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Trends
Glycoconjugates generate a species-
specific barcode on the bacterial cell
surface. The extreme diversity of bac-
terial glycoconjugates renders them
ideal ligands to establish specific inter-
actions with the environment.

Host cells are covered with lectin
receptors designed to discriminate
between self and non-self glycoconju-
gates and signal to the immune
system.
Opinion
Sugar Coating the Envelope:
Glycoconjugates for
Microbe–Host Crosstalk
Hanne L.P. Tytgat1,2 and Willem M. de Vos1,3,*

Tremendous progress has been made on mapping the mainly bacterial mem-
bers of the human intestinal microbiota. Knowledge on what is out there, or
rather what is inside, needs to be complemented with insight on how these
bacteria interact with their biotic environment. Bacterial glycoconjugates, that
is, the collection of all glycan-modified molecules, are ideal modulators of such
interactions. Their enormous versatility and diversity results in a species-spe-
cific glycan barcode, providing a range of ligands for host interaction. Recent
reports on the functional importance of glycosylation of important bacterial
ligands in beneficial and pathogenic species underpin this. Glycoconjugates,
and glycoproteins in particular, are an underappreciated, potentially crucial,
factor in understanding bacteria–host interactions of old friends and foes.
Most ground has been covered by
research on glycoconjugates of spe-
cies on the pathogenic side of the bac-
terial spectrum. Glycosylation seems to
be closely intertwined with virulence.
By the same token, glycosylation can
be closely intertwined with symbiotic
interactions of beneficial species.

Glycosylation of cell surface molecules
of (beneficial) bacteria might play a cru-
cial, yet underappreciated, role in
microbiota–host interactions and offer
unique insights in the understanding of
these specific interactions.
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The Interaction Potential of Bacterial Glycoconjugates
Humans live in close contact with an enormous bacterial population tightly associated to
mucosal surfaces, that is, the microbiota (see Glossary). Tremendous progress has been
made on the identification of members of the human microbiota via vast genome-mining efforts
of different research consortia, such as the EU-MetaHit and the Human Microbiome Project. The
composition and coding capacity of the gut microbiota have been especially studied in-depth
and revealed to consist of mainly bacteria [1–3]. These efforts have resulted in a baseline view on
what is out there, or rather inside. However, how these bacteria specifically interact with their
biotic environment remains an open question. Key molecules and mechanisms driving microbe–
host interactions are yet to be fully unraveled. Usual suspects in this context include secreted
and cell surface-associated components of bacteria. The importance of pili and other cell wall
appendages in adhesion and interaction of bacteria with the environment has been widely
shown [4]. The deep metagenomic analysis of high-level community structures, termed enter-
otypes, pointed towards the presence of such pili as being a major factor in survival and
persistence of low-abundance species in the gut [2].

Glycoconjugates form an interesting class of molecules that can play an important role in
bacteria–host interactions. Glycoconjugates comprise all glycan-modified molecules, including
exo- and lipopolysaccharides, capsular polysaccharides, lipooligosaccharides, lipoglycans,
peptidoglycan, teichoic acids, and glycoproteins [5] (Figure 1, Key Figure). A variety of studies,
mainly focusing on glycoconjugates of pathogens, have shed light on the enormous diversity and
versatility of these molecules in bacteria. Compared to higher organisms, bacteria are capable of
producing an extraordinary amount of unique and diverse glycans, which are principally attached
to the cell surface and secreted molecules. Moreover, bacteria use these glycoconjugates to
establish species- and, in some cases, strain-specific barcodes on their cell surface [5,6]. These
surface-glycan barcodes offer the bacteria a range of unique and specific ligands to specifically
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Glossary
CAZy database: Carbohydrate-
Active enZymes database (www.
cazy.org). This is a database of all
known enzyme families that catalyze
the formation, breakdown, or
modification of glycosidic bonds,
such as glycosyltransferases and
glycoside hydrolases [46].
DC-SIGN: DC-SIGN [Dendritic Cell-
Specific ICAM-3 (intercellular
adhesion molecule) grabbing non-
integrin or CD209] is a human C-type
lectin receptor present on immune
cells, that is, dendritic cells and
macrophages, specifically recognizing
mannosylated and fucosylate
structures on microorganisms [47].
Glycoconjugates: all molecules to
which glycans, or more in particular
sugar monomers or polymers, are
covalently attached. Examples of
glycoconjugates include
exopolysaccharides,
lipopolysaccharides, glycolipids, and
glycoproteins.
Glycoproteins: proteins to which
one or more sugar moieties are
covalently linked. It was long thought
that these structures were unique to
Eukarya, until the discovery of the
first bacterial glycoproteins in the
1970s. It is generally believed that
over half of all proteins in nature are
glycosylated [48].
Glycosyltransferases: enzymes
which catalyze the formation of
glycosidic linkages, that is, the
transfer of sugar monomers from a
donor to an acceptor substrate
molecule. Together with glycoside
hydrolases they are believed to
constitute 1–3% of the genome of all
living organisms. Glycosyltransferases
can be classified based on different
properties, including their fold and
structure (CAZy database).
Lectins: carbohydrate-binding
(glyco-)proteins which specifically
recognize glycans. They occur in all
domains of life and play important
roles in interactions and immunity.
Purified lectins are often used as
tools to screen glycoconjugates.
Microbiota: all commensal,
symbiotic, and pathogenic
microorganisms sharing a defined
niche. All plants and animals live in
close contact with microorganisms.
The terms ‘microbiota’ and
‘microbiome’ are often mistakenly
used as synonyms, while the latter
refers to the entire habitat, meaning
the microorganisms, their genomes
interact with the host. Indeed, the host expresses several immune lectin-containing receptors to
interact with bacterial glycans and thus ‘sense’ the presence of bacteria (Box 1). One of the best-
studied lectin receptors is DC-SIGN, a lectin present on dendritic cells dedicated to the
detection of glycoconjugates of both pathogenic and beneficial species [7,8] (Figure 1).

In view of their unique properties, we are convinced that bacterial glycoconjugates, and
glycoproteins in particular, are a yet underappreciated factor governing bacteria–host inter-
actions. Further elucidation of the functional importance and glycosylation mechanism of these
structures is imperative for a more complete understanding of microbiota–host interactions and
bacteria–host interactions in general. Here, some compelling cases for the importance of
glycoproteins are considered, and areas for future research are highlighted.

Functional Aspects of Protein Glycosylation in Bacterial Foes
Bacterial glycoproteins constitute a recently recognized class of glycoconjugates, and most
research has focused on elucidating the structure–function relations of glycosylated virulence
factors of pathogens.

Research on glycoproteins of human pathogens has led to the elucidation of the main mecha-
nisms of bacterial glycosylation and spurred the design of novel eradication strategies. Generally,
all glycoconjugates are biosynthesized following two main mechanisms, namely, a sequential
pathway, that is, the transfer of nucleotide-activated sugars directly to the acceptor substrate,
and an en bloc mechanism, in which the complete glycan is synthesized on a carrier prior to
transfer to its substrate. Key enzymes in both processes are glycosyltransferases, catalyzing
the formation of glycosidic bonds. These enzymes attach glycans either to serine, threonine or in
some, more rare, cases to tyrosine residues (O-linked glycosylation) or asparagine residues
(N-glycosylation). For detailed information on glycoconjugate and glycoprotein biosynthesis we
refer the reader to [5].

In contrast to the relatively well-elucidated biosynthesis, research towards the unveiling of the
functional importance of glycoproteins has been lagging behind. The scarce available reports
have revealed that pathogens exploit protein glycosylation in two main functional strategies.
Bacteria modify their proteinaceous structures with glycans either to remain stealthy (e.g.,
Helicobacter pylori [9] and Neisseria meningitidis [10]) or, in contrast, to interact better with
the host immune system (e.g., Burkholderia cenocepacia [11] and Francisella tularensis [12]).
Other reported roles of protein glycosylation involve modulation of adhesion (e.g., Haemophilus
influenzae [13] and Escherichia coli [14]), stability (e.g., Campylobacter jejuni [15]) and activity of
the glycosylated substrate (e.g., Porphyromonas gingivalis [16]).

All these reports reflect the tight association between glycosylation and virulence, which offers
interesting targets for applications such as vaccine design [5,17].

No Monopoly for Pathogens: Glycoproteins in Old Friends
Glycosylation of proteins offer bacteria a vast and versatile repertoire of ligands to modulate their
interaction with the environment and to influence the biochemical properties of the substrate.
Recent studies have supported the notion that also less- or non-pathogenic bacteria exploit the
functionality of glycoproteins. Interestingly, these studies report on protein glycosylation in
important gut microbiota members or so-called ‘old friends’, including members of the
Bacteroidetes and Firmicutes that make up the vast majority of cultured intestinal species [18].

A bacterium residing somewhere in the middle of the spectrum between pathogenic and
beneficial bacteria is Bacteroides fragilis. Elucidation of a peculiar glycosylation system in this
bacterium laid the foundation for the notion that also commensal bacteria can produce
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and the environmental conditions as
a whole [49].
Old friends: according to a
hypothesis postulated by Rook, the
old friends or hygiene hypothesis,
Western lifestyle has depleted the
exposure of humans to
microorganisms. Microbial exposure,
also to pathogens, is nevertheless
key in the crucial education steps of
the immune system (differentiating
between ‘good’ and ‘bad’
microorganisms). Rook postulates
that societies with higher
socioeconomic and urbanization
levels are more prone to the
development of allergic-like reactions
to microbial contact (cf. the rise in
gut-related diseases) [50].
Pili: these proteinaceous cell wall
appendages can occur on the
surface of both Gram-positive and
Gram-negative bacteria. Their main
functions comprise motility, adhesion,
and colonization. The best-known
and best-studied pili are the sortase-
dependent pili and type IV pili [51,52].
Serine-rich repeat proteins
(SRRPs): are large surface-exposed
glycosylated proteins exclusively
found in Gram-positive species. They
have been characterized in
streptococci and staphylococci and
are important adhesins. The exact
role of their glycosylation remains to
be elucidated [31].
glycoproteins [19–21]. Intriguingly, these bacteria incorporate host-derived glycans into their
surface exposed glycoconjugates, including glycoproteins. This molecular mimicry to host
glycans, that is, the incorporation of surface exposed L-fucose residues, is assumed to confer
a colonization advantage [19].

Several intestinal Firmicutes were also found to produce glycoproteins. Especially in lactobacilli,
several reports have provided experimental evidence for protein glycosylation and its functional
impact. The glycosylated S-layer protein SlpA of Lactobacillus acidophilus NCFM was found to
regulate dendritic and T cells via interaction with DC-SIGN [22]. In mice, it was moreover shown
that this interaction could mitigate colitis and help to maintain a healthy microbiota and gut
mucosal barrier function [23]. Recently, we discovered that the adhesive heterotrimeric SpaCBA
pili of the model probiotic Lactobacillus rhamnosus GG are glycosylated and that this glycosyl-
ation is important for the interaction with DC-SIGN [24]. Other L. rhamnosus GG glycoproteins
include the Msp1 peptidoglycan hydrolase, which can also influence survival of intestinal
epithelial cells [25]. A homologue of this protein was also found to be glycosylated in Lactoba-
cillus plantarum WCFS-1, in which ten more glycoproteins were identified [26,27]. In the latter
species two glycosyltransferases related to protein modification could also be identified, based
on homology with well-studied glycosyltransferases in pathogenic Firmicutes [28]. The recent
sequencing of 213 lactobacilli type strains revealed that 22 out of 95 glycosyltransferase families
of the CAZy database were represented [29]. Although glycosyltransferases are involved in
biosynthesis of all glycoconjugates, this might hint towards a broader spectrum of protein
glycosylating lactobacilli.

Only few studies have addressed the mechanisms of glycosylation in species regarded as being
beneficial. These endeavors might be further hampered by the lack of genetic tools to study old
friends and their resistance against transformation. Lactobacilli and other Firmicutes can provide
a solution here and become model systems for glycosylation in old friends.

An improved knowledge of glycosylation pathways of old friends will boost the elucidation of the
functional roles of glycosylation in these species. Although much ground needs to be covered
still, it can be expected that protein glycosylation is a general strategy used by a vast number of
bacteria to expand the range, properties, and specificity of their ligands. Research on how these
bacteria benefit from this post-translational modification will undoubtedly offer new insights in
their interaction potential and in bacterial glycosylation in general. Further study of glycoproteins
of old friends can reveal important new aspects governing microbiota–host interactions.

General Mechanism of O-Glycosylation in Firmicutes
Looking at the Firmicutes phylum, glycosylation of several members has been documented.
Bacterial protein glycosylation was even first discovered in the Firmicute Clostridium [30]. But
what makes this phylum of special interest is the detailed elucidation of a common mechanism
involved in the modification of serine-rich repeat proteins (SRRPs), important adhesins of
streptococci and staphylococci (Streptococcus parasanguinis, Streptococcus gordonii, Strep-
tococcus pneumoniae, Streptococcus agalactiae, and Staphylococcus aureus). Enzymes and
even a dedicated secretion system for glycoproteins were discovered in these species, render-
ing it one of the best-studied systems. Here we highlight some recent findings of importance to
the broader field of bacterial glycobiology. For a detailed overview of SRRP glycosylation we refer
the reader to other publications [17,31,56].

In short, the adhesins are first targeted by an O-GlcNAc (N-acetylglucosamine) transferase
consisting of two proteins GtfA, the active glycosyltransferase, and GtfB, a coactivator (in some
species respectively Gtf1 and Gtf2). Recent resolution of the crystal structure of the GtfA
enzyme of S. pneumoniae revealed a b-meander ‘add-on’ domain (DUF1975) crucial for
Trends in Microbiology, November 2016, Vol. 24, No. 11 855



Key Figure

Glycoconjugates Are Important Ligands Governing Microbiota–Host
Crosstalk
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(Figure legend continued on the bottom of the next page.)

Bacteria are covered in glycoconjugates, forming a species- or even strain-specific barcode. These sweet ligands
can include, but are not limited to, glycoproteins, pili, flagella, and capsular (CPS), exo- (EPS) and/or lipopolysaccharides
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Box 1. How the Host Senses Bacterial Glycans: Immune Lectins

The host dedicates a lot of effort to the screening of glycoconjugates. From early life the immune system is trained to
recognize and distinguish between self, altered self, and non-self glycosylated structures. Glycoconjugates are important
pathogen-, or in general, microorganism-associated microbial patterns (MAMPs) found on the surface of invading
viruses, bacteria, yeast, and parasites. The host therefore expresses several lectin receptors as part of its PRR repertoire
(pattern recognition receptors), that recognize these glycan MAMPs [7,53] (see Figure 1 in main text).

C-type lectin receptors (CLR) are of special importance in humans for the recognition of bacterial glycoconjugates. These
are calcium-dependent carbohydrate-binding proteins harboring a carbohydrate recognition domain (CRD) that coor-
dinates the interaction with specific glycans. Following recognition, the glycan antigen is internalized and exposed by
antigen-presenting cells. Tight binding of the bacterial glycan by the CLRs generally induces a downstream signaling
pathway, resulting in the production of cytokines. CLRs recognizing mannose and fucose residues include DC-SIGN,
langerin, and the mannose receptor (MR). GalNAc (N-acetylgalactosamine) residues are specifically bound by the MGL
(macrophage galactose lectin) receptor expressed by macrophages (see Figure 1 in main text) [7,8,53].

The host relies thus on a vast repertoire of PRRs, including CLRs, for the swift recognition of invading pathogens. Most
studies have focused on the elucidation of the immune response resulting from the recognition of pathogenic bacteria by
CLRs, such as DC-SIGN. The detailed mechanisms related to binding of CLRs to beneficial bacteria are not yet fully
understood.
complex formation with coactivator GtfB and acceptor recognition [32]. Recent insights revealed
how these two subunits interact and cope with a continuously changing substrate [33]. GtfA and
GtfB form a tetramer in which the conformation of GtfB, responsible for substrate recognition, is
restrained by binding to GtfA, resulting in binding to unmodified substrates (Figure 2, Step I). In a
second phase, GtfB also needs to recognize substrates already modified with GlcNAc residues.
By breaking one of the interfaces between GtfA and GtfB, the tetramer converted to a more
relaxed conformation, thus providing space to accommodate the bulkier glycosylated substrate
[33].

After O-GlcNAc modification, a third glycosyltransferase, termed GtfC or Gtf3, adds a glucose
(Figure 2, Step II). Resolution of the crystal structure of this enzyme resulted in the identification of
a conserved domain for substrate recognition [34]. A glucosyltransferase, GalT1, then adds an
extra glucose to the growing glycan chain (Figure 2, Step II). Study of the crystal structure of this
GalT1 glucosyltransferase of S. parasanguinis revealed a highly conserved domain of unknown
function (DUF1792). This DUF1792 domain adopts a unique fold, not found in Eukarya, and
different to known glycosyltransferase folds. This fold was termed ‘GT-D fold’ and is character-
ized by binding of manganese as a cofactor and a conserved DXE and UDP-binding motif [35].
Following complete glycosylation, the proteins are secreted by a dedicated SecA2-SecY2
system [36] (Figure 2, Step III).

The findings described above illustrate the importance of the in-depth elucidation of biosynthesis
mechanisms. The SRRP proteins of closely related streptococci and staphylococci have
generated a unique insight in the peculiar O-glycosylation machinery and even revealed a
unique transport mechanism for glycoproteins. These key findings have also broadened insights
(LPS) (Panel 1). The host surface is also heavily glycosylated on the glycocalyx covering intestinal epithelial cells (IECs) (Panel
2). Moreover, specialized goblet cells produce heavily glycosylated mucin proteins that are important constituents of the
mucus layer, forming a barrier between the lumen and epithelial lining of the gut (Panel 4). Most microorganisms are found in
the outer mucus layer, whilst the inner layer (i.e., closest to the IECs) is more sterile. The host-derived glycans are an
important feeding source for microbiota, but are also recognized by specialized bacterial lectins on the cell surface. Lectins
are specialized (glyco-)proteins dedicated to the recognition of specific glycan structures. These lectins enable the bacteria
to prolong their residence time in the gut. The host also expresses many of these lectins as part of its immune system.
Recognition of microorganism-associated glycans is key for a healthy immune system, which is reflected by the vast amount
of lectin receptors expressed by the host. Antigen-presenting cells (APCs), such as macrophages, express several C-type
lectin receptors, for example, DC-SIGN, MGL, and MR (Panel 3).
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glucoses (Glc, respectively by GtfC and GalT1). The full glycan is finally synthesized by yet unknown GTs. A dedicated SecA2-SecY2 is involved in the secretion of the
glycoprotein (Step III). Abbreviations: CM, cell membrane; IM, inner membrane.
in bacterial protein glycosylation beyond the Firmicutes phylum. The recent resolved crystal
structures of glycosyltransferases can aid in the comprehension of catalytic mechanisms of
bacterial glycosyltransferases in general, an understudied feature. However, while how glyco-
syltransferases recognize their target remains a major enigma, it is tempting to forecast that
molecular insight in the details of O-linked glycan attachment and substrate selection is within
reach and will promote a further understanding of these fascinating enzymes.

Homologues of these SRRP-targeting glycosyltransferases have been found in lactobacilli.
A search for homologues of the GtfA and GtfB enzymes resulted in the identification of the
O-GlcNAc transferases targeting Acm-2 in L. plantarum WCFS-1 [28]. Homologues of
these enzymes were found in other lactobacilli, including L. casei, L. johnsonii, and
L. rhamnosus GG. In some cases only one homologous protein was found, which might
be the result of a fusion event. Further investigation is necessary to evaluate the target of
these enzymes and the functional importance of its glycosylation. In L. plantarum for
instance, a secreted serine- and threonine-rich peptide was found to play a role in gut
homeostasis. Administration of the peptide to patients with ulcerative colitis resulted in a
better maturation of dendritic cells [37,38]. The potential glycosylation status of this peptide
remains to be investigated.

The identification of homologous enzymes in other species could indicate that the common
mechanism for SRRP glycosylation might be a more general mechanism of O-glycosylation of
proteins, or adhesins in particular, in Firmicutes and maybe even in Gram-positive species in
general (Figure 2). More research is indispensable to evaluate these hypotheses. By contrast,
caution is needed, as the strategy of relying on homologous glycosyltransferases to mine
glycosylation systems in other species might result in narrow-sightedness. As
858 Trends in Microbiology, November 2016, Vol. 24, No. 11



Box 2. The Gut Epithelium Is Also Covered in Glycans

The intestinal epithelial cells of the gut are covered with host glycans, consisting out of the cell surface glycocalyx and the
secreted mucus layer (see Figure 1 in main text). The inner layer of the mucus layer, that is, firmly adherent to epithelial
cells, is sterile, whilst the outer, less dense mucus layer is the one harboring the microbiota. Together they form an
essential protective barrier between the gut lumen and intestinal epithelial cells [54,55]. But the host glycans also provide
the microbiota with a glycan-rich environment. Host glycans are broken down by mucus-degrading bacteria, releasing
sugars from the complex glycans for further digestion by other bacteria of the microbiota. Important mucus-degrading
bacteria include Bacteroides thetaiotaomicron, Akkermansia muciniphila and Ruminococcus gnavus [56]. The availability
of glycans in the gut has a large impact on the microbiota and can modulate its constitution [57].

The presence of the microbiota also influences intestinal glycosylation. Recent work indicates that R. gnavus
influences the glycosylation pattern and production of intestinal mucus by goblet cells [58]. Lactobacillus casei
and B. thetaiotaomicron were shown to influence galactosylation on the cell surface by influencing gene expression of
glycosyltransferases and mucins [59]. The latter species also was found to regulate fucosylation in the distal gut of
mice [60].

A recent study by Pickard et al. [41] probably provides the most striking example of the importance of host glycosylation
in microbiota–host crosstalk. They showed that a prolonged exposure to Toll-like receptor ligands, that is, a systemic
pathogenic load, induces rapid fucosylation of intestinal epithelial cells in the small intestine of mice [41]. This is peculiar,
as this is the only part of the gut that is not constitutively covered in fucose residues. Metabolic activity of members of the
microbiota then liberates the fucose residues for further digestion by other members of the microbiota. In this way the
host wants to support and protect its microbiota during periods of prolonged pathogenic stress. Normally these free
fucose residues are rapidly scavenged by beneficial members of the microbiota. This is important as also some important
pathogens harbor fucose catabolism pathways [39,41].

Next to the important role of host glycosylation in the bacterial metabolism, the host glycans are also important docking
sites for bacteria. Also, bacteria express several lectins, enabling their close association with the host. Indeed, several
successful microbiota members and probiotics express surface-exposed appendages harboring mucus-binding
domains (e.g., L. rhamnosus GG).
glycosyltransferases are highly promiscuous and diverse enzymes, it is imperative to also refrain
from relying too much on the assumption of conservation. For all we know, N-glycosylation
systems could still be discovered in Gram-positive species.

Fucosylation in Bacterial Glycoproteins: From Curiosity to Ubiquity?
The sugar L-fucose is abundantly present in the gut and can be seen as a mediator of host–
microbe symbiosis (Box 2). Indeed, many commensal bacteria release fucose from the mucus,
for example, Bacteroides thetaiotaomicron, which can then be used by other bacteria as a
source of energy [39,40]. The host can even induce fucosylation in the small intestine to support
the commensal gut microbiota during pathogen-induced stress [41]. But also several pathogens
harbor fucose catabolism enzymes enabling them to benefit from the fucose-rich environment of
the gut [40,42].

Interestingly, several bacteria have been reported to attach L-fucose-rich glycoconjugates to
their cell surface. H. pylori uses surface fucosylation in order to remain stealth from the immune
system [9]. But also commensal species, such as B. fragilis, build in fucose residues in their
surface glycans to obtain a competitive colonization advantage in the gut [19,20]. Lactobacilli
also seem to produce fucosylated glycoconjugates: the SpaCBA pili of L. rhamnosus GG were
found to be glycosylated [24], and fucosyltransferases were found in the genomes of L. gasseri
and L. delbrueckii [29].

It will be extremely interesting to see whether more peculiar examples of surface fucosylation in
old friends and foes turn up in the coming years. The principle of host mimicry to enhance host
interaction via adhesion and/or immune interaction provides bacteria with an elegant way to
reside in the competitive environment of the gut. This notion is underlined by examples of
sialylated and mannosylated bacterial glycoproteins [43–45].
Trends in Microbiology, November 2016, Vol. 24, No. 11 859



Outstanding Questions
What is the importance of glycoconju-
gates, and of glycoproteins in particular,
in microbiota–host interactions? Can
glycoconjugates indeed be considered
as a missing key feature contributing
to bacteria–host and microbiota–host
interactions?

Are glycoconjugates underappreciated
biomarkers of host health and disease?
Can the glycosylation status of surface
molecules of specific microbiota mem-
bers be connected to host health?

How widespread are glycoproteins in
beneficial bacteria? To what ends are
bacteria considered to be beneficial
exploiting the properties of glycoconju-
gates to their own advantage? Have
these bacteria evolved similar func-
tional uses as more pathogenic bacte-
ria? Or have they developed unique
applications?

Are adhesins, and by extension, pro-
teins in general, of Firmicutes, and
potentially of all Gram-positive species,
glycosylated by a common conserved
mechanism?

What role can omics data play in the
prediction of the glycosylation potential
of strains?

Several important general questions
Concluding Remarks
Glycoconjugates–in particular, the glycoproteins described here – provide bacteria on both the
beneficial side and the more pathogenic side of the spectrum with a diverse and versatile range
of ligands for close interaction with the biotic environment (Figure 1). The field of bacterial
glycobiology is expanding at a fast pace, beyond the first breakthrough studies. Although long
neglected, it is now generally accepted that glycoproteins are widespread, and are also found in
beneficial species. Much work is currently focusing on linking genomic data to the glycosylation
potential of model organisms. Once established, this will enable the mining of the vast amount of
available omics data for glycosylation systems, even in novel isolates.

The scarce reports on protein glycosylation of commensals points towards primordial roles of
these molecules in host interaction, that is, colonization and immune interaction (Figure 1). Future
studies will undoubtedly further strengthen the notion that glycoproteins are pivotal for several
gut microbiota species as to establish a tight and specific interaction with the host. Other
promising research lines are the further elucidation of the glycosylation machinery in Gram-
positive species and the exploration of the functional role and distribution of surface fucosylation
in beneficial species (see Outstanding Questions).

In conclusion, we can state that the established field of protein glycosylation in pathogens can be
used as an excellent starting point for the exploration of glycoproteins in beneficial species. In
both old friends and foes it will be exciting to further research the functional role of these
structures. The future of glycome and glycoproteome research of beneficial and pathogenic
members of the microbiota looks promising and exciting and may uncover unique features
governing microbiota–host interactions and influencing host health.
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