as unique structure) the different glycan

structures. Glycan structures present in the LiGA-ED are listed in Table 2.2.

Table 2.2 List of glycans in Liquid glycan array LiGA-ED.

Glycan- Glycan-density
no. Modification Common name | (glycans/phage)

I. Galb1-4Glcp-P4 Lac-peg4 1080

2. Mana-S6 aMan 840

3. Manal-6[Manal-3]Mana-S6 (Man)3 <8

4. Manal-6{Manal-3]Mana-S6 (Man)3 1300

5. Manal-6[Manal-3]Mana-S6 (Man)3 1730

6. Fucal-2GalB1-4GIcB-Sp 2'FL 950

7. Fucal-2GalB1-3GIcNACcB-Sp H type 1 700

8. Fucal-2(Galp1-4GIcNAcB1-3)2B-Sp H2 430

9. Fucal-2(GalB1-4GlcNAcB1-3)3B-Sp H3 190

10. | Fucal-2GalB1-4GIcNAcB-Sp H-type 2 540

11. | GalNAcal-3[Fucal-2]GalB1-3GIcNAcB-Sp Atetratype 1 | 700

12. | GalNAcal-3[Fucal-2]GalB1-4GIcNAcB-Sp A tetratype 2 | 920

13. | GaINAcal-3[Fucal-2]GalB1-4GlcB-Sp A tetra L 590

14. | Galal-3[Fucal-2]GalB1-4GlcB-Sp B tetra L 920
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15. | GIcNAcB1-3GalB1-4GIcNAcB-Sp GNLN 810
16. | GalNAcB1-3Galal-4GalB1-4GlcB-Sp Globoside-P 1030
17. | GaINAcB1-3Galal-4GalB1-4GlcB-Sp Globoside-P 730
18. | GIcNAcB-Sp GN 1050
19. | GalNAcB1-3Galal-4GalB1-4GIcNAcB-Sp P1 tetra 970
20. | GalNAcB1-4GIcNAcB-Sp LacDiNAc 50
21. | GlcNAcB1-3GalB1-3GIcNACcB-Sp 3'GN typel 860
22. | GalB1-4GlcNAcB1-3GalB1-4GlcB-Sp LNnT 240
23. | Galal-3[Fucal-2]GalB1-3GlcNAcB-Sp Btetratype 1 | 620
24. | Galal-3[Fucal-2]Galp1-4[Fucal-3]GlcNAcp-

Sp 2'F-B type 2 220
25. | Galal-3[Fucal-2]GalB1-4[Fucal-3]GlcNAcp-

Sp 2'F-B type 2 760
26. | Galal-3[Fucal-2]GalB1-4GIlcNAcB-Sp Btetratype2 | 970
27. | GalB1-4[Fucal-3]GlcNAcB-Sp Lex 810
28. | (GalB1-4[Fucal-3]GIlcNAcB1-3)2B-Sp Di-Lex 410
29. | GalB1-3GlcNAcB1-3GalB1-4[Fucal-

3]GIcNAcB-Sp Lec-LeX 570
30. | GalB1-3[Fucal-4]GlcNAcB1-3GalB1-4[Fucal-

3]GIcNAcB-Sp LeALex 350
31. | GlcNAcB1-3Galp1-4GlcB-Sp LNT-2 430
32. | Fucal-2GalB1-4[Fucal-3]GIcNAcB1-3Galp1-

4[Fucal-3]GlcNAcB-Sp Ley-Lex 350
33. | Fucal-2GalB1-4[Fucal-3]GIcNAcB1-3(GalB1-

4[Fucal-3]GIlcNAcB1-3)2B-Sp Ley-Di-Lex 510
34. | Galal-3GalB1-4[Fucal-3]GIcNAcB-Sp Gala3Llex 620
35. | KDNa2-3GalB1-4GlcNAcB-Sp 3'KDNLN 510
36. | Galal-3GalB1-3GIcNACcB-Sp Gala3-typel 350
37. | Galal-4GalB1-4GlcB-Sp Pk 860
38. | Galal-4GalB1-4GIcNACcB-Sp P1 tri 620
39. | Galal-3GalB1-4GIcNAcB-Sp B2 tri 350
40. | Galal-3GalB1-4GlcB-Sp Galili-tri 1000
41. | Fucal-2GalB-Sp Di-N3 970
42. | GalNAcal-3[Fucal-2]GalB-Sp Tri-AN3 1080
43. | NeuS5Aca2-3GalB1-3GIcNAcB-Sp 3'SLec 430
44. | NeuS5Aca2-3GalNAcB1-4GIcNAcB-Sp 3'SLDN 460
45. | NeuSAca2-3[GalNAcB1-4]GalB1-4GlcB-Sp GM2 590
46. | NeuS5Aca2-3[GalB1-3GalNAcB1-4]GalB1-

4GlcB-Sp GM1 460
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47. | Galp1-3GIcNAcB-Sp Lec 680
48. | GalB1-4GIcNACcB-Sp LacNAc, LN 970
49. | GalB1-3[Fucal-4]GlcNAcB-Sp LeA 950
50. (GalB1-4[Fucal-3]GIcNAcB1-3)3B-Sp Tri-Lex 430
51. | (GalB1-4GIcNAcB1-3)2B-Sp Di-LN 650
52. | (GalB1-4GlcNAcB1-3)3B-Sp Tri-LN 380
53. | NeuSAca2-8NeuSAca2-8NeuSAca2-

8NeuSAca2-3[GalNAcB1-4]Galp1-4GlcB-Sp GQ2 140
54. | NeuSAca2-8NeuS5Aca2-8NeuSAca2-

3[GalNAcB1-4]GalB1-4GlcB-Sp GT2 160
55. | NeuSAca2-8Neu5SAca2-8NeuSAca2-3Galp1-

4GIcB-Sp GT3 510
56. | NeuSAca2-8NeuS5SAca2-3[GalNAcbl-4]GalB1-

4GlcB-Sp GD2 460
57. | NeuSAca2-8NeuSAca2-8NeuSAca2-

8NeuSAca2-3GalB1-4GleB-Sp TetraSLac 80
58. | NeuSAca2-3[GalNAcB1-4]GalB1-4GIcNAcB-Sp | CT|Sda 350
59. | Neu5SAca2-3[Neu5SAca2-3GalB1-3GalNAcB1-

4]1GalB1-4GlcB-Sp GDla 110
60. | NeuS5Aca2-3GalB1-3[Fucal-4]GIcNAcB1-

3GalB1-4[Fucal-3]GIcNAcB-Sp 3'SLeA-Lex 570
61. | NeuSAca2-3GalB1-3GIcNAcB1-3GalB1-

4GIcNACcB-Sp 3'SLecLLN 860
62. | NeuSAca2-3GalB1-4GlcNAcB1-3GalB1-

3GIcNACcB-Sp 3'SLN-Lec 410
63. | Neu5Gca2-3GalB1-3GIcNACcB-Sp 3'SLec (Gce) 350
64. | NeuSAca2-3(Galp1-4GIcNAcB1-3)2B-Sp 3'S-Di-LN 1350
65. | NeuSAca2-3(GalB1-4GlcNAcB1-3)3B-Sp 3'STri-LN 160
66. | NeuS5Aca2-3(GalB1-4[Fucal-3]GIcNAcB1-3)3pB-

Sp 3'S-Tri-LeX 160
67. | NeuS5Aca2-3GalB1-4GlcB-Sp GM3 540
68. | Neu5Gca2-6GalB1-4GIcNAcB-Sp 6'SLN (Gc) 430
69. | NeuS5Aca2-6GalNAcB1-4GlcNAcB-Sp 6'SLDN 620
70. | Neu5Aco2-6Galb1-4GlcB-Sp 6'SL 620
71. | NeuSAca2-6Galp1-4GlcNAcB1-3GalB1-

3GIcNACcB-Sp 6SLN-Lec 300
72. | NeuSAca2-6(Galp1-4GIcNAcB1-3)2B-Sp 6'S-Di-LN 300
73. | NeuSAca2-8NeuSAca2-3GalB1-4GIcB-Sp GD3 320
74. | Neu5Gca2-3GalB1-4GlcNAcB-Sp 3'SLN (Gc) 570
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75. | Neu5Gca2-3GalB1-4GleB-Sp 3'SL (Gc) 490
76. | KDNa2-3GalB1-3GIcNAcB-Sp 3'-KDNLec 760
77. | Galp1-4[Fucal-3]GIcNAcB1-3Galbl-3[Fucal-

4]1GIcNAcB-Sp Lex-LeA 410
78. | NeuSAca2-3Galp1-3GlcNAcB1-3GalB1-

3GIcNACcB-Sp 3'S-Di-Lec 270
79. | NeuSAca2-3(GalB1-3[Fucal-4]GIcNAcB1-3)2B-

Sp 3'S-Di-LeA 160
80. | Galal-4GalB1-4GIcNAcB1-3GalB1-4GlcB-Sp P1 penta 620
81. | Galp1-3GalNAcB1-3Galal-4GalB1-4GIlcNAcB-

Sp P1 penta 620

2.2.4 Plaque assay of input library and bound library

For determining the input library phage count, the plaque assay was conducted using E. coli K-12
strain which is susceptible to the M 13 bacteriophage. For the plaque assay, E. coli K-12 was grown
in the Luria-Bertani (LB) broth with agitation at 37 °C. Approximately 200 pl of the E. coli K-12
broth culture was used for each plaque assay. For input library (5x10% PFU/ml), 1:10, 1:100, and
1:1000 dilutions were used for plaque assay. Apart from the input phage for the glycan binding
assay, the bound LiGA phage was also quantitated by the plaque assay titration. We took 2 pl of
resuspended phage in HEPES buffer (50 mM HEPES, 150 mM NacCl, 2 mM CaClz, 10 mM MgClz)
after the last washing step in the binding. 2 ul from each binding assay sample was directly mixed
with the 198 pl of the E. coli K-12 and 3 ml of the top agar (0.8% LB agar, 50 °C) was added and
after swirling the mixture, it was poured and spread on LB agar plates with the X-gal, IPTG, 40
pg/ml each. Another 2 ul of phage resuspended in HEPES buffer was used for serial dilution in
198 ul of the HEPES buffer and 2 pl of this diluted mixture was used in plaque assay to determine

the titer of bound phage.
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Figure 2.1 Schematic to enumerate input Library phage titer using Plaque assay.

2.2.5 Glycan binding assay for concanavalin A (ConA) coated 96 well-plate

To validate the glycan binding and integrity of LiGA, mannose binding lectin ConA was tested.
Lyophilized ConA lectin (Sigma-Aldrich, C2010) was dissolved in HEPES buffer (50 mM
HEPES, 150 mM NaCl, 2 mM CaCl) and store in 4 °C. Lectin solution (70 pl of 20 pg/ml) was
deposited in 4 wells of the 96 well plate (Corning 9017 96- Well microplate, Cole-Parmer) and
plate was sealed with 96 well plate transparent seal. Lectin coated plate is incubated at 4 °C
overnight. Next day, at room temperature, the seal was removed and the protein solution from the
wells was discarded. Further, wells were washed by pipetting 150 pl washing solution (50 mM

HEPES, 150 mM NaCl, 2 mM CacClz, 0.1% tween-20). Then, the wells were blocked by 75 pul of

37



blocking solution (50 mM HEPES, 150 mM NacCl, 2 mM CaClz, 1% BSA) along with the 4
additional wells as control. After incubating for 1 h at room temperature, the blocking solution was
discarded and well were washed three times with washing solution. LiGA library (50 pl of 5x10"8
PFU/ml) was added to each well and plate was incubated at room temperature for 1 h. Further, the
unbound LiGA library was discarded, and wells were washed two times using washing solution,
and the last wash was done by 150 pl of binding solution. For eluting the bound LiGA, 50 pl of
HCl is added to each well and incubated for 9 min at room temperature, and eluted LiGA with HCI1
solution was transferred immediately to the Eppendorf tubes containing 5x HF buffer. The eluted
phage solution was stored in 4 °C until first step PCR is performed, first step PCR was done on

the same day of assay (Sojitra et al., 2021).

2.2.6 Glycan binding assay for bacterial Cells

For each bacterial strain, 8 biological replicates were grown by inoculating single colony in 5 ml
of broth media. After growing the bacteria in the anaerobic chamber, the cells were harvested by
centrifuging (2-5 min 10K RPM, 4 °C) the 1 ml of broth culture in microcentrifuge tube. The
supernatant was washed out and the pellet was washed by HEPES buffer (50 mM HEPES, 150
mM NaCl, 2 mM CaClz, 10 mM MgCl>) to remove media stuck to the cells, further pellet was
resuspended in the 1 ml of HEPES buffer and volume containing 108 CFU was taken for assay.
The aliquot of cells was spun down (2 min 10K RPM = 9391g, 4 °C) and after removing the
supernatant completely, the cells were kept on ice for assay. Phage mix was prepared from the

LiGA library stock containing 5x10'° PFU/ml by diluting in the HEPES buffer (50 mM HEPES,
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150 mM NaCl, 2 mM CaClz, 10 mM MgClz) to 5x10% PFU/ml so that 100 pl contains 5x107
PFU/ml. For the binding assay, 100 ul of 5x10® PFU/ml LiGA mix was added to the tube
containing the bacterial cells and cells were completely resuspended by inverting the tube. The
cell and Liga mix was kept on ice for 1 h for binding to occur and the tube was inverted every 15
min to mix the solution. After incubation, the mixture was centrifuged (2 min 10K RPM, 4 °C) to
remove the unbound LiGA as supernatant. Cells were then washed three times with 1 ml of cold
(4 °C) HEPES buffer (50 mM HEPES, 150 mM NaCl, 2 mM CaClz, 10 mM MgCl.). After the last
washing step, cells were resuspended in 100 pl of HEPES buffer and 4 ul was kept for the plaque
assay and the remaining mixture was centrifuged to remove the supernatant. The cell pellet was
used for phage DNA extraction using the GeneJET Plasmid Miniprep Kit (Thermo Fisher
Scientific). Extracted DNA was eluted in the 25 pl of elution buffer. The eluted DNA was directly

be used for the PCR.

2.2.7 TIllumina sequencing

2.2.7.1 PCR amplification of the template of bound LiGA to cells

The extracted DNA was used for first step PCR, 12 pl of the eluted DNA was used for the PCR.
DNA template of eluted phage after panning procedure was amplified in total volume of 30 pl with
5x Phusion® buffer (ThermoFisher Scientific, cat. no. F-518), 10 mM of each dNTPs, 10 uM
NF10 forward primer, 10 uM 96’ reverse primer, DMSO (Sigma D2650-100ML) and one unit of
Phusion® High-Fidelity DNA Polymerase (NEB, #M0530S). In amplification of naive libraries,

volume of template (phage solution) was 4 pl. Cycling was performed using the following
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thermocycler settings: a) 95 °C 3 min, b) 95 °C 10 s, ¢) 58 °C 30's, d) 72 °C 20 s, e) repeat b-d for
35 cycles), f) 72 °C 5 min, f) 4 °C hold. The PCR products were verified by 2% (w/v) agarose gel
in Tris-Acetate-EDTA buffer at 107 volts for ~30 min using a low molecular weight DNA ladder

as standard (FroggaBio, # DM001-R500).

2.2.7.2 Indexing PCR

[llumina indexing barcodes were added using the second PCR of the template DNA from first step
PCR. It was amplified in 50 pl with 5x Phusion® buffer (ThermoFisher Scientific, cat. no. F-518),
10 mM dNTPs, 10 uM SDB (silent DNA barcode) forward primer, 10 uM SDB reverse primer,

and one unit of Phusion® High-Fidelity DNA Polymerase (NEB, #M0530S).

Indexed PCR products were pooled allowing 20 ng of each product in the mixture. The mixture
was purified by eGel, quantified by Qubit (Thermo Fisher) and sequenced using the Illumina
NextSeq paired-end 500/550 High Output Kit v2.5 (2x75 Cycles) (Sojitra et al., 2021). Data was

automatically uploaded to BaseSpace™ Sequence Hub. Processing of the data is described below.

2.2.7.3. Processing of Illumina data

This protocol is adapted from (Sojitra et al., 2021). The Gzip compressed FASTQ files were
downloaded from BaseSpace™ Sequence Hub. The files were converted into tables of DNA
sequences and their counts per experiment. Briefly, FASTQ files were parsed into separate files

based on unique multiplexing barcodes within the reads. Reads that did not contain an identifiable
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multiplex barcode were discarded. Several quality control steps were performed based on 1) reads
that contained a Phred quality score = 0 in any position were also discarded (ii) mapping the
forward and reverse primer regions was done allowing no more than one base substitution each,
(i11) alignment of the forward and reverse read-end overlap was performed allowing no mismatches
between forward and reverse read in the overlap region. Reads that did not match criteria (ii) and
(ii1) were discarded. The two ends of read-pairs that pass the filtering criteria were joined and
trimmed to the DNA sequences located between the priming regions; the reads were organized in
a tab-delimited text file containing the unique DNA sequences and their copy numbers. Technical
replicates were combined in the same file. Using an SDB-lookup table, DNA sequences were
mapped to SDB and were translated to glycans using a LiGA-specific lookup table (“LiGA
dictionary”). The file with DNA reads, raw counts, and mapped glycans, were uploaded to
http://ligacloud.ca/ server. Each experiment has a unique alphanumeric name (e.g., 20210813-

87EDcsfGT-OB).

2.2.8 Data analysis

Data analysis was performed in R—Bioconductor and was adapted from (Sojitra et al., 2021).
Comparisons and testing differences for significance in the LiGA data were performed as
described in publication (Matochko et al., 2014) using DE implemented in edgeR (Robinson &
Smyth, 2008). For DE analysis, three factors were considered: (1) modeling of the observed counts
using a negative binomial model, (2) BH (Benjamini & Hochberg, 1995) adjustment to control the

FDR at a = 0.05 and (3) normalization of data across multiple samples using TMM normalization
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(Robinson & Oshlack, 2010). To assess the significance of glycan binding in a specific experiment,
the DE of the levels of the DNA barcode associated with that glycan in ‘test’ sets of the DNA read
was compared to that of the levels of the same read in ‘control’ sets. For example, in bacterial
cells, the ‘test” dataset was association of the LiGA with the cells, whereas the control was naive
library. For binding to lectins, the ‘control’ dataset was association of the LiGA with blank carriers
(blank wells in plates). Before DE analysis, ‘test’ and ‘control’ datasets were retrieved from the
server at http://ligacloud. ca/ as tables of glycans, DNA and raw sequencing counts. DNA reads

that could not be mapped to any entries in the LiGA dictionary were deleted.

2.3 Results

2.3.1 Glycan binding of controls using Liquid glycan array (LiGA)

To establish that the co-incubation conditions worked, we compared LiGA binding in a fimH
mutant as compared to wildtype control with the expectation of differential mannose
binding. Differential enrichment (DE) analysis (Figure. 2.2, b) identified the mannose binding of
E.coli BW25113 (positive control) when differential enrichment (DE) analysis was done taking
E.coli BW25113 cells as ‘test’ and naive library as ‘control’. Mannose binding was consistent
when differential enrichment analysis was done taking E.coli BW25113 cells as ‘test’ and E.coli
BW25113-fimH mutant as ‘control’ (Figure 2.2, d). We considered fold change > 2, and Q<0.05
as significant binding for the particular glycan in LiGA library. A secondary control that can be

used to check for assay variability was mannose binding lectin, ConA. It showed consistent
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binding with all mannose residues (Manal- 6(Manal-3) Manal- (1300 and 1700 per phage) and

a-Man present in the LiGA except the Man3-(<8 per phage) (Figure 2.2, a).
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Figure 2.2 Differential enrichment analysis of controls. a) Differential enrichment analysis of
the ConA (n = 4 test samples, n =4 control samples), b) E.coli BW25113-fimH mutant (n = 6 test
samples (E.coli BW25113-fimH mutant cells, n = 4 control samples (naive library), ¢) E.coli
BW25113, E.coli (n = 12 test samples (E.coli BW25113 cells), n = 4 control samples (naive
library)), and d) E.coli BW25113 (test, n = 6), E.coli BW25113-fimH mutant (control, n = 6). All
respective n values are independent biological replicates, and FC + s.d. are reported with asterisks

indicating FDR < 0.05. FC was calculated by edgeR DE analysis using the negative binomial

model, TMM normalization and BH correction for FDR.
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2.3.2 Comparison of glycan binding of the L. reuteri strains from different hosts

As shown in the Figure 2.3, the strains of L. reuteri coming from the same host lineage did not
cluster based on their glycan binding profiles. Despite unique glycan binding profile of each strain,
there are noticeable similarities in the glycan binding of these isolates (Figure 2.3, Figure 2.4,
Figure 2.5, Figure 2.6, and Figure 2.7). Each isolate bound to at least a mannose structure among
three different mannose motifs in the glycan array. In addition, each strain bound to terminal
galactose containing glycans. Although 8/16 isolates bound to Di-N3 (Fucal-2GalB-Sp), the fold
change value for differential enrichment was highest for L. reuteri JCM1081. Similarly, 10/16
isolates showed significant binding to Lac-peg4 (GalB1-4Glcp-P4). Only L. reuteri JCM1081
showed binding to H type 1 (Fucal-2GalB1-3GlcNAcB-Sp) and Di-LN ((Galp1-4GlcNAcp1-3)2p-
sp). On other hand, only L. reuteri limo bound to Tri-AN3 (GalNAcal-3[Fucal-2]GalB-Sp) and
only L. reuteri AP3 bound to 3’ S-Di-Lec (Neu5Aca2-3Galp1-3GIcNAcB1-3GalB1-3GIcNAcp-
Sp) (Figure 2.3). All strains showed binding to the galactosamine and glucosamine containing

glycans and also all binds to the sialic acid containing glycans (Figure 2.3).
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Figure 2.3 Heatmap of glycan binding of 16 L. reuteri strains using the hierarchical clustering

of k-means of the Euclidean distance. * Represents FC> 2, FDR < 0.05, n = 7. Log2FC was

calculated by edgeR DE analysis using the negative binomial model, TMM normalization and BH

correction for FDR. Isolates from different hosts are marked in distinct colors. Heatmap was drawn

using pheatmap package in R.

2.3.3 Unique binding ability of L. reuteri JCM1081 among other L. reuteri strains

We tested four different poultry L. reuteri strains, L. reuteri JCM1081, L. reuteri CSFS8, L. reuteri

1366 and L. reuteri AP3. Differential enrichment (DE) analysis (Figure 2.4) identified 7 glycans

associating with L. reuteri JCM1081 cells. L. reuteri JCM1081 showed binding to glycans Di-N3

(Fucal-2Galp-Sp) (FC = 88) and Lac-peg4 (GalB1-4Glcp-P4) (FC = 46) (Figure 2.3 and Figure

2.4) with greater binding affinity than the other isolates which lead it to be outlier in the

hierarchical clustering of all the isolates (Figure 2.
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Figure 2.4 Glycan binding of the poultry strains. FC was calculated by Bioconductor edgeR DE

analysis using the negative binomial model, TMM normalization and BH correction for FDR.

Error bars represent s.d. propagated from the variance of the TMM-normalized sequencing data.

Glycan notations and color codes of a and f linkages are shown in the legend. * represents FDR <
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Figure 2.5 Glycan binding of the porcine strains. FC was calculated by Bioconductor edgeR

DE analysis using the negative binomial model, TMM normalization and BH correction for FDR.

Error bars represent s.d. propagated from the variance of the TMM-normalized sequencing data.
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Figure 2.6 Glycan binding of the human strains. FC was calculated by Bioconductor edgeR DE

analysis using the negative binomial model, TMM normalization and BH correction for FDR.

Error bars represent s.d. propagated from the variance of the TMM-normalized sequencing data.
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Figure 2.7 Glycan binding of the rodent strains. FC was calculated by Bioconductor edgeR DE

TMM normalization and BH correction for FDR.

9

analysis using the negative binomial model

-normalized sequencing data.

Error bars represent s.d. propagated from the variance of the TMM

Glycan notations and color codes of a and 3 linkages are shown in the legend. * represents FDR <

0.05,n=7.
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2.4 Discussion

Glycan binding of L. reuteri has been previously shown using the TLC overlay assay, inhibition
assay by free carbohydrates and evaluating the different surface proteins of these bacteria.
However, this is the first study to screen the glycan binding of these bacteria using LiGA. Genetic
analysis of the L. reuteri from different hosts has shown the clustering of the isolates from similar
host and experimental evaluation of the host specificity has been done in vivo. Host specificity of
many pathogens are based on the glycan binding; therefore, we evaluated if the glycan binding of
commensal L. reuteri is host specific. These results indicate that glycan binding profiles of L.
reuteri vary in a strain specific but not host specific manner. Results showed similarity in binding

of some glycans such as galactose, mannose, and sialic acid in all 16 isolates.

Mannose is an integral part of the gut epithelial glycosylation and microbes have adapted to bind
to mannose to get access to the gut epithelium. Pathogens such as the ETEC express type 1 fimbriae
that are involved in the mannose specific adhesion to epithelial cells (Reid & Burton, 2002). Apart
from E.coli, other pathogens such as Salmonella enterica serovar Enteritidis, Vibrio cholerae, and
Pseudomonas aeruginosa (Bhattacharjee & Srivastava, 1979; Imberty et al., 2004) also target the
host surface mannose containing glycoconjugates to infect. Other Limosilactobacillus strains have
shown binding to mannose but very few strains of L. reuteri have shown binding to mannose. In
previous study, L. reuteri 1063 (L. reuteri ATCC53608) strain had shown binding to mannose
(Roos & Jonsson, 2002). This characteristic potentially aids in the ability of L. reuteri to protect
their host from these pathogens by competitive exclusion at mannose receptor of the gut epithelial

surface. Pig isolate L. reuteri Ip167-67 bound to mannose structures only and it can be assumed
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that only mannose binding adhesin is present on the surface of this bacterium while other isolates
bound to several other glycans containing fucose, sialic acid and galactose. These data indicate
that strains used in this study possess mannose specific adhesin (Msa) protein as an adhesin that
helps in competitive exclusion of pathogens in the intestine. In case of the campylobacter jejuni,
mannose contributes its initial recognition of host tissue for adherence after environmental
challenge and may not be needed for continued colonization (Christopher J. Day et al., 2013). The
Limosilactobacillus adhesion to epithelial layer is suggested to be mannose mediated and it has
been seen to inhibit the interaction of Sa/monella serovars and ETEC from the epithelial lining,
because ETEC and Salmonella serovars are also seen to bind the high mannose glycans of the

epithelial layer (Garcia-Gonzalez et al., 2018; Yue et al., 2012).

It is suggested that glycan binding preferences are the result of the adaptation to gut environment
glycans. Commonly, the mucin O-glycan chains are composed of an a-linked N-
acetylgalactosamine residue linked to serine or threonine, and extended by carbohydrate residues
such as galactose, N-acetylglucosamine, fucose, or sialic acid, but not mannose, glucose, or xylose
moieties (Brockhausen et al., 2009; Van Tassell & Miller, 2011). Mucin from the pig stomach is
primarily composed of core 2 (GalB1-3(GlcNAc B1-6)GalNAc-) and core 1 (Galp1-3GalNAc)
mucins (Karlsson et al., 1997), suggesting the presence of a higher proportion of NAG (N-acetyl-
glucosamine/ N-acetyl-galactosamine). Monosaccharide analyses of purified pig mucin (Type III,
Sigma) by gas chromatography-mass spectrometry (GC-MS) have shown that it contains N-
glycans with 9.1% fucose, 5.4% mannose, 34% galactose, 28.9% GIcNAc, and 22.4% GalNAc

(Gunning et al., 2013). Intestinal mucin contains much less mannose, however, mannose is
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abundant in the gut epithelial layer and plays a critical role in immune activities in the gut (Park et
al., 2017). Gut epithelial enterocyte glycosylation has been evaluated in different diets and Caco-
2 cells have been used to study changes in the mannosylation levels in response to diet (Park et al.,
2017). Mannose is also abundantly present in dietary components and it has been seen in bacterial
surface glycosylation (Goérska et al., 2016; Poroyko et al., 2011). It has been shown that intestinal
brush borders have less galactose as compared to the mannose (Gebhard & Gebert, 1999). In our
study, each strain binding to terminal galactose containing glycans and mannose indicates that

these bacteria interact with the mucin glycans and the epithelial glycans.

Previous studies emphasize on the mucus binding proteins (MUBs) which show binding to sialic
acid containing glycolipid such as aialo-GM1 (T. Mukai et al., 1998; Takao Mukai et al., 1992,
2002) . Apart from MUBs, there can be other proteinous components such as Cazymes to mediate
the glycan binding. The cazyme annotation of these L. reuteri strains shows that their genomes
contain several glycosylhydrolases (GHs) and some of those GHs have been characterized for the
carbohydrate binding modules (CBMs). There are no direct studies evaluating the glycan binding
specificities of these GHs/ CAzymes in L. reuteri, however, the surface anchored sialidase of the

Ruminococcus gnavus has been characterized for the sialic acid binding in-vitro (Owen et al.,

2017).

These strains’ binding to Le* containing structures and to lipid glycoprotein glycans such as GM3
(Neu5Aca2-3Galp1-4GlcB-Sp) and GD3 (NeuSAca2-8NeuSAco2-3Galf1-4GIcB-Sp) has been
previously shown (Takao Mukai et al., 2004). 7/16 (3 rodent, 2 human, 1 poultry and 1 porcine)

strains bound to the galactofuranose (Galf), which has not been shown to bind L. reuteri

53



previously. Galf has been studied in context of the pathogenicity by microorganisms (Goérska et
al., 2016) but in context of gut intestinal tract, it has been minimally explored. Only two strains
(rodent L. reuteri TMW1.656 and human L. reuteri DSM20016) bind to N-glycolylneuraminic
acid containing 3’SLN(Gc) (Neu5Gcea2-3GalB1-4GlcNAcB-Sp). The glycocalyx of human cells
differs from that of many other mammals by the lack of the N-glycolylneuraminic acid (Neu5Gc)
and increased abundance of its precursor N-acetylneuraminic acid (Neu5Ac) (Altman & Gagneux,
2019). Uptake and incorporation of dietary Neu5Gce into salivary mucin O-glycans has been
observed in humans (Tangvoranuntakul et al., 2003), and the adsorption of Neu5Gc from the diet
may be the source of the O-glycans containing N-glycolylneuraminic acid. Previous reports have
shown that alterations in chicken diet affect mucin glycosylation in goblet cells and also C. jejuni
colonization in broiler chicks (Fernandez et al., 2000). Our results suggest that most of the strains

do not bind to (Neu5Gc) as it is rarely present in many animal species.

Most (10/16) strains bound to the fucose terminating glycans and all strains bound to fucose
containing glycans which suggests the presence of mucus binding protein (MUB), which binds to
fucose. The binding MUB of L. reuteri 1063 (L. reuteri ATCC53608) to mucus was significantly
decreased with addition of fucose (MacKenzie et al., 2010) which suggest that MUB has

specificity to bind fucose.

Strong glycan binding of poultry L. reuteri JCM1081 conforms with observations of enhanced
adhesive capacity to gut epithelial cells (Wang et al., 2008). Its binding to galactose containing
glycans conforms with previous studies where it had been shown to bind gangliotetraosylceramide

(asialo-Neu5Aca2-3[Galp1-3GalNAcB1-4]Galp1-4GlcB-cer) and sulphated galactoceramide
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(Gal-cer) (Takao Mukai et al., 2002). L. reuteri JCM1081 inhibits Helicobacter pylori binding to
glycolipids receptor, including sulfatide, as demonstrated by thin-layer chromatography (Takao
Mukai et al., 2002). Later, a surface protein of L. reuteri JCM1081 was found which mediated the
glycan binding to the sulphatide glycans (Wang et al., 2008). Further, it was identified as EF-tu
(47-kDa) which is a cytoplasmic protein that interacts with the various partners during the
elongation cycle of protein synthesis (Nishiyama et al., 2013). It had also been shown in the other
Limolactobacilli (e.g. L. johnsonii NCC533, L. plantarum strains) to bind the intestinal cells and
mucins (Granato et al., 2004; Ramiah et al., 2007). EF-tu in L. reuteri JICM 1081 bound to sulphated
glycolipids, but not to the non-sulphated glycolipids (Nishiyama et al., 2013). In our glycan array
analysis, we found that these bacteria bound to non-sulphated glycans, which suggests that there

are other glycan binding factors on its surface along with EF-tu.

In a recent study, two pig isolates L. reuteri ZJ617 and L. reuteri ZJ615 had been shown to differ
in their adhesive ability to intestinal mucus in in vitro (Deng et al., 2020). Differential abundance
of cell wall-associated glyceraldehyde-3-phosphate dehydrogenases (cw-GAPDH) was correlated
with adhesive ability of L. reuteri ZJ617 (high-adhesive) and L. reuteri ZJ615 (low-adhesive).
Interaction between the cw-GAPDH of lactobacilli and host mucin might affect bacterial adhesion
to the intestine. c¢cw-GAPDH had been shown to GalNAcal-O-Ser, GalNAcaSer, and
Galp3GalNAc using the molecular docking (Deng et al., 2020). EF-Tu also had been shown to
bind sulfated carbohydrates but not sialic acids (Nishiyama et al., 2013). Conversely, our results
showed that L. reuteri JCM1081 binds to sialic acid containing glycan (6'S-Di-LN: NeuSAca2-

6(GalB1-4GIcNACcB1-3)2B-Sp (FC = 3 fold)). Since these characterized surface proteins partially
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depict glycan binding of this bacterium, there must be more surface factors which contribute to its

glycan binding and still to be categorized.

Overall, despite some similarities in glycan binding of all the strains, there is strain specific glycan
binding of L. reuteri. Similar strain level glycan binding specificity has been shown in the
Bacteroides strains (Patnode et al., 2021). Mucus-binding proteins (MUBs) have been revealed as
one of the effector molecules involved in mechanisms of the adherence of lactobacilli to the host.
MUBs in L. reuteri show the strain specific diversity in adhesion to host (MacKenzie et al., 2010).
Our study is limited with respect to the glycans available on the LiGA library, to further investigate
glycan binding of L. reuteri strains, inclusion of more glycans of other hosts (e.g., poultry, pig) to

the LiGA is warranted as LiGA mostly has glycans from humans and mice.

2.5 Conclusion

The results indicate that glycan binding profiles of L. reuteri vary in a strain specific but not host
specific manner. Since these are screening results of the glycan array, further validation will be

required through isolation of the surface proteins and functional characterization of these proteins.
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3 Chapter 3: Glycan binding profiles of gut microbes from different

taxonomic groups

3.1 Introduction

The human gut is home to trillions of microbes that exhibit a phenomenal strain level diversity
(Human microbiome project consortium, 2012). There has been significant progress in
understanding the genomic basis of this diversity (Karcher et al., 2020; Yaffe & Relman, 2020).
However, study of functional basis of this diversity is still in nascent stage (Yang et al., 2020).
This diversity might be related to capacity of organisms to physically interact with and utilize
various components of the diets consumed by their hosts. The ability of gut microbes to forge
competitive or cooperative relationships with one another is influenced by their physical proximity

(Patnode et al., 2021).

Glycan mediated adhesion is important for bacteria to increase their access to nutrients in diverse
ecosystems such as adhesion of marine microbes to chitin (Sun et al., 2015) and adhesion of
cellulolytic species to cellulose (Miron et al., 2001). Moreover, pathogenic microbes adhere to
host cells to enable access to nutrients (Poole et al., 2018); in many cases, adhesins bind to specific
host glycan structures (Kalas et al., 2018; Le Guennec et al., 2020). Besides pathogenic microbes,
commensals such as Lactobacilli and Bacteroides interact with host glycans using mucus binding

proteins (MUBs) and surface glycan binding proteins (SGBPs) respectively.
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In our previous experiment (Chapter 2), we observed the strain level variation in the glycan binding
ofthe 16 strains of L. reuteri. To further understand the profiles of glycan binding of other bacterial
species, we tested glycan binding of taxonomically diverse bacteria from three different phyla
Firmicutes/Bacillota, Bacteroidetes/Bacteroidota, Proteobacteria/Pseudomonadota consisting of 9
different species L. reuteri, E. coli, B. dorei, B. thetaiotamicron, B. fragilis, B. vulgatus, L.
mucosae, Citrobacter fruendii, Clostridium ramosum. We hypothesized that taxonomic closeness

leads to similar glycan binding of gut bacteria.

3.2 Materials and methods

3.2.1 Bacterial culture

Bacterial strains used in this study are listed in Table 3.1. L. reuteri strains were grown in de Man,
Rogosa, and Sharpe (MRS) medium (Difco) supplemented with 5% maltose and 10% fructose
under anaerobic conditions (5% CO2, 5% Hz, and 90% N2) in anaerobic chamber (model and
make). All other bacteria were grown in the media indicated in Table 3.2 in the anaerobic chamber.

E. coli strains were grown aerobically in Luria-Bertani (LB) broth with agitation.

3.2.2 Colony forming units (CFU) and OD enumeration for the bacterial strains
Each strain was grown and the optical density (Table 3.1) (measured using spectrophotometer

[4001/4, Thermo Fisher Scientific]) and CFU/ml were noted at 12 h, 18 h, 24 h and 48 h.
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Table 3.1 CFU and OD enumeration.

Bacteria CFU/ml of broth OD Incubation time (growth
time)
L. reuteri 1.6 x 1079 1.11 18 h
E. coli 1.8 X 10"9 1.1 18 h
B. vulgatus 3 x10"8 1.0 48 h
B. fragilis 6 x 10"8 1.0 48 h
B. dorei 5% 1078 1.2 48 h
Mice E. coli 1.8 x10"9 1.1 18 h
E. coli-rat 1.8 x 1079 1.1 18 h
Clotridium ramosum 1.6x 10"8 1.07 18 h
Citrobacter freundii 5% 1078 1.09 18 h
AIEC 1.8 x 10"9 1.1 18 h
EHEC 1.8 x 1079 1.1 18 h
Bacteroides thetaiotamicron 1.8 x 1079 1.08 24 h
Lactobacillus mucosae 1.8 x 109 1.09 18 h
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Table 3.2 List of bacterial strains with their growth media and host origin.

Bacteria Growth media Host
B. vulgatus BHI + 0.5 L-cysteine + 5% yeast extract | Human
B. fragilis BHI + 0.5 L-cysteine + 5% yeast extract | Human
B. dorei BHI + 0.5 L-cysteine + 5% yeast extract | Human
Mice E. coli L.B. Mice
E. coli-rat L.B. Rat
Clotridium ramosum BHI + 0.5 L-cysteine/ FAA Human
Citrobacter freundii BHI + 0.5 L-cysteine/ FAA Human
AIEC L.B. Human
EHEC L.B. Human
Bacteroides thetaiotamicron BHI + 0.5 L-cysteine + yeast extract Pig
Bacteroides thetaiotamicron BHI+0.5 L-cysteine + yeast extract Human
Lactobacillus mucosae MRS + 5% maltose + 10% fructose Pig

3.2.3 Glycan binding assay for ConA coated 96 well plate

ConA Protocol is described in Chapter 2. Briefly, to validate the glycan binding and integrity of
LiGA, mannose binding lectin ConA was tested. ConA solution was deposited in the wells of the
96 well plate and incubated overnight at 4 °C. Later, glycan binding assay was performed at room

temperature.
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3.2.4 Glycan binding assay for bacterial Cells

Protocol is described in Chapter 2. Briefly, bacterial cells were grown in media mentioned in

Table 3.2. Cells were washed and glycan binding assay was performed at 4 °C. DNA associated

with LiGA bound to bacteria cells was extracted using plasmid mini prep kit.

3.2.5 Illumina sequencing

Protocol is described in Chapter 2. Briefly, the extracted DNA from the glycan binding assay was
used for first step of PCR. Indexing PCR was performed using the PCR product as PCR template.
Indexed PCR products were pooled, and mixture was purified by eGel, quantified by Qubit and
sequenced using Illumina NextSeq paired-end 500/550 High Output Kit v2.5 (22x75 Cycles). Data

analysis was performed as following.

3.2.6 Processing of Illumina data

Processing of Illumina data was performed as mentioned in Chapter 2.

3.2.7 Data analysis

Protocol is described in Chapter 2. In brief, comparisons and testing differences for significance
in LiGA data were done using Differential enrichment (DE) in edgeR (Matochko et al., 2014;
Robinson & Smyth, 2008). The significance of glycan binding in a specific experiment was

assessed by comparing DE of the levels of the DNA barcode associated with that glycan in ‘test’
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sets of the DNA read and that levels of same read in ‘control’ sets. In bacterial cells, the ‘test’
dataset was LiGA associated with the cells and ‘control” was naive library. Before DE analysis,
‘test’ and ‘control’ datasets were retrieved from the server at http://ligacloud. ca/ as tables of

glycans, DNA and raw sequencing counts.

3.3 Results

3.3.1 Comparison of glycan binding profiles of diverse gut bacterial isolates

In our previous experiment (Chapter 2), we observed the strain level variations in the glycan
binding of the 16 strains of L. reuteri. To further investigate pattern/trend in the glycan binding of
other bacterial species, we tested glycan binding of taxonomically diverse bacteria from three
different phyla Firmicutes/Bacillota, Bacteroidota/Bacteroidetes, Proteobacteria/Pseudomonadota
(consisting of 9 different species L. reuteri, E. coli, Bacteroides dorei, B. thetaiotamicron, B.
fragilis, B. vulgatus, L. mucosae, Citrobacter fruendii, and Clostridium ramosum) (Figure 3.2) and
from multiples host species (Figure 3.1). The strains were grown until late-log phase, the bacterial
cells were washed in HEPES buffer then incubated with the LiGA library-ED and glycan binding
assay was performed. This LiGA library contains 81 host glycan structures which represents the
majority of host glycan structures present in gut epithelium and mucus layer. As shown in Figure
3.1, hierarchical clustering (using complete-linkage method) according to the glycan binding
profiles of all bacteria showed 3 primary clades in the dendrogram. Clade 1 consists of C. freundii

and Clostridium ramosum, clade 2 1s divided in 3 sub-clades; first sub-clade has L. mucosae, B.
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fragilis, and L. reuteri limo, second sub-clade contains both B. thetaiotamicron from pig and
human and B. vulgatus and third sub-clade has all E. coli strains. Third clade contained 15 L.
reuteri strains and B. dorei strain. Clade 1 bacteria C. freundii and C. ramosum bound to Man3[<8]
(Manal-6[Manal-3]Mana-S6), Lac-diNAc (GalNAcP1-4GIcNAc-Sp), and 6SLN (gc)
(Neu5Gca2-6GalB1-4GlcNAcB-Sp). These glycans are not bound by other bacteria except the
porcine B. thetaiotamicron binding to LacdiNAc and L. mucosae binding to 6 SLN (Gc). Both C.
freundii and C. ramosum bound to (Galf)4 (FC = 6) and GD3 (FC = 6) (Neu5SAca2-8NeuSAca2-
3GalB1-4GlcB-Sp) more strongly than other bacteria. These different glycan binding features of
two strains led the clustering of these two in a separate clade. Third sub-clade of the clade 2 has
all the E. coli strains due to their similar binding to Di-N3 (Fucal-2GalB-Sp) (blood group O),
mannose (Manal-6[Manal-3]Mana-S6, oMan), Lac-peg4 (Galp1-4Glcp-P4), Tri-AN3
(GalNAcal-3[Fucal-2]GalB-Sp) (tri-saccharide blood group A), and Le* (Galfl-4[Fucal-
3]GlcNAcB-Sp). However, there are some differences in glycan binding of E. coli commensals
and E. coli pathogenic strains as B tetra type 2 (Galal-3[Fucal-2]GalB1-4GIcNAcB-Sp) and B
tetra type 1 (Galal-3[Fucal-2]Galp1-3GIcNAcB-Sp), are bound by AIEC and ETEC but not by
the commensal strains. Also, GM3 (Neu5Aca2-3Gal1-4GlcB-Sp) was bound by commensals but
not by the pathogenic strains. B2-tri (Galal-3Galf1-4GlcNAcB-Sp) was only bound by ETEC.
Subclade 2 and 3 of clade 2 has four Bacteroidetes and two Firmicutes due to similar glycan

binding.

The heatmap (Figure 3.1) illustrates the similarity in glycan binding of bacteria from similar

taxonomic groups shown by cluster of pathogenic and commensal E. coli strains (third sub-clade
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of the clade 2) and 15 strains of L. reuteri (Clade 3). However, there are a few exceptions, such as

Citrobacter freundii and C. ramosum cluster together despite being taxonomically distant.
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36 Escherichia coli strain U 5/41

66 Escherichia coli H10407 ETEC

77

Escherichia coli O83:H1 strain AIEC

62 Citrobacter freundii ATCC 8090

Erysipelatoclostridium ramosum strain 113-1

Lactobacillus reuteri DSM 20016

96

87 Lactobacillus mucosae strain S32

Bacteroides vulgatus ATCC 8482

Bacteroides fragilis strain NCTC 9343

79

Bacteroides dorei strain 175

64

33 Bacteroides thetaiotaomicron strain VPI-5482

Methanobacterium aarhusense strain H2-LR

Figure 3.2 Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of
bacterial species used in this study. Sequences were obtained from NCBI. Archean
Methanobacterium aarhusense strain H2-LR was used as outgroup. For each node bootstrap

values (1,000 replicates) are shown. Tree was generated in MEGA software version 11.
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3.3.2 Glycan binding of Escherichia coli isolates

Adhesive invasive E. coli (AIEC) and Enterotoxigenic E. coli (ETEC) both bound to total 13
glycan structures in the array (Figure 3.3, c, d), rat E. coli and mice E. coli bound to 11 glycan
structures in the array (Figure 3.3, a, b). All strains bound to 2’FL, Di-N3, Tri-AN3, Pk, Lex, Lac-
peg, mannose (Figure 3.3). All E. coli strains bound to mannose structures with good affinity (fold

change ranging from 4 to 24).
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3.3.3 Glycan binding of Bacteroides strains

Differential enrichment analysis of 5 Bacteroides isolates is shown in Figure 3.4. Porcine B.
thetaiotamicron bound to 7 glycan motifs including mannose, Di-N3 and LacdiNAc (Figure 3.4,
b), while human B. thetaiotamicron strain 10 glycan structures including mannose and Di-N3
(Figure 3.4, a). All Bacteroides strains bound to galactose, mannose and fucose containing glycans,
while only B. thetaiotamicron and B. fragilis bound to sialic acid containing glycans GD3
(Neu5Aca2-8Neu5Aca2-3Galb1-4Glcb-Sp) and GM3 (Neu5Aca2-3Galb1-4Glcb-Sp). B. vulgatus

and B. dorei did not show binding to any sialic acid containing glycan.
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Differential enrichment analysis of the C. freundii and C. ramosum is shown in Figure 3.5. C.

3.3.4 Glycan binding of C. freundii and C. ramosum
freundii bound to 12 glycans (Figure 3.5, a) and C. ramosum bound to 18 glycans (Figure 3.5, b).
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C. freundii and C. ramosum have shown strong binding to LacdiNAc (FC = 20 and FC = 15

respectively).

Bioconductor edgeR DE analysis
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3.4 Discussion

The results suggest that there is certain level of similarity in glycan binding of bacteria from similar
taxonomic groups highlighted by glycan binding of pathogenic and commensal E. coli strains from
human and rodents. However, the results also indicate that there are strain level differences in

glycan binding of bacteria underlined by L. reuteri strains, and Bacteroides strains.

The results showed that all four gut E. coli strains bind to mannose residues, which supports the
presence of fimH protein on the surface of E.coli (Bouckaert et al., 2006). In our glycan array
analysis, E. coli showed binding to a series of glycans including mannose, galactose, fucose and
sialic acid containing glycans. Recently, a study showed interaction of different fimbrial proteins
of E. coli to glycans with terminal mannose, galactose, fucose and sialic acid glycans (Day et al.,
2021). Docking analysis showed E. coli binding to Lewis A (Galf1-3[Fucal-4]GlcNAcB-Sp)
(Mottram et al., 2018); however, our glycan array data did not show glycan binding to Lewis A.
Alternatively, binding to Lewis X (GalB1-4[Fucal-3]GlcNAcB-Sp) was observed. It might be
result of strain level differences in glycan binding. Binding of AIEC and ETEC to the B tetra type
1 (Galal-3[Fucal-2]Galp1-3GlcNAcB-Sp) (Blood group B antigen tetraose type 1) and B tetra
type 2 (Galal-3[Fucal-2]Galpf1-4GIcNAcB-Sp) has been previously shown in the FedF adhesin
of ETEC (Coddens et al., 2009). In our study, ganglioside GM3 bound commensal E. coli strains
and in a previous study, E. coli K99 fimbriae have shown binding to GM3 in intestinal tissues

(Esko & Sharon, 2009).
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All Bacteroides strains bound to galactose, mannose and fucose containing glycans while only B.
thetaiotamicron and B. fragilis bound to sialic acid containing glycans GD3 (NeuSAco2-
8NeuSAca2-3Galp1-4Glep-Sp) and GM3 (NeuSAca2-3GalB1-4GlcB-Sp). In B. thetaiotamicron,
SusD-like protein BT1043 (outer membrane protein) has been associated with O-glycan utilization
of host mucin (Martens et al., 2008). A SusD like protein NanU, a SusD family protein from B.
fragilis has also shown high binding affinity to sialic acid (Phansopa et al., 2014). B. vulgatus and
B. dorei did not bind to any sialic acid containing glycan. Possible explanation is that sialic acid is
mainly present in the host epithelium and mucus layer glycans and rarely in the dietary glycans,
thus these dietary glycan recognizing/metabolizing bacteria have evolved to interact mildly with
host glycans containing sialic acid (Coker et al., 2021). Mechanism of interaction of these bacteria
with host has not been studied, therefore, further study will be required to show that B. dorei and
B. vulgatus do not bind to sialic acid. Bacteroides binding to the host mannose and galactose
containing (Lac-peg4, Di-N3 etc.) structures in glycan array is speculated to represent the
Bacteroides binding to dietary mannan (Man)» and galactan (Gal)n (Patnode et al., 2021). It is
speculated that the glycan-binding that we observed may also indicate that binding of members of
Bacteroides is mediated by cell surface lectins; for example lectins incorporated into pilli that
extend beyond polysaccharide capsule (Berne et al., 2018; Xu et al., 2016), and surface anchored

CaZymes/GHs (with carbohydrate binding modules).

C. freundii and C. ramosum have shown strong binding to LacdiNAc (GalNAcB1-4GIcNAcB-Sp).
LacdiNAc is especially expressed in MUCSAC gastric mucins (Rossez et al., 2014) and LacdiNAc

has been associated with the tissue specificity of the H. pylori in gastric tissues. Tissue tropism of
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H. pylori has been suggested to be the result of strong acidic conditions of the stomach (Wyatt et
al., 1990). BabA and SabA adhesins of H. pylori have been characterized to bind Le® and sialylated
Le?* or Le* respectively. However, functional binding of these adhesins cannot explain tissue
tropism as these glycan motifs are not restricted to gastric mucosa and are present on other parts
of GI tract. Conversely, LabA (LacdiNAc binding adhesin) of H. pylori explains its restricted
specificity to the gastric mucous surface in GI tract as LacdiNAc co-localizes with MUCSAC of
gastric mucosa (Rossez et al., 2014). LacdiNAc has also been associated with diverse micro-
environments (other than GI tract) such as hepatic granuloma tissues (Van de Vijver et al., 2006)
and other diseased tissues (Haga et al., 2019; Van de Vijver et al., 2006). C. freundii and C.
ramosum are known for systemic infection capability. Erysipelatoclostridium ramosum (also
known as C. ramosum) is associated with disease in humans (Yutin & Galperin, 2013) and C.
freundii is bacteremic/speticemic, many organs and tissues are affected besides the gut (Gelberg
et al., 2017). It can be speculated that systemic infection ability of these bacteria is contributed by
their LacdiNAc binding adhesins. Further validation of adhesin is warranted as with exception of
binding of H. pylori to LacdiNAc, direct binding of this glycan motif with other microbes has not
been shown. In our glycan array analysis of porcine B. thetaiotamicron, its binding to LacdiNAc
is unanticipated as this bacterium is neither seen in gastric mucosa nor colonizes other tissues

except Gl tract; therefore, further investigation of its LacdiNAc binding is warranted.
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3.5 Conclusion

This study showed novel glycan binding profiles of gut microbes and glycan binding profiles of
more gut microbes can be further explored. Study of glycan binding profiles of these microbes has
many potential applications. It can enable the selection of strains with glycan-mediated adhesion
phenotypes. Glycan-binding relationships can be exploited to intentionally foster competition
between microbes when both competitors adhere to the same carbohydrate, or two different diets

or host derived glycans.
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4 Chapter 4: General discussion

4.1 Summary and conclusions

This study presents a novel way in which glycan binding of bacteria can be studied in biochemical
assay integrated with the next-generation sequencing. Previous studies have presented several
methods to study the glycan binding of pathogens including the extraction of surface protein and
characterization of the proteins using iz silico and in vitro methods (Christopher J. Day et al., 2013,
2021; T. Mukai et al., 1998). Our results showed that there is an overlap in glycan binding of
pathogenic microbes and commensals; this overlap in glycan binding of pathogens and
commensals conform with the mechanism of competitive exclusion by probiotics. Glycan binding
of tested L. reuteri strains has similarity with the previously studied glycan binding of pathogens
like H. pylori (Ilver et al., 1998a; Jin et al., 2018). This may support the antiadhesive effects of L.
reuteri JCM 1081 against Helicobacter pylori as it has also been shown to bind to fucosylated and
galactosylated glycans. ETEC and AIEC bound to mannose structures and blood group glycans in
the array. Previously, the fimbrial proteins of several E. coli have shown binding to the mannose
and blood group glycans (Coddens et al., 2009; Christopher J. Day et al., 2021; Smeds et al., 2001).
Moreover, pathogens C. freundii and C. ramosum showed a greater number of glycans (12 and 18
respectively) enriched as compared to the other bacteria. Genome screening of several vaginal
bacterial species showed that those associated with the infection and inflammation possess a larger

repertoire of CBPs (carbohydrate binding proteins) (Bonnardel et al., 2021). To establish the
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correlation between the repertoire of glycan binding and pathogenicity, testing of more bacteria

will be required.

4.1.1 Understanding the role of glycans in host specificity of L. reuteri isolates

L. reuteri has been used to study the evolutionary strategy of vertebrate gut symbionts as it
colonizes the GIT of vertebrates as diverse as humans, pigs, mice, rats, and chickens (Walter,
2008). The evolutionary patterns detected indicate a long-term association of L. reuteri lineages

with particular vertebrate species and host-driven diversification (Duar et al., 2017).

Among genomic features associated with the host origin, large surface proteins of rodent lineage
showed specificity towards this lineage and these large surface proteins were rare in isolates from
pigs and poultry and absent from lineage of human isolates. Several of these surface proteins are
predicted to be involved in epithelial adhesion (Frese et al., 2011). Although these surface proteins
are associated with host adaptation and adhesion of these surface proteins to epithelial cells is
known to be mediated by glycans, role of glycans in host adaptation of L. reuteri remains to be
demonstrated. We hypothesized that the glycan binding profiles of L. reuteri are host specific. We
showed that there is no consistency between glycan binding profiles of L. reuteri from the same
host and the glycan binding profiles are strain specific. In another study, surface glycan binding
proteins such as mucus-binding proteins (MUBs) also showed the strain specific diversity in
adhesion to the host (MacKenzie et al., 2010).These glycan-binding relationships can be used to

characterize the GBPs of the L. reuteri.
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4.1.2 Taxonomy and glycan binding profiles of gut microbes

In our previous experiment, we observed the strain level variation in the glycan binding of L.
reuteri strains. To further understand the pattern of glycan binding of other bacterial species, we
tested the glycan binding of taxonomically diverse bacteria from three different phyla
Firmicutes/Bacillota, Bacteroidetes/Bacteroidota, Proteobacteria/Pseudomonadota consisting of 9
different species. We hypothesized that the taxonomic closeness leads to similar glycan binding of
gut bacteria. Results supported the hypothesis showing taxonomically similar bacteria have similar
glycan binding profiles highlighted by glycan binding of pathogenic and commensal E. coli strains
from human and rodents. However, our results have emphasized that there are strain level
differences in glycan binding of bacteria highlighted by L. reuteri strains, and Bacteroides strains.
It suggests that the gut community which contains strains with diverse glycan binding ability
would have greater capacity to gain access to host glycans. It also suggests that syntrophic
relationships can be sustained between the bacterial strains that have evolved to cohabitate on
surface of host-derived structures (Patnode et al., 2021). Study of glycan binding profiles of these
microbes has many potential applications. It can enable the selection of strains with specific
glycan-mediated adhesion phenotypes. Glycan-binding relationships can be exploited to
intentionally foster competition between microbes when both competitors adhere to the same

carbohydrate, or two different diets or host derived glycans.
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4.2 Limitations

One of the limitations is the involvement of DNA extraction from the bound LiGA; there is some
loss of the phage DNA during the DNA extraction using the geneJET plasmid mini prep kit, that
leads to loss of some bound glycans which results in lower fold enrichment than actual enrichment

of some glycans.

Another limitation is the limited number of glycan structures present in LiGA-ED (LiGA with
modification based on ED.xlsx has 81 glycan structures). A LiGA with greater number of glycans
including dietary glycans and bacterial surface glycans will be helpful in mapping more
comprehensive glycan binding profiles of bacteria. Bacterial surface glycan binding proteins
(GBPs) and glycans interact with hundreds of diverse glycan structures (Christopher J. Day et al.,
2015; Christopher James Day et al., 2012). Previously, to map the glycan binding of the bacterial

lectin, a mammalian glycan library with 609 glycan structure has been used (Petrova et al., 2016).

It has been shown that the dynamic nature of glycan binding profiles is one of the limitations of
glycan binding assay (Berne et al., 2018). Initial attachment of bacteria is governed by the
extracellular N-glycosylation patterns of the host, which can be shaped by dietary and
environmental stimuli (Park et al., 2017). It has been shown that the dietary and environmental
conditions keep changing in the gut and it can affect the selection of different bacteria for
colonization (Gamage et al., 2020). Our glycan binding assay was performed at 4 °C and 7.4 pH
as these conditions allow the completion of glycan binding assay without causing truncation of

glycans by bacterial glycosylhydrolases (GHs). However, it would be worthwhile to test binding

79



at physiological temperature. Moreover, it is studied that under acidic conditions, surface GBP EF-
Tu from L. reuteri JCM1081 exhibited binding activity for acidic oligosaccharides purified from
sulfated glycolipids or mucin (Kinoshita et al., 2008; Nishiyama et al., 2013). EF-Tu showed little
or no affinity for negatively charged sialic acid, but specifically bound to the mucin sulfate group
or sulfated blood-group antigen (Nishiyama et al., 2013). Thus, testing the glycan binding at range
of pH conditions will help in understanding effect of pH on glycan binding profiles of different

bacteria.

Another limitation is the handling of the cells through washing steps. In glycan binding assay,
bacterial cells require very efficient handling of cells without vortexing as it can lead to some

disfiguring of bacterial cells leading to abrupt loss of glycan binding.

4.3 Future directions

Our study contributed important information regarding the use of LIGA technology for screening

glycan binding of bacteria.

Among all the strains tested L. reuteri JCM1081 bound to the blood group glycans with highest
affinity. Further study of the surface GBPs expression will shed light on factors leading to the
stronger binding of this strain as compared to the other L. reuteri strains. Expression of potential
surface GBPs such as MapA (mucus adhesion promoting protein), EF-tu (elongation factor-tu),
MUBs (mucus binding proteins) and cw-GAPDH (cell wall associated glyceraldehyde-3-

phosphate dehydrogenase) (Deng et al., 2020; Kinoshita et al., 2008; Ramiah et al., 2007) should
80



be carried out to understand if the expression of GBP in L. reuteri JCM1081 is greater than other

L. reuteri strains.

Although our experiments presented the glycan binding profiles of diverse gut microbes, further
association of GBPs to glycans will be required with number of methods including prediction of

the lectome of these bacteria (Bonnardel et al., 2021).

Another important future direction will be to decipher the bacteria-glycan interactions in the
temporal and spatial dynamics of GI tract mucus. Our study mapped glycan binding profiles of gut
bacteria in vitro using LiGA, further in vivo—injection of LiGA in the gut and isolation of subtype
of bacteria and associate LiGA—will identify the glycan-specific interactions and homing

preferences in complex bacterial communities in the gut.
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