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The Streptococcus genus comprises both commensal and pathogenic species. Additionally, Streptococcus thermo-
philus is exploited in fermented foods and in probiotic preparations. The ecological and metabolic diversity of
members of this genus is matched by the complex range of cell wall polysaccharides that they present on their

Isa::lidy:acmande cell surfaces. These glycopolymers facilitate their interactions and environmental adaptation. Here, current
Bacte);fophage knowledge on the genetic and compositional diversity of streptococcal cell wall polysaccharides including

rhamnose-glucose polysaccharides, exopolysaccharides and teichoic acids is discussed. Furthermore, the species-
specific cell wall polysaccharide combinations and specifically highlighting the presence of rhamnose-glucose
polysaccharides in certain species, which are replaced by teichoic acids in other species. This review high-
lights model pathogenic and non-pathogenic species for which there is considerable information regarding cell
wall polysaccharide composition, structure and genetic information. These serve as foundations to predict and

focus research efforts in other streptococcal species for which such data currently does not exist.

1. Introduction

The bacterial cell wall provides protection against the external
environment as well as contributing to cell shape, integrity and strength.
The Gram-positive cell wall contains a carbohydrate-rich layer of
peptidoglycan that surrounds the cell membrane (Silhavy et al., 2010).
The thick layer of peptidoglycan is a mesh-like structure composed of
alternating p-1,4-linked N-acetylmuramic acid and N-acetylglucosamine
strands covalently linked by penta-peptides (Vollmer et al., 2008). In
addition to its primary functions in morphology and protection, it also
acts as a scaffold for proteins and other glycopolymers including cell
wall polysaccharides (CWPS) in Gram-positive bacteria (Garde et al.,
2021). Bacillus subtilis and Staphylococcus aureus are among the best
studied Gram-positive bacteria with respect to their cell walls and in
which wall teichoic acids (WTAs) represent more than half of the total
cell wall mass (Brown et al., 2013; Mistou et al., 2016). Unlike these
model organisms however, not all Gram-positive bacteria synthesise
WTA to the same degree or even produce and incorporate WTA struc-
tures into their cell wall (Mistou et al., 2016). Instead, some Gram-
positive bacteria, including species of Streptococcus can produce
peptidoglycan-anchored polysaccharides to the same extent e.g. more
than 60% of the peptidoglycan dry weight of Streptococcus agalactiae

(Caliot et al., 2012). For streptococcal species, CWPS can encompass
lipoteichoic acids (LTAs), rhamnose-glucose polysaccharides (RGPs)
and exopolysaccharides (EPS) which decorate the exposed surface of the
cell (Kawai et al., 2011; Weidenmaier and Peschel, 2008). The RGP and/
or EPS may form part of the capsular polysaccharides produced by many
streptococci, which may inhibit complement activity and phagocytosis
and in so doing, is an important virulence factor in pathogenic strep-
tococci (Hyams et al., 2010). Capsular and exopolysaccharides are also
implicated in biofilm formation in pathogenic bacteria, therefore, these
structures are essential to the virulence, establishment and maintenance
of these organisms in their respective ecological niches (Balducci et al.,
2023). Streptococcus thermophilus is a non-pathogenic streptococcal
species that is associated with the dairy niche and many strains of this
species are renowned for their ability to produce EPS although in many
cases it presents more like a capsular polysaccharide being closely
associated with the cell and with limited shedding into the surrounding
medium. Therefore, it is timely to evaluate the state of the art of research
pertaining to the cell wall polysaccharides of streptococcal species at the
genetic and structural levels and to define their commonalities as well as
species-specific cases that will guide future research in this field.
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2. Historic classification of streptococci

Streptococcal diseases have affected human populations for cen-
turies. Hippocrates described the disease “erysipelas” in the 4th century,
writings of ancient scholars describe red tonsils and sore throats, and
puerperal sepsis (or ‘childbed fever’). The latter of these was associated
with high maternal mortality rates following childbirth across Europe
and North America in the 18th and 19th century (Ferretti and Kohler,
2016). The first formal description of pathogenic streptococci was that
of isolates from blood samples of women with puerperal fever by Louis
Pasteur in 1879 (Ferretti and Kohler, 2016). Streptococcus pyogenes was
named following its isolation from suppurative lesions while Strepto-
coccus erysipelas was isolated from a patient with erysipelas. Early dif-
ferentiation and nomenclature strategies were based on the origin/
disease associated with the streptococcal strain. Subsequently, distinct
haemolytic phenotypes were observed on blood agar plates and sup-
ported a method of distinguishing streptococcal species i.e., those with a
clear zone surrounding a colony were named Streptococcus haemolyticus;
and those presenting a green zone surrounding a colony were named
Streptococcus viridans. On this basis, pathogenic streptococci are largely
divided into these two phenotypic groups, i.e. the p-haemolytic pyogenic
group or the a-haemolytic viridans group. Seminal work by Lancefield
commencing in the 1920s facilitated the development of a new strep-
tococcal classification system of p-haemolytic streptococci based on cell-
surface antigen differences. The antigenic properties of group specific
polysaccharides referred to as ‘C-substances’ initially enabled the sero-
type classification of Group A-E, these groupings expanded to include as
many as 20 serotypes (Groups A - V) (Mistou et al., 2016). The typing
system encompasses pathogenic streptococcal species linked to mild and
severe infections in human and animal populations as well as non-
pathogenic species that primarily occupy the human oral cavity.

In contrast to the pathogenic streptococcal species, one species of the
Streptococcus genus is a major starter bacterial species used in dairy
fermentation processes i.e. S. thermophilus. The earliest evidence of
cheese making is documented as far back as 6000 years before the
common era (BCE) in northern Europe (Salque et al., 2013), while
yoghurt production is also documented in Indian Ayurvedic scripts,
dating from the same time (Fisberg and Machado, 2015). In addition to
its technological application in the food fermentation industry,
S. thermophilus has also gained interest as a ‘probiotic’ with several
purported human health promoting functionalities (Uriot et al., 2017).

While S. thermophilus is included in the heterogeneous group of lactic
acid bacteria (LAB) and is related to Lactococcus lactis, it is phyloge-
netically closer to streptococcal species of the Viridans group. Members
of the viridans group include streptococcal species that are not beta-
haemolytic, cannot tolerate high pH or salt growth conditions and
cannot grow at 10 °C. The salivarius group of viridans streptococci in-
cludes S. thermophilus, Streptococcus salivarius and Streptococcus vestibu-
laris (Facklam, 2002). The group are closely related based on 16S rRNA
gene sequence (Delorme et al., 2015). The taxonomic status of
S. thermophilus has been evolved in recent years. Traditionally, it was
grouped as part of the viridans group as a S. salivarius subspecies
(Kohler, 2007). Based on DNA-DNA reassociation experiments under
stringent conditions, S. thermophilus gained full species status (Facklam,
2002). It is also the only streptococcal species to be granted the
‘Generally Recognized As Safe” (GRAS) status by the Food and drug
administration (FDA) and the ‘Qualified Presumption of Safety’ (QPS)
status by the European Food Safety Authority based on its long history of
safe human consumption (EFSA) (Martinovic et al., 2020). Although
S. salivarius and S. vestibularis (viridans streptococci) are inhabitants of
the human oral microbiome, several cases of meningitis, bacteraemia,
and endocarditis have been associated with these organisms (Simsek
et al., 2008; Wilson et al., 2012). The adaptation of S. thermophilus to the
nutrient-rich milk substrate has been associated with genome decay and
horizontal gene transfers (Bolotin et al., 2004; Hols et al., 2005).
Consequently, a high proportion (approximately 10%) of the
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S. thermophilus genome is constituted by pseudogenes (Bolotin et al.,
2004) with their original functions being non-essential for growth in
milk. As a starter culture, S. thermophilus rapidly converts lactose into
lactic acid, causing a decrease in pH and subsequent coagulation of milk
proteins. Additionally, many S. thermophilus strains confer flavour and
textural properties to the final product (Cui et al., 2016; Iyer et al.,
2010).

3. Role and significance of streptococcal cell wall glycans

As mentioned above, the three major glycans associated with the cell
wall of streptococci are RGP, EPS and TAs. The RGP structures are
particularly well characterised for many pathogenic and dairy strepto-
cocci due to their clinical and economic importance in their respective
industries. RGPs of pathogenic streptococcal species have been associ-
ated with virulence, antimicrobial resistance, and immune evasion
(Mistou et al., 2016). These glycopolymers may serve as functional re-
placements for WTAs in certain Gram-positive species (Fig. 1) (Mistou
et al.,, 2016). Interestingly, RGPs are not universally present in all
pathogenic streptococci. For example, Streptococcus pneumoniae instead
incorporates WTAs and LTAs and the cell surface covered with a capsule,
the structure of which has high strain-to-strain variability prompting
methods for pneumococcal capsular serotyping (Jauneikaite et al., 2015;
Vollmer et al., 2019).

Due to their association with animal and human diseases, the CWPS
structure and composition of pathogenic streptococci have been studied
extensively and particularly their RGPs (Sitkiewicz and Hryniewicz,
2010). Similarly, owing to their role in biofilm formation, EPS produc-
tion in pathogenic streptococci has received significant research atten-
tion (Cugini et al.,, 2019; Klein et al, 2015; Li et al.,, 2022).
Peptidoglycan anchored LTAs have been identified as virulence factors
in S. pneumoniae (Hef et al., 2017) and more recently LTA synthesis of
the closely related oral commensals Streptococcus mitis and Streptococcus
oralis has been of interest due to their involvement in bacteremia and
infective endocarditis (Kim et al., 2018; Wei et al., 2021). The recent
resurgence of group A streptococcal disease in children in a number of
European countries has focused research efforts towards the identifica-
tion of virulence determinants (including CWPS) as well as vaccine
development (Castro and Dorfmueller, 2021).

In the food industry, both RGP and EPS components of
S. thermophilus have been implicated in (bacterio)phage-host in-
teractions where they act as receptors for several phages (Romero et al.,
2020). Phage infection of such starter cultures may lead to disrupted or
failed dairy fermentations generating considerable food waste volumes
and with economic consequences. However, from an applied perspective
EPS produced by S. thermophilus is linked to desirable textures, mouth-
feel and flavour of fermented dairy products and particularly so in the
case of yoghurt-style products (Broadbent et al., 2003).

Comprehensive reviews of CWPS components of streptococci have
predominantly focused on RGP analysis, highlighting their genetic di-
versity, biosynthesis, and physiological functions (Guérin et al., 2022;
Lavelle and Mahony, 2021; Mistou et al., 2016). Among streptococcal
species, the most thoroughly characterised with respect to CWPS
composition and biosynthesis include S. pyogenes, S. agalactiae, Strepto-
coccus mutans, Streptococcus dysgalactiae, and S. thermophilus. This re-
view will discuss current knowledge of the diversity, biosynthesis,
implications and/or applications of these cell wall glycans in both
pathogenic and non-pathogenic streptococci with respect to their RGP
and EPS production as well the LTA synthesis for certain species. Among
these saccharides, RGP are undoubtedly the best studied cell wall
polysaccharides and are, therefore, the primary focus of this review.

4. Rhamnose-glucose polysaccharides produced by streptococci

The polysaccharide components that are rich in L-rhamnose are
described in literature as rhamnose-containing cell wall polysaccharides
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Fig. 1. Schematic representation of the major cell-wall polysaccharides in the cell wall of important streptococcal species. Rhamnose-glucose polysaccharides and
exopolysaccharide/capsular polysaccharides are depicted by branched chains of circles highlighting their more complex structures compared to lipoteichoic and
wall-teichoic acid structures. Exopolysaccharides and capsular polysaccharides have been grouped as there is a lack of clarity regarding the genetic and/or structural
relationship between exopolysaccharides and capsular polysaccharides produced by streptococcal species.

(Lavelle and Mahony, 2021; Mistou et al., 2016), rhamnose-rich cell
wall polysaccharides (Guérin et al., 2022), polyrhamnose poly-
saccharides, rhamnopolysaccharides (Rush et al., 2022), rhamnose
polysaccharides (Edgar et al., 2019) and rhamnose-glucose poly-
saccharides (RGP) (Yamashita et al., 1998) among others. Despite the
lack of a universal nomenclature, they are consistently described as
complex heteropolysaccharides comprising a polyrhamnose chain
(rthamnan backbone) accompanied by variations of oligosaccharide or
polysaccharide chains (variable side chain) which can contain glucose,
N-acetylglucosamine, galactose, N-acetyl galactosamine and phosphate
(Mistou et al., 2016). Similar to WTA, the rhamnan backbone is pro-
posed to be covalently attached to the peptidoglycan N-acetyl muramic
acid residues. Both the rhamnan backbone and side chain components of
pathogenic and dairy streptococci display strain-to-strain variability.
Among streptococcal species, RGP structures share common features
most notably the relatively conserved rhamnan backbone. However, the
number of L-rhamnose residues and the glycosidic linkages may differ
between species and even within species. In certain S. thermophilus
strains and in S. mutans serotype c, e, and f strains, the repeating
rhamnose unit also contains glucose (accounting for the RGP nomen-
clature) (Lavelle et al., 2022; Mistou et al., 2016) and group G strepto-
coccal RGPs (S. dysgalactiae subsp. equisimilis) contain galactose in the
rhamnan backbone (Zorzoli et al., 2019). The side chain components
appear to account for much of the structural diversity among and within
streptococcal species. This structural diversity has been the basis for
pathogenic and non-pathogenic streptococcal typing systems (Szymczak
et al., 2019).

The pioneering work by Lancefield on group-specific poly-
saccharides facilitated a link between human and animal diseases to
group specific bacteria within the genus Streptococcus (groups A to V,
excluding I and J) (Facklam, 2002; Kohler, 2007). The now 20 groups
encompass key pathogenic species including S. pyogenes, responsible for
a variety of diseases ranging from throat and skin infections to invasive
infections including streptococcal toxic shock syndrome (Jespersen
et al., 2020) and S. agalactiae, a causative agent of bovine mastitis and
associated with skin and soft tissue infections in neonates, pregnant
women, and immunocompromised individuals (Sitkiewicz and Hrynie-
wicz, 2010; Ya’qoub et al., 2018). Group A carbohydrate (GAC)
(S. pyogenes), and group C carbohydrate (GCC) (certain S. dysgalactiae)
as well as S. mutans share a common disaccharide rhamnan backbone
(repeating a-1,2—/a-1,3-linked polyrhamnose backbone), with varia-
tion seen in their side chain components (Guérin et al., 2022). The gene
cluster harbouring the biosynthetic machinery to form the final RGP
structure (herein referred to as the rgp gene cluster) has been identified
for many streptococcal species.

The leftward end of the rgp gene cluster, of GAC, GCC and S. mutans
species exhibit high sequence identity and is proposed to encode the
biosynthetic functions relating to the rhamnan backbone structure
(Mistou et al., 2016). The decoration of the shared rhamnan backbone
with specific side chain units produces structural diversity between

these groups and yields the discriminating epitopes for serotyping. The
group specific antigen of Group B carbohydrates (GBC) (S. agalactiae) is
unique as it contains a complex multiantenna branching with a final
structure containing rhamnose, N-acetylglucosamine, glucitol, galac-
tose, and phosphate (Wang et al., 2022).

Despite the many merits of the Lancefield typing system, it is
important to highlight that it cannot distinguish streptococci at the
species level. For example, S. dysgalactiae subsp. equisimillis can express
Group A, C and G antigens (Mistou et al., 2016) and S. mutans strains can
be classified into serotypes c, e, f or k based on their expressed poly-
saccharides (Nakano and Ooshima, 2009). Interestingly, S. pneumoniae
cannot be classified into a Lancefield group. Instead of RGP structures
described for other streptococcal species, the cell wall contains lip-
oteichoic acid (LTA) and wall teichoic acid (WTA) structures attached to
the membrane or peptidoglycan, respectively (Vollmer et al., 2019). A
predominant component of the pneumococcal teichoic acid is a ribitol
teichoic acid termed the C-polysaccharide whose structure contains
glucose, 2-acetamido-2,4,6- trideoxygalactose, galactosamine, ribitol
phosphate, and phosphorylcholine covalently bound to the peptido-
glycan layer. Each of these components have been identified as con-
stituents of the capsular polysaccharide. Similar to RGP structures in the
described pathogenic streptococci, the capsule structure is highly vari-
able among pneumococcal species enabling the identification of at least
90 serotypes (Eletu et al., 2020) and the successful development of
highly effective pneumococcal conjugate vaccines (Geno et al., 2015).

Undoubtedly, the varied nomenclature and typing systems that have
been invoked over the past decades have impeded a universal under-
standing of the unifying features of distinct species in terms of cell wall
polysaccharide composition. Furthermore, since strains of a given spe-
cies may produce different group antigens (e.g. GAC or GCC), it is more
useful to define the genetic regions associated with their biosynthesis
and classify strains on this basis. This would allow a more generalised
understanding of the conserved and variable elements of these moieties
and allow a rapid classification of emerging isolates. Therefore, it may
be useful to refine or reduce the nomenclature to RGP, L/WTA and/or
EPS. Since RGP is a well-established naming scheme in place for several
well studied species, it seems a natural choice to use this for studies
pertaining to peptidoglycan-anchored cell wall polysaccharides. EPS
should be only used as the nomenclature of genuine EPS phenotypes
where the polysaccharide is shed into the surrounding medium and
should be clearly distinguished from capsular polysaccharide-producing
strains or species as there is a considerable lack of clarity on this point,
particularly with respect to non-pathogenic streptococci.

4.1. Gene clusters associated with Rhamnose glucose polysaccharide
(RGP) biosynthesis in streptococci

The genetic regions associated with RGP biosynthesis in streptococci
were first identified in S. mutans through the characterization of four
genes (rmlA, rmlB, rmIC and rmID) whose products are indispensable for
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dTDP-L-rhamnose production (Tsukioka et al., 1997). The rml genes in
several streptococcal species including S. mutans, S. pyogenes, S. aga-
lactiae and S. thermophilus are not all co-located. The rmlA, B, and C genes
are typically clustered in the rmIABC locus and rmID has been identified
as part of a separate locus, termed the rgp locus. For S. pneumoniae the
rmlABCD locus encodes the RmlA-D proteins that are required for dTDP-
L-rhamnose synthesis (Bentley et al., 2006; Rockett et al., 2018). In
addition to the rmID gene, the S. mutans rgp loci also encodes six genes,
rgpA through rgpF, essential for the synthesis of the rhamnan backbone
(Yamashita et al., 1998) as well as several glycosyltransferase-encoding
genes that were implicated in sidechain formation and an ABC mem-
brane transport system encoded by rgpC and rgpD. Two additional genes
(rgpI and rgpH) which encode proteins involved in the formation of the
glucose side chain (RgpH) and branching frequency of side chain link-
ages (Rgpl) have extended the boundary of the rgp locus downstream of
rgpF in S. mutans (Shibata et al., 2003). Model pathways for the
biosynthesis of the rhamnan backbone and subsequent addition of the
variable side chain component for pathogenic streptococcal species have
been proposed and will be outlined further below (Guérin et al., 2022;
Mistou et al., 2016).

The biosynthesis of RGPs of several streptococcal species shares
common processes including initiation, elongation, translocation and
modifications following cell wall anchoring (Mistou et al., 2016). The
first enzymatic step in the synthesis of the rhamnan backbone involves
the activation of the lipid carrier undecaprenyl phosphate by a UDP-
GlcNAc:lipid phosphate transferase. In S. mutans, rgpG, a gene located
outside of the rgp locus and performs the UDP-GlcNAc:Und-P-GlcNAc-1-
P-transferase activity that is functionally equivalent to the TarO/TagO/
WecA integral proteins of B. subtilis, S. aureus and Escherichia coli,
respectively (Swoboda et al., 2010; Yamashita et al., 1998) is presumed
to carry out the initiation step in rhamnan synthesis. Homologs of the
phosphoglycosyltransferase RgpG, have also been identified (also
located outside of the rgp locus) in S. pyogenes and S. agalactiae termed
gacO and gbcO, respectively (Caliot et al., 2012; van Sorge et al., 2014).
Deficiency of RgpG has been shown to affect cell division and biofilm
formation in S. mutans (De et al., 2017). Following lipid carrier activa-
tion, biosynthesis of the complete RGP structure likely occurs through
the addition of monosaccharides by specific glycosyltransferases con-
tained within the rgp cluster. It is proposed that the step-wise additions
are initiated by the rhamnosyltransferase RpgA, which transfers the first
rhamnose residue from the dTDP-L-rhamnose precursor onto a N-ace-
tylglucosamine-PP-undecaprenyl (GlcNAc-PP-Und) a lipid intermediate
acceptor (Zorzoli et al., 2019). Subsequently, RgpB and RgpF are pro-
posed to elongate the rhamnan chain through the addition of additional
rhamnose moieties. RgpE is hypothesised to prevent further elongation
of the rhamnan chain thus regulating rhamnan chain length in L. lactis
(Theodorou et al., 2019). In S. mutans RgpE contributes to the formation
of glucose side chains and is responsible for glucose side chain linkage
(Kovacs et al., 2019). An rgpE™ mutant strain was capable of growing to
the same maximal density (however with a reduced growth rate) as the
parent strain and overall displayed little overall fitness defects, sug-
gesting RgpE functions after the backbone has been assembled and al-
ludes to a protective role of the rhamnan backbone in S. mutans (Kovacs
et al., 2019). Similarly, the inactivation of gacF in S. pyogenes (which
shares moderate sequence identity with rgpE of S. mutans) had no effect
on cell viability, and the GAC produced by the gacF mutant strain dis-
played a wild-type antigenic profile. The ABC transport system encoded
by rgpC and rgpD, subsequently transports the complete rhamnose-
containing glycan across the membrane (Shibata et al., 2003).
Although S. mutans can present four separate serotypes (based on the
site-specific linkages of the glucose side chain) the rhamnan synthesis-
associated genes rgpA through rgpF are conserved between strains
reflective of their identical a-1,2/a —1,3-linked rhamnan backbone
structures (Shibata et al., 2003). The final step involving the rhamnan
backbone is the covalent anchoring of the polymer to the peptidoglycan
layer. This is most likely achieved by a transferase in the LytR-CpsA-Psr
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(LCP) family (Stefanovic et al., 2021).

Decoration of the RGP backbone with specific side chain moieties is
accomplished through the activity of multiple glycosyltransferases
encoded within the rgp locus. These side chain decorations underpin the
Lancefield streptococcal classification system and most notably can
distinguish between GAC, GCC and S. mutans who share a common
rhamnan backbone structure. For S. mutans, glycosyltransferases RgpE
and Rgpl add al,2-linked glucose to rhamnan backbone (Yamashita
et al., 1998), whereas gacl in S. pyogenes is proposed to transfer the
characteristic p-linked GlcNAc side chain (van Sorge et al., 2014).

Detailed analysis of GAC synthesis and its assembly pathway in
S. pyogenes has been established (Rush et al., 2017; van Sorge et al.,
2014). With a similar architecture to that of S. mutans RGP synthesis, the
gene cluster involved in GAC synthesis comprises twelve genes, gacA-L,
with gacO typically located beyond the GAC gene cluster (van Sorge
et al., 2014). As with S. mutans, the components of the GAC cluster
include a rmlD homolog, gacA, rhamnosyltransferase-encoding genes
gacB, gacC and gacG and an ABC-type transport system encoded by gacD
and gacE (Rush et al., 2017). Recently a common initiation step for RGP
synthesis (Group A, B, C and G antigen synthesis) was discovered
through heterologous expression and complementation studies whereby
the substitution of S. pyogenes gacB with the homologous gene from
S. agalactiae, S. equi subsp. zooepidemicus, S. dysgalactiae subsp. equi-
similis, or S. mutans complemented the GAC biosynthesis pathway
(Zorzoli et al., 2019). Similarities in architecture and gene content be-
tween important pathogenic streptococci has immense importance for
future studies in understanding pathogenesis and potential therapeutics.

While the early studies of CWPS biosynthesis were aimed at the
development of clinical diagnostics and a basis to predict pathogenicity
of streptococcal species, recent studies seek to apply the CWPS compo-
sition and structure information to improve drug targeting, vaccine
design and phage therapy systems (Dale and Walker, 2020; Mangalea
and Duerkop, 2020; van der Beek et al., 2019). Furthermore, there is a
significant and growing volume of data pertaining to the diversity,
composition, structure and biosynthesis of CWPSs of the dairy-
associated species S. thermophilus (Lavelle et al., 2022; McDonnell
et al, 2020; Parlindungan et al., 2022).The rgp gene cluster of
S. thermophilus shares synteny with those of their pathogenic counter-
parts (Fig. 2). However, in contrast to S. mutans, the rgpA-F cluster of
S. thermophilus associated with rhamnan backbone biosynthesis is co-
located with genes associated with variable side chain production
(Hols et al., 2005; Lavelle et al., 2022). A model for the biosynthesis of
the RGP in S. thermophilus has been recently proposed (Lavelle et al.,
2022). The RGP component is universally present in all analysed
S. thermophilus strains and is closely associated with the cell wall. RGPs
of S. thermophilus are characterised as structures containing a poly-
rhamnose backbone with some strains also incorporating glucose in
their backbone structure. The final RGP structure of S. thermophilus
strains can also contain galactose, N-acetylglucosamine or N-acetylga-
lactosamine as well as the previously noted rhamnose and/or glucose
subunits primarily in the side chain component (Fig. 3A) (Lavelle et al.,
2022; Szymczak et al., 2018).

S. thermophilus has historically been considered to lack genetic di-
versity due to its widespread application as an industrial starter culture
(Delorme et al., 2017). However, the rgp gene cluster displays high
variability between strains (Parlindungan et al., 2022; Romero et al.,
2020; Szymczak et al., 2019). Similar to Lancefield classification or
pneumococcal serotyping techniques, the genetic diversity of rgp clus-
ters has been harnessed to devise multiplex PCR systems for their dif-
ferentiation and classification (Kouwen et al., 2019; Lavelle et al., 2022).
Hierarchical clustering analysis of the rgp gene clusters S. thermophilus
strains genomes revealed considerable strain level diversity, enabling
the identification of seven distinct groups of S. thermophilus rgp clusters
termed Rgpl-7 (Lavelle et al., 2022; Romero et al., 2020; Szymczak
et al.,, 2019). Detailed analysis of the rhamnan (backbone) and side
chain (variable)-associated regions of the rgp locus revealed three
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distinct backbone genotypes (Bt) and five variable genotypes (Vt)
(Lavelle et al., 2022). Theoretically 15 unique combinations of backbone
and side chain may exist for S. thermophilus strains. To date however, just
seven of the potential 15 combinations have been identified and five
complete RGP structures have been elucidated, each representing a
unique combination of backbone and side chain components and asso-
ciated rgp genotype (Lavelle et al., 2022).

4.2. Biosynthesis of Rhamnose glucose polysaccharides

The rgp locus, encoding the biosynthetic machinery for both back-
bone and side chain synthesis, is a region of approximately 20-30 kb
based on a recent study of 23 S. thermophilus strains (Parlindungan et al.,
2022; Szymczak et al., 2018). While the size and gene content of the rgp
locus appears to be strain-specific, the general organisation of the gene
cluster is conserved among strains. In S. thermophilus, the rgp locus
comprises a conserved set of genes associated with rhamnan backbone
synthesis, including rhamnosyltransferases RgpA, RgpB, and RgpF as
well as an ABC transporter/transport system (RgpC and RgpD), involved
in exporting the side chain component to the outer surface of the cell
membrane (Guérin et al., 2022; Hols et al., 2005). The S. thermophilus
rmlD and rgpA through rgpF homologs share high identity with their
S. mutans counterparts. Based on rgp gene cluster analysis of a total of 78
strains, the ABC transport system (RgpC and RgpD) is present in all
S. thermophilus strains analysed (Parlindungan et al., 2022; Romero
et al., 2020). As with pathogenic streptococci, the attachment of the

variable side chain is likely executed via a multicomponent glycosyl-
transferase system with a number of encoded glycosyltransferases pre-
sent in S. thermophilus strains. The exact mechanisms by which the RGP
backbone and side chain components are synthesised and their ultimate
convergence to produce the final RGP structure remain to be experi-
mentally proven for S. thermophilus.

dTDP-L-rhamnose is also essential for RGP synthesis in the non-
pathogenic S. thermophilus. The biosyntheis of dTDP-L-rhamnose is
reliant on the rml operon which contains rmlA, B and C and is located
outside of the rgp locus of all S. thermophilus strains. rmID however is
located at the beginning of the rgp locus and shares high identity be-
tween strains and with pathogenic streptococci (Fig. 2). For
S. thermophilus, the initiation of rhamnan backbone synthesis is medi-
ated by an RgpG homolog (encoded by stu163) (Lavelle et al., 2022). The
rhamnosyltransferase RgpA, B and F are proposed to be functional an-
alogues of those described in pathogenic streptococcal species. RgpA
transfers the first rhamnose residue, RgpB and RgpF are proposed to
elongate the rhamnan backbone through the addition of individual
monosaccharide units while RgpE is hypothesised to regulate rhamnan
chain length. The ABC-transport system (encoded by rgpC and rgpD)
transports the backbone polymer across the membrane following its
intracellular synthesis. The incorporation of the backbone into the
peptidoglycan layer is most likely performed by LCP family proteins
acknowledging the similarities between S. thermophilus and L. lactis in
terms rgp gene content and architecture (LcpA being the major LCP
protein involved in rhamnan backbone attachment to peptidoglycan in
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L. lactis) (Theodorou et al., 2019).

Biosynthesis of the side chain structure in the S. thermophilus is
believed to be initiated by (ScbA) protein A, and its associated activator,
ScbB (Lavelle et al., 2022). These proteins initiate side chain synthesis
by the addition of a GlcNAc (or GalNAc in certain strains) moiety to the
lipid carrier Und—P, representing functional homologs of S. pyogenes
Gacl/J (Rush et al., 2017). The elongation of the side chain is believed to
be performed by glycosyltransferases in the rgp locus which are pre-
dicted to add monosaccharides sequentially to the lipid-linked GlcNAc
foundation (Lavelle et al., 2022).

Translocation of the side chain across the cytoplasmic membrane
typically requires proteins which ‘flip’ the saccharidic component
following their intracellular synthesis often via a Wzy/Wzx-dependent
pathway (Islam and Lam, 2014). The S. thermophilus ScbF of strain
UCCSt50 shares structural similarly to an E. coli flippase and is
hypothesised to be responsible for the translocation or ‘flipping’ of the
saccharidic side chain across the cytoplasmic membrane (Lavelle et al.,
2022). Interestingly, a putative Wzx-like flippase encoding gene is pre-
sent for a majority of analysed S. thermophilus strains. The attachment of
the side chain component to the rhamnan backbone is believed to be
performed by a homolog of WpsJ, a GT-C fold glycosyltransferase
discovered in the L. lactis strain MG1363 (Theodorou et al., 2019).
Regulation of the side chain branching is likely the function of rgpI in
S. thermophilus as it shares significant sequence identity to rgpl of
S. mutans. Adding to the unique architecture, rgpl is the first gene in the
S. thermophilus rgp cluster and one of distal genes in pathogenic strep-
tococcal species (Fig. 2).

5. Teichoic acids produced by streptococci

The term TA has historically been used to describe all bacterial cell
wall, membrane and capsular polymers which contain glycer-
olphosphate (GroP) or ribitolphosphate (RboP) (Percy and Griindling,
2014). Currently, the term encompasses two cell wall polymers in Gram-
positive bacteria: wall teichoic acid (WTA) and lipoteichoic acid (LTA).
LTAs are tethered to the plasma membrane and extend into the pepti-
doglycan layer, while WTAs are covalently attached to the N-acetyl
muramic acid component of peptidoglycan (via a phosphodiester link-
age) and extend through and beyond the cell wall (Brown et al., 2013;
Swoboda et al., 2010). WTA glycopolymers are well studied in organ-
isms such as Bacillus and Staphylococcus due to their crucial roles in
bacterial physiology, cell division, antibiotic resistance and protection
against host defence peptides and enzymes (Edgar et al., 2019). Inter-
estingly, many streptococci lack the classically defined WTA and instead
produce rhamnose-containing polysaccharides. Therefore, the idea that
these glycopolymers act as functional homologs of TAs is one of note in
the current literature (Caliot et al., 2012; Edgar et al., 2019; Kovacs
et al., 2019; Mistou et al., 2016). Although early work reported the
presence of glycerol and phosphate residues in a number of strepto-
coccal species glycopolymers there remains a knowledge gap pertaining
to TA synthesis in streptococci.

Recently, the presence of GroP in S. pyogenes and serotype c carbo-
hydrate S. mutans was determined to be mediated by the product of gacH
(or a gacH homolog) (Edgar et al., 2019). GacH, a membrane protein
belonging to the alkaline phosphatase superfamily, catalyses GroP
addition to the C6 hydroxyl group of GlcNAc substituents (Edgar et al.,
2019). The GroP attachment present on ~25% of the GlcNAc side
chains, converts the saccharide to polyanionic cell wall glycopolymer
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decorations (Edgar et al., 2019). Similarly, GroP decorates the Glc side
chain of the RGP in a S. mutans serotype c strain (Zamakhaeva et al.,
2021). Based on phylogenetic analysis, GacH homologs are present in
numerous streptococci, suggesting other species may also express gly-
copolymers with GroP additions on their side chain components (Edgar
et al., 2019). Interestingly, GroP-modified side chains may have been
largely overlooked due to acid-based methodologies for RGP extraction
that may lead to GroP removal (Guérin et al., 2022).

The cell wall of S. pneumoniae is a complex structure that contains
WTA and LTA surrounded by one of the 90 capsular polysaccharides
produced by members of the species (Vollmer et al, 2019).
S. pneumoniae is unique among streptococcal species in presenting
identical WTA and LTA repeating units and only the anchoring location
(peptidoglycan or membrane) defines their classification (Fig. 3B)
(Denapaite et al., 2012; HeB et al., 2017; Vollmer et al., 2019). In most
bacteria, these chain structures are different for the two polymers (Bui
et al., 2012). The TA biosynthesis pathway has been proposed based on
bioinformatic analysis of various pneumococcal strains (Denapaite et al.,
2012). Genes associated with TA biosynthesis are located in three
genomic loci, termed lic1, lic2 and lic3 (Fig. 4). These regions contain
genes associated with choline uptake, CDP-choline and CDP-ribitol
synthesis, teichoic acid flippase functions, and phosphotransferases
(Vollmer et al., 2019). Of note TacF, a putative teichoic flippase, binds
specifically to the choline-containing TA precursor chains before trans-
ferring the structure across the cytoplasmic membrane, providing evi-
dence that all mature TAs are decorated with choline residues, essential
for the choline-dependent growth of S. pneumoniae (Damjanovic et al.,
2007). Subsequently, the mature TA chain is anchored to peptidoglycan
or cell membrane to form WTA or LTA, respectively (Vollmer et al.,
2019). Similar to RGP anchoring to peptidoglycan, members of the LCP
family of proteins have been implicated in the cell wall maintenance and
assembly of S. pneumoniae (Kawai et al., 2011). For LTA structures, the
membrane protein TacL, transfers the TA precursor chains onto the
glycolipid anchor (Hef et al., 2017). Similar LTA structures to those
described for S. pneumoniae are described in S. mitis and S. oralis (Wei
et al., 2021).

6. Exopolysaccharides of Streptococcus thermophilus
While pathogenic streptococci such as S. mutans are renowned for

their biofilm forming activity, the descriptions of the associated poly-
saccharides, their composition, structure and genetics is surprisingly
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Fig. 4. Genetic organisation of the lic regions of Streptococcus pneumoniae R6
and associated functions of the gene products (Denapaite et al., 2012). The licl
operon contains genes associated with choline uptake, CDP-choline and CDP-
ribitol synthesis. The adjacent lic2 region encodes a putative teichoic acid
(TA) flippase in addition to phosphotransferases. The lic3 region is present in a
disparate location to the licl lic2 gene clusters on the chromosome with pro-
posed functions of gene products including a phosphotransferase, glycosyl-
transferase(s) and integral membrane protein(s).
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limited. Biofilm formation may involve capsular polysaccharides or
exopolysaccharides; however, this is not clearly delineated among
pathogenic streptococci. It seems most likely that this property is
invoked by capsular polysaccharides (CPS), which are described to be a
widespread phenomenon among pathogenic streptococci (Skov
Sgrensen et al., 2016). The size (~16-36 kb) and organisation of the cps
loci appears similar to those of rgp loci (Skov Sgrensen et al., 2016) but
remains to be experimentally established. Reports of EPS among path-
ogenic streptococci are rare and may, in fact, be CPS. The importance of
TA and CPS in pathogenic species has dominated and likely over-
shadowed research of EPS in these species. In contrast, the EPS of
S. thermophilus are thoroughly investigated with extensive reports of the
genetic mechanisms underpinning their biosynthesis as well as their
composition and structure. Here, the review presents an overview of the
current knowledge of the genetics, composition and structure of the EPS
of S. thermophilus.

Similar to RGP, EPS produced by S. thermophilus strains are hetero-
polysaccharides that primarily contain glucose, galactose, and rham-
nose, and in some strains can contain fucose, N-acetylglucosamine, N-
acetylgalactosamine, ribose, and glucuronic acid as well as non-
carbohydrate units such as glycerol, phosphate, pyruvyl, and acetyl
groups (Faber et al., 2001; McDonnell et al., 2020; Nordmark et al.,
2005; Padmanabhan and Shah, 2020a, 2020b; Sawén et al., 2010). The
gene cluster that encodes the biosynthetic machinery for EPS production
in S. thermophilus, termed the eps cluster exhibits considerable strain-to-
strain variations in terms of size and gene content (Parlindungan et al.,
2022). Furthermore, the locus termini appear to be highly conserved
with variation primarily observed in the central regions of the cluster in
which genes encoding glycosyltransferases are located (Alexandraki
et al., 2019; Parlindungan et al., 2022). Hierarchical clustering analysis
established the presence of six distinct groups of S. thermophilus eps ge-
notypes designated as EPS A to F (Szymczak et al., 2019). Recent anal-
ysis of dairy streptococcal isolates identified a further four EPS
genotypes (A to J) (Parlindungan et al., 2022). The genetic diversity of
these clusters has yet to be linked to the compositional and structural
diversity of these polysaccharides.

The eps gene cluster is approximately 15-30 kb in size and contains
~18 genes on average (Parlindungan et al., 2022; Szymczak et al.,
2018). Despite the genetic diversity observed in the eps cluster of various
S. thermophilus strains, the loci harbour genes that encode conserved
functions associated with EPS chain length regulation, glycosyl-
transferase activity, polymerization and translocation (Fig. 5) (Cui et al.,
2017; Parlindungan et al., 2022). The eps gene cluster contains three
functional modules i.e. epsAB are located at the leftward end of the
cluster and are involved in regulation of EPS production as well as epsCD
whose products regulate EPS chain length (Cui et al., 2017). Two pairs of
epsC-epsD genes were identified in the model S. thermophilus strain ASCC
1275, which are hypothesised to facilitate the strain producing two
types of EPSs - a capsular EPS attached to the cell surface and a ropy EPS
secreted into the extracellular environment (Fig. 5) (Wu et al., 2014).
The second functional module is associated with the synthesis of
repeating units of EPS (epsE, epsF, epsG, epsH and epsI and additional
genes in some cases) and the third module is responsible for the poly-
merization of the repeating units and the export of the intracellularly
synthesised EPS to the extracellular environment (epsJ, epsK, epsL and
epsM) (Cui et al., 2017; Kong et al., 2022). The membrane-associated
glycosly-1-phosphate transferase (EpsE) catalyses the first step in the
assembly of the EPS through the transfer of a sugar-1-phosphate to a
lipid carrier located on the cytoplasmic surface of the membrane (Jolly
and Stingele, 2001; Kong et al., 2022). Similar to RGP synthesis the
transfer of the first unit triggers the addition of subsequent repeating
units to the EPS (Cui et al., 2017).

The EPS produced by S. thermophilus strains is reported to be pri-
marily composed of glucose, rhamnose and galactose (Pachekrepapol
et al., 2017) while strain-specific combinations of galactose and rham-
nose; galactose, glucose and N-acetylgalactosamine; galactose, glucose
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and rhamnose; galactose, glucose, rhamnose and N-acetylgalactosamine
have also been reported (Fig. 3C) (Faber et al., 2001; McDonnell et al.,
2020; Nordmark et al., 2005; Padmanabhan and Shah, 2020a, 2020b;
Saweén et al., 2010) The compositional diversity of these structures can
be linked to the highly polymorphic nature of S. thermophilus eps cluster-
encoded glycosyltransferases which commonly include galactosyl-
transferases, rhamnosyltransferases, glucosyltransferases, and N-ace-
tylglucosamine transferases and less commonly include galactofuranose
transferases, mannosyltransferases and fructosyltransferases (Cui et al.,
2017). Polymerization-associated genes as well as export-associated
genes are located at the 3' end of the eps cluster. The nomenclature
associated with these functions is inconsistent and is entirely dependent
on the number of genes preceding those associated with polymerization
functions. For example, epsJ, epsL and epsM in one S. thermophilus strain
are associated with polymerization and translocation of the EPS
repeating units while epsQ is associated with the transfer of EPS between
the membrane and peptidoglycan layer in another strain (Wu et al.,
2014). Therefore, while there is an abundance of sequence and
compositional data associated with EPS production in S. thermophilus, it
is clear that there is significant diversity in both their genetic and
chemical composition causing lack of clarity on some fundamental
points including (i) the lack of a universal nomenclature for the eps
associated genes and their encoded products; (ii) a lack of clarity
regarding the nature of CPS and its genetic/structural relationship to
either EPS or RGPs and; (iii) the extent of chemical diversity of EPS in
this species. To date the chemical composition of the EPS of a large
number of strains of S. thermophilus have been elucidated while the
chemical structure of only a handful have been completely resolved.
This will likely represent an area of research growth in the coming years
as it is imperative to understand the importance of these structures on
microbiota- and immune-modulation in humans as well as the well-
studied technological properties of fermented foods.

7. Implications of cell wall polysaccharide diversity in the food
and healthcare industries

7.1. Starter cultures, probiotics, prebiotics and postbiotics

Bacteriophages, also known as phages, continue to be among the
most significant and consistent threats to dairy fermentation processes
(Romero et al., 2020). Disruption caused by phages in the dairy industry
have significant technological and economic consequences while failed
fermentations contribute to global food waste (Romero et al., 2020).

Therefore, food fermentation processes depend on reliable, technologi-
cally favourable, and robust starter cultures to reduce waste and in-
crease the sustainability of production practices. Recent studies have
highlighted the role of both RGP and EPS in strain-specific phage-host
interactions and the development of multiplex PCR systems facilitate the
rapid classification of dairy streptococcal strains based on their rgp ge-
notype (Lavelle et al., 2022). Such classification may be applied to
identifying strains that present distinct RGP structures on the cell surface
and that reduce the risk of phage infection and loss of the fermentate.
Such strategies could also be developed for the classification of eps ge-
notypes for this species and further enhance the robustness of starter
cultures. Currently, five genetically distinct phage groups of dairy
streptococcal phages are known to exist and among these the Brus-
sowviruses are known to recognise RGP receptors while EPS is the
implicated receptor for 987 group phages. Limited information exists for
the receptor of the remaining three phage groups although it is likely
that one or both of these saccharides is required by these phages also.
Owing to the pervasiveness of phages in the industrial setting, it is
suggested that this pressure has underpinned the diversity of the rgp and
eps loci. As the food industry adapts to growing demands for fermented
products derived from plant-based alternatives to dairy, knowledge of
S. thermophilus genetic composition and metabolic capabilities will un-
derpin industry’s ultimate success and ability to adapt to these, and
other emerging, demands and challenges.

The metabolism of lactose by S. thermophilus has long been regarded
a defining probiotic trait of strains of this species. However, the sur-
vivability of S. thermophilus strains in the human gastrointestinal tract is
the subject of debate and is likely a strain-specific attribute. Despite this,
there are numerous possible benefits associated with S. thermophilus EPS
including such as the limitation of pathogen colonisation/biofilm for-
mation, immune system activation, anti-inflammatory and prebiotic
activities (Angelin and Kavitha, 2020). Furthermore, even in the absence
of viability, the EPS may impart such effects as a “post-biotic” further
highlighting the potential of this species and its associated CWPS in
contributing to human health. While the true benefits of S. thermophilus
may emanate from its co-association with proto-cooperative organisms
such lactobacilli, the importance of S. thermophilus in the food and
probiotics industries is undeniable.

Classical phage typing of pathogenic bacterial species was based on
the unique interaction profiles of clinical isolates with phage panels
known to infect strains of given serotype(s). These serotypes, being
associated to cell wall polysaccharides, highlight the long-standing im-
plications of cell wall polysaccharides including RGP, EPS and teichoic
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acids. As the exact composition and/or structure of the majority of
pathogenic streptococcal species is incomplete, it is not currently
possible to define if there is an explicit link between cell wall poly-
saccharides that are involved in virulence and phage interactions or if
these are distinct moieties; however, this is certainly an aspect that will
become clear as an increasing number of cell wall polysaccharide
structures and genome sequences of emerging strains become available.

7.2. Drug development and therapeutics

RGPs of pathogenic streptococcal species present promising oppor-
tunities in human therapeutic vaccine design, drug targeting and phage
therapy approaches (Dale and Walker, 2020; Szafranski et al., 2017; van
der Beek et al., 2019). The loss of virulence and suboptimal cell growth
and cell morphology exhibited by a number of pathogenic streptococcal
species following depletion of rhamnose, has highlighted the strepto-
coccal L-rhamnose biosynthesis as a useful interesting drug target (van
der Beek et al., 2019). Moreover, as dTDP-L-rhamnose is not produced or
used by humans (Mistou et al., 2016), drugs targeting the L-rhamnose
biosynthesis pathway would have limited undesirable side effects. A
recent study identified compounds capable of inhibiting dTDP-L-
rhamnose biosynthesis in streptococcal species (van der Beek et al.,
2019). Further knowledge regarding this pathway in additional patho-
genic species could optimize steps in drug design in the healthcare
industry.

In S. mutans, RgpG plays a crucial role in cell division which impacts
biofilm formation, revealing a new potential target to develop anticaries
vaccines or therapeutics (De et al., 2017). Similar strategies have been
exploited in S. aureus, whereby the inhibition of the UDP-GlcNAc:lipid
phosphate transferase, TarO, renders the bacterium avirulent (Sewell
and Brown, 2014) and in S. epidermidis TagO deficiency was reported to
cause major defects in biofilm development and formation (Holland
et al., 2011).

CPSs of S. pneumoniae are immunoreactive components of the
pathogen that have formed the basis of carbohydrate-based vaccines
(Riu et al., 2022). Similarly, research into capsular polysaccharide
conjugate vaccine development for S. agalactiae is underway, however
no licensed vaccine is currently available. A gacl mutant of S. pyogenes
prevented GlcNAc side chain addition in S. pyogenes and was attenuated
for virulence in two infection models (van Sorge et al., 2014). This
represents additional opportunities to develop alternate vaccine anti-
gens devoid of the presumptive infection-causing side chain compo-
nents. As neither S. pyogenes nor S. agalactiae vaccines are currently
available more research into understanding pathogenesis relating to
CWPS is necessary for future vaccine designs.

There is growing interest in exploiting bacteriophages to combat
bacterial infections due to the rise in nosocomial multidrug-resistant
bacterial infections. Phages have evolved to recognise and adhere to
bacterial cell surfaces with subsequent infection and replication within
the cell. Targetted elimination of pathogenic streptococcal infections is
gaining creedance once again given the current antibiotic crisis. Endo-
lysins, which are phage-encoded peptidoglycan hydrolases responsible
for the degradation of peptidoglycan and subsequent cell lysis (Roach
and Donovan, 2015) have become increasingly prevalent in the fight
against streptococcal infections. An extensive review of the numerous
streptococcal phages that target pathogenic species as well as the chal-
lenges that limit phages and endolysin application in the healthcare at
present has recently been published (Wong et al., 2022).

Definition of the diversity and role of EPS and CPS in streptococcal
species, especially in biofilm-forming species may lead to the develop-
ment of novel antimicrobial agents by enhancing biofilm dispersion or
by inhibiting the reproduction and metabolism of pathogens (Zhang
et al., 2022). While biofilm formation and pathogenesis are well studied
in S. mutans, it is less well defined and understood in other streptococcal
species associated with the oral cavity and may represent an area of
emerging interest in the coming years (Cugini et al., 2019).
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8. Conclusions

Streptococci have evolved to diversify the cell surface glycans to
adapt to a range of ecological niches. These glycans may be inter-
changeable depending on the species and the specific roles that they play
in that host. Recent advances in the understanding of the genetic,
compositional and structural diversity simultaneously increases aware-
ness of the opportunities for tailored drug/vaccine development and
sustainable food production systems. However, species- or niche-specific
studies have also created a challenge as there is currently a lack of
universal definition of the associated biosynthetic pathways and struc-
tures. While this may create a temporary impediment to progress in
streptococcal glycobiology research in streptococci, the breadth of depth
of activity that is currently underway gives cause for optimism in the
context of therapeutics, diagnostics and the healthcare and food in-
dustries. To achieve this, it is imperative that the field unifies its efforts
in linking the genetic diversity of the biosynthetic clusters to the
composition and chemical structure of the final cell wall polysaccharide
moieties. Secondly, it is essential that the field embarks on a systematic
analysis of representatives of a breadth of streptococcal species to define
the links between the various species and understand the biosynthetic
processes that will have implications for the development of vaccines
and therapeutics. Finally, it will be important to have a universal
nomenclature to provide transparency in the field and a broader un-
derstanding of the common and unique aspects of the cell wall poly-
saccharides of streptococcal species that have profound impact on
human health.
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