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Abstract 

Streptococcus thermophilus is one of the most economically important bacterial 

starter cultures employed in the global dairy industry and is used extensively in the 

manufacture of yoghurt and cheese. Despite its technological importance, 

bacteriophage infection remains a major cause of fermentation delays and/or 

failure, resulting in reduced and inconsistent product quality and significant 

economic losses. Successful phage infection is dependent upon interactions 

between phage-encoded receptor-binding proteins and specific bacterial receptors. 

In S. thermophilus, cell wall polysaccharides including rhamnose-glucose 

polysaccharides (RGPs) and exopolysaccharides (EPSs) are central to phage 

recognition and binding processes. The overall aim of this thesis was to investigate 

the diversity, biosynthesis and biological functions of these polysaccharides and 

determine how variation in their structures influences phage-host interactions. 

Comparative genomic analysis demonstrated that genes associated with RGP 

biosynthesis are widespread throughout the Streptococcus genus. Hierarchical 

clustering analyses revealed extensive diversity within rgp loci and facilitated the 

identification of multiple distinct rgp genotypes among members of the salivarius 

group of streptococci. Additionally, the elucidation of the chemical structures of 

previously uncharacterised RGPs established direct links between the rgp genotype 

and the associated RGP structure, providing new insights into the evolution and 

diversification of streptococcal cell wall polysaccharides. 

Functional genomic analyses of bacteriophage-insensitive mutants (BIMs) 

possessing mutations within the rgp locus of the S. thermophilus strain UCCSt50 

provided important insights into the genetic basis of RGP side chain biosynthesis. 
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Structural characterisation of the RGPs of specific BIMs, together with 

transcriptional analyses and heterologous complementation studies, enabled the 

construction of a preliminary model of RGP side chain assembly and provided 

experimental evidence supporting the functional assignment of several genes 

involved in RGP side chain biosynthesis. Furthermore, these studies demonstrated 

that structural variation within the RGP directly influences phage susceptibility. The 

RGP was identified as the receptor for phage P738 and distinct RGP-attracted 

phages were shown to possess distinct structural requirements for host binding. 

Comparative genomic and structural analyses of the EPS biosynthetic loci further 

revealed extensive diversity among eps genotypes and enabled the assignment of 

experimentally resolved EPS structures to established genotype groups. 

Collectively, these findings establish direct relationships between polysaccharide 

genotype and biochemical structure for both RGP and EPS in S. thermophilus and 

provide a foundation for predicting polysaccharide structure from genome sequence 

information. 

Overall, the work presented throughout this thesis demonstrates that cell wall 

polysaccharide diversity is a major determinant of phage-host interactions in S. 

thermophilus. More broadly, these findings position S. thermophilus as a valuable 

model through which fundamental aspects of streptococcal cell wall polysaccharide 

biology can be explored. 
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Chapter I 

 

Introduction 
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Section I 

Cell wall polysaccharides of streptococci: A genetic and structural 

perspective 

 

This chapter has been published as: Cell wall polysaccharides of streptococci: A 

genetic and structural perspective. Biotechnology Advances. 2023. Dec;69:108279. 

doi: 10.1016/j.biotechadv.2023.108279. Epub 2023 Oct 31. PMID: 37913948. 

Kampff Z, van Sinderen D, Mahony J. 
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Abstract 

The Streptococcus genus comprises both commensal and pathogenic species. 

Additionally, Streptococcus thermophilus 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 cell surfaces. These glycopolymers facilitate their interactions and 

environmental adaptation. Here, current 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 

highlights 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. 
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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 (1). The thick layer of peptidoglycan is a mesh-like structure composed 

of alternating β-1,4-linked N-acetylmuramic acid and N-acetylglucosamine strands 

covalently linked by penta-peptides (2). 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 (3). 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 (4,5). Unlike these 

model organisms however, not all Gram-positive bacteria synthesise WTA to the 

same degree or even produce and incorporate WTA structures into their cell wall 

(5). 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 (6). For 

streptococcal species, CWPSs can encompass lipoteichoic acids (LTAs), rhamnose-

glucose polysaccharides (RGPs) and exopolysaccharides (EPS) which decorate the 

exposed surface of the cell (7,8). 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 streptococci (9). 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 
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respective ecological niches (10). 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. 

Historic classification of streptococci 

Streptococcal diseases have affected human populations for centuries. 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 (11). The first formal 

description of pathogenic streptococci was that of isolates from blood samples of 

women with puerperal fever by Louis Pasteur in 1879 (11). Streptococcus pyogenes 

was named following its isolation from suppurative lesions while Streptococcus 

erysipelas was isolated from a patient with erysipelas. Early differentiation 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 supported 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 
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into these two phenotypic groups, i.e. the β-haemolytic pyogenic group or the α-

haemolytic viridans group. Seminal work by Lancefield commencing in the 1920s 

facilitated the development of a new streptococcal classification system of β-

haemolytic streptococci based on cell-surface antigen differences. The antigenic 

properties of group specific polysaccharides referred to as ‘C-substances’ initially 

enabled the serotype classification of Group A-E, these groupings expanded to 

include as many as 20 serotypes (Groups A - V) (5). 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 (12), while yoghurt 

production is also documented in Indian Ayurvedic scripts, dating from the same 

time (13). 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 (14). 

While S. thermophilus is included in the heterogeneous group of lactic acid bacteria 

(LAB) and is related to Lactococcus lactis, it is phylogenetically 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 includes S. thermophilus, Streptococcus salivarius and Streptococcus 

vestibularis (15). The group are closely related based on 16S rRNA gene sequence 
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(16). The taxonomic status of S. thermophilus has evolved in recent years. 

Traditionally, it was grouped as part of the viridans group as a S. salivarius 

subspecies (17). Based on DNA-DNA reassociation experiments under stringent 

conditions, S. thermophilus gained full species status (15). 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) (18). Although S. salivarius and S. 

vestibularis are inhabitants of the human oral microbiome, several cases of 

meningitis, bacteraemia, and endocarditis have been associated with these 

organisms (19,20). The adaptation of S. thermophilus to the nutrient-rich milk 

substrate has been associated with genome decay and horizontal gene transfers 

(21,22). Consequently, a high proportion (approximately 10%) of the S. 

thermophilus genome is constituted by pseudogenes (21) 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 (23,24). 
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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 streptococci due to their clinical and 

economic importance in their respective industries. RGPs of pathogenic 

streptococcal species have been associated with virulence, antimicrobial resistance, 

and immune evasion (5). These glycopolymers may serve as functional 

replacements for WTAs in certain Gram-positive species (Fig. 1) (5). Interestingly, 

RGPs are not universally present in all pathogenic streptococci. For example, 

Streptococcus pneumoniae instead incorporates WTAs and LTAs and the cell 

surface is covered with a capsule, the structure of which has high strain-to-strain 

variability prompting methods for pneumococcal capsular serotyping (2,25). 

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 (26). Similarly, owing to their role in biofilm formation, 

EPS production in pathogenic streptococci has received significant research 

attention (27–29). Peptidoglycan anchored LTAs have been identified as virulence 

factors in S. pneumoniae (30) 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 (31,32). The 

recent resurgence of group A streptococcal disease in children in a number of 

European countries has focused research efforts towards the identification of 

virulence determinants (including CWPS) as well as vaccine development (33). 
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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. 
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In the food industry, both RGP and EPS components of S. thermophilus have been 

implicated in (bacterio)phage-host interactions where they act as receptors for 

several phages (34). 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, mouthfeel and flavour of fermented 

dairy products and particularly so in the case of yoghurt-style products (35). 

Comprehensive reviews of CWPS components of streptococci have predominantly 

focused on RGP analysis, highlighting their genetic diversity, biosynthesis, and 

physiological functions (5,36,37). Among streptococcal species, the most 

thoroughly characterised with respect to CWPS composition and biosynthesis 

include S. pyogenes, S. agalactiae, Streptococcus mutans, Streptococcus 

dysgalactiae, and S. thermophilus. This review 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, RGPs are undoubtedly the best studied cell wall polysaccharides and 

are, therefore, the primary focus of this review. 
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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 (5,37), rhamnose-rich 

cell wall polysaccharides (36), polyrhamnose polysaccharides, 

rhamnopolysaccharides (38), rhamnose polysaccharides (39) and rhamnose-

glucose polysaccharides (RGPs) (40) among others. Despite the lack of a universal 

nomenclature, they are consistently described as complex heteropolysaccharides 

comprising a polyrhamnose chain (rhamnan backbone) accompanied by variations 

of oligosaccharide or polysaccharide chains (variable side chain) which can contain 

glucose, N-acetylglucosamine, galactose, N-acetyl galactosamine and phosphate 

(5). Similar to WTA, the rhamnan backbone is proposed 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 nomenclature) (5,41) and group G streptococcal RGPs (S. 

dysgalactiae subsp. equisimilis) contain galactose in the rhamnan backbone (42). 

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 (43). 

The pioneering work by Lancefield on group-specific polysaccharides facilitated a 

link between human and animal diseases to group specific bacteria within the genus 
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Streptococcus (groups A to V, excluding I and J) (15,17). 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 (44) and S. agalactiae, a causative agent of 

bovine mastitis and associated with skin and soft tissue infections in neonates, 

pregnant women, and immunocompromised individuals (26,45). 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 α-1,2−/α-1,3-linked polyrhamnose backbone), with variation seen in 

their side chain components (36). 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 (5). The decoration of the 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, galactose, and phosphate (46). 

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. equisimilis can express Group A, C and G antigens (5) and S. 

mutans strains can be classified into serotypes c, e, f or k based on their expressed 

polysaccharides (47). Interestingly, S. pneumoniae cannot be classified into a 
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Lancefield group. Instead of RGP structures described for other streptococcal 

species, the cell wall contains lipoteichoic acid (LTA) and wall teichoic acid (WTA) 

structures attached to the membrane or peptidoglycan, respectively (48). 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 peptidoglycan layer. Each of these components have been 

identified as constituents of the capsular polysaccharide. Similar to RGP structures 

in the described pathogenic streptococci, the capsule structure is highly variable 

among pneumococcal species enabling the identification of at least 90 serotypes 

(49) and the successful development of highly effective pneumococcal conjugate 

vaccines (50). 

Undoubtedly, the varied nomenclature and typing systems that have been invoked 

over the past decades have impeded a universal understanding of the unifying 

features of distinct species in terms of cell wall polysaccharide composition. 

Furthermore, since strains of a given species 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 
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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. 

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 characterisation of four genes (rmlA, rmlB, rmlC 

and rmlD) whose products are indispensable for dTDP-L-rhamnose production 

(51). The rml genes in several streptococcal species including S. mutans, S. 

pyogenes, S. agalactiae and S. thermophilus are not all co-located. The rmlA, B, 

and C genes are typically clustered in the rmlABC locus and rmlD 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 (52,53). In addition to the rmlD gene, the S. mutans rgp loci 

also encodes six genes, rgpA through rgpF, essential for the synthesis of the 

rhamnan backbone (40) as well as several glycosyltransferase-encoding genes that 

were implicated in side chain formation and an ABC membrane 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 linkages (RgpI) have extended the boundary of the rgp locus 

downstream of rgpF in S. mutans (54). 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 (5,36). 
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The biosynthesis of RGPs of several streptococcal species shares common 

processes including initiation, elongation, translocation and modifications 

following cell wall anchoring (5). 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 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 (40,55) 

and 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 (6,56). Deficiency of RgpG has been shown to affect cell division and 

biofilm formation in S. mutans (57). Following lipid carrier activation, biosynthesis 

of the complete RGP structure likely occurs through the addition of 

monosaccharides by specific glycosyltransferases contained within the rgp cluster. 

It is proposed that the step-wise additions are initiated by the rhamnosyltransferase 

RgpA, which transfers the first rhamnose residue from the dTDP-L-rhamnose 

precursor onto a N-acetylglucosamine-PP-undecaprenyl (GlcNAc-PP-Und) a lipid 

intermediate acceptor (42). Subsequently, RgpB and RgpF are proposed 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 (58). In S. mutans, RgpE contributes to the 

formation of glucose side chains and is responsible for glucose side chain linkage 

(59). 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 
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overall fitness defects, suggesting RgpE functions after the backbone has been 

assembled and alludes to a protective role of the rhamnan backbone in S. mutans 

(59). 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 displayed a wild-type antigenic profile. 

The ABC transport system encoded by rgpC and rgpD, subsequently transports the 

complete rhamnose-containing glycan across the membrane (54). 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 α-1,2/α −1,3-linked 

rhamnan backbone structures (54). 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 (LCP) family (60). 

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 RgpI add α1,2-linked glucose to rhamnan backbone (40), whereas gacI 

in S. pyogenes is proposed to transfer the characteristic β-linked GlcNAc side chain 

(56). 

Detailed analysis of GAC synthesis and its assembly pathway in S. pyogenes has 

been established (56,61). 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 (56). As with S. 
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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 (61). 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. equisimilis, or S. mutans 

complemented the GAC biosynthesis pathway (42). Similarities in architecture and 

gene content between 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 composition and structure information to 

improve drug targeting, vaccine design and phage therapy systems (62–64). 

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 (65–67). The rgp gene cluster of S. thermophilus shares 

synteny with those of their pathogenic counterparts (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 (22,65). A model for the biosynthesis of the RGP in S. thermophilus has 

been recently proposed (65). 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 polyrhamnose 

backbone with some strains also incorporating glucose in their backbone structure. 
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The final RGP structure of S. thermophilus strains can also contain galactose, N-

acetylglucosamine or N-acetylgalactosamine as well as the previously noted 

rhamnose and/or glucose subunits primarily in the side chain component (Fig. 3) 

(65,68). 

S. thermophilus has historically been considered to lack genetic diversity due to its 

widespread application as an industrial starter culture (16). However, the rgp gene 

cluster displays high variability between strains (34,43,67). Similar to Lancefield 

classification or pneumococcal serotyping techniques, the genetic diversity of rgp 

clusters has been harnessed to devise multiplex PCR systems for their 

differentiation and classification (65,73). 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 Rgp1–7 (34,43,65). Detailed analysis of the rhamnan (backbone) 

and side chain (variable)-associated regions of the rgp locus revealed three distinct 

backbone genotypes (Bt) and five variable genotypes (Vt) (65). 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 

associated rgp genotype (65). 
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Fig. 2. Comparison of rhamnose-glucose polysaccharide (RGP) biosynthetic gene clusters of representative pathogenic and non-pathogenic 

streptococcal species. The 5′ end of the rgp gene cluster is flanked by rpoD in the analysed species. The proposed functions of the gene products 

are indicated by colour-coded arrows with functions annotated under the scale bar. Regions of homology are joined by blocks in grayscale and 

generated using Easyfig (69). The scale bar is measured in base pairs. The gene clusters of the following strains are shown: S. salivarius ATCC 

25975, S. thermophilus EU01, S. mutans UA-159, S. pyogenes NGAS322, S. dysagalataie subsp. equisimilis NCTC5371, S. 

agalactiae NCTC5371. 
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Fig. 3. Overview of the main cell-wall polysaccharide structures within different Streptococcus species. (A) Schematic representation of the 

rhamnose-glucose polysaccharide (RGPs) structures. *For S. mutans the glucose side chain decoration varies for each serotype (the glucose side 

chain be absent (serotype k) or be linked to the rhamnan backbone in a α-1,2 configuration (serotype c), β-1,2 configuration (serotype e), or a α-

1,3 configuration (serotype f). In addition, GroP (glycerolphosphate) attachments have been identified on the serotype c carbohydrate (70). GroP 

modifications have also been identified on the GlcNAc substituents in S. pyogenes (39). (B) Schematic representation of the teichoic acid (TA) 

structure of S. pneumoniae R6 where ATTGal is 2-acetamido-4-amino-2,4,6-trideoxygalactose. The repeating units can be attached to the 

glycolipid glucose-diacylglycerol (Glc-DAG) to yield membrane-anchored lipoteichoic acid (LTA) or to peptidoglycan via Nacetylmuramic acid 

(MurNAc) to produce wall teichoic acid (WTA) (71). (C) Schematic representation of the exopolysaccharide (EPS) structures produced by S. 

thermophilus, S. pneumoniae and S. agalactiae (72).
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Biosynthesis of rhamnose glucose polysaccharides 

The rgp locus, encoding the biosynthetic machinery for both backbone and side 

chain synthesis, is a region of approximately 20–30 kb based on a recent study of 

23 S. thermophilus strains (67,68). 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 (22,36). 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 

(34,67). As with pathogenic streptococci, the attachment of the variable side chain 

is likely executed via a multicomponent glycosyltransferase system with a number 

of encoded glycosyltransferases present 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 experimentally 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. rmlD however is located at the beginning of the rgp locus and 

shares high identity between strains and with pathogenic streptococci (Fig. 2). For 

S. thermophilus, the initiation of rhamnan backbone synthesis is mediated by an 
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RgpG homolog (encoded by stu163) (65). The rhamnosyltransferases RgpA, B and 

F are proposed to be functional analogues 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 L. lactis) 

(58). 

Biosynthesis of the side chain structure in the S. thermophilus is believed to be 

initiated by (ScbA) protein A, and its associated activator, ScbB (65). 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 GacI/J (61). The elongation of the side chain is believed 

to be performed by glycosyltransferases in the rgp locus which are predicted to 

add monosaccharides sequentially to the lipid-linked GlcNAc foundation (65). 

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 (74). 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 
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side chain across the cytoplasmic membrane (65). Interestingly, a putative Wzx-

like flippase encoding gene is present 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 (58). Regulation of the side chain 

branching is likely the function of rgpI in S. thermophilus as it shares significant 

sequence identity to rgpI of S. mutans. Adding to the unique architecture, rgpI is 

the first gene in the S. thermophilus rgp cluster and one of distal genes in pathogenic 

streptococcal species (Fig. 2). 

Teichoic acids produced by streptococci 

The term TA has historically been used to describe all bacterial cell wall, membrane 

and capsular polymers which contain glycerolphosphate (GroP) or ribitolphosphate 

(RboP) (75). 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 peptidoglycan layer, while 

WTAs are covalently attached to the N-acetyl muramic acid component of 

peptidoglycan (via a phosphodiester linkage) and extend through and beyond the 

cell wall (4,55). WTA glycopolymers are well studied in organisms 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 (39). 

Interestingly, 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 (5,6,39,59). Although early work reported the presence of glycerol and 
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phosphate residues in a number of streptococcal species glycopolymers there 

remains a knowledge gap pertaining to TA synthesis in streptococci. 

Recently, the presence of GroP in S. pyogenes and serotype c carbohydrate S. 

mutans was determined to be mediated by the product of gacH (or a gacH homolog) 

(39). GacH, a membrane protein belonging to the alkaline phosphatase superfamily, 

catalyses GroP addition to the C6 hydroxyl group of GlcNAc substituents (39). The 

GroP attachment present on ∼25% of the GlcNAc side chains, converts the 

saccharide to polyanionic cell wall glycopolymer decorations (39). Similarly, GroP 

decorates the Glc side chain of the RGP in a S. mutans serotype c strain (70). Based 

on phylogenetic analysis, GacH homologs are present in numerous streptococci, 

suggesting other species may also express glycopolymers with GroP additions on 

their side chain components (39). Interestingly, GroP-modified side chains may 

have been largely overlooked due to acid-based methodologies for RGP extraction 

that may lead to GroP removal (36). 

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 (48). 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) (30,48,71). In 

most bacteria, these chain structures are different for the two polymers (76). The 

TA biosynthesis pathway has been proposed based on bioinformatic analysis of 

various pneumococcal strains (71). 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 (48). Of note 
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TacF, a putative teichoic flippase, binds specifically to the choline-containing TA 

precursor chains before transferring the structure across the cytoplasmic membrane, 

providing evidence that all mature TAs are decorated with choline residues, 

essential for the choline-dependent growth of S. pneumoniae (77). Subsequently, 

the mature TA chain is anchored to peptidoglycan or cell membrane to form WTA 

or LTA, respectively (48). 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 (7). For LTA structures, the membrane protein TacL, 

transfers the TA precursor chains onto the glycolipid anchor (30). Similar LTA 

structures to those described for S. pneumoniae are described in S. mitis and S. 

oralis (32). 
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Fig. 4. Genetic organisation of the lic regions of Streptococcus pneumoniae R6 and 

associated functions of the gene products (71). The lic1 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 lic1 

lic2 gene clusters on the chromosome with proposed functions of gene products 

including a phosphotransferase, glycosyltransferase(s) and integral membrane 

protein(s). 
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Exopolysaccharides of Streptococcus thermophilus 

While pathogenic streptococci such as S. mutans are renowned for their biofilm 

forming activity, the descriptions of the associated polysaccharides, their 

composition, structure and genetics is surprisingly 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 (78). The size (∼16–36 

kb) and organisation of the cps loci appears similar to those of the rgp loci (78) but 

remains to be experimentally established. Reports of EPS among pathogenic 

streptococci are rare and may, in fact, be CPS. The importance of TA and CPS in 

pathogenic species has dominated and likely overshadowed 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 heteropolysaccharides 

that primarily contain glucose, galactose, and rhamnose, 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 (66,79–82). 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 (67). Furthermore, the locus termini appear to be highly conserved with 
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variation primarily observed in the central regions of the cluster in which genes 

encoding glycosyltransferases are located (67,83). Hierarchical clustering analysis 

established the presence of six distinct groups of S. thermophilus eps genotypes 

designated as EPS A to F (43). Recent analysis of dairy streptococcal isolates 

identified a further four EPS genotypes (A to J) (67). 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 (67,68). 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, glycosyltransferase activity, 

polymerization and translocation (Fig. 5) (23,67). 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 (84). 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) (85). 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 polymerization of the repeating units and the export of the 

intracellularly synthesised EPS to the extracellular environment (epsJ, epsK, epsL 

and epsM) (84,86). 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 
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membrane (86,87). Similar to RGP synthesis the transfer of the first unit triggers 

the addition of subsequent repeating units to the EPS (84). 

Fig. 5. Schematic depicting the architecture of the eps gene cluster in S. 

thermophilus ASCC 1275 as a representative of the species (85). Predicted 

functions are indicated by differently coloured arrows and highlight the main 

functions encoded by genes within the cluster including regulation, chain length 

determination, glycosyltransferases involved in repeat unit biosynthesis and 

polymerization and export. 
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The EPS produced by S. thermophilus strains is reported to be primarily composed 

of glucose, rhamnose and galactose (88) while strain-specific combinations of 

galactose and rhamnose; galactose, glucose and N-acetylgalactosamine; galactose, 

glucose and rhamnose; galactose, glucose, rhamnose and N-acetylgalactosamine 

have also been reported (Fig. 3C) (66,79–82) The compositional diversity of these 

structures can be linked to the highly polymorphic nature of S. thermophilus eps 

cluster-encoded glycosyltransferases which commonly include 

galactosyltransferases, rhamnosyltransferases, glucosyltransferases, and N-

acetylglucosamine transferases and less commonly include galactofuranose 

transferases, mannosyltransferases and fructosyltransferases (84). 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 (85). 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 
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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. 

Implications of cell wall polysaccharide diversity in the food and healthcare 

industries 

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 (34). Disruption caused by 

phages in the dairy industry have significant technological and economic 

consequences while failed fermentations contribute to global food waste (34). 

Therefore, food fermentation processes depend on reliable, technologically 

favourable, and robust starter cultures to reduce waste and increase 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 genotype (65). 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 genotypes 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 

Brussowviruses are known to recognise RGP receptors while EPS is the implicated 
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receptor for 987 group phages (65). 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 underpin 

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 survivability 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 formation, immune system activation, anti-inflammatory and 

prebiotic activities (89). 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 implications of cell wall polysaccharides including 
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RGP, EPS and teichoic 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 polysaccharides 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. 

Drug development and therapeutics 

RGPs of pathogenic streptococcal species present promising opportunities in 

human therapeutic vaccine design, drug targeting and phage therapy approaches 

(62,64,90). 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 streptococcal L-rhamnose biosynthesis as a useful 

interesting drug target (64). Moreover, as dTDP-L-rhamnose is not produced or 

used by humans (5), 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 (64). Further 

knowledge regarding this pathway in additional pathogenic 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 (57). Similar strategies have been exploited in S. aureus, whereby the 

inhibition of the UDP-GlcNAc:lipid phosphate transferase, TarO, renders the 



35 
 

bacterium avirulent (91) and in S. epidermidis TagO deficiency was reported to 

cause major defects in biofilm development and formation (92). 

CPSs of S. pneumoniae are immunoreactive components of the pathogen that have 

formed the basis of carbohydrate-based vaccines (93). Similarly, research into 

capsular polysaccharide conjugate vaccine development for S. agalactiae is 

underway, however no licensed vaccine is currently available. A gacI mutant of S. 

pyogenes prevented GlcNAc side chain addition in S. pyogenes and was attenuated 

for virulence in two infection models (56). This represents additional opportunities 

to develop alternate vaccine antigens devoid of the presumptive infection-causing 

side chain components. 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. Targeted elimination of 

pathogenic streptococcal infections is gaining creedance once again given the 

current antibiotic crisis. Endolysins, which are phage-encoded peptidoglycan 

hydrolases responsible for the degradation of peptidoglycan and subsequent cell 

lysis (94) 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 challenges that limit phages and endolysin 

application in the healthcare at present has recently been published (95). 
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Definition of the diversity and role of EPS and CPS in streptococcal species, 

especially in biofilm-forming species may lead to the development of novel 

antimicrobial agents by enhancing biofilm dispersion or by inhibiting the 

reproduction and metabolism of pathogens (96). 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 (27). 
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Conclusions 

Streptococci have evolved to diversify the cell surface glycans to adapt to a range 

of ecological niches. These glycans may be interchangeable 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 awareness 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 structures. 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 

industries. 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 understanding of 

the common and unique aspects of the cell wall polysaccharides of streptococcal 

species that have profound impact on human health. 
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Abstract 

Bacterio(phages) that infect Streptococcus thermophilus remain a major problem in 

the dairy fermentation industry. As a result, it is an extensively studied phage–host 

system among gram-positive bacteria/phages and has generated insights into phage 

diversity, evolution, and the phage-host interactome. Nevertheless, the continuous 

identification of novel groups of S. thermophilus phage, ongoing evolution of phage 

populations, and their sustained impact on industrial fermentations highlight the 

importance of continued evaluation of phage biodiversity in dairy fermentation 

environments and emphasise the need to further elucidate the mechanisms 

underpinning phage-host interactions. In this review we discuss current knowledge 

of the diversity, taxonomy and genomic organisation of S. thermophilus phages, the 

molecular mechanisms governing host recognition and infection, and the bacterial 

defence systems that protect against phage predation. We further examine phage 

counter-adaptation strategies, including mechanisms that enable evasion of host-

encoded immunity, and consider how these interactions shape the co-evolution of 

phages and their bacterial hosts. 
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Introduction 

The lactic acid bacterium Streptococcus thermophilus is one of the most extensively 

utilised starter culture-associated bacterial species in the global dairy industry. 

Owing to its rapid milk acidification abilities, efficient lactose metabolism and 

favourable technological properties, Streptococcus thermophilus is widely 

employed in the industrial production of fermented dairy products, including 

yoghurt and numerous cheese varieties, either as a single starter culture or in 

combination with other lactic acid bacteria such as Lactobacillus delbrueckii subsp. 

bulgaricus (1,2). The widespread and repeated industrial application of S. 

thermophilus strains often renders them susceptible to infection by bacteriophages 

(or phages) within dairy environments. Phages that infect S. thermophilus remain 

among the principal causes of fermentation failure/inconsistency (3–5).  

Phages may be introduced into the processing environment through numerous 

routes, including in the substrate (milk), equipment and processing surfaces and 

personnel (6). Despite the implementation of extensive phage-monitoring 

procedures and starter culture rotation strategies, phage infections continue to occur 

frequently in industrial dairy environments (3,5,7). The continued prevalence of 

phage-related fermentation failures is largely attributed to the rapid adaptation and 

evolution of phage populations under the highly selective conditions present within 

industrial dairy fermentations. Additionally, large-scale production processes and 

the continual availability of susceptible bacterial hosts facilitate the emergence of 

mechanisms capable of overcoming host-associated defence systems (5,8,9).  

Comparative genomic studies performed in recent decades have revealed extensive 

diversity among S. thermophilus infecting phages and have demonstrated the 
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ongoing emergence of novel phage groups within dairy fermentations (10–16). At 

the same time, considerable research efforts have investigated and defined the broad 

repertoire of antiphage defence systems in S. thermophilus strains that contribute to 

phage resistance and shape phage-host co-evolution within these environments (17–

19). 

S. thermophilus and its associated phages represent one of the most extensively 

studied phage-host systems within industrial microbiology. The following review 

discusses the current understanding of phage-host interaction in S. thermophilus 

including phage diversity, host recognition mechanisms and defence systems. 
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Current taxonomy of dairy streptococcal phages 

Early classification of dairy streptococcal phages identified two distinct groups 

based on their DNA packaging mechanisms i.e., cos (cohesive ends) and pac 

(headful packaging) as well as their structural protein composition/profiles 

observed in SDS-PAGE profiles (20–23). Following recent taxonomic revision, 

these historically recognised groups were reclassified as members of the genera 

Moineauvirus and Brussowvirus, respectively. Advances in comparative genomics 

and whole genome sequencing have since revealed that the diversity of dairy 

streptococcal phages extends beyond these two classical lineages. Over the past two 

decades, three additional and genetically distinct genera of S. thermophilus phages 

have been identified, designated the Vansinderenvirus (formerly 5093) (14), 

Piorkowskivirus (formerly 987) (13,15) and more recently the P738 genera (16). 

Comparative genomic analyses have revealed that members of the 

Vansinderenvirus and P738 phage genera share sequence similarity with phages 

infecting pathogenic and non-dairy streptococcal species, while Piorkowskivirus 

group phages appear to be hybrid phages comprising modules associated with both 

dairy streptococcal and lactococcal phages (5,10,16).  

All currently characterised S. thermophilus phages possess long non-contractile 

tails with isometric capsids (4,5). While many dairy streptococcal phages exhibit 

broadly similar overall morphology, several groups possess distinctive structural 

features that may aid in their identification (Fig. 1). Members of the Moineauvirus, 

Brussowvirus and Vansinderenvirus genera generally possess long tails that exceed 

200 nm in length, in comparison, representatives of the Piorkowskivius and P738 

groups exhibit shorter tails ranging from approximately 120–140 nm (11,14–16). 

Furthermore, the representative phages of the Piorkowskivirus genus possess 
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prominent appendage-like structures at the tail tip resembling those observed 

among certain lactococcal P335 phages (Fig. 1) while Vansindenrenvirus phages 

exhibit distinctive globular tail-tip structures (Fig. 1) (11,12,14,15). 

Fig. 1. Adapted from Hanemaaijer et al., 2021 (5). Transmission electron 

micrographs of negatively stained S. thermophilus phages representing the five 

distinct phage genera (I) Moineauvirus (phages SW11 (11) and STP1 (7)); (II) 

Brussowvirus (phages SW13 (11) and CHPC1057 (12)); (III) Vansinderenvirus 

(phages 5093 (14) and SW27 (11)); (IV) Piorkowskivirus (phages CHPC926 (12) 

and 9871 (15)); and (V) P738 (phages P738 and D4446 (16)). The star symbol 

indicates the distal ends of the central tail fibre structures (of various lengths). The 

triangles show the globular appendages at the distal end of the Vansinderenvirus 

phage tails. The (50 nm) scale bar is presented in the III) panel. 
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To assess the diversity and phylogenetic relationships of currently available dairy 

streptococcal phages, a phylogenetic analysis was performed using all publicly 

available S. thermophilus-infecting phage genomes available within the NCBI 

database at the time of analysis (accessed on 11 May 2026). Comparative analysis of 

244 dairy streptococcal phage genomes and one Streptococcus pyogenes infecting phage 

genome (T12) was performed by all-against-all, bidirectional BLAST alignment using 

default parameters (24). Multiple nucleotide sequence alignment was performed using 

ClustalW v2.1 with default parameters (25). A phylogenetic tree was generated using the 

neighbour-joining method and bootstrapped with 1,000 replicates. The unrooted 

phylogenetic tree was visualised using  iTOL v7 software (https://itol.embl.de/).  

Phylogenetic analysis supported the current classification framework of dairy 

streptococcal phages and resolved the analysed phages into five major phylogenetic 

groupings corresponding to the currently recognised genera (Fig. 2). This is 

consistent with recent analyses of 100 (16) and 182 streptococcal phage genomes 

(5). Also consistent with previous genomic surveys of S. thermophilus phages, the 

majority of sequenced isolates belong to the Moineauvirus (n=157) and 

Brussowvirus (n=51) genera, highlighting the continued dominance of these phage 

groups within industrial dairy environments that has been repeatedly reported in the 

literature (7,10,11,26). In contrast, members of the Piorkowskivirus (n=14), 

Vansinderenvirus (n=20) and P738 (n=2) groups formed smaller but clearly distinct 

phylogenetic clusters, reflecting their greater genetic divergence from the 

historically dominant dairy streptococcal phage lineages. Interestingly, inclusion of 

the Streptococcus pyogenes infecting phage T12 within the comparative analysis 

demonstrated its close phylogenetic association with the P738 genus, further 

supporting previous observations that members of this phage group possess 
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genomic regions sharing similarity with phages infecting non-dairy streptococcal 

species (16). This observation reinforces the hypothesis that interspecies 

recombination and module exchange may contribute to the emergence and 

evolution of novel dairy streptococcal phage lineages. 

 

Fig. 2. Phylogenetic tree based on the complete nucleotide sequences of 244 

publicly available streptococcal phage genomes alongside one Streptococcus 

pyogenes infecting phage genome retrieved from the NCBI database. Members of 

the Moineauvirus (purple branches), Brussowvirus (blue), P738 (yellow), 

Vansinderenvirus (green) and Piorkowskivirus (pink) are represented in this 

analysis.  
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The extensive diversity exhibited by dairy streptococcal phages is considered to be 

driven, at least in part, by the modular nature of their genomes and the frequent 

exchange of genetic material between phage populations (7,11,13,23,27–29). 

Despite the reported genetic diversity, dairy streptococcal phages generally possess 

genomes ranging from approximately 30–40 kb that exhibit a modular organisation. 

These genomes typically comprise discrete functional modules containing genes 

associated with DNA replication, morphogenesis and lysogeny (Fig. 3) (5).  

 

Fig. 3. Adapted from Hanemaaijer et al., 2021 (5). Schematic illustration of the five 

dairy streptococcal phage genera represented by phage members of each genus i.e., 

SW27 (Vansinderenvirus); SW16 (Piorkowskivirus); P738 (P738); STP1 

(Moineauvirus) and SW13 (Brussowvirus). Each arrow represents a gene and are 

colour-coded to identify the functional module to which they belong, based on the 

analysis performed by Hanemaaijer et al., 2021 (5). Regions of homology are joined 

by blocks of different shades of grey to black and generated using CAGECAT (30). 
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While comparative genomic analyses have provided important insights into the 

diversity and evolution of dairy streptococcal phages, successful propagation 

ultimately depends upon the specific outcome of interactions between the phage 

and its bacterial host (19). Productive infection requires recognition of a susceptible 

host, adsorption to the bacterial cell surface and delivery of the phage genome into 

the host cytoplasm. S. thermophilus has evolved a diverse repertoire of defence 

mechanisms that act to prevent phage infection at multiple stages of the phage 

infection cycle while phages have evolved to evade said mechanisms. Phage-host 

interactions are therefore shaped by a continual evolutionary arms race that drives 

adaptation and diversification in both phage and host populations (19). 

Phage-host interactions  

Successful infection of S. thermophilus is dependent on the ability of the phage to 

recognise and adsorb/bind to specific host-encoded receptor(s) on the bacterial cell 

surface. This interaction is mediated by the phage-encoded adhesion device (or 

baseplate complex), a multi-protein complex located at the distal end of the phage 

tail that is responsible for host recognition and initiation of infection. Structural and 

bioinformatic analyses of dairy streptococcal phages have revealed that the phage 

adhesion device typically comprises (part of) the tail tape measure protein (TMP), 

distal tail protein (Dit), tail-associated lysin (Tal), receptor-binding protein (RBP) 

and, in certain phages, additional accessory proteins (Fig. 4) (31–34). A feature of 

several dairy streptococcal phages is the presence of so-called “evolved” Dit and 

Tal proteins. This term refers to these proteins encompassing additional 

carbohydrate-binding domain (CBD) extensions. While the RBP is generally 

regarded as the primary determinant of receptor specificity, the additional CBDs in 

these additional adhesion device-associated proteins are believed to enhance phage 
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attachment process by orienting the phage in proximity to its specific receptor, 

thereby facilitating specific RBP–receptor interactions (34).  

 

Fig. 4. Adapted from Philippe et al., 2020 (16) and Lavelle et al., 2020 (33). 

Schematic depictions of the baseplate structures for the five S. thermophilus phage 

genera. I) The identical architecture of the distal tail and Tal regions of phages 

D4446 and P738 (16). II) Brussowvirus and Moineauvirus. III) Vansinderenvirus. 

IV) Piorkowskivirus. 
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The current understanding of the S. thermophilus infection process suggests that 

phage adsorption occurs through a coordinated, multistep process involving several 

components of the adhesion device (19,33,34). The phage infection process 

commences with the initial contact of the phage to a host-encoded receptor on the 

bacterial cell surface. Binding of the RBP represents a critical step in host 

recognition and typically determines whether productive infection can proceed 

(12,33,35). Following successful attachment, structural rearrangements within the 

phage baseplate are believed to occur, positioning the virion for genome delivery; 

in support of this, the STP1 baseplate contains six elongated electron densities in 

the core of the baseplate that harbour the p2-like (a well characterised Lactococcus 

lactis phage) RBPs at their tip (33). The Tal protein is thought to play a particularly 

important role during this stage as many contain enzymatic domains that are 

characteristic of predicted peptidoglycan-degrading activities, suggesting that 

localised hydrolysis of the bacterial cell wall facilitates penetration of the cell 

envelope (33,34). Although many aspects of DNA injection remain poorly 

understood from a mechanistic viewpoint, recent advances in structural biology and 

in particular, the application of bioinformatic tools such as HHPred (36) and 

AlphaFold (37) has enabled the identification and structural prediction of adhesion 

device proteins across numerous phage groups, providing valuable insights into the 

organisation and function of these complexes (34). Such studies have highlighted 

the remarkable diversity of phage adhesion devices while simultaneously revealing 

a conserved overall strategy whereby phages employ specialised tail-tip structures 

to recognise, adsorb to and ultimately infect their bacterial hosts (33–35). Once 

injected into the host cytoplasm, phage genomes encounter a wide range of bacterial 

defence systems that act to prevent phage replication and dissemination. These 
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primarily intracellular defence mechanisms add an additional barrier to successful 

infection and play a central role in the evolutionary arms race between S. 

thermophilus and its associated phages. 

As mentioned, the interactions between dairy streptococcal phages and their hosts 

are highly specific, with most phages exhibiting relatively narrow host ranges. This 

specificity is largely attributed to the diversity observed in the cell surface-

associated polysaccharides produced by S. thermophilus strains, which have been 

shown to serve as receptors during the initial stages of phage adsorption (38–41). 

Experimental studies employing bacteriophage-insensitive mutants (BIMs), whole 

genome sequencing and genetic complementation have demonstrated that distinct 

phage groups utilise different saccharide structures during host recognition. 

Members of the Brussowvirus genus have been shown to recognise rhamnose-

glucose polysaccharides (RGPs), while phages belonging to the Piorkowskivirus 

genus utilise exopolysaccharides (EPSs) as receptors (38–41). Additionally, 

correlations between Moineauvirus RBP phylogeny and host eps genotypes 

suggests that members of this genus may utilise the EPS as a possible receptor (12). 

Similarly, the EPS may also serve as the host-encoded receptor for members of the 

Vansinderenvirus genus although this has not been experimentally validated 

(10,33,42). As the most recently identified phage genus, little is known about the 

potential receptor for the two members of the P738 genus (16). Despite many 

advances in investigating the phage-host interactome, the receptor specificities of 

several dairy streptococcal phage groups remain unresolved and the precise 

carbohydrate motifs recognised by phage RBPs are unknown or remain to be 

experimentally validated. Elucidating these interactions will be essential for 
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understanding the molecular basis of host specificity and predicting the host range 

of newly emerging dairy streptococcal phages. 

Host defence mechanisms 

While adsorption and receptor recognition represent critical determinants of phage 

host range, successful infection ultimately depends on the ability of the phage to 

overcome the extensive arsenal of antiphage defence systems encoded by the 

bacterial host. In turn, phages acquire counter-defence strategies that restore their 

infectivity (19). S. thermophilus strains have evolved multiple defence mechanisms 

to counter phage infection at various stages of the phage infection cycle (Fig. 5). 

Among these, clustered regularly interspaced short palindromic repeated (CRISPR) 

and CRISPR-associated (Cas) gene systems as well as restriction-modification 

(R/M) systems represent the most extensively characterised forms of antiphage 

immunity and have historically dominated studies of phage resistance in this species 

(9,43,44). CRISPR-Cas systems provide adaptive immunity by incorporating short 

DNA fragments from the invading phage genomes and into their CRISPR spacer 

array, thereby enabling sequence-specific recognition and degradation of the same 

or closely related genetic elements (phage DNA) during subsequent infections (44). 

R/M systems, distinguish self from non-self DNA (invading phage DNA) through 

host-specific methylation patterns and typically target unmethylated foreign DNA 

for cleavage by restriction endonucleases (45). The widespread occurrence and 

effectiveness of these systems have made them central to our current understanding 

of bacterial resistance to phage infection, while also providing naturally occurring 

mechanisms that can be exploited to improve phage resistance in industrial starter 

cultures. In particular, exposure of phage-sensitive strains to problematic phages, at 

an industrial scale, can select for BIMs that have acquired additional CRISPR 
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spacers and exhibit enhanced phage resistance. As these derivatives typically retain 

the desirable technological properties of the parental strain and arise through natural 

adaptation rather than genetic engineering, they have become valuable components 

of starter culture blends and strain-rotation strategies employed throughout the 

dairy industry (18,46,47). 
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Fig. 5. Sourced from Philippe et al., 2023 (19) - Examples of phage counter defence 

strategies identified in lactic acid bacteria. (A) Modification of cell wall 

polysaccharides can lead to different host range (38–41). (B) Phage Acr proteins 

block the CRISPR-Cas systems of their host to avoid phage genome targeting (48). 

(C) Some prophages encode sie (superinfection exclusion) proteins that block 

genome injection into the host cytoplasm (49). (D) Bacterial RM systems restrict 

invading DNA with specific DNA sequences. S. thermophilus phages can contain 

specific methylases in their genome, which allow them to bypass the RM system 

(45). (E) Some phages encode antitoxin genes that interact with the bacterial toxin 

and impede cell death, which allows for the completion of their cycle (this has not 

been described in S. thermophilus). (F) Modified phage receptors prevent phage 

adsorption. Some phages can still adsorb by acquiring new receptor-binding 

proteins (RBP) that allow recognition of mutated or new receptors (9). (G) In the 

signal-based CBASS defence mechanism, the cyclase is activated by a phage 

protein during infection, which generates cyclic-oligonucleotide signalling 

molecules. Binding of signalling molecule to CBASS effector activates the effector 

proteins which trigger the death of the phage-infected cell (18,50). 
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In recent years, the diversity of antiphage systems have been extensively explored 

in many bacterial species (17,18,51–54). Recent advances in comparative 

genomics, bioinformatic tools and defence-system mining (through online 

databases) have revealed that the S. thermophilus antiphage repertoire is 

substantially more diverse than previously appreciated, with 21 accessory defence 

systems (non-CRISPR and non-R/M defence systems) identified (18). Additionally, 

a recent analysis of industrial S. thermophilus strains identified numerous additional 

defence systems beyond CRISPR-Cas and R/M, including homologues of AbiD, 

AbiE, Gao19, Gabija, Hachiman, Kiwa and SoFic, several of which were shown to 

confer measurable resistance against dairy streptococcal phages (17). This analysis 

further revealed that defence systems frequently occur within genomic ‘Defence 

Islands’, where multiple mechanisms are clustered together within discrete 

chromosomal regions (17). The co-localisation of these systems is thought to 

provide enhanced protection against phage attack by creating multiple barriers to 

infection that operate through distinct molecular mechanisms. Furthermore, it has 

also been demonstrated that antiphage defence systems can be introduced into 

industrial S. thermophilus strains through natural transformation and stably 

integrated into the chromosome. The integration of individual defence systems or 

small defence islands conferred enhanced phage resistance while maintaining 

growth and milk acidification performance, highlighting the potential of defence-

system engineering as a strategy to improve the robustness of industrial starter 

cultures (18).  

The effectiveness of S. thermophilus antiphage systems is continually challenged 

by the ability of phages to evolve mechanisms that can evade host immunity. As a 

consequence of this long-standing evolutionary arms race, phages have acquired a 
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diverse repertoire of counter-defence strategies that enable successful infection 

despite the presence of multiple host-encoded barriers (19). Phages can evade 

CRISPR-Cas mediated immunity through point mutation, target deletions and the 

evolution of anti-CRISPR (Acr) proteins (55). Over 100 Acr proteins have been 

identified in many bacterial species and across diverse CRISPR-Cas system types 

(56,57). There are many known S. thermophilus phage Acrs. These include AcrII3, 

AcrII5, AcrII6, AcrII24, AcrII25, with different Acr proteins displaying distinct 

specificities towards the CRISPR1 and CRISPR3 systems and that directly bind and 

inactivate the various nucleases of the CRISPR-Cas systems (8,48,58,59). 

Additionally, genomic surveys indicate that Acr proteins are widespread among 

dairy streptococcal phages, highlighting their importance in phage persistence 

within industrial fermentation environments (18). Furthermore, many phages 

infecting S. thermophilus encode one or more DNA methyltransferases, which are 

thought to protect phage genomes from cleavage by host R/M systems through 

DNA methylation (4,60). The prevalence of both Acr proteins and 

methyltransferases among dairy streptococcal phages highlights the importance of 

counter-defence mechanisms in facilitating phage persistence within industrial 

fermentation environments and suggests that additional, as yet uncharacterised, 

anti-defence systems remain to be discovered. As additional S. thermophilus phage 

genomes become available for analysis and annotation tools improve, it is likely 

that additional counter-defence systems will also be discovered, suggesting that this 

evolutionary arms race is far from over. 
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Conclusions  

Phages infecting S. thermophilus remain a persistent challenge within industrial 

dairy fermentations and continue to represent one of the most extensively studied 

phage-host systems among lactic acid bacteria. Advances in comparative genomics, 

structural biology and molecular microbiology, in particular the continued 

improvement of web-based tools, have substantially improved our understanding 

of the diversity, evolution and biology of these phages, leading to the recognition 

of five distinct phage genera and revealing the remarkable genomic plasticity that 

underpins their adaptation within dairy environments. 

Successful infection is dependent upon a series of highly specific interactions 

between phages and their bacterial hosts. In particular, receptor recognition 

mediated by the phage adhesion devices has emerged as a major determinant of host 

range and specificity in S. thermophilus. At the same time, S. thermophilus 

possesses a diverse arsenal of antiphage defence systems that can impede the phage 

infection cycle at multiple stages. While CRISPR-Cas and restriction-modification 

systems remain the most well characterised forms of immunity, recent studies have 

highlighted the presence of numerous additional defence mechanisms that 

collectively contribute to phage resistance. In response, phages have evolved an 

array of counter-defence strategies, including Acr proteins that enable continued 

infection despite host immunity. 

Despite considerable progress, many aspects of the S. thermophilus phage-host 

interactome remain poorly understood. The receptors utilised by several phage 

groups have yet to be experimentally validated, and the precise carbohydrate motifs 

recognised by many receptor-binding proteins remain unresolved. Continued 



71 
 

investigation of these interactions will therefore be essential for understanding 

phage evolution, predicting host range and developing improved strategies for 

phage control in industrial fermentations. The following chapters build upon this 

foundation by investigating the molecular basis of phage-host interactions in S. 

thermophilus, with particular emphasis on the role of cell surface-associated 

polysaccharides in phage recognition and resistance. 
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Abstract 

Streptococcus thermophilus is a key lactic acid bacterial species extensively used 

in dairy fermentations, where bacteriophage (phage) infections pose a significant 

threat to production efficiency. While the cell surface receptors for four of the five 

currently known streptococcal phage genera have previously been identified, the 

specific host-encoded receptor for the P738 phage group has not been elucidated to 

date. In this study, P738 bacteriophage-insensitive mutants of S. thermophilus 

UCCSt50 were isolated, and whole genome sequencing revealed mutations in a 

glycosyltransferase-encoding gene within the rgp locus, responsible for the 

biosynthesis of the cell wall-associated rhamnose-glucose polysaccharide (RGP). 

Compositional and methylation analysis demonstrated that loss of a terminal 

rhamnose residue from the RGP side chain underpinned the observed resistance to 

P738 binding and infection. Fluorescent binding assays validated the biological 

functionality of the predicted receptor binding protein of P738, confirming the 

critical role of the RGP side chain in phage adsorption. These findings reveal a strict 

requirement for a complete tetrasaccharide side chain structure for P738 binding, 

contrasting with the less stringent requirements observed for the Brussowvirus 

SW13. This work offers valuable insights to guide the development of phage-robust 

starter cultures through knowledge-based strain selection and rotation strategies, 

thereby supporting more sustainable and reliable dairy fermentation processes. 
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Importance 

Streptococcus thermophilus is one of the most extensively applied members of the 

lactic acid bacteria, being extensively used as a bacterial starter culture in the 

production of fermented foods, including cheeses and yoghurt. Bacteriophage 

infections present a significant threat to industrial dairy fermentations, which can 

lead to substandard production processes and product quality. Understanding 

phage-host interactions, which commence with the recognition and binding of a 

given bacteriophage to a particular host-encoded, cell surface-associated receptor, 

is essential for developing strategies to minimise phage-related risks in dairy 

fermentations. This study identifies the specific cell surface polysaccharide 

structure produced by Streptococcus thermophilus as the receptor required for 

infection by phage P738, bridging a key knowledge gap in phage-host interactions 

in this important industrial bacterial species. By elucidating how phage P738 

recognises and binds to its host, this work offers valuable information to aid strain 

selection and the development of phage-robust starter cultures. 
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Introduction 

Streptococcus thermophilus is a member of the lactic acid bacteria (LAB) that has 

long been associated with the production of fermented dairy products (1). Based on 

its long history of safe use in food fermentations and human consumption, S. 

thermophilus is the only streptococcal species to be granted “generally recognized 

as safe” status by the Food and Drug Administration and “qualified presumption of 

safety” status by the European Food Safety Authority (2). S. thermophilus is 

commercially one of the most valuable LAB globally, as strains of this species are 

used extensively in bacterial starter cultures in the production of fermented foods. 

From an applied perspective, certain metabolic products of S. thermophilus, 

particularly exopolysaccharides (EPSs), contribute to desirable textures, mouthfeel, 

and flavour of yoghurts and hard cheeses (3,4). 

One of the most significant and consistent threats to these fermentation processes 

is infection of starter bacteria by bacterial viruses, commonly called bacteriophages 

(or phages). Phage infection of strains within starter cultures may disrupt growth 

and milk acidification rates, leading to slower or inconsistent production processes 

or, in severe cases, failed fermentations (5). The persistence of phages in the dairy 

industry negatively impacts production efficiency and product quality with serious 

economic consequences. Historically, two groups of dairy streptococcal phages 

were identified based on their mode of DNA packaging, as well as the number of 

major structural proteins (6). These groups are now termed the Moineauviruses 

(originally termed the cos phages) and Brussowviruses (originally termed the pac 

phages) (7). Subsequently, three additional and genetically distinct phage groups 

were identified, termed the Vansinderenvirus (8), Piorkowskivirus (formerly termed 

the 987 group) (9,10), and P738 (11) groups. Phages belonging to the 
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Vansinderenvirus and P738 genera exhibit sequence similarity to phages of 

pathogenic and non-dairy streptococci, while genomes representative of 

Piorkowskivirus group phages appear to be hybrids of dairy streptococcal and 

lactococcal phage genome modules (12,13). 

Considerable research efforts have been invested in defining the mechanisms by 

which S. thermophilus responds to the challenge of phage infection. Most notable 

among these are studies pertaining to clustered regularly interspaced short 

palindromic repeats (CRISPR) systems in S. thermophilus (14–17). The CRISPR-

Cas systems in S. thermophilus provide adaptive immunity against bacteriophages 

by incorporating short DNA segments from invading phages into the CRISPR 

spacer arrays, enabling the bacterium to recognise and defend against subsequent 

infections (16). Beyond these systems, receptor modification has been shown to 

play a crucial role in phage resistance, in addition to other strategies (18,19). The 

host-encoded receptors for a handful of dairy streptococcal phages have been 

identified as saccharidic moieties, which are presented on the surface of the host 

cell as tightly or loosely cell-associated structures and which correspond to cell wall 

rhamnose-glucose polysaccharides (RGPs) and exopolysaccharides, respectively 

(20–23). Biosynthesis of these complex glycans is performed by an enzymatic 

machinery encoded by two distinct loci termed the rgp and eps gene clusters, 

respectively, which are located in the chromosomes of S. thermophilus strains. 

Members of the Piorkowskivirus phage group recognise an EPS receptor (20,21), 

while the RGP is essential for Brussowvirus infection (23). Furthermore, a potential 

link has been proposed between Moineauvirus phylogeny and host eps genotypes, 

implicating EPS as a possible receptor for members of this group, though this has 

not been experimentally validated to date (22). Similarly, the EPS may serve as the 
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receptor for members of the Vansinderenvirus phage group, based on host range 

data and receptor binding protein (RBP) analyses (12,24,25). Collectively, these 

findings emphasize the essential role of S. thermophilus cell wall polysaccharides 

(CWPSs) in mediating phage interactions. Isolation of non-CRISPR-mediated 

bacteriophage-insensitive mutants (BIMs) has been instrumental in identifying 

host-encoded phage receptors, further informing the selection and development of 

robust, phage-resistant S. thermophilus strains for industrial applications (26). 

As mentioned above, the rgp locus encodes the biosynthetic machinery for RGP 

production. The RGP molecule of a given S. thermophilus strain is composed of 

two distinct saccharidic components: a conserved rhamnan-rich backbone and a 

variable side chain. The backbone structure is believed to be embedded in and 

covalently attached to the peptidoglycan layer, while the side chain structure is 

covalently linked to the backbone structure and exposed at the cell surface, where 

it may become the specific “docking” point for phages with a cognate receptor 

binding protein (27). The variable side chain may differ in subunit composition, 

length, and it is this unique composition and structure that dictate the highly specific 

interactions of certain dairy streptococcal phages and their hosts. This has been 

proven experimentally, where the side chain structure is required for host binding 

by a member of the Brussowvirus phage group (23). Synthesis of the rhamnan 

backbone structure commences with the transfer of a GlcNAc moiety from UDP-

GlcNAc to Und-P to form the precursor Und-P-P-GlcNAc, which is mediated by 

the RgpG/TagO equivalent encoded by a glycosyltransferase encoded beyond 

the rgp gene cluster (28). Subsequently, RgpA transfers the first rhamnose residue 

to the Und-P-P-GlcNAc foundation, and the extension of the backbone structure is 

a function of the rhamnosyltransferases/glycosyltransferases encoded within the 3′ 
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end of the rgp gene cluster. The rhamnan subunits are transferred to the outer face 

of the cell membrane through the activity of the ABC-transport proteins RgpC/D. 

The side chain structure is synthesized independently and initiated by the transfer 

of GlcNAc/GalNAc moiety to the lipid carrier Und-P by the priming 

glycosyltransferase. The glycosyltransferases encoded within the 5′ region of the 

rgp gene cluster contribute to the extension of the side chain subunit structure, and 

the subunits are transferred to the outer face of the membrane by a flippase also 

encoded in this region of the cluster. Hierarchical clustering analysis of the rgp gene 

clusters of 78 S. thermophilus strains revealed considerable genetic diversity of rgp 

loci at the strain level, enabling the identification of seven distinct rgp genotypes 

(termed rgp1–7). Additionally, S. thermophilus strains can be classified based on 

the gene content associated with the biosynthesis of the rhamnan backbone (Bt) and 

variable side chain (Vt) (28). A detailed analysis of the rhamnan backbone and side 

chain-associated regions of rgp loci has so far revealed three distinct backbone 

genotypes (Bt1-3) and five variable side chain genotypes (Vt1-5), each 

corresponding to distinct RGP chemical structures (28). 

To date, the receptors recognised by members of four of the five genera of dairy 

streptococcal phages have been identified. Currently, only two members of the 

recently described P738 genus have been isolated and characterised, namely P738 

and D4446, which were isolated in Germany and Senegal, respectively (11). 

Despite the relatively recent identification of these phages, their isolation from two 

distant geographical locations and high level of sequence relatedness suggest that 

these phages are likely to be present in other factories and may remain undetected 

due to the current lack of tools to identify them. It is also likely that these phages 

will increase in abundance if suitable host strains continue to be applied in industrial 
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fermentations. Therefore, in the current study, we sought to identify the specific 

host-encoded receptor of the P738 group through analysis of bacteriophage-

insensitive mutants of the host strain of phage P738. Whole genome sequencing 

and single nucleotide polymorphism (SNP) analysis of two such BIMs were applied 

to identify the genes responsible for the observed resistance. Additionally, the 

structure of the RGP moiety of a representative mutant was determined and 

compared to the parent strain to establish the impact of the mutation on the host cell 

wall RGP structure. Finally, the biological functionality of the predicted RBP of 

P738 was validated through fluorescent binding assays, while these assays also 

confirmed that the adsorption step of the phage cycle was impaired in the generated 

BIMs. This study provides the first molecular-level insights into P738 phage-host 

interactions, characterising the genetic and structural basis of phage receptor 

binding. 
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Results 

P738-insensitive derivatives of S. thermophilus UCCSt50 are non-CRISPR 

mediated 

The host-encoded receptors of members of four of the five known genera of dairy 

streptococcal phages have been defined to date (20–23). In the present study, we 

aimed to identify the receptor for the fifth genus of dairy streptococcal phages, i.e., 

the P738 genus (11). Following exposure of the host strain, S. thermophilus 

UCCSt50, to phage P738 (108 PFU/mL, multiplicity of infection ~0.5–1), a panel 

of 20 individual survivors that were presumed to be BIMs was colony-purified for 

further characterisation. Presumptive P738-resistant BIMs were generated at a 

frequency of ~10−5. All isolates selected for analysis retained an incomplete or 

complete phage-resistance phenotype after colony purification and overnight 

incubation in LM17 broth. Full resistance of a BIM was defined as the complete 

absence of plaques following exposure to phage P738 (at a level of 108 PFU/mL, 

obtained for parent strain UCCSt50), while incomplete resistance was characterised 

by a significant reduction in phage susceptibility, where BIMs exhibited more than 

a five-log reduction in phage titre compared to the wild-type strain (Supplementary 

Table S1). To validate the integrity of the BIMs as derivatives of S. thermophilus 

UCCSt50, rgp genotyping using the recently described dual multiplex PCR system 

was performed on each isolate as well as the parent strain. Furthermore, the 

CRISPR1 and CRISPR3 loci and spacer arrays of the isolates were also amplified 

and compared to those of the parent strain. In all cases, the PCR-generated DNA 

fragments were shown to be identical in size to those of the parent strain. Among 

the panel of 20 strains, two BIMS named F1B and F2A were selected for whole 
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genome sequencing to determine the underlying genetic alterations that mediate the 

observed P738 phage resistance. 

To investigate potential CRISPR-mediated resistance mechanisms, the genomes of 

UCCSt50 and the selected BIMs were sequenced to completion with whole genome 

sequencing performed using long read sequencing technology paired with Illumina 

short-read sequencing (a summary of the general genome characteristics is 

presented in Supplementary Table S2). To establish if CRISPR spacer acquisitions 

underpinned the observed resistance in one or both strains, the genome sequences 

of BIMs F1B and F2A were analysed using CRISPRCasFinder 

(https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index) to compare the 

composition of their spacer arrays against that of the parent strain and were 

observed to be identical (Supplementary Table S3). 

P738 phage resistance is mediated by a mutation in a gene within 

the rgp cluster 

To establish which genes were responsible for the observed P738-resistant 

phenotype, SNP analysis was performed. This revealed distinct single point 

mutations in a gene within the rgp gene cluster for both BIMs, while F2A also 

exhibited an additional mutation (Table 1). 
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Table 1. Summary of SNPs identified in derived BIMs of S. thermophilus UCCSt50 

BIM SNP position Base 

modification 

Amino acid 

changes 

orf no. Predicted function 

F1B 1,344,528 g → a Trp269 → stop orf07020 Glycosyltransferase 

  1,371,556 c → a Ser28 → stop orf07170 DMT family transporter 

F2A 1,230,230 c → t Pro52 → Ser52 orf06475 UDP-glucose-4-epimerase 

  1,345,056 a → c Asp93 → Ala93 orf07020 Glycosyltransferase 

Both BIMs were found to harbour a distinct mutation within orf07020, a gene 

encoding a predicted glycosyltransferase within the rgp cluster of S. thermophilus 

UCCSt50, which is presumed to be involved in RGP side chain biosynthesis (28). 

This gene corresponds to orf06960 in a previous genome annotation and is located 

immediately upstream of orf06955, which has been shown to be essential for a 

Brussowvirus-type phage infection (23). In the case of F1B, the incorporated 

mutation introduces a stop codon in place of a tryptophan (Trp269) residue, 

resulting in the truncation of the encoded protein (269 aa instead of 322 aa). For the 

derivative F2A, the mutation within orf07020 culminates in an amino acid 

substitution (aspartic acid to alanine). Additionally, F1B harbours a mutation in 

orf07170, a gene predicted to encode a DMT family transporter. F2A also contains 

a mutation in orf06475, which is annotated as galE, and predicted to encode a UDP-

glucose-4-epimerase, which is involved in the interconversion of UDP-galactose to 

UDP-glucose. Given that orf07020 was mutated in both BIMs and since low 

concentrations of UDP-Glucose and UDP-Galactose are associated with 

exopolysaccharide production in Lactococcus (29), the functional role of this gene 

in mediating P738 phage resistance was also evaluated. 
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To establish if the identified mutations within orf07020UCCSt50 were responsible for 

the acquired P738 phage resistance phenotype observed in the BIMs, the native 

orf07020UCCSt50 was cloned into the high copy expression vector pNZ44 (30) and 

introduced into BIM F1B and F2A (designated F1B::pNZ44-07020UCCSt50 and 

F2A::pNZ44-07020UCCSt50, respectively; Table 2). The introduction of the native 

gene resulted in the restoration of phage sensitivity to the same order of magnitude 

as that of UCCSt50 for F2A (efficiency of plaquing [EOP] = 0.9 ± 0.1) and F1B 

(EOP = 0.35 ± 0.33) (Table 3), confirming the role of orf07020UCCSt50 in the P738 

infection process. Furthermore, F1B harbouring the control plasmid (F1B::pNZ44) 

and a plasmid-cured derivative (F1B::pNZ44-07020CUCCSt50) exhibited complete 

phage resistance (Table 3). To evaluate the possible role of galE in the observed 

phage resistance of BIM F2A, the native orf06475UCCSt50 was cloned and 

transformed into BIM F2A, but its presence was not associated with restoration of 

phage sensitivity, indicating that it does not contribute to P738 phage resistance. 

These findings reinforce the involvement of orf07020UCCSt50 in P738 phage 

resistance in both BIMs. 
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Table 2. Bacterial strains, bacteriophages, plasmids, and primers used in this study 

Strains 

  Description Source 

S. thermophilus strains     

 UCCSt50 Wild-type strain sensitive to phage P738/host strain for 

P738 

(23) 

 UCCSt50::pNZ44 Wild-type strain harbouring the control/cloning vector 

pNZ44 

This study 

 F1B Phage insensitive derivative of UCCSt50/BIM of 

UCCSt50 generated against phage P738 

This study 

 F2A Phage-insensitive derivative of UCCSt50/BIM of 

UCCSt50 generated against phage P738 

This study 

 F1B::pNZ44 F1B harbouring the control plasmid, pNZ44 This study 

 F1B_pNZ44-07020UCCSt50 F1B harbouring the complementing plasmid This study 

 F1B_pNZ44-07020CUCCSt50 F1B derivative cured of the complementing plasmid This study 

 F2A::pNZ44 F2A harbouring the control plasmid, pNZ44 This study 

 F2A::pNZ44-07020UCCSt50 F2A harbouring the complementing plasmid This study 

 F2A::pNZ44-galEUCCSt50 F2A harbouring the galE complementing plasmid This study 

 Brie28 Non-host control strain used in binding studies (24) 

Phage 

P738 (accession number 

MK911750) 

Lytic P738 group phage infecting UCCSt50 used for 

BIM generation and subsequent assays 

(11) 

SW13 (accession 

number MH892362) 

Brussowvirus of S. thermophilus UCCSt50 (31) 

Plasmids 

 pNZ44 High copy expression vector (30) 

 pNZ44-07020 pNZ44 harbouring the native orf07020 from UCCSt50 This study 

 pNZ44-galE pNZ44 harbouring the native orf06475 from UCCSt50 This study 
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 pHTP9 Green fluorescent protein (GFP) fusion vector used to 

produce the recombinant GFP-RBP-P738 protein 

NZYTech, Portugal 

Primers 

Primer Sequence (5′–3′) Amplicon size (bp) Source 

RGP       

MSControl_F gctggtcgtaattacctcg 2,724 (28) 

 MSControl_R caacatcttccaaggtacg 

 Var1_F gtatataatgcacaagaggg 895 

 Var1_R gaaactaatcttaagcgttcc 

 Fg1_F gtcatgtgctctaccaattg 1,481 

 Fg1_R gatggagcttataacgttc 

CRISPR loci       

 CRISPR1_F tgctgagacaacctagtctctc Template dependent (16) 

 CRISPR1_R taaacagagcctccctatcc 

 CRISPR2_F ttagcccctaccatagtgctg Template dependent 

 CRISPR2_R tagtctaacactttctggaagc 

 CRISPR3_F ctgagattaatagtgcgattacg Template dependent 

 CRISPR3_R gctggatattcgtataacatgtc 

Plasmid 

constructs 

      

 pNZ44_F ctaatgtcactaacctgccccg Template dependent (20) 

 pNZ44_R gctttatcaactgctgct 

 07020_F aaaaaaccatggaaggaggcactcacatgtctaatccaaccgtttcag 969 This study 

 07020_R aaaaaactgcagtacttctcctttcctttacagtaa 

 galE_F aaaaaaccatggaaggaggcactcacatggtggaccgtttggttgaa 972 This study 

 galE_R aaaaaactgcagttaatctctatcgtcataacctt 

RBP   

 P738-

RBPopt_F 

tcagcaagggctgagggcggtgaccttctggagcaacagcgat 2001 This study 

 P738-

RBPopt_R 

tcagcggaagctgaggttaaatcatgatggtaatctggccacggt 

 pHTP9_F gaatgaaaaacgcgaccacatggtg RBP amplicon size 

+ 294 bp 

NZYTech, Portugal 

 pHTP9_R ggttatgctagttattgctcagcg 
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To evaluate the impact of the orf07020UCCSt50 mutations on P738 phage infection, 

adsorption assays of P738 with UCCSt50, BIMs F1B and F2A, and the 

complemented F1B derivative were undertaken. Indeed, P738 adsorption was 

reduced by more than ~90% in F1B and F2A compared to the wild-type strain. 

Furthermore, phage adsorption was restored in the presence of the complementing 

plasmid for F1B (Table 3), while the plasmid-cured derivative was adsorption 

deficient. Therefore, it was inferred that the assumed glycosyltransferase activity 

encoded by orf07020UCCSt50 is essential to produce the (part of) RGP saccharidic 

receptor for P738 phage adsorption. 

Table 3. Relative efficiencies of plaquing and adsorption levels of phage P738 on 

its host UCCSt50 and derivatives 

Strain EOP of P738 Adsorption level of phage 

P738 (%) 

UCCSt50 1 83.33 ± 0.37 

UCCSt50::pNZ44 0.77 ± 0.12 80.39 ± 0.17 

F1B ≤3.6 × 10−8 9.08 ± 0.11 

F1B::pNZ44 ≤3.6 × 10−8 14.71 ± 0.26 

F1B::pNZ44-07020UCCSt50 0.35 ± 0.33 79.41 ± 0.65 

F1B::pNZ44-07020CUCCSt50 ≤3.6 × 10−8 14.71 ± 0.07 

F2A ≤3.6 × 10−8 5.88 ± 0.14 

F2A::pNZ44 ≤3.6 × 10−8   

F2A::pNZ44-07020UCCSt50 0.9 ± 0.1   

F2A::pNZ44-galEUCCSt50 ≤3.6 × 10−8   
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orf07020 is predicted to encode a glycosyltransferase family 2 protein 

BLASTP, Pfam, and HHpred analysis of the protein product of orf07020UCCSt50 

revealed significant similarity to family 2 glycosyltransferases involved in cell wall 

biosynthesis with specific roles in transferring sugar moieties to acceptor 

molecules. The HHpred analysis returned a 99.94% probability match to GalT1, a 

glycosyltransferase of Streptococcus parasanguinis (32), while BLASTP analysis 

revealed several significant alignments (E-value 0.0) to S. thermophilus 

glycosyltransferase family 2 proteins. Additionally, Pfam analysis identified a 

glycosyltransferase domain (PF00535). Interestingly, the mutation in this gene in 

F2A leads to an amino acid substitution in Asp93 (to an alanine residue), which is 

one of five conserved residues that are predicted to form the active site of the 

encoded protein (cd00761; residues 11, 13, 39, 91, and 93 are conserved in GT2 

proteins). 

BLASTN analysis of orf07020UCCSt50 revealed its widespread presence in the 

genomes of S. thermophilus strains with high levels of nucleotide sequence identity 

(>99% sequence identity across 100% of the query sequence), while it is also found 

in the genomes of other Streptococcus species, including Streptococcus salivarius, 

S. parasanguinis, and Streptococcus lactarius, albeit with sequence identity below 

95% across the full gene sequence and with lower representation in these species. 

Specifically, this gene was present in 98 of 517 S. salivarius genomes available in 

the NCBI database (at all assembly levels, i.e., contig, scaffold, chromosome, and 

complete), 50 of 258 S. parasanguinis genomes (at the same assembly level), and 

interestingly, it was also present in the only published S. lactarius genome. 

Additionally, in each of these species, the gene was located within the rgp locus, 

identified by the presence of several glycosyltransferase-encoding genes and 
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containing the rmlD gene typically found in the gene cluster associated with RGP 

biosynthesis in streptococci (33). This conservation among species that share 

overlapping ecological niches, such as the oral cavity (S. parasanguinis), food-

associated environments (S. salivarius), dairy products (S. thermophilus), and 

human milk (S. lactarius (34)), suggests a strong evolutionary pressure to maintain 

the functional role of this gene in RGP biosynthesis, which may contribute to niche 

adaptation, interspecies interactions, and susceptibility to phages. In contrast, this 

gene was absent in human-associated or niche-divergent streptococci, including S. 

pyogenes, S. mutans, and S. pneumoniae, inferring this gene is not required for 

virulence or infection mechanisms typical of pathogenic streptococci. This gene is 

unique to S. thermophilus strains with a Vt1 rgp genotype (Fig. 1). As proposed 

previously (28), the biosynthesis of the variable side chain structure in UCCSt50 is 

initiated by the priming glycosyltransferase and its associated activator. 

Orf07020UCCSt50 (previously termed scbDUCCSt50) is believed to be involved in the 

subsequent elongation (addition of monosaccharides) of the side chain structure. 

However, the exact nature of the substrate and order of assembly are unknown (28). 

Based on these observations, we speculate that mutations in this gene impact the 

sequential addition of monosaccharide residues to the lipid-linked GlcNAc 

intermediate during UCCSt50 RGP side chain biosynthesis, potentially altering the 

structure or assembly of the final side chain structure, thereby affecting phage 

sensitivity. 
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Fig. 1. Comparative analysis of rgp gene clusters from reference strains. The predicted functions of each of the protein-encoding open reading 

frames are colour coded and indicated at the base of the figure. The rgp locus can be split into two distinct regions: the variable side chain (5′) and 

the more conserved backbone (28) indicated on the figure. The mutated gene (shared between Vt1-type strains) is outlined in red. The mutated 

gene in BIM B1 (generated in a previous study (23)) is outlined in blue directly downstream of wpsD. Regions of homology are joined by blocks 

of different shades of grey to black and generated using CAGECAT (https://cagecat.bioinformatics.nl/tools/clinker). Gene names (written above 

the UCCSt50 cluster) were proposed based on comparisons to Lactococcus lactis CWPS clusters (35). GenBank accession numbers for strains—

UCCSt89 (JANFMW000000000); UCCSt10 (CP065483); ND03 (CP002340); UCCSt50 (CP065477); ST64987 (CP049053); and CNRZ302 

(CP065489). 

https://cagecat.bioinformatics.nl/tools/clinker
https://www.ncbi.nlm.nih.gov/nuccore/JANFMW000000000.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP065483.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP002340.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP065477.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP049053.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP065489.1/
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It has previously been demonstrated that P738, as well as the other identified 

member of the P738 genus, D4446, possesses broad host ranges (11). We speculate 

that the P738-sensitive strains applied in this study possess a Vt1 genotype. A high 

prevalence of Vt1-type strains has also been reported, with Vt1-type S. 

thermophilus strains in an industrial strain collection being reported at a level of 

50% (RGPA and RGPB possess a Vt1 genotype) (22). Similarly, in a recent study, 

approximately 17% of all isolates from a range of fermented dairy products 

possessed a Vt1 genotype (24), while 85% of S. thermophilus isolates from 

Siciliano PDO cheeses were shown to display the Vt1 genotype (36). These studies 

highlight the prevalence of strains possessing this genotype in both industrial and 

artisanal contexts. Furthermore, there are currently 156 S. thermophilus genome 

sequences available in the NCBI database (at the chromosome or complete genome 

assembly level); BLASTN analysis of the unique Vt1 gene against these genomes 

returned 61 sequence hits (all with E values of 0.0), representing 39.1% of the total 

publicly available genomes. These results reinforce the prevalence of Vt1-type 

strains in S. thermophilus populations and underscore the industrial importance of 

our findings, as they reveal a P738 phage infection profile dependent on the unique 

Vt1 gene, highlighting a potential vulnerability in industrial strains. 
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Preparation and structural analysis of the RGP from the P738 phage-resistant 

derivative of UCCSt50, F1B 

To verify if mutations within orf07020UCCSt50 affect the RGP structure (as was 

previously observed for the priming glycosyltransferase-encoding gene (23)), we 

prepared and analysed the RGPs of the parent strain, UCCSt50 (23), and the BIM 

F1B. Compositional analysis revealed the presence of rhamnose (Rha), glucose 

(Glc), N-acetylglucosamine (GlcNAc), and galactose (Gal) for both the wild-type 

and the phage-resistant derivative. However, the amount of Rha in the RGP of the 

mutant was lower compared to the wild type (with the ratio ~3:4 BIM:WT). 

Detailed 2D NMR analysis of the RGP of the BIM F1B (Fig. 2; Supplementary 

Table S4) revealed that the backbone structure is composed of trisaccharide-

repeating units (–2-α-Rha-6-α-Glc-2-α-Rha–), with linear tri- or disaccharide side 

chains on the α-Rha residue A (Fig. 2). Compared to the RGP of the wild-type strain 

UCCSt50, the terminal α-Rha residue is absent in all RGP side chains, and the β-

Gal residues are absent in 50% of the RGP side chains (Fig. 3). The results of 

methylation analysis agreed with the proposed structure (Fig. 3). We propose that 

the absence of the terminal Rha (-α-Rha-2 moiety in WT structure, Fig. 3) is 

associated with a reduced efficiency of incorporating the Gal side chain. 
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Fig. 2. Structure of the repeating unit (a) and fragments (b) of 1H-13C HSQC and 

1H NMR spectra of the RGP from the BIM F1B. In the HSQC spectra (b), different 

colours (green and blue) distinguish between positive and negative NMR signals. 
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Fig. 3. Methylation analysis profiles of the RGP preparations of the wild-type S. 

thermophilus UCCSt50 (a) and its P738-resistant derivative F1B (b) and the 

associated RGP structures. In the absence of the terminal Rha residue, the branched 

2,4-Rha becomes 4-Rha (corresponding peaks are marked with arrows). 

Approximately 50% of the terminal β-Gal residue is absent in F1B RGP. Peaks 

labelled with an asterisk represent polysaccharide(s) other than RGPs. 

 

Therefore, we conclude that orf07020UCCSt50 is a glycosyltransferase-encoding gene 

responsible for the addition of the terminal rhamnose residue to the side chain 

structure. It may be inferred that this alteration to the RGP structure results in 

resistance to phage P738. 
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The RGP side chain structure is required for P738 phage infection 

Alterations to the CWPS structures of Lactococcus lactis and S. thermophilus have 

been implicated in phage resistance, primarily by disrupting phage adsorption at the 

cell surface (20,23,37,38). Recent work has demonstrated that the RGP side chain 

structure of S. thermophilus UCCSt50 is also essential for host adsorption by the 

Brussowvirus SW13 (23). To establish if the impact of the rgp locus mutations on 

phage adsorption was similar or distinct in these two members of distinct phage 

genera, the sensitivity of UCCSt50 and selected BIMs to SW13 (Brussowvirus) (31) 

and P738 was assessed (Table 4; all reported results are the average of at least 

triplicate biological assays). The wild-type UCCSt50 strain was, as expected, 

confirmed to be susceptible to either of these two phages, while BIM B1 (generated 

in a previous study and which lacks the entire RGP side chain structure (23)) was 

resistant to both phages, confirming the necessity of the RGP tetrasaccharidic side 

chain for infection. Notably, F1B, which has a structurally altered side chain, and 

F2A are susceptible to SW13 (EOP = 0.46 ± 0.08 and 0.69 ± 0.16, respectively) and 

resistant to P738. These results highlight the distinct structural requirements for 

SW13 and P738 (partial vs complete side chain structure), i.e., while SW13 can 

infect strains with a tri- or disaccharidic side chain structure, P738 infection is 

dependent on the presence of the intact RGP structure (comprising a backbone 

composed of trisaccharide-repeating units (–2-α-Rha-6-α-Glc-2-α-Rha–) and a 

tetrasaccharide side chain containing GlcNAc, Rha, Glc, and Gal residues (23). This 

underscores the role of specific host-encoded glycan features in mediating phage–

host interactions and establishes that complete structural integrity or a specific part 

of the RGP side chain is required for P738 infection. 
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Table 4. Relative efficiencies of plaquing of phages SW13 (Brussowvirus) and 

P738 on their primary host UCCSt50 and derived BIMs 

Strain EOP of SW13 EOP of P738 

UCCSt50 1 1 

B1 ≤1.6 × 10−6 ≤1.17 × 10−7 

F1B 0.46 ± 0.08 ≤1.17 × 10−7 

F2A 0.69 ± 0.16 ≤1.17 × 10−7 

RGP mutations cause growth aberrations 

It has previously been shown that alterations to cell wall polysaccharide structures 

in LAB can have an impact on bacterial growth kinetics, including delayed growth 

and reduced overall cell density (37,39,40). Similar findings have been observed in 

pathogenic streptococcal species. For example, deficiency of RgpG affects cell 

division and biofilm formation in Streptococcus mutans (41), while mutants of rgpE 

elicit a reduced growth rate compared to the wild-type strain in the same species 

(42). Interestingly, modifications to the RGP structure in Streptococcus pyogenes 

and Enterococcus faecalis (the RGP structures are termed GAC and EPA, 

respectively) were not observed to affect bacterial growth yet significantly impact 

virulence (43–45). To determine the impact of RGP-associated mutations on 

planktonic growth and possible sedimentation in this study, growth characteristics 

of UCCSt50 and its phage-resistant derivatives over an 8-hour period were 

monitored using OD readings at a fixed point on the culture-containing tube (Fig. 

4). All tested BIMs exhibited a slower growth rate during the early phases compared 

to the wild-type strain. Notably, B1 demonstrated the longest lag phase (defined in 
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this study as the period between hours 1 and 4), growing consistently slower than 

the other tested BIMs and failing to reach the peak OD observed in the wild type 

(or BIMs lacking the terminal rhamnose) (Fig. 4). Strains F1B and F2A showed an 

initial lag in growth but ultimately reached optical densities comparable to that 

observed for UCCSt50. All strains, including the wild type, displayed a rise-and-

fall growth profile (Fig. 4), which is expected given the visual observation of the 

sedimenting phenotype commonly associated with S. thermophilus BIMs that 

possess altered CWPS structures (20,23). 
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Fig. 4. Growth in liquid LM17 medium of S. thermophilus UCCSt50 and its phage-

resistant derivatives. Each point represents the mean value at an optical density of 

600 nm (OD600) of three replicates. The standard deviations for each value are 

represented by error bars. One-way ANOVA followed by Tukey’s honestly 

significant difference test was performed at hours 1, 2, 3, 4, and 7 using the 

multcompLetters function in R to assign group letters based on the adjusted P-

values from Tukey’s test. Compact letter displays indicate significant differences 

between strains (P < 0.05); letters are coloured by strain; strains sharing a letter are 

not significantly different. 
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Functional assignment of the receptor binding protein of phage P738 

In order to further assess the molecular interactions involved in host recognition by 

P738, we wanted to validate the functionality of the proposed RBP of this phage. 

As a member of the most recently recognised genus of S. thermophilus phages, 

P738 has not been extensively studied in terms of host recognition or protein 

functions. However, several open reading frames (ORFs) have been identified with 

predicted roles in phage morphogenesis and host interaction (11). Orf16P738 has 

been annotated as encoding the tail tape measure protein, Orf17P738 as the distal tail 

protein (Dit), and Orf18P738 as the Tal protein. HHpred analysis of a previously 

predicted structural protein (protein id = QDP43720.1) encoded by a gene located 

downstream of the Tal-encoding gene (11) revealed a phage RBP-like domain, 

identifying it as the putative RBP of phage P738. HHPred analysis revealed the 

presence of several high probability hits to receptor binding proteins or tail fibre 

proteins of phages, including T4 (99.7% PDB_5HX 2_I gp10 baseplate wedge 

protein), TP901-1 (96.0% probability PDB_4IOS_B receptor binding protein), and 

Staphylococcus phage phi812 baseplate protein (98.6% probability PDB_9EUF_q). 

These high-probability hits are all located within the C-terminal region, which is 

predicted to represent the so-called “head” or host binding domain of the receptor 

binding protein. Alignment of the protein sequences of the RBP sequences of 

TP901-1 and P738 also highlighted that the most significant region of sequence 

conservation was located within the C-terminal region of the respective proteins, 

with 22 conserved amino acids in this region likely accounting, in part, for the 

structural conservation of the RBP head domains of these proteins. 

To establish if the proposed RBP is indeed responsible for host recognition, a green 

fluorescent protein (GFP)-tagged derivative of the predicted RBP was constructed 
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and applied in host binding studies using the wild-type strain, its P738-resistant 

derivatives, and a non-host strain (Fig. 5). Binding assays using 30 µg of the 

heterologously expressed GFP-RBPP738 fusion protein exhibited complete cell 

surface binding of the cognate host UCCSt50, consistent with the predicted 

functional activity of the P738 RBP in host recognition. In contrast, a significantly 

reduced fluorescence signal (and thus binding) was observed for the BIMs, 

indicating reduced host binding consistent with the adsorption assay findings. RBP 

binding was restored in the complementing strain (F1B::pNZ44-07020UCCSt50), with 

observed fluorescence comparable to the parent strain UCCSt50. Binding was not 

observed (no fluorescence) for the non-host control strain, S. thermophilus Brie28, 

which possesses a distinct rgp genotype, i.e., V2B2 (24). These results demonstrate 

that the host-encoded RGP structure in UCCSt50 acts as the specific receptor for 

P738 phage and confirms the role of this gene product as the primary RBP of phage 

P738. 
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Fig. 5. Brightfield (left panels) and fluorescent labelling images (right panels) of the (a) parent strain UCCSt50, its phage-resistant derivatives (b) 

F1B and (c) F2A, (d) the genetically complemented strain F1B::pNZ44-07020UCCSt50, and (e) a non-host strain (Brie28) using 30 µg protein at 

100× magnification. The scale bars are indicated in the individual images.
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Discussion  

Deciphering the host-encoded receptors of dairy phages has long been recognised 

as a cornerstone of generating starter cultures to include strains that are resistant to 

phages, thereby increasing the resilience of dairy fermentations (46–48). While 

previous research has highlighted the role of EPS in mediating phage adsorption for 

members of the Piorkowskivirus, Moineauvirus, and Vansinderenvirus genera 

(12,20–22,24), the present study provides evidence supporting the involvement of 

the RGP as the host-encoded receptor for P738 phages in addition to the 

Brussowvirus SW13 (23). Our findings highlight that host recognition and binding 

by P738 is underpinned by orf07020UCCSt50, which is located within the rgp locus 

and encodes a glycosyltransferase. This gene is unique to dairy streptococcal strains 

possessing a Vt1 genotype and the associated RGP structure that is now confirmed 

as the receptor for both P738 and the Brussowvirus SW13. In the present study, two 

BIMs (among a panel of 20 BIMs) were selected for detailed characterisation; 

however, it is likely that genome sequencing of additional BIM genomes may reveal 

additional insights into the genes underpinning host binding processes and 

represents an area of future research. 

It has previously been demonstrated that the two currently known P738 phages 

(P738 and D4446) have broad host ranges, which is not typical among dairy phages 

(11). In this study, a BLASTN search against 156 publicly available S. thermophilus 

genomes revealed the presence of the unique Vt1 gene in 61 strains, highlighting 

the possible prevalence of Vt1-type strains within the species. While it is not 

possible to infer that all S. thermophilus strains exhibiting a Vt1 genotype will be 

bound and subsequently infected by P738-type phages without experimental 

validation, the widespread presence of Vt1 genotype strains represents a risk factor 
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for such scenarios. Binding studies exploring the full binding potential of P738 

phage receptor binding proteins are currently under investigation (and which are 

beyond the scope of this manuscript) and will serve to address this knowledge gap. 

CWPS biosynthesis elicited through the functions of genes within the cwps locus 

of L. lactis is well characterised. The lactococcal CWPS is organised into distinct 

functional regions, including a conserved region responsible for the synthesis of a 

rhamnan backbone component and a highly variable region encoding the surface-

exposed oligosaccharide or polysaccharide pellicle (PSP) (46,49). A comprehensive 

CWPS biosynthesis scheme has been proposed where the rhamnan and PSP side 

chains are synthesized independently from separate lipid-sugar precursors, then 

joined extracellularly by a GT-C fold glycosyltransferase (35). The functional 

assignment of genes was based on structural similarity prediction by HHpred 

analysis combined with transmembrane helix prediction (35). In contrast, the rgp 

cluster of S. thermophilus remains less well defined. Although a proposed model 

for RGP biosynthesis has recently been developed (28), functional annotation of 

genes within the cluster is still emerging. In this study, we assigned gene function 

guided by approaches used for CWPS classification in L. lactis. This includes the 

analysis of predicted transmembrane domains to infer roles in membrane-associated 

steps of the pathway, and the identification of glycosyltransferases based on 

conserved GT2 and GT4 family domains. The resulting framework aligns with the 

dual-pathway model observed in L. lactis and adds to the proposed pathway 

previously developed for S. thermophilus rgp loci. 

Genetic complementation of the two phage-resistant derivatives with the native 

orf07020UCCSt50 restored P738 phage sensitivity, suggesting a direct link between 

this gene and phage susceptibility. This is consistent with previous studies in S. 
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thermophilus and other lactic acid bacterial species (L. lactis), where 

glycosyltransferases involved in CWPS biosynthesis have been implicated in host 

recognition and adsorption (21–23,38,49). Adsorption assay results demonstrate 

that mutations in orf07020UCCSt50 significantly reduced phage adsorption by P738, 

a phenotype corroborated by fluorescence-based RBP labelling assays. Similar 

observations have been made in S. mutans, for which the sero-specific region of the 

RGP cluster plays a crucial role in phage adsorption (50), and in E. faecalis, where 

the enterococcal polysaccharide antigen cluster determines phage susceptibility 

(51). 

Compositional analysis of the RGP in the wild-type and phage-resistant derivative 

F1B revealed the complete loss of the terminal rhamnose saccharide, as well as the 

absence of approximately 50% of the β-Gal residues in the RGP side chain 

structure, which is surface-exposed. Previous studies have demonstrated that 

mutations in the predicted priming glycosyltransferase of the rgp gene cluster are 

associated with an absence of the side chain structure and complete resistance to 

phage SW13 (Brussowvirus) (23). In the current study, we confirm that this mutant 

(B1) is also resistant to P738, which is consistent with our finding that P738 requires 

(part of) the RGP side chain for adsorption. Interestingly, we demonstrated in the 

current study that SW13 can infect BIMs that lack the terminal rhamnose 

monosaccharide of the RGP side chain with almost equal efficiency to the parent 

strain, while P738 cannot. This result provides the first insight into the minimal 

RGP structural requirements for phage infection of the P738 and Brussowvirus 

genera and suggests that P738 has a strict requirement for the complete or 

distinct/specific part of the tetrasaccharide side chain for binding, while SW13 

requires at most three of the four component monosaccharides for successful 
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adsorption. While the saccharidic receptor moiety for representatives of each of the 

five dairy streptococcal phage genera is now defined, future studies may focus on 

deriving the exact and minimal receptor that these phages bind to, which in turn 

will improve the predictions of phage sensitivity of strains that are applied in dairy 

fermentations. These findings could play a crucial role in developing phage-robust 

cultures and strategies to enhance the stability of industrial dairy fermentations. 

It has recently been shown that the reduction in the production of cell wall 

polysaccharides may allow bacterial starter cultures to evade phage infection (52). 

Here, amino acid substitutions in a cell wall-associated glycosyltransferase may 

contribute to the fine-tuning and reduction in the production of RGP side chain with 

an associated (and possibly reversible) cessation in phage recognition. Although 

attempts were made to isolate phage escape mutants of P738 capable of infecting 

the BIMs, none were recovered in this study. Nevertheless, it is likely that repeated 

exposure of BIMs with non-synonymous missense mutations to phages at an 

industrial scale would select for such phage mutants. Alternatively, where phage 

pressure is removed or significantly reduced, the BIMs may revert to the wild type 

as observed in Lactococcus cremoris (52). One of the most significant challenges 

with dairy streptococcal phages is the inability to reproducibly achieve high titre 

phage lysates as is possible within other bacterial host species. The inability to 

achieve high titres (beyond 107–108 PFU/mL) hampered our efforts to challenge the 

BIMs with a sufficiently high number of phages to generate phage escape mutants. 

It is also possible that several mutations are required for P738 to overcome the 

modified cell surface, and this may not be possible in a single round of exposure to 

the phage. Therefore, future studies may focus on repeated longitudinal studies to 

achieve such mutations notwithstanding the issue of the low titre of these phages. 
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Future studies pertaining to the isolation of such phage escape mutants will 

facilitate a deeper understanding of the amino acids within the receptor-binding or 

other adhesion proteins that are involved in the saccharide-binding process. 

Here, we show that RGP-associated mutations in S. thermophilus UCCSt50 

negatively affect growth, with mutant B1 showing the longest lag phase and 

mutants F1B and F2A exhibiting milder growth defects. These findings suggest that 

the extent of structural disruption to the RGP correlates with the severity of the 

growth defect. The pronounced growth impairment observed in B1, which 

completely lacks the side chain, contrasts with the milder growth impact observed 

for F1B, which has a structurally altered RGP side chain and F2A. This supports 

the notion that even subtle modifications to the CWPS structure can impact 

bacterial fitness as well as phage sensitivity. 

Recently, we have shown that P738 is affected by several anti-phage systems 

encoded on S. thermophilus genomes, including GAO19, Hachiman, SoFic, AbiD, 

and AbiE (53). Therefore, while the presence of a suitable receptor is critical to the 

initial interactions of P738 phages with their host, it is imperative that the internal 

anti-phage landscape is also compatible with phage replication. Since P738 phages 

have only been identified recently, it is unclear how much exposure these phages 

may have had to the anti-phage repertoire of S. thermophilus or if their genomes 

encode counter defences to CRISPR-Cas, restriction/modification, and the plethora 

of other antiphage systems. Anti-CRISPR and methyltransferase-encoding genes 

have been identified on the genomes of other genera of dairy streptococcal phages 

(9,54,55). Therefore, future studies may focus on the identification of such counter-

defence systems in P738 phages to enhance current understanding of the co-

evolution of these phages with their hosts. 
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In conclusion, the current study has identified the specific RGP component required 

by P738 for host recognition and binding, while the predicted receptor binding 

protein of phage P738 has been functionally proven. These insights enhance our 

understanding of the mechanisms by which dairy streptococcal phages interact with 

their hosts and the specificity of streptococcal phages. This information will be 

pivotal in informing the development of phage-resistant bacterial strains and the 

selection of strains to enhance the robustness of starter cultures, thereby improving 

the sustainability of dairy fermentation practices. Further investigations into the 

biochemical structures of additional S. thermophilus strains and the role of 

additional genes within the rgp cluster may facilitate more detailed correlations 

between the rgp genotype and the associated RGP chemical composition and 

structures and predictable outcomes in dairy fermentations. 
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Materials and Methods 

Bacterial strains and bacteriophages 

Bacterial strains and bacteriophages used in this study are listed in Table 2. S. 

thermophilus strains were routinely grown overnight at 42°C from single colonies 

or bacterial stocks stored at −20°C (25% [wt/vol] glycerol) in M17 (Sigma, USA) 

supplemented with 0.5% lactose (Sigma, USA). For S. thermophilus strains 

containing plasmids (UCCSt50::pNZ44, F1B::pNZ44, F1B::pNZ44-07020UCCSt50, 

and F2A::pNZ44-galEUCCSt50), chloramphenicol (Sigma, USA) was added to LM17 

at a final concentration of 3 µg/mL in agar and 5 µg/mL in broth. 

Bacteriophage assays 

Phage P738 was propagated in fresh LM17 broth supplemented with 10 mM CaCl2. 

The LM17 broth was inoculated with 1% of a fresh overnight culture of S. 

thermophilus UCCSt50, and 10 µL P738 phage lysate was added and incubated 

until visible lysis was observed (approximately 6 hours) or overnight at 42°C. Phage 

lysates were filtered (0.45 µm, Sarstedt, Germany) and stored at 4°C. 

Bacteriophages were enumerated using the standard overlay method (56), in which 

LM17 medium was supplemented with 10 mM CaCl2 and 10 g/L (solid agar) or 4 

g/L (semi-solid agar) technical agar (Neogen, USA). Briefly, 400 µL of a fresh 

UCCSt50 culture grown overnight and 10 µL of the P738 phage lysate 

(≥107 PFU/mL) were mixed in 4 mL semi-solid LM17 agar and poured onto LM17 

solid agar before incubation at 42°C overnight. 
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Bacteriophage-insensitive mutant generation 

BIMs of S. thermophilus UCCSt50 were generated using a standard plaque assay 

protocol (56). Briefly, 400 µL of a fresh UCCSt50 overnight culture and 10 µL of 

phage P738 lysate (at a titre of ≥107 PFU/mL) were mixed in 4 mL semi-solid LM17 

agar (4 g/L agar) supplemented with 10 mM CaCl2 and poured onto LM17 agar 

plates and incubated anaerobically (Anaerocult A, Millipore, Germany) at 42°C for 

24 hours. Surviving colonies on the semi-solid agar were picked and passaged three 

times in fresh LM17. 

All generated BIMs were screened for insensitivity to phage P738 using the spot 

and plaque assay methods (as described above). BIMs exhibiting complete or 

incomplete P738 resistance were confirmed as UCCSt50 derivatives by rgp PCR 

(28) (Table 2) and by visually comparing the amplicons of the CRISPR 1, 2, and 3 

repeat spacer loci (16) (Table 2) on a 1% agarose gel. 

DNA extraction, genome sequencing, and SNP analysis 

Genomic DNA of strain UCCSt50 and two BIMs (F1B and F2A) was extracted 

using a modified protocol of the Nucleobond AXG 100 with Buffer set III 

(Macherey-Nagel, Germany). This choice of BIMs was based on a previous 

observation by our group that SW13-resistant derivatives of UCCSt50 produced 

mutations strictly in the priming glycosyltransferase-encoding gene, which 

exhibited a complete phage-resistance phenotype. Therefore, to maximize the 

potential to identify distinct mutations, the two BIMs with incomplete phage 

resistance were selected for further characterisation. DNA extraction was conducted 

using a modified protocol of the Nucleobond AXG100 kit with Buffer Set III 

(Macherey-Nagel, Germany). Initially, 40 mL cells grown to an OD600 of ~1.0 were 
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pelleted by centrifugation (5,000 × g for 20 minutes), followed by pre-treatment of 

the cell pellets with lysozyme (at a final concentration of 0.8 mg/mL; Sigma, USA) 

and mutanolysin (at a final concentration of 50 units/mL; Sigma, USA) at 37°C for 

1 hour. Proteinase K (supplied with Buffer set III) was subsequently added (at a 

final concentration of 100 µg/mL), and samples were incubated at 50°C for an 

additional hour. The extraction protocol was completed according to the 

manufacturer’s protocol using AXG 100 columns. DNA was resuspended in 10 mM 

Tris buffer (Fischer Scientific, USA) prior to whole genome sequencing. 

Bacterial genome sequencing was performed by Plasmidsaurus (USA) using 

Oxford Nanopore Technology (UK) long-read paired with Illumina short-read 

sequencing. Long-read sequencing was conducted on a PromethION P24 platform 

with R10.4.1 flow cells, and libraries were prepared using the Rapid Barcoding Kit 

96 V14. Basecalling was performed in “super-accurate mode” using the ont-

doradod-for-promethion algorithm version 7.4.12, with ONT reads meeting a 

minimum Q-score of 10 and adapters trimmed via MinKnow (57). Illumina (USA) 

short-read sequencing was performed on an Illumina NextSeq2000 platform using 

libraries prepared with the SeqWell ExpressPlex 96 kit, using paired-end reads 2 × 

150 bp chemistry. Illumina-derived forward and reverse reads were aligned to the 

ONT assembly using BWA-MEM (58), which clips low-quality sequences from the 

ends of reads. Polypolish version 6.0 (59) was used to generate the final, polished 

genome assembly, which was subsequently annotated using Bakta version 1.6.1 

(60) with default parameters. 

The quality or completeness of genome assemblies was evaluated with the 

microbial genomes atlas (MiGA) webserver (61). To verify that no modifications 

had been made to the BIM CRISPR (1, 2, and 3) loci spacer content or number, all 
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sequenced genomes were uploaded to CRISPRCasFinder 

(https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index) (62), and CRISPR 

spacer arrays were analysed. A single nucleotide polymorphism analysis of BIM 

F1B and F2A genome sequences against the genome of the parent strain UCCSt50 

was performed using the Bowtie2 alignment tool (63) and SAMtools (64). 

Molecular cloning and complementation studies 

The native orf07020UCCSt50 and orf06475UCCSt50 were amplified with Phusion Hot 

Start II High-Fidelity PCR Master Mix (Thermo Fisher Scientific, USA) using 

primer combinations 07020_F and 07020_R and galE_F and galE_R (Table 2). The 

resulting amplicons were purified using the GenElute PCR Clean-Up Kit (Sigma, 

USA). The amplicons and pNZ44 cloning vector were digested with NcoI and PstI 

fast digest enzymes (Thermo Scientific, USA) at 37°C for 30 minutes. All digests 

were purified (GenElute PCR Clean-Up Kit; Sigma, USA) before ligation was 

performed overnight at room temperature using T4 DNA ligase (Promega, UK). 

The ligation mixture was dialyzed against sterile, distilled water for 20 minutes 

before being introduced into competent Escherichia coli EC101 cells. Briefly, 5 µL 

of the ligation mixture was added to 45 µL of competent EC101 cells in a pre-

chilled electroporation cuvette held on ice. The cells were subjected to a 2.5 kV 

single pulse before 950 µL pre-warmed LB was added to the cuvette. Recovery was 

performed at 37°C with agitation (150 rpm) for at least 1 hour before plating on LB 

agar supplemented with 10 µg/mL chloramphenicol and incubated overnight at 

37°C. The resulting presumptive transformants were screened by colony PCR using 

pNZ44_F and pNZ44_R (Table 2), and “positive” clones were grown overnight at 

37°C in LB supplemented with 10 µg/mL chloramphenicol. Plasmid DNA was 

subsequently extracted from selected transformants using the GeneJet plasmid 

https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index
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miniprep kit (Thermo Scientific, USA), and the integrity of the construct was 

validated by Sanger sequencing (Eurofins, Germany) before being introduced into 

BIM F1B or F2A. 

Fresh competent cells of BIM F1B and F2A were prepared as previously described 

(23) with the following modifications: cells were grown in LM17 supplemented 

with 0.3% glycine and a sucrose concentration of 0.25 M in place of 0.5 M. Briefly, 

100 µL of cells and 10 µL of plasmid DNA were mixed and left on ice for 30 

minutes before a heat shock was applied at 42°C for 45 seconds followed by holding 

on ice for 2 minutes (65). The mixture was transferred to a pre-chilled 

electroporation cuvette before applying a single 2.0 kV pulse followed by the 

immediate addition of 900 µL HJL recovery media (3% tryptone, 1% yeast extract, 

0.5% KH2PO4, 0.2% beef extract, 0.5% lactose, 20 mM CaCl2, and 200 mM MgCl2) 

and incubating at 42°C for a minimum of 4 hours. Cells were plated on LM17 agar 

supplemented with 3 µg/mL chloramphenicol and incubated at 42°C for 24–72 

hours. Positive transformants were verified to contain the recombinant plasmids by 

colony-based PCR using pNZ44_F and pNZ44_R primers (Table 2) and confirmed 

by Sanger sequencing (Eurofins, Germany). 

The complementing plasmid was cured from F1B::pNZ44-07020UCCSt50 by 

novobiocin treatment and serial passaging in the absence of chloramphenicol. Fresh 

LM17 broth was inoculated with 1% of an overnight culture of the complemented 

strain F1B::pNZ44-07020UCCSt50 and allowed to grow at 42°C for 2.5 hours. 

Novobiocin (Sigma, USA) was added to the culture at a final concentration of 10 

µg/mL followed by an additional 5-hour incubation. The culture was then plated in 

the presence or absence of chloramphenicol for several passages. The cured 

derivative, F1B::pNZ44-07020CUCCSt50, was tested for P738 phage sensitivity. All 
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assays were performed in at least triplicate, and the average and standard deviation 

were calculated using the standard Student’s t-test in MS Excel. 

Efficiency of plaquing and adsorption assays 

The efficiency of plaquing of phage P738 on all tested strains listed in Table 2 was 

determined using the standard overlay method described above to assess the role of 

orf07020UCCSt50 in the P738 phage infection process. The relative EOP of phages on 

the listed strains was determined by dividing the observed titer of the phage on a 

given BIM/complement/cured host by that on the parent strain. All assays were 

performed in triplicate, and averages and standard deviations were calculated in MS 

Excel using a Student’s t-test. 

Adsorption assays were performed based on a previously adapted protocol (9). A 

volume of 10 mL LM17 broth was inoculated with the appropriate S. thermophilus 

strain from a fresh overnight culture and grown at 42°C until an OD600 of 0.6–0.7 

was achieved. A 500 µL volume of the growing culture was transferred to a 

microcentrifuge tube and centrifuged at 5,000 × g for 10 minutes to harvest the 

cells. The cell pellet was resuspended in 500 µL of SM buffer (100 mM NaCl, 10 

mM Tris-HCl [pH 7.5], 20 mM CaCl2, and 10 mM MgSO4) before an equal volume 

of P738 phage lysate (≤105 PFU/mL) was added to the cells or 500 µL of SM buffer 

(negative control). The mixture was incubated at 42°C for 15 minutes and 

centrifuged at 15,000 × g for 5 minutes to remove bacterial cells before removing 

the residual phage-containing supernatant for enumeration as described above. The 

adsorption levels (as a percentage of the total number of phages present) were 

determined using the following formula: ([control phage titre − free phage titre in 
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supernatant]/control phage titre) × 100. All assays were performed in triplicate, and 

averages and standard deviations were calculated as described above. 

Comparison of bacterial growth behaviour 

Bacterial strains were inoculated (2%, vol/vol) into 5 mL of LM17 broth in a clear, 

sterile round-bottom tube (Corning Science, Mexico). Growth was recorded by 

placing the tubes in a Jenway 7200 visual spectrophotometer (Bibby Scientific, UK) 

and measuring at an optical density of 600 nm (OD600). Tubes were incubated at 

42°C, and OD600 readings were taken hourly over an 8-hour period. Growth of each 

strain was measured in triplicate. OD600 readings were plotted as mean ± standard 

deviation using R (version 4.4.1) (R Core Team, 2024) and the ggplot2 package 

(66). 

To compare growth differences between strains at each time point, one-way 

ANOVA was performed, followed by Tukey’s Honestly Significant Difference post 

hoc test. Where statistically significant differences (P < 0.05) were found, compact 

letter displays were generated using the multcompLetters() function from the R 

package multcompView to assign groupings (67). Each strain was assigned a letter 

at each time point; strains sharing a letter are not significantly different from one 

another. 

RBP production and purification/recombinant protein production and 

purification 

All predicted ORFs from P738 were subject to HHpred analysis. The putative 

receptor binding protein of P738 (protein id = QDP43720.1) was codon optimised 

for E. coli to improve protein expression using the “codon optimization” tool on 

VectorBuilder (https://en.vectorbuilder.com/tool/codon-optimization.html). The 

https://en.vectorbuilder.com/tool/codon-optimization.html
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codon-optimised protein sequence was synthesized by Eurofins Genomics 

(Germany). The optimised RBP was amplified from the supplied vector using RBP 

primers listed in Table 2. The resulting amplicon was purified using a GenElute 

PCR cleanup kit (Sigma, USA) and cloned into the green fluorescent protein fusion 

vector pHTP9 (NZYTech, Portugal) following the manufacturer’s protocol. The 

ligation mixture was dialyzed against sterile distilled water before being introduced 

to E. coli BL21 (DE3) via the heat shock method (30 minutes on ice; 42°C for 45 

seconds; 2 minutes on ice (65)). After recovery at 37°C for 1 hour with agitation 

(150 rpm), the cells were plated on LB agar containing 50 µg/mL kanamycin 

(Sigma, USA) and incubated overnight. Recombinant colonies were screened using 

pHTP9-specific primers (listed in Table 2) and verified by Sanger sequencing 

(Eurofins, Germany). 

For protein production and purification, 100 mL of LB broth supplemented with 50 

µg/mL kanamycin was inoculated with 1 mL of an overnight culture of E. coli 

BL21(DE3) harbouring the GFP-P738 RBP fusion protein. Cells were grown to an 

OD600 of 0.5–0.6 before isopropyl-β-D-thiogalactoside (Melford Laboratories, UK) 

induction at a final concentration of 0.5 mM. The culture was incubated at 24°C for 

24 hours with shaking (300 rpm). Cells were harvested by centrifugation at 4,700 

× g for 30 minutes at 10°C. The resulting cell pellets were resuspended in lysis 

buffer (10 mM Tris-HCl [pH 7.5], 300 mM NaCl, 10 mM imidazole, and 25 mg/mL 

lysozyme) and stored at −70°C for a minimum of 24 hours. After thawing, the cells 

were subjected to five cycles of sonication (MSE Soniprep, Sanyo, Japan) at 

maximum amplitude (30 seconds on, 30 seconds off with a 2-minute rest on ice 

after the third cycle). Cellular debris was removed by centrifugation at 14,945 × g 
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for 30 minutes at 4°C, followed by an additional centrifugation at 4,696 × g at room 

temperature to eliminate aggregates before protein purification. 

The recombinant protein was purified using a standard Ni-nitrilotriacetic acid 

agarose column (Qiagen, UK), according to the manufacturer’s instructions, with 

the desired protein eluting in the 100–250 mM imidazole fractions. Protein 

concentrations were measured using the Qubit protein assay (Thermo Scientific, 

USA) on a Qubit 2.0 Fluorometer. Protein samples were dialyzed against protein 

buffer (10 mM Tris-HCl [pH 7.5] and 300 mM NaCl) before visualization via 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis. Protein 

fractions were stored at 4°C until use. 

Labelling/binding assays 

Fluorescent binding assays were performed as previously described, with minor 

modifications (23). Briefly, 300 µL of relevant cells (Fig. 5) was harvested (6,000 

× g for 5 minutes) at an OD600 between 0.4 and 0.6 and resuspended in 300 µL SM 

buffer before 30 µg of protein was added. The mixture was incubated at 42°C for 

12.5 minutes. Cells were washed three times in 120 µL SM buffer before fluorescent 

binding was visualized by fluorescence microscopy. Fluorescence labelling of cells 

was visualized using an Olympus BX53 microscope equipped with an LED 

illuminator and fluorescence cube (U-FBNA), and images were processed using 

cellSens software (Olympus, Japan). An equal volume of SM buffer (representative 

of 30 µg) was added to cells acting as a negative control. S. thermophilus strain 

Brie28 (24) was selected as a non-host control. 
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Preparation and structural analysis of RGP of S. thermophilus F1B 

Approximately 8 L of S. thermophilus culture (UCCSt50 and F1B) was grown 

overnight and harvested by centrifugation at 4,400 × g at 4°C for 30 minutes. The 

cell pellets were washed twice with ice-cold sterile distilled H2O (300 mL, followed 

by pooling of cells before washing in 40 mL) and stored at −20°C. 

CWPS (RGP) was extracted with cold 5% TCA and hot diluted HCl and purified 

on a Sephadex G-50 column, as described previously (20), without the final 

treatment with HF. HCl preparations had identical monosaccharide composition; 

the preparation of 0.01 M HCl extraction was used for linkage analysis. It was 

further purified by reverse-phase HPLC using an Agilent Zorbax C18 column (250 

× 9 mm) in solvent A (0.1% TFA, vol/vol) and B (80% MeCN, vol/vol) at a flow 

rate of 3 mL/minute, starting from 3% B for 10 minutes then gradient to 100% B 

over 30 minutes. The UV detector was set at 220 nm, and fractions were collected 

every 1 minute. The CWPS (RGP) purified by HPLC was used for NMR analysis. 

NMR experiments were carried out on a Bruker AVANCE III 600 MHz (1H) 

spectrometer with a 5 mm Z-gradient probe with acetone internal reference (2.225 

ppm for 1H and 31.45 ppm for 13C) using standard pulse sequences cosygpprqf 

(gCOSY), mlevphpr (TOCSY, mixing time 120 ms), roesyphpr (ROESY, mixing 

time 500 ms), hsqcedetgp (HSQC), hsqcetgpml (HSQC-TOCSY, 100 ms TOCSY 

delay), and hmbcgplpndqf (HMBC, 70 ms long range transfer delay). Resolution 

was kept <3 Hz/pt in F2 in proton-proton correlations and <5 Hz/pt in F2 of H-C 

correlations. The spectra were processed and analysed using the Bruker Topspin 

program. Monosaccharides were identified by COSY, TOCSY, and NOESY cross-

peak patterns and 13C NMR chemical shifts. Amino group location was concluded 
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from the high field signal position of aminated carbons (CH at 45–60 ppm). 

Connections between monosaccharides were determined from transglycosidic NOE 

and HMBC correlations. 

Monosaccharide and methylation analyses were carried out as described previously 

(46). 

Data Availability 

The wild-type strain UCCSt50 was resequenced as part of this study (previously 

deposited under the strain name S. thermophilus 4078, accession number CP065477 

(23)). The genome sequences of S. thermophilus UCCSt50, F1B, and F2A have 

been deposited in GenBank under BioProject accession number PRJNA1267047, 

and their associated accession numbers are as follows: CP194174, CP194006, and 

CP194005. 

https://www.ncbi.nlm.nih.gov/nuccore/CP065477.1/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1267047/
https://www.ncbi.nlm.nih.gov/nuccore/CP194174
https://www.ncbi.nlm.nih.gov/nuccore/CP194006
https://www.ncbi.nlm.nih.gov/nuccore/CP194005
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Supplementary Material  

Supplementary Table S1: Efficiencies of plaquing (EOP) of phage P738 on its S. 

thermophilus host UCCSt50 and panel of presumed BIMs.  

Strain/BIM EOP of P738 

UCCSt50 WT 1 

F1A ≤ 3 x 10-8 

F1B 6.6 x 10-7 

F1C ≤ 3 x 10-8 

F1D 3.3 x 10-7 

F1E ≤ 3 x 10-8 

F2A 6.6 x 10-7 

F2B ≤ 3 x 10-8 

F2C ≤ 3 x 10-8 

F2D ≤ 3 x 10-8 

F2E ≤ 3 x 10-8 

F21A ≤ 3 x 10-8 

F21B ≤ 3 x 10-8 

F21C ≤ 3 x 10-8 

F21D 6.6 x 10-7 

F21E 2.3 x 10-5 

F22A ≤ 3 x 10-8 

F22B ≤ 3 x 10-8 

F22C ≤ 3 x 10-8 

F22D ≤ 3 x 10-8 

F22E 3.3 x 10-7 
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Supplementary Table S2: General genome characteristics of UCCSt50 and 

selected BIMs, F1B and F2A. The quality or completeness of genome assemblies 

was evaluated with the microbial genomes atlas (MiGA) (61).  

Strain  Genome size 

(bp) 

Genome 

Completeness 

Average GC 

content  

No. of 

predicted 

proteins  

Accession 

number 

UCCSt50  1841797 100 % 39.1 1951 CP194174 

F1B 1839155 100 % 39.1 1949 CP194006 

F2A 1839161 100 % 39.1 1947 CP194005 

Supplementary Table S3: CRISPR loci and spacer array profiles of S. 

thermophilus UCCSt50 and BIMs F1B and F2A 

Strain  C1 (bp) C1 (spacers) C2 (bp) C2 (spacers) C3 (bp) C3 (spacers) 

UCCSt50 2,409 36 101 1 1,358 20 

F1B 2,409 36 101 1 1,358 20 

F2A 2,409 36 101 1 1,358 20 
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Supplementary Table S4: NMR data for F1B polysaccharide (600 MHz, 40 °C, 

ppm).  

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

α-Rha A  H 5.07 4.27 3.96 3.57 3.80 1.32 

 C 100.8 77.6 79.5 72.8 71.1 17.9 

α-Glc B H 4.98 3.52 3.72 3.57 4.22 3.94; 3.94 

 C 99.2 72.7 74.2 70.3 71.5 67.4 

α-Rha C H 4.92 4.05 3.92 3.47 3.76 1.34 

 C 100.8 79.3 71.3 73.6 70.0 18.1 

β-Gal D H 4.64 3.55 3.67 3.93 3.68 3.75; 3.75 

 C 105.2 72.9 74.1 69.8 76.4 62.2 

α-Rha F H 4.87 3.81 3.74 3.43 3.99 1.24 

 C 102.5 71.9 71.5 73.2 70.1 17.7 

α-Rha F' H 4.87 3.82 3.96 3.69 4.06 1.32 

 C 102.5 71.9 71.5 82.3 68.7 17.9 

β-GlcNAc G H 4.74 3.74 3.64 3.47 3.47 3.75; 3.96 

 C 103.9 56.9 82.7 70.3 77.1 62.2 
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Abstract:  

Streptococcus is one of the earliest identified bacterial genera, and over its ~150 

year history, has been extensively studied in the context of human health, 

pathogenesis and food fermentations. Several phylogenetic groups of streptococcal 

species have been identified in recent decades. In this study, we performed the most 

extensive analysis to date, incorporating almost 5,000 streptococcal genomes and 

metagenome-assembled genomes employed. This allowed the identification of 

eleven distinct phylogenetic groups. Among these groups, members of the 

salivarius group are among the earliest human colonisers. Cell wall-associated 

rhamnose-glucose polysaccharides (RGPs) are defined as major structural 

components of the cell envelope of certain streptococcal species. In this study, we 

combined comparative genomics, structural analysis, and transcriptional profiling 

to characterise RGP biosynthesis across the genus, using the salivarius group as a 

proxy for the broader genus. Comparative genomic analysis identified genes 

associated with RGP precursor synthesis and biosynthesis across the majority of 

analysed streptococcal species, indicating that RGPs likely represent a highly 

conserved feature among streptococci. Further comparative genomic analysis of 

223 rgp loci from Streptococcus thermophilus, Streptococcus salivarius, 

Streptococcus vestibularis and Streptococcus raffinosi identified 14 distinct rgp 

genotypes together with multiple novel backbone-associated (Bt) and variable side 

chain-associated (Vt) sub-genotypes. Despite diversity in gene content, all rgp loci 

displayed a conserved modular organisation and genomic position. Structural 

elucidation of five previously uncharacterised RGPs significantly expanded the 

known structural repertoire of salivarius group RGPs and established clear 

relationships between rgp gene content and polysaccharide structure. 
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Transcriptional mapping demonstrates that rgp loci are organised into discrete 

transcriptional units that underpin their modular nature and unique organisation. 

Collectively, these findings demonstrate that RGP biosynthesis in streptococci is 

both conserved and highly adaptable, shaped by species-specific and niche-specific 

pressures. This work provides a foundation for future exploration into streptococcal 

cell envelope-associated polysaccharide diversity and the influence on host 

interactions, ecological adaptation and bacterial cell physiology across the genus. 
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Introduction 

Streptococcus species are among the earliest colonisers of the human oral cavity 

and play a pivotal role in establishing the oral microbiota. Streptococcus is a genus 

that encompasses over 140 validated species that have traditionally been classified 

based on their serological and biochemical properties or their haemolytic capability, 

i.e. α-haemolytic, β-haemolytic or non-haemolytic (1). Among the α-haemolytic 

streptococci are the viridans streptococci, which are considered to be of low 

pathogenicity (2). The viridans streptococci are described to incorporate six 

biochemically distinct groups, i.e. the mitis, mutans, salivarius, anginosus, 

sanguinis and bovis groups of streptococci. However, streptococcal taxonomy 

remains a dynamic issue, with multiple analytical approaches and increasingly large 

genome datasets contributing to ongoing reclassification (1,3–6). While the 

traditional group names anginosus, bovis, mitis, mutans, pyogenic and salivarius 

have been widely recognised (7), more recent studies have reported between six 

and nine taxonomic groups depending on dataset composition, genome retrieval 

strategies, and the use of different pangenome pipelines. For example, based on 

phylogenetic analysis of core genes of >60 genomes of streptococci, nine 

taxonomic groups have been proposed, namely the bovis, gordonii, mitis, mutans, 

pluranimalium, pyogenic, salivarius, sobrinus, and suis groups (8). Additionally, 

analysis of core genes from 3,052 streptococcal genomes has identified seven 

taxonomic groups, with high order branches according to the traditional taxonomic 

group names and the addition of the suis group (6). Members of the salivarius group 

are predominantly commensal organisms in contrast to the majority of streptococcal 

species belonging to other biochemical groups, which are more commonly 

associated with pathogenic lifestyles. The salivarius group includes Streptococcus 
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salivarius, Streptococcus thermophilus, Streptococcus vestibularis (9) and the 

recently identified species, Streptococcus raffinosi (10).  

The cell envelope of streptococci contains, next to its cytoplasmic membrane and 

peptidoglycan layer, a complex matrix of proteins, teichoic acids and 

polysaccharides. The latter include capsular or exopolysaccharides (EPSs) and cell 

wall-associated rhamnose-glucose polysaccharides (RGPs). Rhamnose-rich 

polysaccharides represent a major cell envelope component across several 

ovococcoid species, including streptococci, enterococci and lactococci (11–13). 

The most thoroughly characterised streptococcal species with respect to their cell 

envelope-associated polysaccharide composition and biosynthesis include 

Streptococcus mutans (14–22), Streptococcus pyogenes (23–30), Streptococcus 

agalactiae (31–37) and Streptococcus thermophilus (38–43). In these species, 

RGPs constitute a major cell wall-linked glycopolymer that may serve as functional 

replacements for wall teichoic acids, being implicated in cell morphology, cell 

division, and biofilm formation processes in pathogenic species (44). The complete 

RGP structures of these well characterised species are composed of a polyrhamnose 

backbone decorated with species- and serotype-specific, glucose-containing side 

chains, which contribute to antigenic diversity and host immune recognition (26). 

Functional studies in S. mutans have demonstrated that RGPs are essential for 

maintaining cell envelope integrity, coordinating septum placement during cell 

division, and mediating tolerance to environmental stresses relevant to pathogenesis 

(15). Moreover, RGP structural features, particularly side chain modifications, can 

influence the highly specific interactions with between S. thermophilus and its 

infecting bacteriophages (39,40,45–47), while RGPs also serve as receptors for 

bacteriophage-encoded endolysins in Streptococcus pyogenes (48). Additionally, in 
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S. mutans, the α-1,2-linked glucose side chain of serotype c is recognised by 

specific phages, being essential for their adsorption (17).  

S. thermophilus has become a useful paradigm for the study of cell envelope-

associated polysaccharides among streptococci and, indeed, among the broader 

ovococcoid Gram-positive bacteria. The rgp locus encodes the biosynthetic 

machinery for RGP production (16,38). Seven distinct rgp genotypes (termed rgp1-

7) are currently known to exist among S. thermophilus strains based on the gene 

content associated with the biosynthesis of the backbone and side chain units (38). 

Detailed analysis of the rhamnan and side chain (biosynthesis)-associated regions 

of the rgp locus has revealed three distinct backbone genotypes (Bt1-3) and five 

variable genotypes (Vt1-5) (38). To date, the RGP structures of five S. thermophilus 

strains have been elucidated, representing distinct rgp genotypes, rgp1, 2, 3, 4, and 

6 (38,39,47). Comparative analysis of these structures demonstrated that highly 

conserved genetic regions (≥ 95 %) of the rgp locus are matched by identical 

structures while distinct or variable regions are associated with the unique 

components of the complete RGP structure (38). However, as the availability of S. 

thermophilus genome sequences has increased, it has become apparent that the true 

extent of rgp locus diversity extends beyond the previously established framework. 

Beyond S. thermophilus, it is currently not defined if all species belonging to the 

salivarius group possess rgp loci and if so, how these resemble or differ from those 

of S. thermophilus. Furthermore, it is not defined if the rgp locus is a conserved 

component across all streptococcal species (notwithstanding likely genetic 

diversity). 

The genomes of several thousand streptococcal isolates and metagenome assembled 

genomes are currently available (49–52). Therefore, to establish if the phylogeny 
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of these groups remains valid, broad scale comparisons of all available high quality 

sequence information was undertaken. Multiple streptococcal species are known to 

form part of the human oral microbiota including S. salivarius, Streptococcus mitis, 

S. mutans and Streptococcus gordonii, among others. Extending analysis of the rgp 

loci encoded by all members of the salivarius group streptococci (among others) is 

essential to improve our understanding of the broader significance of these 

polysaccharides across streptococci and Gram-positive bacteria.  

In the current study, we performed phylogenetic analysis of ~5,000 high quality 

streptococcal genomes to establish the validity of the currently proposed taxonomic 

groups of streptococci. We also evaluated the presence, diversity and inter-species 

relationships of the rgp loci of members of the salivarius group streptococci. The 

chemical structures of five strains representing distinct rgp genotypes were 

elucidated. Finally, using computational promoter and terminator predictions and 

RNA-Seq analysis, we present the first insights into the transcriptional units of rgp 

loci in salivarius group streptococci. Collectively, this work provides the most 

extensive genetic, transcriptional and structural analysis of streptococcal RGPs to 

date, and establishes a foundation for predictive, genotype-based understanding of 

cell envelope-associated polysaccharide diversity with important implications for 

core biological functions of streptococci. 
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Results 

Streptococcus species can be classified into eleven phylogenetic groups 

The Streptococcus genus has been reported to be comprised of between six and nine 

major phylogenetic groups (1,4,6,7). With an ever-growing repository of genome 

sequences, it was possible to conduct the most comprehensive phylogenetic 

analysis of the streptococcal genus through the pangenome analysis of 4,966 high 

quality streptococcal genomes and with an added lactococcal outgroup 

(Supplementary Table S1). This dataset consists of both high-quality MAGs (2,737) 

and genomes of isolated streptococcal strains (2,229) retrieved from a diverse set 

of databases including SPIRE (a Searchable Planetary-scale mIcrobiome Resource) 

(50), curated FoodMetagenomicData (cFMD) (52), NCBI Genome database, and 

MGnify Genome catalogues (Unified Human Gastrointestinal Genome (UHGG) 

collection and Skin biome collection) (49,51). A phylogenetic analysis of the 

relaxed core (shared by >90 % of all genomes) genome consisting of 558 single-

copy genes allowed for the classification of the Streptococcus genus into eleven 

phylogenetic groups i.e. salivarius, bovis, pyogenic, mitis, mutans, suis, sobrinus, 

orisratti, pluranimalium, parauberis and agalactiae (Fig. 1). A recent study of 3,052 

representative streptococcal genomes retrieved from RefSeq determined that the 

genus had a relaxed core genome of 292 single-copy genes (shared across > 95 % 

of all genomes) and classified the genus into seven phylogenetic groups (6). 

Taxonomic classification using GTDB-TK (53) assigned the 4,966 genomes to 315 

species-level taxa, with 48 genomes classified only to the genus level 

(Supplementary Table S1). These 315 species included draft species names that 

have not been validly published under the International Code of Nomenclature of 

Prokaryotes (ICNP). When restricted to only validly published ICNP nomenclature 
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(limited to the species level), the dataset comprised 135 recognised Streptococcus 

species, with S. thermophilus being the most abundant species (n=993), followed 

by S. pyogenes (n= 430) and Streptococcus pneumoniae (n=376). This is a 

significant expansion from a recent study spanning ~ 80 species of Streptococcus 

(6). Additionally, 229 genomes belong to currently potentially novel or, as yet, 

unvalidated species demonstrating the diversity of the Streptococcus genus.  

 

Fig. 1. Phylogenetic tree of the Streptococcus genus constructed using pangenome 

analysis of 4,966 streptococcal genomes. The inner ring indicates the phylogenetic 

groups which are colour-coded and labelled. The outer ring indicates representative 

streptococcal species within the dataset. The analysis supports the division of the 

genus into eleven phylogenetic groups. 
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Gene clusters associated with RGP synthesis are a prevalent feature among 

streptococci  

Cell surface-exposed molecules, and in particular saccharidic moieties such as 

RGPs, have historically been a differentiating attribute of streptococci, as they 

underpin the Lancefield classification of streptococci. The gene clusters that encode 

the biosynthetic functions associated with RGP structures are described to be 

diverse in well characterised species such as S. mutans, S. agalactiae and S. 

thermophilus (16,38). These gene clusters are not believed to be universally present 

across all streptococci, however. For example, they are believed to be absent in S. 

pneumoniae whose cell envelope instead incorporates wall teichoic acids and 

lipoteichoic acids, and a capsular cover (28, 29). This capsular structure is highly 

variable among pneumococcal strains and has enabled the identification of at least 

90 serotypes (56). The rgp clusters are comprised of two functional modules; one 

which encodes the biosynthetic functions of the peptidoglycan-embedded rhamnan 

backbone component and the second which is associated with the biosynthesis of a 

surface-exposed side chain structure. The organisation of the rhamnan- and side 

chain associated modules within the rgp gene clusters differ between S. 

thermophilus and S. mutans rgp loci (38,43); however, those of other species are 

not well investigated or defined.  

To establish the possible presence and prevalence of rgp loci among species within 

the genus Streptococcus, we applied a consistent annotation to reference genomes 

of 150 species from the NCBI Genome database and performed an automated 

search for genes associated with RGP precursor synthesis (rmlA, rmlB, rmlC, 

rmlD), rhamnan backbone biosynthesis (rgpA) and side chain biosynthesis 
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(DUF2304/wpsB). Gene identification was based on an annotation-based search 

using a custom Python script that screened each Bakta-annotated genome for 

predefined gene names and annotated gene products associated with RGP 

biosynthesis (see Methods section). For each genome, the script reported the 

presence or absence of each target gene based on these annotations. This analysis 

established that 137 reference genomes of the 150 analysed were positive for the 

precursor and/or RGP structure biosynthetic genes (Fig. 2). Therefore, it is highly 

likely that RGPs are, in fact, a typical feature among most, or all, streptococci. It 

should be noted that 13 of the 150 reference genomes did not possess any of the 

targeted RGP-associated genes identified in this analysis. This should be interpreted 

with caution, as the annotation-based search strategy relied on exact matches to 

predefined gene names and annotated products (see Methods section). 

Consequently, although consistent annotation (using Bakta) was applied for all 

analysed genomes, RGP-associated genes may not have been identified if they were 

assigned alternative annotations or remained unannotated. Additional analyses of 

these genomes are therefore required to determine whether they possess cell wall 

polysaccharide biosynthetic loci. We also acknowledge that the annotations of the 

genes within these loci in the analysed reference genomes may not be complete and 

represents a limitation of this analysis; however, the widespread nature of the 

precursor synthesis genes supports the hypothesis of their ubiquitous presence 

across the genus. 
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Fig. 2. Presence or absence of genes associated with RGP precursor synthesis, 

rhamnan backbone biosynthesis, and side chain biosynthesis in 150 high-quality 

Streptococcus reference genomes. Presence of genes associated with RGP precursor 

synthesis (rmlA, rmlB, rmlC, rmlD) is indicated by a pale purple colour, rhamnan 

backbone biosynthesis (rgpA) by a darker purple, and side chain biosynthesis 

(DUF2304/wpsB) by a light blue. The absence of a particular target gene is 

indicated by white annotation in the figure.  
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Exploring the diversity of rgp loci of salivarius group streptococci 

Among the eleven identified streptococcal groups, members of the salivarius group 

represent approximately one third of genomes analysed (Fig. 1). This paired with 

previous studies describing the genetic and structural diversity of RGPs in S. 

thermophilus, prompted a deeper interrogation of the diversity of the rgp loci of 

members of the broader salivarius group as a proxy for the Streptococcus genus. 

The rgp loci derived from 223 high-quality, complete genomes or scaffolds of 

members of the salivarius group available in the NCBI database (13 of which were 

sequenced as part of this study) were identified and compared using hierarchical 

clustering (HCL) analysis (Supplementary Table S2). This incorporated the rgp loci 

of S. raffinosi (n=4), S. salivarius (n=39), S. thermophilus (n=168) and S. 

vestibularis (n=12). Through this HCL analysis, 14 rgp genotypes were identified 

(designated here as rgp1-14) based on the presence of distinct gene families within 

the established genotypes (Fig. 3A).  

The rhamnan and side chain biosynthetic modules within the rgp loci of S. 

thermophilus have been used as a basis to define three backbone (Bt1-3) and five 

side chain (termed the variable side chain, Vt1-5) sub-genotypes to classify strains 

of this species with a high degree of resolution (38). At a higher level, the unique 

combinations of distinct Vt and Bt sub-genotypes has allowed the identification of 

seven rgp genotypes (rgp1-7). In the present study, we sought to evaluate the genetic 

diversity of these loci and their component Bt and Vt sub-genotypes among the 

broader salivarius group. The organisation of the gene clusters was also evaluated 

to establish if the lineages of distinct genotypes exist or if there is an apparent shared 

evolutionary pathway of these loci across different members of the salivarius group. 
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All four member species were observed to harbour the locus with a similar gene 

organisation as described for S. thermophilus (38,43). The HCL analysis established 

that rgp1 is a dominant genotype among the salivarius group loci incorporating 60 

strains with members from all four species, i.e. S. raffinosi (n=2), S. salivarius 

(n=14), S. thermophilus (n=36) and S. vestibularis (n=8) (Fig. 3A & B). The gene 

content across all members of the rgp1 genotype is highly similar with a Vt1 and 

Bt1 sub-genotype of their respective backbone- and side chain-associated modules 

(Fig. 3C). It is noteworthy that there appear to be minor gene insertion/deletion 

events at strain level (Fig. 3C). The rgp2 genotype (representing Vt1 and Bt2 sub-

genotypes) includes predominantly S. thermophilus loci and with those of two S. 

salivarius strains (Fig. 3B). The rgp3 is a S. thermophilus specific genotype with a 

small number of strains (n=4) that possess a unique combination of variable and 

backbone genotype (Vt3 and Bt2) (Fig. 4A). 
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Fig. 3. A) HCL analysis of the rgp loci of 4 S. raffinosi strains, 39 S. salivarius strains, 168 S. thermophilus strains and 12 S. vestibularis strains. 

The heatmap was generated based on the presence (colour) or absence (black) of gene families. The assigned genetically distinct rgp genotypes 

are indicated by colour and an internal text number. Strains subjected to biochemical structural analysis either previously (38,39,47) (red) or as 

part of this study (blue) are indicated by a box. B) The distribution of all salivarius group strains analysed in this study (n=223), colour-coded by 

species. C) Schematic overview and comparative analysis of the rgp1 loci from salivarius group strains with representatives of each salivarius 

group species. Gene names (written above VTCC 12812 were proposed based on comparisons to Lactococcus lactis cwps clusters, including 

HHpred and TMHMM analysis (57). The predicted functions of genes are colour-coded and described at the base of the figure. Regions of 

homology are joined by blocks of different shades of grey to black and generated using CAGECAT (58). 
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Based on the current analysis, rgp4 loci (with a combination of Vt3 and Bt3 

genotypes) includes two overall subtypes based on the presence of a distinct 

glycosyltransferase-encoding gene that is lacking in other members of the genotype, 

and which is predicted to encode a WpsJ (side chain transferase) within the side 

chain associated module (Fig. 4A). Therefore, these loci are now classified as rgp4A 

and 4B. Furthermore, rgp4A genotype appears to be S. thermophilus specific, while 

the rgp4B genotype includes representatives of S. salivarius (n=12) in addition to 

S. thermophilus isolates (n=29). The rgp4 genotype represents the largest of the 

salivarius group genotypes (total of n=80), consistent with previous reports (38,46). 

The rgp5 genotype is also now recognised to possess two subtypes (rgp5A and 5B) 

based on the presence of a distinct glycosyltransferase-encoding gene in members 

of the rgp5B genotype in comparison to members of rgp5A genotype. Members of 

the rgp5 genotype incorporate a side chain module that lacks any unique gene 

content and is therefore classified as Vtx while they all possess a newly identified 

backbone sub-genotype Bt4 (Fig. 4A). Notably, rgp5-7 genotypic groups harbour 

S. thermophilus loci only (Fig. 3B). Of the newly identified rgp genotypes, rgp8 & 

9 members are all currently identified as S. thermophilus strains while rgp10 and 

rgp11 members belong to both S. salivarius and S. raffinosi; rgp12, rgp13 and rgp14 

include isolates of S. vestibularis (rgp12) or S. salivarius (rgp13, rgp14) 

exclusively. These findings indicate that there are several rgp genotypes that are 

represented in multiple species, while there are also examples of species-specific 

rgp genotypes. In addition to the existing Bt and Vt sub-genotypes that are currently 

defined, we have identified three and six additional Bt and Vt sub-genotypes, 

respectively (Fig. 4A & Supplementary Table S3). 
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The rgp loci of all members of the salivarius group exhibit an identical gene context, 

i.e. it is located downstream of genes associated with the 30S ribosomal subunit, a 

DNA primase-encoding gene and rpoD, which encodes an RNA polymerase sigma 

factor. The genomic position of the rgp locus is also identical in all strains relative 

to rpoD, notwithstanding genomic inversions in certain strains (Fig. 4B). Notably, 

the organisation of the rgp clusters of all analysed strains of the salivarius group is 

identical, i.e. the 5’ end of the gene cluster harbours the genes associated with the 

biosynthesis of the side chain structure, while the 3’ region of the cluster is 

associated with the rhamnan backbone component (Fig. 4A).  

To evaluate, as would be expected, if the assigned genotypes (or sub-genotypes) are 

directly linked to unique chemical structures, we elucidated the RGP structures of 

five streptococcal strains representing distinct and previously uncharacterised rgp 

genotypes. The selected genotypes include the following novel combinations of Bt 

and Vt sub-genotypes: VtxBt4 (rgp5), Vt2Bt2 (rgp9), Vt3Bt3 (rgp4), Vt5Bt1 

(rgp7), Vt9Bt1 (rgp8). With the availability of the chemical structures of nine rgp 

genotypes (rgp1–9) through this and previous studies (Fig. 4C), we analysed and 

predicted the major structural features of unresolved rgp types (rgp10–14) as 

described in the ensuing section. 
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Fig. 4. A) - Schematic overview and comparative analysis of the rgp loci from 

salivarius group strains representative of distinct rgp genotypes (rgp1-14). Numbers 

in parentheses following strain names correspond to the rgp genotypes defined by 

HCL analysis (Fig. 3A). Regions of homology are joined by blocks of different 

shades of grey to black and generated using CAGECAT (58). The predicted 

functions of genes are colour-coded and described at the base of the figure. B) 
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Schematic representation of the genomic position of the rgp loci in the salivarius 

group species. Boxes are colour coded by species and according to Fig. 3B. C) 

Complete RGP structures of distinct Vt and Bt genotype combinations representing 

nine rgp genotypes (rgp1-9). Monosaccharide symbols are based on those indicated 

by the Standard Nomenclature for Glycans (SNFG). A red line indicates structural 

modifications that may or may not be present: the Bt1 structure may or may not 

contain a glucose residue; the Vt3 structure may be a disaccharide containing either 

β-Gal or a β-Glc residues and may be attached to the rhamnose backbone at different 

linkage points; the Vt4 side chain may be a tri- or tetrasaccharide; the Vt5 side chain 

may or may not have an additional glucose monosaccharide modification; the 

representative rgp8 strain, STMM11 may have a side chain component (~ 30 %); 

the selected rgp9 strain, Brie28, has limited branching with a side chain structure 

(~ 20 %). 
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Structural elucidation of RGPs representing previously uncharacterised rgp 

genotypes 

To date, the RGP chemical structures of strains representing rgp1 (UCCSt50) (47), 

rgp2 (UCCSt95), rgp3 (UCCSt89), rgp4B (UCCSt12) (38), and rgp6 (ST64987) 

(39) have been elucidated. The rhamnose-rich RGPs of these salivarius group 

streptococci are structurally diverse heteropolysaccharides, typically composed of 

a polyrhamnose backbone decorated with strain-specific side chains that may 

contain N-acetyl glucosamine (GlcNAc), N-acetyl galactosamine (GalNAc), 

glucose (Glc), galactose (Gal), and/or rhamnose (Rha) (12,44,59). Structural 

diversity arises from the variation in monosaccharide composition, the number of 

and glycosidic linkage between monosaccharides in the repeating unit or side chain 

decoration, and the branching patterns.  

In the present study, we significantly expand the salivarius group RGP structural 

repertoire by elucidating the RGP structures from S. thermophilus strains 

representing rgp5A (Douc24), rgp7 (CNRZ302), rgp8 (STMM11), and rgp9 

(Brie28) genotypes. An additional rgp4B strain (Nect13) was also analysed in the 

context of this study as it contained a glycosyltransferase-encoding gene involved 

in RGP side chain biosynthesis whose product shares only 65 % amino acid 

similarity with its equivalent in UCCSt12 (Fig. 4A) (38). To summarise, the 

rhamnan backbone structure of two of the five strains is composed of a rhamnose 

disaccharide with -2-α-Rha-3-α-Rha- subunits (rgp8 and rgp9 strains), while the 

remaining three strains possess trisaccharide backbone subunits composed of -2-α-

Rha-3-α-Rha-2-α-Rha- (rgp4B and rgp5A) or -6-α-Glc-2-α-Rha-2-α-Rha- (rgp7) 

(Table 1; Supplementary Table S4-S8, Supplementary Fig. S1 – S11). The side 

chain structures of each assessed strain representing the five genotypes were distinct 
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as predicted based on the unique glycosyltransferase-encoding gene content of each 

identified genotype (Fig. 3A). The side chain structures differ in composition and 

length, ranging from disaccharides to tetrasaccharides and are primarily composed 

of Glc, Gal, Rha and/or GlcNAc/GalNAc. Consistent with previous studies, four of 

the five side chain structures contain either a GlcNAc or GalNAc directly linked to 

the rhamnan backbone structure (Fig. 3C). The exception to this general observation 

is Douc24 representing rgp5A, whose side chain structure does not commence with 

either of these amino sugars and which is consistent with the unique gene 

composition of its associated gene cluster.  

Table 1 – Chemical structures of the RGP of S. thermophilus strains Nect13, 

UCCSt12, Douc24, CNRZ302, STMM11 and Brie28. The rhamnan backbone 

subunit and its attachment point to the rhamnan backbone is highlighted in grey. 

Strain rgp 

genotype 

RGP structure 

Nect13 rgp4B [-Glc-3--GalNAc-3-]-2--Rha-2--Rha-3--Rha- 

-2--Rha-[-Glc-3--GalNAc-3-]-2--Rha-3--Rha- 

UCCSt12 (38) rgp4B [-Gal-3--GalNAc-3-]-2--Rha-2--Rha-3--Rha- 

-2--Rha-[-Gal-3--GalNAc-3-]-2--Rha-3--Rha- 

Douc24 rgp5A -2--Rha-2--Rha-[-Glc-6--Glc-2-]-3--Rha- 

CNRZ302 rgp7 [β-Galf-3-α-Gal-2-α-Rha-3-β-GlcNAc-3-]-2-α-Rha-[α-Glc-4-]-2-α-Rha-

6-α-Glc- 

STMM11 rgp8 [β-Galf-3-α-Gal-2-α-Rha-3-β-GlcNAc-4-]-2-α-Rha-3-α-Rha- 

Brie28 rgp9 [β-Gal-4-α-Rha-3-β-GalNAc-4-]-2-α-Rha-3-α-Rha- 
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Establishing a genotype-to-structure relationship for salivarius group RGPs 

It has been shown in previous studies that the cwps genotype of Lactococcus 

lactis/cremoris strains correlates with the biochemical structure of the 

polysaccharide (60). Similar genotype-to-structure relationships have more recently 

been explored in the dairy-associated species Pseudolactococcus raffinolactis and 

Pseudolactococcus laudensis (61). An equivalent framework has not yet been 

established for streptococcal species. 

By integrating comparative genomics with biochemical characterisation of 

currently elucidated RGP structures, we established a foundation for the reliable 

prediction of RGP structural features in S. thermophilus and related members of the 

salivarius group. Our analyses indicate that their key RGP structural features, 

including oligosaccharide chain length, monosaccharide composition, and the 

presence of distinctive modifications such as galactofuranose (Galf), can be inferred 

directly from the rgp locus gene content despite exhibiting substantial genetic 

diversity among rgp clusters. Extending this approach across the salivarius group 

suggests that the conserved modular organisation of rgp loci (i.e. side chain module 

and backbone module) and shared gene content enables a reasonably accurate 

prediction of the backbone and side chain subunit structure. This framework, 

therefore, provides a basis for predicting RGP structural similarities as well as 

structural diversity across the salivarius group, and beyond. 

The rhamnan backbone component of streptococcal RGPs is encoded by a 

conserved region of the rgp locus characterised by the presence of well-defined 

rhamnosyltransferases (RgpA, B and F) together with an ABC-type transport 

system (encoded by rgpC and rgpD), whose encoding genes are typically co-located 
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in the specific arrangement rgpABCDF (Fig. 4A). In addition, a WpsJ homologue 

is frequently located in this region of the locus and additional glycosyltransferase-

encoding genes may be located up- or down-stream of the rgpABCDF module (Fig. 

4A). RgpE homologues (encoded by rgpE) have also been identified in the 

streptococcal rgp cluster, in the backbone-associated region, and are proposed to 

‘cap’ the rhamnan polymer, thus determining chain length in L. lactis (57,60). In S. 

mutans, RgpE contributes to the formation of glucose side chains after the core 

rhamnose chain is assembled (18,62). Despite this overall conservation, expansion 

of the HCL and comparative genomic analysis of rgp loci to include all known 

salivarius group species, the present study enabled identification of three additional 

backbone genotypes (Bt4, 5 and 6), reflecting further genetic and potential 

structural diversity within the rhamnan biosynthetic framework. This analysis 

highlights that variation in the backbone-associated rgp modules is associated with 

structural diversity, with rhamnan subunits ranging in length from di- to 

tetrasaccharides (Fig. 4C). 

Variation in rhamnan backbone architecture appears to correlate with differences in 

the glycosyltransferase-encoding gene content of the backbone-associated rgp 

modules. The presence of rgpA and rgpB across all identified backbone genotypes 

supports their proposed role in catalysing rhamnan backbone assembly in salivarius 

group species, consistent with the observation that all structurally characterised 

streptococcal RGPs contain a minimum of two rhamnose residues. Variation in 

backbone length, ranging from di- to tetrasaccharide repeating units, may be 

associated with the presence of additional glycosyltransferase-encoding genes 

within the backbone-associated module, including RgpE, which may influence 

rhamnan chain elongation. This is reflected in the consistent association of 
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disaccharide backbones with Bt2 sub-genotypes and trisaccharide backbones with 

Bt3 sub-genotypes (Fig. 4C). Furthermore, the presence of an additional 

glycosyltransferase-encoding gene within the backbone region in all Bt1 sub-

genotypes is consistent with the incorporation of a glucose residue into the rhamnan 

component (Supplementary Fig. S12).  

Extending these observations to the remaining backbone genotypes enables 

tentative predictions of their rhamnan structures. For example, the representative 

Bt5-type strain lacks the glycosyltransferase-encoding gene predicted to 

incorporate glucose into Bt1-associated structures, suggesting a backbone structure 

composed primarily of rhamnose residues for this particular strain. Additionally, 

Bt4 strains encode an additional glycosyltransferase within the backbone-

associated module, which may contribute to structural variation relative to other 

genotypes. Similarly, the Bt6-type strain analysed in this study, harbours two 

additional glycosyltransferase-encoding genes within the backbone region, 

indicating potential for further modification of the backbone structure. However, 

these predictions require experimental validation. 

The 5′ variable region of the rgp locus encodes the biosynthetic machinery for the 

synthesis and assembly of the RGP side chain and displays greater organisational 

and gene content diversity compared to the 3’ portion of the rgp locus (Fig. 4A). 

This observed diversity is linked to the identification of six additional variable 

genotypes in the current study (Vt6-10, including a Vtx genotype; Supplementary 

Table S3), further highlighting the complexity of these genetic clusters. The first 

glycosyltransferase-encoding gene within this region is highly conserved and shares 

sequence similarity with rgpI of S. mutans, which has been proposed to encode a 
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regulatory protein influencing glucose side chain branching frequency (18,44). 

However, TMHMM and HHpred analyses also indicate similarity to polysaccharide 

polymerases described in L. lactis (57), suggesting a role in polysaccharide 

assembly. While rmlD homologues, encoding the enzyme responsible for the final 

step in the dTDP-L-rhamnose biosynthetic pathway were identified within the 5’ 

portion of rgp cluster of all analysed strains, rmlA to -C are located outside of the 

rgp locus (38). Additionally, wpsA homologues, which encode a glycosyltransferase 

associated with the initiation of side chain biosynthesis in L. lactis and S. 

thermophilus (47,57) were also identified in this region. The leftward end of the 

modules of the analysed rgp loci also display considerable intergroup variation, 

particularly in the glycosyltransferase-encoding gene content (Fig. 4A).  

Side chain biosynthesis is initiated by WpsA, the priming glycosyltransferase and 

its associated activator (WpsB), through the addition of a GlcNAc or a GalNAc 

moiety to the lipid carrier undecaprenyl-phosphate, as detailed previously (47,57). 

This feature is mirrored by the conservation of WpsA homologues across all 

analysed rgp genotypes, with the exception of rgp5, rgp11 and rgp13 type strains 

which lack the majority of side chain synthesis-associated genes (Fig. 4A). Strains 

initiating side chain biosynthesis with a GlcNAc moiety (Vt1, 4, 5, 8 and 9-type 

loci), possess WpsA homologues closely related to those found in L. lactis 

MG1363, sharing ~ 52 % sequence identity. Conversely, strains possessing a rgp 

Vt2, 3 and 7-type share a reduced similarity (< 40 %) and possess a different first 

monosaccharide in their side chain structure, i.e. a GalNAc vs GlcNAc moiety. In 

this study, by extending the gene compositional analysis to include all salivarius 

group members, we identified a third WpsA variant present in the only classified 

rgp14 type strain that exhibits a Vt6 sub-genotype. This variant has low sequence 
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similarity with all other WpsA homologues in the representative strains presented 

in this study (Fig. 4A) and shares ~ 47 % identity with that of the L. lactis MG1363 

WpsA. In this study, we confirm that the backbone-linked monosaccharide in the 

side chain units for Vt5 and Vt9 type strains is a GlcNAc residue, while those for 

Vt2 type strains are GalNAc residues (Fig. 4C). The lack of a wpsA homolog (and 

a seemingly minimal side chain module) in the rgp5, 10, and 11-type strains is 

reflected in the non-canonical side chain structure of the rgp5A strain, in which the 

backbone structure is instead decorated with two glucose residues. In this case, the 

glucose disaccharide side chain is predicted to be added by the additional 

glycosyltransferases encoded within the backbone module (Fig. 4A; Supplementary 

Fig. S12).  

A unique (predicted) acyltransferase-encoding gene is present in all rgp11 (S. 

salivarius and S. raffinosi) type strains and in the single representative rgp14 (S. 

salivarius) type strain (Fig. 4A). The presence of an UDP-galactopyranose mutase 

correlates to the presence of a Galf residue in side chain structure in the CWPS of 

several L. lactis strains (C-type strains (60)). In this study, the same observation is 

made for rgp7 and rgp8 type strains that harbour a UDP-galactopyranose mutase-

encoding gene in their respective rgp loci and indeed appear to have undergone a 

pyranosyl to furanosyl tautomerisation in the corresponding galactose moieties in 

their respective side chain structures.  

Collectively, these observations support the establishment of a genotype-to-

structure relationship for streptococcal RGPs, in which variation in rgp gene content 

can be used to predict key structural features of both the backbone and side chain 

components. 
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Transcriptional units within the rgp loci underpin their modular nature & 

unique organisation 

Lactococcus lactis/cremoris has been a useful paradigm and comparator for the 

functional analysis of S. thermophilus rgp loci (57,60). However, while the order of 

the genes present in the lactococcal cwps clusters are organised into two to three 

discrete modules that follow the order of the biosynthetic process, the organisation 

of S. thermophilus rgp gene clusters does not appear to be linear, i.e. follow the 

order of biosynthesis (38). Comparative analysis of the rgp clusters of salivarius 

group species revealed a similar organisation to that of S. thermophilus (Fig. 4A). 

Therefore, to define the modular organisation and to identify the transcriptional 

units that are present in these loci, RNA-Seq analysis was performed on six 

streptococcal strains representing rgp1, 4B, 5A, 7, 8 and 9 genotypes. In parallel, 

an in silico prediction of the promoters within the rgp loci of these strains as well 

as representatives of rgp10-14 was performed (Fig. 5A). At the 5’ end of the rgp 

locus associated with the biosynthesis of the side chain component, the number of 

transcriptional units varies between the analysed strains with between one and three 

promoter regions identified (Fig. 5A). This region of the rgp locus is associated 

with the highest variability and with a number of observed insertion/deletions, 

which are likely achieved through homologous recombination events. It is notable; 

however, that where apparent insertions have occurred (or rgp genotype-specific 

genes or gene sets), each such “insertion” is associated with its own (predicted) 

promoter. In contrast, the rightward end of the locus, which is associated with 

rhamnan backbone biosynthesis, appears less diverse in terms of their predicted 

promoters, with one or two transcriptional units and with promoters typically 

located upstream of the first rhamnosyl-/glycosyl-transferase-encoding gene within 
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the module (in the case of rgp1, 7, 13, 14) or upstream of wpsJ (in the case of 

rgp5A) and upstream of rgpA (in all rgp types) (Fig. 5A). The discrete modules 

within these loci incorporate functions including glycosyltransferase activity and 

may be associated with the addition of specific side chain structures/moieties.  

The genetic plasticity of the rgp loci across the salivarius group is evident and an 

excellent paradigm for horizontal gene transfer between members of this group. 

Interestingly, the rgp loci of representative members of rgp10 are predicted to 

harbour a single promoter upstream of rgpA and which is reminiscent of the 

(pseudo)lactococcal cwps genotype E (61). To validate the RNA-Seq data and 

promoter predictions, PCR-based assays were performed on three S. thermophilus 

strains representing rgp1 (UCCSt50), rgp5A (Douc24) and rgp9 (Brie28) 

genotypes, using cDNA generated from RNA extracts of the strain at mid-log and 

targeting each predicted promoter. Using a combination of primers located 

upstream (as a negative control) of the predicted promoter and within the identified 

transcriptional units, the transcriptional units were confirmed while PCRs using the 

upstream primer did not yield an amplicon confirming the absence of host DNA in 

the RNA (and subsequent cDNA) preparation (Fig. 5B). 
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Fig. 5. A) Schematic representation of the salivarius group rgp gene clusters with 

predicted (red arrow) (63) and validated promoter regions (blue arrow). B) Gel 

electrophoresis summarising the RT-PCR results for the transcriptional units of the 

rgp gene clusters of S. thermophilus strains UCCSt50, Brie28 and Douc24. Total 

RNA was purified from each strain and used for cDNA synthesis (“RT”). To identify 

the transcriptional units of the rgp clusters, PCRs were performed using primer pairs 

consisting of an “ups” primer positioned upstream the predicted promoter region 

and an internal primer located within the downstream transcriptional unit (“int”). 

Gel lane labels (e.g., S1ups, S1int, S2ups, etc) indicate the specific 

upstream/internal primer combinations used for each strain (Supplementary Table 

S9). No-RT controls (“No-RT”) generated from the same RNA preparations were 

amplified with 16S primers and S1 primer sets to confirm the absence of genomic 

DNA contamination. Below each gel electrophoresis image is a schematic 

representation of the corresponding rgp gene cluster of each S. thermophilus strain 

highlighting the deduced transcriptional units present. The identified promoter 

regions (Prom) are shown by blue arrows, and the identified transcriptional units 

(TU) are represented by purple lines. Numbers on the left-hand side of each gel 

electrophoresis image correspond to the size of the DNA ladder used (Thermo 

Scientific GeneRuler DNA Ladder Mix) 
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Discussion 

The genus Streptococcus was among the first bacterial taxa to be described in the 

late nineteenth century and today encompasses more than 100 recognised species 

occupying a broad range of ecological niches. Despite extensive study, the 

taxonomy and phylogeny of this genus remain highly dynamic, driven by continual 

expansion of genome sequence databases and the increasing availability of 

metagenome-assembled genomes (MAGs) from diverse environments. Recent 

large-scale phylogenetic studies have proposed between eight and nine major 

streptococcal groups depending on the genomes included and the analytical 

approaches employed (6,8,64). In the present study, we sought to provide an 

updated and comprehensive overview of streptococcal phylogeny using the largest 

collection of high-quality streptococcal genomes analysed to date, while 

simultaneously exploring the diversity, organisation, and functional significance of 

rgp loci using the salivarius group streptococci as a paradigm. By integrating large-

scale phylogenomic analysis with comparative genomics, structural elucidation, 

and transcriptional mapping, we demonstrate that variation within rgp loci 

underpins diversity in RGP architecture. Furthermore, our findings establish 

genotype-to-structure relationships for salivarius group RGPs and reveal that these 

loci are highly dynamic, modular genetic units for RGP biosynthesis that most 

likely are shaped by ecological adaptation and selective pressures acting on the 

bacterial cell surface.  

The phylogenomic analysis performed in this study, encompassing almost 5,000 

high-quality streptococcal genomes and MAGs, represents the most comprehensive 

dataset examined to date and supports the classification of the genus into eleven 

phylogenetic groups. Importantly, the inclusion of large numbers of MAGs enabled 
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representation of previously uncultured or poorly characterised taxa, highlighting 

the substantial unresolved diversity that remains within the Streptococcus genus. 

The strong representation of the salivarius group observed within the pangenome 

analysis (Fig. 1) combined with the knowledge that members of this group are 

among the earliest human colonisers led us to apply its members as a model 

taxonomic group for investigating rgp locus presence, diversity and organisation. 

Cell envelope-associated polysaccharides, and RGPs in particular, are increasingly 

recognised as central components of streptococcal biology. However, despite their 

widespread distribution across streptococci, their genetic organisation and 

biochemical structures have been characterised for only a limited number of 

species, including S. thermophilus, S. mutans and S. pyogenes. This comparatively 

narrow representation likely reflects the biological importance of these cell wall 

structures in such species, where RGPs have been linked directly to bacteriophage 

susceptibility (17,40,45,47), cell division (14,21), and virulence (24,65), 

respectively. The present study substantially expands this understanding by 

demonstrating that rgp loci are a widespread feature across the majority of 

streptococci and that all currently recognised salivarius group species harbour rgp 

loci with conserved modular organisation.  

One of the most significant findings of this study is the extent of rgp locus diversity 

across the salivarius group. Previous studies had defined seven rgp genotypes 

within S. thermophilus (38), while in the present study, we identified an additional 

seven distinct rgp genotypes. Furthermore, we identified multiple novel backbone-

associated genetic region genotypes (Bt) and variable side chain-associated 

genotypes (Vt) distributed across S. thermophilus, S. salivarius, S. vestibularis and 

S. raffinosi. While several genotypes were shared between species, many appear to 
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be species-specific, suggesting that both horizontal gene transfer and niche-specific 

evolutionary trajectories may contribute to rgp diversification. The presence of 

conserved locus organisation and genomic positioning across all salivarius group 

species indicates that the rgp locus likely represents an ancestral and functionally 

important component of the cell envelope. However, the extensive variation 

typically observed within the side chain-associated regions suggests that selective 

pressures primarily target surface-exposed structural features while preserving the 

conserved biosynthetic machinery required for rhamnan backbone assembly. 

The newly identified rgp genotypes present in oral/human-associated salivarius 

group species may also reflect adaptation to distinct ecological niches. Several rgp 

loci identified exclusively in S. salivarius, S. vestibularis or S. raffinosi display 

reduced side chain-associated modules or encoded additional putative modification 

enzymes, including membrane-bound acyltransferase 3 (AT3)-family proteins. In 

many bacterial species, the acylation of surface sugars is mediated by 

membrane-bound acyltransferase-3 (AT3) proteins, which transfer activated acyl 

groups to extracellular polysaccharide substrates and influence host colonisation, 

environmental survival, and other surface properties (66). Similarly, glycerol 

phosphate modifications of RGPs in S. mutans and S. pyogenes contribute to altered 

cell surface properties and host interactions (21,25). Although the function of 

putative acyltransferases identified here has not been experimentally validated, the 

absence of these genes among dairy-associated S. thermophilus strains and presence 

in oral-associated salivarius group species suggests that these modifications may 

contribute to host adaptation or ecological fitness within the oral cavity. Further 

biochemical and mutational analyses is required to determine the direct contribution 
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of these genes in RGP modifications and how these modifications may influence 

cell surface biology. 

Through structural elucidation of five previously uncharacterised RGPs, this study 

substantially expands the known structural repertoire of streptococcal RGPs. 

Importantly, comparative analysis demonstrated a strong correlation between rgp 

locus gene content and experimentally resolved RGP structures, enabling a degree 

of prediction of key structural features from genomic information. Variation within 

glycosyltransferase-encoding genes and priming glycosyltransferase homologues 

was shown to strongly correlate with side chain composition and the identity of the 

first side chain monosaccharide. Furthermore, the presence of UDP-

galactopyranose mutase homologues correlated with galactofuranose-containing 

RGP structures. These observations extend the potential genotype-to-structure 

relationships previously established in L. lactis to streptococci and provide a 

framework for predicting RGP diversity across the genus. 

Collectively, this study provides the most extensive comparative analysis of 

streptococcal rgp loci and RGP structures reported to date and significantly expands 

current understanding of the diversity, evolution, and functional significance of 

these important, multifunctional, cell envelope-associated polysaccharides. By 

integrating phylogenetic analysis, comparative genomics, structural elucidation, 

and transcriptional mapping, we establish a framework linking rgp gene content to 

polysaccharide architecture across the salivarius group streptococci. Our findings 

demonstrate that rgp loci are highly dynamic and modular biosynthetic clusters 

whose diversity likely reflects adaptation to distinct ecological niches and selective 

pressures acting on the bacterial cell surface. The predictive genotype-to-structure 

relationships established in this study provide a foundation for future exploration 
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of streptococcal cell wall diversity, including its roles in phage biology, host 

interactions, and niche adaptation across the entire genus. 
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Materials and Methods 

Phylogenetic analysis 

Initially 13,762 Streptococcus genomes and MAGs were retrieved from a diverse 

set of databases: SPIRE (a Searchable Planetary-scale mIcrobiome Resource) (50), 

curatedFoodMetagenomicData (cFMD) (52), NCBI Genome database, and MGnify 

Genome catalogues (Unified Human Gastrointestinal Genome (UHGG) collection 

and Skin biome collection) (49,51). CheckM2 (67) was used to filter for high 

quality genomes (>90% complete and <5% contamination) to generate a final 

dataset of 4,966 genome sequences consisting of high-quality MAGs (2,737) and 

genomes of isolated streptococcal strains (2,229). The genomes were taxonomically 

classified using GTDB-TK (53) v2.7.2 classify workflow with GTDB-TK reference 

database (version 232). The pangenome toolbox PIRATE v1.0.5 (Pangenome 

Iterative Refinement and Threshold Evaluation) (68) was used to generate a 

pangenome, including Lactococcus lactis ATCC 19435 (GenBank Accession 

number NZ_LKLC00000000) as outgroup. Single-copy core genes (present in 

more than 90% of genomes) were concatenated in a gene alignment. The alignment 

was trimmed with ClipKIT v2.4.1 (kpi mode) to remove gaps, and successively by 

only including the top 10% of bases ranked by entropy. IQ-TREE (69) v2.4.0 (-fast) 

was used for tree inference, and the resulting tree was visualised using iTOL v7.6 

software (https://itol.embl.de/). Phylogenetic groups were defined using the R 

package ‘ape’ (70) with 1 as the threshold for number of substitutions per site in the 

10% most variable positions of the core genome and a given group consisting of a 

minimum of 10 genomes. 
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Automated search for genes associated with RGP synthesis 

To assess the prevalence of the rgp gene cluster within the Streptococcus genus, 150 

high-quality (determined by CheckM2) Streptococcus reference genomes 

representing available streptococcal species were retrieved from NCBI Genome 

Datasets (https://www.ncbi.nlm.nih.gov/datasets/genome/). All genomes were 

reoriented to start with dnaA using dnaapler (71) v1.3.0 and subsequently annotated 

with Bakta (72) v1.12.0. A custom python script was developed to identify 

conserved genes associated with RGP synthesis. Specifically, the target genes/gene 

products were associated with rhamnose-nucleotide precursor synthesis (rmlA-D), 

rhamnan structure synthesis (rgpA), and variable side chain synthesis (wpsB). The 

target gene names and annotated products for each of the gene targets are as follows: 

rmlA (rfbA; glucose-1-phosphate thymidylyltransferase), rmlB (rfbB; dTDP-

glucose 4,6-dehydratase), rmlC (rfbC, rmlC, rmlC-like protein; dTDP-4-

dehydrorhamnose 3,5-epimerase; dTDP-4-keto-6-deoxyglucose 3,5-epimerase; 

dTDP-4-keto-6-deoxy-D-glucose epimerase), rmlD (rfbD, dTDP-4-

dehydrorhamnose reductase), rgpA (cps2T, beta-1,4-rhamnosyltransferase), and 

wpsB (DUF2304). 

Streptococcal strains 

S. thermophilus strains were routinely grown from single colonies or bacterial 

stocks maintained at -70 °C (25 % [wt/vol] glycerol) in M17 broth (Sigma, USA) 

supplemented with 0.5 % lactose (Sigma, USA) at 42 °C. 
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DNA extraction and sequencing  

Genomic DNA of S. thermophilus strains Brie28, Douc24, Moz74, Moz76, Moz77, 

Moz83, Moz111, Nect1, Nect13, Roque89, Strac42, UCCSt89 and Vach60 

(Supplementary Table S2) was extracted using a modified protocol of the 

Nucleobond AXG 100 with Buffer set III (Macherey-Nagel, Germany) as described 

previously (45).  

Bacterial genome sequencing was performed by Plasmidsaurus (USA) using 

Oxford Nanopore Technology (UK) long-read sequencing. Long-read sequencing 

was conducted on a PromethION P24 platform with R10.4.1 flow cells, and 

libraries were prepared using the Rapid Barcoding Kit 96 V14. Basecalling was 

performed using ‘dorato super-accurate’ basecalling with default Q10 quality 

filtering. Sequences were subsequently annotated using Bakta with default 

parameters (72).  

Identification and comparative analysis of the rgp loci of streptococcal strains  

The rgp gene clusters of streptococcal strains applied in the HCL and comparative 

analysis in this study were identified as described previously between two 

conserved genes, i.e. the genes that encode the 30S ribosomal subunit (5’ flank) and 

the Rex transcriptional regulator (3’ flank) (38,41). Fasta files of these regions were 

extracted from 223 high-quality complete genomes or scaffolds of members of the 

salivarius group available in the NCBI database (Supplementary Table S2). For 

consistency in rgp cluster comparisons, the fasta files from each rgp were 

reannotated using the Prokka v1.14.6 pipeline (73) to generate GFF3 files. These 

output files were input into the Roary pangenome pipeline 

(https://github.com/sanger-pathogens/Roary) (74). Protein families were defined 
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using Roary with default parameters and a minimum BLASTp identity threshold of 

50 % (-i 50) and paralog splitting was disabled (-s). A binary presence-absence 

matrix of clustered proteins was generated and analysed using two-way hierarchical 

clustering (HCL) within the multi-experiment viewer (MeV v4.9) (75). Genotypes 

were assigned according to previously established classifications (38) or, where 

necessary, based on newly resolved groups identified through HCL and comparative 

sequence analyses.  

Detailed annotation of the rgp loci of the strains in Fig. 2C and Fig. 3A was 

performed using HHpred for structural predictions (76), while transmembrane 

helices were detected using the TMHMM server DeepTMHMM (77) v1.0 available 

at https://services.healthtech.dtu.dk/services/DeepTMHMM-1.0/. Predicted 

functions of genes were proposed based on comparisons to Lactococcus lactis cwps 

clusters, including the HHpred and TMHMM analysis (57).  

Preparation and structural analysis of the RGPs of S. thermophilus strains  

S. thermophilus strains Brie28, CNRZ302, Douc24, Nect13 and STMM11 were 

grown overnight in M17 (Sigma, USA) supplemented with 0.5 % lactose (Sigma, 

USA) (1 % total lactose concentration) at 42 °C. Culture volumes ranged from 4 to 

8 litres, and cells were harvested by centrifugation at 4,400× g at 4 °C for 30 

minutes. The resulting cell pellets were washed twice with ice-cold sterile distilled 

water, first with 300 mL per culture, then pooled and washed again in 40 mL, and 

subsequently stored at –20 °C. 

CWPSs (RGP) were extracted from the cell pellet with consecutive treatments with 

0.01 M and 0.1 M HCl (100°C, 20 min) after pre-extraction with cold 5 % TCA (48 

h, 5°C). The HCl extracts were deproteinated by addition of TCA (up to 5 %), 
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dialysed, freeze-dried and purified on Sephadex G-50 column, as described 

previously (39). HCl preparations had identical monosaccharide composition and 

1H NMR spectra. Unless otherwise specified, the preparations of 0.01 M HCl 

extractions were used for structural analysis of RGPs. 

Monosaccharide, methylation analysis was carried out as described previously 

(39,60). Gel filtration and anion-exchange chromatography, alkaline deacylation, 

deamination and NMR spectroscopy were performed as described previously (38). 

Reverse-phase HPLC was performed on Agilent Zorbax C18 column (250 × 9 mm) 

in solvent A (0.1 % TFA v/v) and B 80 % MeCN (v/v), 3 ml/min, from 3 % B 10 

min, then gradient to 100 % B over 30 min. with a UV detector at 220 nm. 

RNA extraction and sequencing 

S. thermophilus strains Brie28, CNRZ302, Douc24, Nect13, STMM11 and 

UCCSt50 were grown in M17 (Sigma, USA) supplemented with 0.5 % lactose 

(Sigma, USA) to mid-log phase (OD600 between 0.4 and 0.7) before harvesting by 

centrifugation. Cell pellets were resuspended in DNA/RNA shield (Zymo research, 

USA) and stored at -80 °C. Biological duplicates were prepared for all samples. 

Frozen cell pellets were sent to the University of Groningen for RNA extraction, 

rRNA depletion, library construction and RNA sequencing. RNA extraction and 

sequencing were performed as previously described (78). Ribosomal RNA was 

depleted using the RiboCop rRNA Depletion Kit (Lexogen, Austria) and 

sequencing libraries were prepared using the NEBNext Ultra II Directional RNA 

Library Prep Kit (New England Biolabs, USA). Libraries were sequenced on an 

Illumina NextSeq 1000 platform. Sequence quality was assessed using FastQC 

(Babraham Bioinformatics, UK) and reads were mapped to the corresponding 
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reference genomes using Bowtie2 with default settings. SAM files were converted 

to BAM format using SAMtools. Gene counts were generated using featureCounts 

following SAM/BAM file processing with SAMtools. 

RNA-Seq analysis and transcriptional unit prediction 

To identify transcriptional units within the rgp biosynthetic clusters, RNA-Seq read 

alignments were manually inspected and viewed using the Artemis genome browser 

(v16) (79). The coverage was viewed in Artemis by layering sorted BAM files from 

the two independent RNA-Seq samples with genome annotation files in GFF 

format. Coverage profiles across the rgp loci from the six strains were examined to 

identify transcriptional boundaries. Putative transcriptional start and termination 

sites were inferred by identifying regions where RNA-Seq coverage showed a sharp 

increase in read depth followed by sustained coverage across coding regions and a 

subsequent abrupt drop, consistent with the boundaries of a transcriptional unit. 

Additionally, promoters located within the rgp locus were predicted using the ProPr 

promoter prediction tool using default settings (Promoters in intergenic regions and 

auto detect best model) (63). Promoter predictions were compared with RNA-Seq 

coverage profiles to refine the positions of putative transcription start sites within 

the rgp clusters of the six S. thermophilus strains (Brie28, CNRZ302, Douc24, 

Nect13, STMM11 and UCCSt50).  
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RNA purification and validation of predicted promoters  

Primers targeting regions upstream of predicted promoters and within the 

corresponding transcriptional units were designed (Supplementary Table S9) and 

synthesised (Integrated DNA Technologies, USA). S. thermophilus strains Brie28, 

CNRZ302, Douc24, and UCCSt50 were grown in LM17 medium to mid-log phase 

in biological triplicate. For each culture, 1 mL of cells was harvested and 

resuspended in 2 mL RNAprotect Bacteria Reagent (Qiagen, Germany) as per the 

manufacturer's instructions.  

Total RNA was purified using the RNeasy Mini Kit (Qiagen, Germany) according 

to the manufacturer’s protocols 4 and 7, with the following modifications: the lysis 

incubation was extended to 30 minutes, the DNase I treatment was performed at 

37 °C for 30 minutes, and an additional post-purification DNase I treatment (Roche, 

Switzerland) was carried out at 37 °C for 20 minutes. The reaction was terminated 

by the addition of 0.2 M EDTA and incubating at 75 °C for 10 minutes. 

Complementary DNA (cDNA) was synthesized from 16 µL of purified RNA using 

the LunaScript RT SuperMix (New England Biolabs, USA) according to the 

manufacturer’s instructions. Each replicate of each strain was then used as the 

template for PCR amplification of the predicted promoter regions to define the 

transcriptional units of the rgp loci. PCRs were performed using DreamTaq PCR 

master Mix (Thermo Fisher Scientific, USA) with the following cycling 

parameters: initial denaturation at 95 °C for 3 min; 30 cycles of 95 °C for 30 s, 55 °C 

for 30 s, 72 °C for 1 min 30 s; and a final extension at 72 °C for 10 min. 
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Data availability  

Several S. thermophilus strain genomes were sequenced to completion using long 

reads sequencing approach (Oxford Nanopore Technology, ONT) as part of this 

study. The genome sequences of S. thermophilus Brie28, Douc24, Moz74, Moz76, 

Moz77, Moz83, Moz111, Nect1, Nect13, Roque89, Strac42, UCCSt89, and Vach60 

have been deposited in GenBank under BioProject accession number 

PRJNA1405548. RNA-Seq raw reads (.fastq files) were deposited to the Sequence 

Read Archive (SRA) under the BioProject accession number PRJNA1463093. 
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Supplementary Material  

Supplementary Table S1 – CH3_Supplementary_TableS1.xlsx 

A link to the 4,966 high-quality genomes used in the pangenome analysis, including 

Genome or MAG identifier, the database the genome was retrieved from, the GTDB 

classification, the species name, genome size, GC content and phylogenetic group 
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Supplementary Table S2. Streptococcus strain genomes (n=223) used in the HCL analysis presented in this study and their associated genome 

assembly level and NCBI accession number.  

 Strain Species  Assembly level in 

NCBI  Accession number  Notes  

1 1A Streptococcus thermophilus  Complete   CP065384   

2 1F8CT Streptococcus thermophilus  Chromosome  CM003138   

3 4021 Streptococcus thermophilus  Complete  CP065493   

4 4052 Streptococcus thermophilus  Complete  CP065476   

5 4067 Streptococcus thermophilus  Complete  CP065496   

6 4078 Streptococcus thermophilus  Complete  CP065477   

7 4134 Streptococcus thermophilus  Complete  CP065478   

8 4145 Streptococcus thermophilus  Complete  CP065492   

9 4147 Streptococcus thermophilus  Complete CP065504   

10 13496 Streptococcus thermophilus  Complete  CP061025   

11 13498 Streptococcus thermophilus  Complete  CP061024.   

12 13499 Streptococcus thermophilus  Complete  CP061023   

13 24738 Streptococcus thermophilus  Complete  CP061022   

14 24739 Streptococcus thermophilus  Complete  CP061021   

15 24740 Streptococcus thermophilus  Complete  CP061020   

16 24853 Streptococcus thermophilus  Complete  CP061019   

17 90728 Streptococcus thermophilus  Complete  CP065479   

18 90729 Streptococcus thermophilus  Complete  CP065480   

19 90730 Streptococcus thermophilus  Complete CP065481   

20 ACA-DC_2 Streptococcus thermophilus  Chromosome LT604076   

21 APC151 Streptococcus thermophilus  Complete  CP019935   

22 ASCC_1275 Streptococcus thermophilus  Complete  CP006819   

23 ATCC_19258 Streptococcus thermophilus  Complete  CP038020 Whole genome annotated using Prokka 

24 AVA116 Streptococcus thermophilus  Complete  CP065498   

25 AVA1121 Streptococcus thermophilus  Complete  CP065488   

26 B59671 Streptococcus thermophilus  Complete  CP022547   

27 Brie28 Streptococcus thermophilus  Complete  JBTWWX000000000  Sequenced in the context of this study  
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28 CH8 Streptococcus thermophilus  Complete  CP089060   

29 CICC_20372 Streptococcus thermophilus  Complete  CP132900   

30 CNRZ302 Streptococcus thermophilus  Complete  CP065489   

31 CNRZ385 Streptococcus thermophilus  Complete  CP065495   

32 CNRZ760 Streptococcus thermophilus  Complete  CP065482   

33 CNRZ887 Streptococcus thermophilus  Complete  CP065491   

34 CNRZ1066 Streptococcus thermophilus  Complete  CP000024   

35 CNRZ1151 Streptococcus thermophilus  Complete  CP065483   

36 CNRZ1202 Streptococcus thermophilus  Complete  CP065506   

37 CNRZ1575 Streptococcus thermophilus  Complete  CP065490   

38 CS5 Streptococcus thermophilus  Complete  CP028896   

39 CS6 Streptococcus thermophilus  Complete  CP050870   

40 CS8 Streptococcus thermophilus  Complete CP016439   

41 CS9 Streptococcus thermophilus  Complete  CP030927   

42 CS18 Streptococcus thermophilus  Complete  CP030928   

43 CS20 Streptococcus thermophilus  Complete  CP030250 Whole genome annotated using Prokka 

44 DGCC7710 Streptococcus thermophilus  Complete  CP123436   

45 DMST-H2 Streptococcus thermophilus  Complete  CP063275 Whole genome annotated using Prokka 

46 Douc24 Streptococcus thermophilus  Complete  JBTWWW000000000  Sequenced in the context of this study  

47 EG007 Streptococcus thermophilus  Complete  CP069275   

48 EPS Streptococcus thermophilus  Complete  CP025400 Whole genome annotated using Prokka 

49 EU01 Streptococcus thermophilus  Complete  CP047191   

50 F1B Streptococcus thermophilus  Complete  CP194006   

51 F2A Streptococcus thermophilus  Complete  CP194005   

52 FDAARGOS_1574 Streptococcus thermophilus  Complete  CP086001   

53 GABA Streptococcus thermophilus  Complete  CP025399 Whole genome annotated using Prokka 

54 IDCC2201 Streptococcus thermophilus  Complete  CP035306   

55 JIM_8232 Streptococcus thermophilus  Complete  FR875178   

56 KLDS_31003 Streptococcus thermophilus  Complete  CP016877   

57 KLDS_SM Streptococcus thermophilus  Complete  CP016026   

58 LMD-9 Streptococcus thermophilus  Complete CP000419   

59 LMG_18311 Streptococcus thermophilus  Complete  CP000023   
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60 M17PTZA496 Streptococcus thermophilus  Chromosome M002372   

61 MAG_rmk202_sterm Streptococcus thermophilus  Complete  CP046134   

62 MM1 Streptococcus thermophilus  Complete  CP065484   

63 MM20 Streptococcus thermophilus  Complete  CP065485   

64 MN-BM-A01 Streptococcus thermophilus  Complete  CP012588   

65 MN-BM-A02 Streptococcus thermophilus  Complete  CP010999   

66 MN-ZLW-002 Streptococcus thermophilus  Complete  CP003499   

67 Moz74 Streptococcus thermophilus  Complete  JBTWWV000000000 Sequenced in the context of this study  

68 Moz76 Streptococcus thermophilus  Complete  JBTWWU000000000 Sequenced in the context of this study  

69 Moz77 Streptococcus thermophilus  Complete  JBTWWT000000000  Sequenced in the context of this study  

70 Moz83 Streptococcus thermophilus  Complete  JBTWWS000000000  Sequenced in the context of this study  

71 Moz109 Streptococcus thermophilus  Complete  CP075363   

72 Moz111 Streptococcus thermophilus  Complete  JBTWWR000000000 Sequenced in the context of this study  

73 MRD6044 Streptococcus thermophilus  Complete  CP174173 Whole genome annotated using Prokka 

74 MTH17CL396 Streptococcus thermophilus  Chromosome CM002371   

75 N4L Streptococcus thermophilus  Chromosome  LS974444   

76 NBC5527 Streptococcus thermophilus  Complete  CP176540 Whole genome annotated using Prokka 

77 NCTC12958 Streptococcus thermophilus  Chromosome  LS483339   

78 ND03 Streptococcus thermophilus  Complete  CP002340   

79 ND07 Streptococcus thermophilus  Complete  CP016394   

80 Nect1 Streptococcus thermophilus  Complete  JBTWWQ000000000 Sequenced in the context of this study  

81 Nect13 Streptococcus thermophilus  Complete  JBTWWP000000000  Sequenced in the context of this study  

82 NWC_2_1 Streptococcus thermophilus  Complete  CP031021   

83 R1 Streptococcus thermophilus  Complete  CP065486   

84 Roque89 Streptococcus thermophilus  Complete  JBTWWO000000000 Sequenced in the context of this study  

85 RR Streptococcus thermophilus  Complete  CP065788   

86 S9 Streptococcus thermophilus  Complete  CP013939   

87 S24724 Streptococcus thermophilus  Complete  CP072443   

88 S24726 Streptococcus thermophilus  Complete  CP072442   

89 S24728 Streptococcus thermophilus  Complete  CP072441   

90 S24730 Streptococcus thermophilus  Complete  CP072440   

91 S24732 Streptococcus thermophilus  Complete  CP072439   
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92 S24733 Streptococcus thermophilus  Complete  CP072438   

93 S24734 Streptococcus thermophilus  Complete  CP072437   

94 S24735 Streptococcus thermophilus  Complete  CP072436   

95 S24736 Streptococcus thermophilus  Complete  CP072435   

96 S24742 Streptococcus thermophilus  Complete  CP072434   

97 S24743 Streptococcus thermophilus  Complete  CP072433   

98 S24745 Streptococcus thermophilus  Complete  CP072431   

99 S24746 Streptococcus thermophilus  Complete  CP072430   

100 S24747 Streptococcus thermophilus  Complete  CP072429   

101 S24748 Streptococcus thermophilus  Complete  CP072778   

102 S24749 Streptococcus thermophilus  Complete  CP072428   

103 S24750 Streptococcus thermophilus  Complete  CP072427   

104 SCB0351 Streptococcus thermophilus  Complete CP142105   

105 SMQ-301 Streptococcus thermophilus  Complete  CP011217   

106 ST3 Streptococcus thermophilus  Complete  CP017064   

107 ST19 Streptococcus thermophilus  Complete  CP065487   

108 ST55 Streptococcus thermophilus  Complete  CP065502   

109 ST057-1 Streptococcus thermophilus  Complete  CP102797 Whole genome annotated using Prokka 

110 ST106 Streptococcus thermophilus  Complete  CP031881   

111 ST109 Streptococcus thermophilus  Complete  CP031545   

112 ST128 Streptococcus thermophilus  Complete  CP065500   

113 ST64987 Streptococcus thermophilus  Complete  CP049053   

114 STH_CIRM_16 Streptococcus thermophilus  Chromosome  LR822006   

115 STH_CIRM_18 Streptococcus thermophilus  Chromosome  LR822008   

116 STH_CIRM_19 Streptococcus thermophilus  Complete  LR822009   

117 STH_CIRM_23 Streptococcus thermophilus  Chromosome  LR822011   

118 STH_CIRM_29 Streptococcus thermophilus  Chromosome  LR822010   

119 STH_CIRM_30 Streptococcus thermophilus  Chromosome  LR822012   

120 STH_CIRM_32 Streptococcus thermophilus  Chromosome  LR822013   

121 STH_CIRM_36 Streptococcus thermophilus  Chromosome  LR822014   

122 STH_CIRM_65 Streptococcus thermophilus  Chromosome  LR822015   

123 STH_CIRM_67 Streptococcus thermophilus  Chromosome  LR824002   
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124 STH_CIRM_336 Streptococcus thermophilus  Chromosome  LR822017   

125 STH_CIRM_368 Streptococcus thermophilus  Chromosome  LR822023   

126 STH_CIRM_772 Streptococcus thermophilus  Chromosome  LR822019   

127 STH_CIRM_956 Streptococcus thermophilus  Chromosome  LR822020   

128 STH_CIRM_961 Streptococcus thermophilus  Chromosome  LR822025   

129 STH_CIRM_967 Streptococcus thermophilus  Chromosome  LR822026   

130 STH_CIRM_998 Streptococcus thermophilus  Chromosome  LR822027   

131 STH_CIRM_1035 Streptococcus thermophilus  Chromosome  LR822029   

132 STH_CIRM_1046 Streptococcus thermophilus  Chromosome  LR822030   

133 STH_CIRM_1047 Streptococcus thermophilus  Chromosome  LR822031   

134 STH_CIRM_1048 Streptococcus thermophilus  Chromosome  LR822033   

135 STH_CIRM_1049 Streptococcus thermophilus  Chromosome  LR822034   

136 STH_CIRM_1050 Streptococcus thermophilus  Chromosome  LR822032   

137 STH_CIRM_1051 Streptococcus thermophilus  Chromosome  LR822035   

138 STH_CIRM_1055 Streptococcus thermophilus  Chromosome  LR822036   

139 STH_CIRM_1116 Streptococcus thermophilus  Chromosome  LR822039   

140 STH_CIRM_1121 Streptococcus thermophilus  Chromosome  LR822037   

141 STH_CIRM_1122 Streptococcus thermophilus  Chromosome  LR822041   

142 STH_CIRM_1125 Streptococcus thermophilus  Chromosome LR822040   

143 STH_CIRM_1358 Streptococcus thermophilus  Chromosome  LR822042   

144 STH_CIRM_2101 Streptococcus thermophilus  Chromosome  LR822043   

145 STMM1 Streptococcus thermophilus  Complete  CP125881   

146 STMM2 Streptococcus thermophilus  Complete  CP125763   

147 STMM3 Streptococcus thermophilus  Complete  CP125764   

148 STMM4 Streptococcus thermophilus  Complete  CP125765   

149 STMM11 Streptococcus thermophilus  Complete  CP125766   

150 STMM22 Streptococcus thermophilus  Complete  CP125767   

151 STMM25 Streptococcus thermophilus  Complete  CP125768   

152 Strac42 Streptococcus thermophilus  Complete  JBTWWN000000000 Sequenced in the context of this study  

153 TCI125 Streptococcus thermophilus  Complete  CP150875   

154 TCI633 Streptococcus thermophilus  Complete  CP113237   

155 TH-4 Streptococcus thermophilus  Complete  CP102538   
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156 TH982 Streptococcus thermophilus  Chromosome  CM003136   

157 TH985 Streptococcus thermophilus  Chromosome  CM003139   

158 TH1435 Streptococcus thermophilus  Chromosome  CM002369   

159 TH1436 Streptococcus thermophilus  Chromosome CM002370   

160 TH1477 Streptococcus thermophilus  Chromosome CM003135   

161 TK-P3A Streptococcus thermophilus  Complete  CP045596   

162 TSGB4141 Streptococcus thermophilus  Complete  CP116772   

163 TSGB4237 Streptococcus thermophilus  Complete  CP145130   

164 UCCSt50 Streptococcus thermophilus  Complete  CP194174    

165 UCCSt89 Streptococcus thermophilus  Complete  JBTWWM000000000 Sequenced in the context of this study  

166 UCCSt95 Streptococcus thermophilus  Complete  CP101646   

167 Vach60 Streptococcus thermophilus  Complete  JBTWWL000000000 Sequenced in the context of this study  

168 VHProbi R08 Streptococcus thermophilus  Complete  CP094945   

169 57.1 Streptococcus salivarius Complete  CP002888   

170 ATCC 27945 Streptococcus salivarius Complete  CP015282   

171 ATCC25975 Streptococcus salivarius Complete  CP015283   

172 CCHSS3 Streptococcus salivarius Complete  FR873481   

173 DB-B5 Streptococcus salivarius Complete  CP054153   

174 E636 Streptococcus salivarius Complete  CP190755   

175 FDAARGOS_259 Streptococcus salivarius Complete  CP020451   

176 FDAARGOS_771 Streptococcus salivarius Complete  CP053998   

177 FDAARGOS_1045 Streptococcus salivarius Complete  CP066093   

178 HSISS4 Streptococcus salivarius Complete  CP013216   

179 ICDC1 Streptococcus salivarius Complete  CP018186   

180 ICDC2 Streptococcus salivarius Complete CP018187   

181 ICDC3 Streptococcus salivarius Complete  CP018189    

182 JF Streptococcus salivarius Complete  CP014144   

183 JIM8777 Streptococcus salivarius Complete  FR873482   

184 KSS1 Streptococcus salivarius Complete  CP145856   

185 KSS2 Streptococcus salivarius Complete  CP145860   

186 KSS3 Streptococcus salivarius Complete  CP145861   

187 KSS4 Streptococcus salivarius Complete  CP145862   
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188 KSS5 Streptococcus salivarius Complete  CP150847   

189 KSS6 Streptococcus salivarius Complete  CP145863   

190 KSS7 Streptococcus salivarius Complete  CP145864   

191 KSS8 Streptococcus salivarius Complete  CP145865   

192 KSS9 Streptococcus salivarius Complete  CP145866   

193 KSS10 Streptococcus salivarius Complete  CP145867    

194 KSS11 Streptococcus salivarius Complete  CP145858    

195 KSS12 Streptococcus salivarius Complete  CP145868   

196 LAB813 Streptococcus salivarius Complete CP040804   

197 LMG 11489 Streptococcus salivarius Complete CP133476   

198 MRD1919 Streptococcus salivarius Complete CP177181 Whole genome annotated using Prokka 

199 MRD4434 Streptococcus salivarius Chromosome  CP174172 Whole genome annotated using Prokka 

200 MRD6060 Streptococcus salivarius Complete CP177182 Whole genome annotated using Prokka 

201 MRD-KRBY Streptococcus salivarius Complete CP177180 Whole genome annotated using Prokka 

202 MRD-NRLLH Streptococcus salivarius Complete CP177179 Whole genome annotated using Prokka 

203 NBRC 13956 Streptococcus salivarius Complete  AP031488   

204 NCTC_8618 Streptococcus salivarius Complete  CP009913   

205 NCTC7366 Streptococcus salivarius Chromosome  LS483366    

206 NCTC8618 Streptococcus salivarius Chromosome  LR134274  

207 SALI-10 Streptococcus salivarius Complete  CP090007  

208 22-06 S6 Streptococcus vestibularis Scaffold  

LXZX00000000 

 

rgp cluster found in LXZX01000005 

 

209 ATCC 49124 Streptococcus vestibularis  Scaffold  

AEVI00000000 

 

rgp cluster found in GL831112 

AEVI01000000 

 

210 B13320257 Streptococcus vestibularis Scaffold  

JAKUUZ000000000 

 

rgp cluster found in 

JAKUUZ010000024 

 

211 DP3_6A_2 Streptococcus vestibularis Scaffold  

JAQMFT000000000 

 

rgp cluster found in 

JAQMFT010000101 
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212 DP3_9B Streptococcus vestibularis  Scaffold  

JAQMFV000000000 

 

rgp cluster found in 

JAQMFV010000125 

 

213 E653 Streptococcus vestibularis Complete  CP185269  

214 MGYG-HGUT-02302 Streptococcus vestibularis Scaffold  

 CABMFU000000000 

 

rgp cluster found in 

CABMFU010000005 

 

215 

N4_129_000G1_dasN

4_129_000G1_concoc

t_5 Streptococcus vestibularis  Scaffold  

JAWHJX000000000 

 

rgp cluster found in 

JAWHJX010000004  

 

216 NCTC12167 Streptococcus vestibularis  Chromosome  LR134275  

217 O4-4 Streptococcus vestibularis  Scaffold  

JALDVX000000000 

 

rgp cluster found in 

JALDVX010000006 

 

218 OM08-1 Streptococcus vestibularis  Scaffold  

QSTK00000000 

 

rgp cluster found in QSTK01000005 

 

219 S06 Streptococcus vestibularis Scaffold  

JALDVO000000000 

 

rgp cluster found in 

JALDVO010000009 

 

220 LM8 Streptococcus raffinosi Scaffold  

JBOZIT000000000 

 

JBOZIT010000005 

 

221 VTCC 12812 Streptococcus raffinosi Scaffold  

JASUZV000000000 

 

JASUZV010000002 

 

222 VTCC 12813 Streptococcus raffinosi Scaffold  JASZXY000000000 

JASZXY010000001 

 

223 VTCC 12814 Streptococcus raffinosi Scaffold  

JASZXZ000000000 

 

JASZXZ010000006 
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Supplementary Table S3. Summary of rgp genotypes identified in this study. For 

each strain, the variable side chain (Vt) and rhamnan backbone (Bt) types encoded 

within the rgp locus are indicated, along with the resulting Vt–Bt combination that 

defines the rgp genotype. This overview highlights the modular organisation of the 

rgp locus and the range of backbone–side chain combinations observed across the 

analysed salivarius group strains. 

Strain Species rgp Vt Bt VtBt Previously classified 

/source  

UCCSt50 S. thermophilus 1 Vt1 Bt1 Vt1Bt1 (38) 

UCCSt95 S. thermophilus 2 Vt1 Bt2 Vt1Bt2 (38) 

UCCSt89 S. thermophilus 3 Vt3 Bt2 Vt3Bt2 (38) 

Nect1 S. thermophilus 4A Vt3 Bt3 Vt3Bt3 This study 

Nect13 S. thermophilus 4B Vt3 Bt3 Vt3Bt3 This study 

Douc24 S. thermophilus 5A Vtx Bt4 VtxBt4 This study 

Moz74 S. thermophilus 5B Vtx Bt4 VtxBt4 This study 

ST64987 S. thermophilus 6 Vt4 Bt1 Vt4Bt1 (38)  

CNRZ302 S. thermophilus 7 Vt5 Bt1 Vt5Bt1 This study/(38) 

STMM11 S. thermophilus 8 Vt9 Bt2 Vt9Bt2 This study 

Brie28 S. thermophilus 9 Vt2 Bt2 Vt2Bt2 This study/(38) 

ICDC1 S. salivarius 10 Vtx Bt6 VtxBt6 This study 

LM8 S. raffinosi 11 Vt10 Bt4 Vt10Bt4 This study 

O4-4 S. vestibularis  12 Vt8 Bt2 Vt8Bt2 This study 

KSS11 S. salivarius 13 Vt7 Bt5 Vt7Bt5 This study 

LAB813 S. salivarius  14 Vt6 Bt1 Vt6Bt1 This study 
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Supplementary Table S4. NMR data for S. thermophilus strain UCCSt12 RGP 

degradation products (600 MHz, 25 °C,  ppm). 

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

-Gal E OS1 H 4.54 3.60 3.66 3.94 3.71 3.77; 3.77 

 C 104.5 71.9 73.7 69.7 76.2 62.1 

anhTal D OS1 H 5.08 3.93 4.40 4.41 4.15 3.78; 3.84 

 C 91.0 83.0 82.5 73.2 82.3 61.2 

Gral3d B 2-19 H 5.12 3.64 3.72; 3.85    

 C 90.3 81.1 60.4    

-Rha A 2-19 H 5.04 4.30 3.93 3.52 3.85 1.29 

 C 103.2 71.2 81.1 72.2 70.6 17.8 

-Rha C 2-19 H 4.97 4.10 3.88 3.54 3.98 1.28 

 C 100.7 71.3 79.6 72.5 70.3 17.8 

-GalNAc D 2-19 H 4.66 3.95 3.75 3.94 3.68 3.77; 3.82 

and 2-20 C 104.5 53.8 72.2 69.0 76.2 62.3 

Gral3d K 2-20 H 5.08 3.64 3.70; 3.85    

 C 90.4 81.2 60.7    

-Rha L 2-20 H 5.20 4.07 3.79 3.45 3.70 1.27 

 C 102.9 71.1 71.2 73.3 70.4 17.8 

-Rha M 2-20 H 5.05 4.26 3.95 3.54 3.96 1.28 

 C 100.1 78.0 81.2 72.4 70.4 17.8 
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Supplementary Table S5. 1H and 13C NMR data (, ppm, D2O, 35°C, 500 MHz) 

for the RGP from Streptococcus thermophilus strain Douc24.  

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

-Rha A H 5.28 4.05 3.81 3.53 3.73 1.34 

 C 101.6 78.8 71.3 73.3 70.5 18.0 

-Rha B H 5.13 4.17 3.99 3.71 3.79 1.30 

 C 100.7 78.3 75.7 73.6 71.1 17.8 

-Rha C H 5.12 4.13 3.91 3.47 3.71 1.28 

 C 102.0 79.5 71.0 73.5 70.5 17.8 

-Glc D H 5.07 3.56 3.74 3.68 4.00 3.70; 4.13 

 C 99.6 72.4 74.2 70.2 72.2 66.2 

-Glc E H 4.98 3.56 3.74 3.44 3.70 3.77; 3.85 

 C 99.2 72.8 74.2 70.7 73.1 61.7 

 

Supplementary Table S6. 1H and 13C NMR data (, ppm, D2O, 40°C, 600 MHz) 

for the polysaccharide from Streptococcus thermophilus CNRZ302 (PS) and its 

derivatives DOS and DPS (25 °C). NOE: A1:G3; B1:F2; C1:F4; D1:K3; E1:B1,2; 

F1:E4,6; G1:D1,2; K1:B3. HMBC: A1:G3; B1:F2; C1:F4; D1:K3; F1:E6; G1:D2; 

K1:B3. 

Sugar  1 2 3 4 5 6 

β-Galf A PS H 5.23 4.20 4.07 4.06 3.84 3.66; 3.70 

 C 110.1 82.6 78.0 84.1 71.9 63.9 

β-Galf A DOS  5.23 4.20 4.07 4.05 3.84 3.66; 3.70 

  110.2 82.6 77.9 83.9 71.8 63.8 

α-Rha B PS H 5.09 4.29 3.95 3.57 3.81 1.33 

 C 100.7 77.9 79.7 72.8 71.1 17.8 

α-Rha B DPS H 5.10 4.14 3.92 3.52 3.81 1.31 
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 C 100.8 78.2 70.6 73.1 70.7 17.8 

α-Glc C PS H 5.07 3.57 3.71 3.46 3.99 3.78; 3.84 

 C 100.7 72.8 74.1 70.7 73.1 61.6 

α-Glc C DPS H 5.08 3.56 3.70 3.45 4.01 3.79; 3.84 

 C 100.7 72.6 73.9 70.6 73.0 61.5 

α-Rha D PS H 5.02 3.89 3.85 3.52 4.01 1.27 

 C 99.4 77.6 70.8 73.1 70.4 17.7 

α-Rha D DOS  5.09 4.03 3.90 3.55 3.87 1.32 

  98.1 77.0 70.7 73.1 70.4 17.6 

α-Glc E PS H 4.98 3.52 3.71 3.59 4.22 3.94; 3.94 

 C 99.3 72.6 74.1 70.1 71.5 67.2 

α-Glc E DPS H 5.02 3.56 3.76 3.48 4.18 3.72; 3.95 

 C 99.3 72.6 73.9 70.6 72.0 67.5 

α-Rha F PS H 4.93 4.07 4.05 3.53 3.90 1.44 

 C 100.4 79.3 69.8 82.7 69.1 18.6 

α-Rha F DPS H 4.94 4.05 4.05 3.55 3.89 1.40 

 C 99.9 80.2 69.7 82.4 69.2 18.1 

α-Gal G PS H 4.92 3.95 4.00 4.17 4.23 3.73; 3.73 

 C 98.8 68.5 78.1 70.3 72.0 62.0 

α-Gal G DOS  5.05 3.94 4.01 4.16 4.27 3.72; 3.72 

  98.6 68.4 78.0 70.3 71.9 62.0 

α-Gal H H 4.90 3.83 3.92 4.02 4.20 3.73; 3.73 

 C 98.8 69.5 70.5 70.3 72.1 62.0 

β-GlcNAc K PS H 4.74 3.74 3.67 3.49 3.47 3.76; 3.96 

 C 103.9 57.0 82.5 70.1 77.0 62.1 
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anh-Man K DOS  5.09 3.84 4.22 4.18 3.95 3.68; 3.77 

  90.7 84.6 85.1 76.5 84.2 61.7 

Supplementary Table S7. 1H and 13C NMR data (, ppm, D2O, 40°C, 600 MHz) 

for the PS1, DPS and OS1 from Streptococcus thermophilus strain STMM11. 

NAc: 2.09/23.6 ppm. 

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

β-Galf A PS1 H 5.23 4.20 4.08 4.06 3.84 3.67; 3.70 

 C 110.1 82.6 78.0 84.0 71.9 63.9 

β-Galf A OS1 H 5.23 4.20 4.08 4.06 3.84 3.67; 3.71 

 C 110.1 82.6 77.9 84.0 71.9 63.9 

-2-α-Rha B PS1, DPS H 5.19 4.08 3.95 3.51 3.83 1.32 

 C 101.9 79.2 71.1 73.2 70.4 18.0 

-2-α-Rha C,D PS1 H 5.02 3.88 3.83 3.51 4.01 1.27 

 C 99.3 77.5 70.8 73.2 70.4 17.8 

-2-α-Rha C OS1 H 5.09 4.02 3.90 3.56 3.86 1.32 

 C 98.2 77.2 70.9 73.1 70.5 17.7 

-3-α-Rha G DPS H 4.96 4.16 3.84 3.57 3.77 1.29 

 C 103.1 71.1 78.6 72.7 70.5 17.9 

-3-α-Rha P PS1 H 4.93 4.16 3.84 3.57 3.77 1.29 

 C 103.3 71.1 78.6 72.7 70.5 17.9 

-2,4-α-Rha X PS1 H 5.22 4.01 4.03 3.63 3.83 1.37 

 C 101.5 80.0 71.2 81.7 68.6 18.5 

-3-α-Gal K PS1 H 4.93 3.96 4.00 4.17 4.23 3.73; 3.73 

 C 98.7 68.5 78.1 70.3 71.9 62.0 

-3-α-Gal K DPS  5.05 3.95 4.00 4.16 4.27 3.73; 3.73 

  98.8 68.4 78.1 70.3 71.9 62.0 

α-Gal L PS1 H 4.91 3.83 3.93 4.02 4.21 3.73; 3.73 

 C 98.7 69.4 70.4 70.3 72.1 62.0 
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β-GlcNAc N PS1 H 4.78 3.81 3.66 3.57 3.40 3.80; 3.90 

 C 102.4 57.0 82.5 69.4 76.8 61.6 

anh-Man N OS1  5.10 3.85 4.23 4.18 3.96 3.68; 3.77 

  90.7 84.9 85.1 76.8 84.4 61.8 

 

Supplementary Table S8. 1H and 13C NMR data (, ppm, D2O, 45°C, 600 MHz) 

for the polysaccharide from Streptococcus thermophilus Brie28. NOE: A1:B3; 

A'1:B'3; B1:A2; B'1:A'2; G1:H3; H1:A'4; K1:G4. 

Sugar  1 2 3 4 5 6 

α-Rha A DPS H 5.20 4.09 3.96 3.51 3.84 1.33 

 C 102.0 79.2 71.2 73.4 70.5 18.0 

α-Rha A PS H 5.20 4.09 3.96 3.51 3.84 1.33 

 C 102.0 79.2 71.2 73.4 70.5 18.0 

α-Rha A' PS H 5.22 4.03 4.06 3.66 3.85 1.38 

 C 101.7 79.7 71.3 81.6 68.8 18.4 

α-Rha B DPS H 4.97 4.17 3.86 3.57 3.77 1.29 

 C 103.3 71.1 78.8 72.9 70.6 17.9 

α-Rha B PS H 4.97 4.15 3.86 3.57 3.77 1.29 

 C 103.3 71.1 78.8 72.9 70.6 17.9 

α-Rha G DOS H 4.96 4.01 4.06 3.72 3.98 1.37 

 C 101.9 71.3 71.3 81.8 69.0 18.1 

α-Rha G PS H 4.90 3.86 4.03 3.70 3.89 1.35 

 C 103.3 71.6 71.3 82.0 69.0 18.2 

anh-Tal H DOS H 5.05 3.86 4.27 4.32 4.11 3.76; 3.83 

 C 91.3 82.6 80.7 72.6 82.5 61.3 

β-GalNAc H PS H 4.77 4.00 3.78 4.01 3.62 3.77; 3.77 
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 C 102.9 53.1 80.7 68.7 75.9 61.9 

β-Gal K DOS  4.66 3.55 3.67 3.92 3.69 3.76; 3.79 

  104.8 72.8 73.9 69.7 76.3 62.0 

β-Gal K PS  4.65 3.55 3.67 3.93 3.68 3.77; 3.77 

  104.9 72.9 74.0 69.8 76.4 61.9 

 

Supplementary Table S9. List of primers designed and used in this study located 

upstream of the predicted promoter and within the identified transcriptional units 

Promoter 

region Sequence (5’ – 3’) Outcome Product size (bp) 

UCCSt50 

Prom1    
S1upsF gacgtcctaagtttcatgtgtcttt No Product 570bp 

S1intF gagcagtaccaatatcgtcgac Product 268bp 

S1R ttgccttggcacatctatactaactg   
Prom2    
S2upsF gctaaggctaaggcgacag No Product 580bp 

S2intF gcctatgcgattgcgaatctctt Product 247bp 

S2R cttgaaaaacatccgataaagcttc   
Prom3    
S3upsF gtcaagaagatttgtatatgtatcaac No product 882bp 

S3intF cagtgtctgcgaagtgtttttaatca Product 521 bp 

S3R gcttggttgatataccgctttag   
Prom4    
S4upsF catggggatgtcataccaatca No product 548bp 

S4intF gagagatgtgacgaatggaggta Product 233bp 

S4R cctagctttggaggattgacc   
Douc24 

Prom1    

S1upsF S1upsF No product 874 

S1intDF gattgataaagctttaatagaagatattaagag Product 283 

S1DR ttgtaactgcaatacctaagcggtctg   

Prom2    

S2upsDF ggaatccaactcttagccttaggtatc No product 712 

S2intDF gaacaaccagtaagatcattagctgat Product 348 

S2DR ccttcaaccatagtaagtctaggac   

Prom3    

S3upsDF gcttgaatctcgatatgagtgtcagtt No product 829 

S3intDF ggacctgctcgcgttattgcatat Product 303 

S3DR tataggtttcaattcctggattatc   
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Prom4    

S4upsDF cacgccatttgtagataacgttgtattgaa No product 939 

S4intDF ctggtctgattgcaacaatgacgaa Product 299 

S4DR agctaactcggattttagaacctggag   

Brie28 

Prom1    

S1upsBF gtgatggaccagattcttcagcttgat No product 469 

S1intF S1intF Product 270 

S1R S1R   

Prom2    

S2upsBF ccaagaaacggccggtgtatattg No product 692 

S2intBF catggtgcaacgcttgtttatatttca Product 261 

S2BR taacgactgtcagcgtcttgtgag   

Prom3    

S3upsBF gtcaaatgatgcagcagaagatacaac No product 724 

S2intF S2intF Product 246 

S2R S2R   

Prom4    

S4upsBF cttggtataaaattggtagtatgaatggtt No product 706 

S4intBF cgagtatcaccgaatatcaagtaccat Product 286 

S4BR ggattgatatagaattgaccgcccatc   

Prom5    

S5upsBF cggcattgctgaaactgttacgag No product 673 

S5intBF actaagtctgagtcggttctatct Product 266 

S5BR caccagatgctcctgaggc   
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Supplementary Fig. S1. 1H-13C HSQC spectrum of RGP from S. thermophilus 

UCCSt12. The Nect13 structure was not analysed in full detail, it was determined 

to be the same as UCCSt12 with a terminal glucose instead of galactose. 

 

Supplementary Fig. S2. Overlap of UCCSt12 (blue-green) and Nect13 (magenta-

red) HSQC spectra. Sugar differences are indicated. 
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Supplementary Fig. S3. 1H-13C HSQC spectrum of the rhamnan from S. 

thermophilus strain Douc24, D2O, 35 °C, 500 MHz. 

 

Supplementary Fig. S4. 1H-13C HSQC spectrum of the polysaccharide from 

Streptococcus thermophilus CNRZ302. 
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Supplementary Fig. S5. 1H-13C HSQC spectrum of the DOS from Streptococcus 

thermophilus CNRZ302. 

 

 

Supplementary Fig. S6. 1H-13C HSQC spectrum of the DPS from Streptococcus 

thermophilus CNRZ302. 
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Supplementary Fig. S7. 1H-13C HSQC spectrum of the PS1 (blue-green) and 

deaminated PS (magenta) from S. thermophilus strain STMM11, D2O, 40 °C, 600 

MHz. 

 

 

Supplementary Fig. S8. 1H-13C HSQC spectrum of the OS mixture (most of the 

OS2 signals are not visible because of low intensity) from S. thermophilus strain 

STMM11 (D2O, 25 °C, 600 MHz). 
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Supplementary Fig. S9. 1H-13C HSQC spectra of the polysaccharide from 

Streptococcus thermophilus Brie28 (green-cyan) and DPS (red). 

 

 

Supplementary Fig. S10. 1H-13C HSQC spectra of the DPS from Streptococcus 

thermophilus Brie28. 
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Supplementary Fig. S11. H-13C HSQC spectra of the DOS from Streptococcus 

thermophilus Brie28. 
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Supplementary Fig. S12. Linking rgp genetic content to RGP structures in 

representative S. thermophilus strains. Schematic overview of representative rgp 

clusters with their corresponding RGP structures. Genes which encode products that 

are putatively involved in the synthesis or modification of the RGP structure are 

outlined in a distinct colour, with matching colours used to indicate the potentially 

associated monosaccharide or structural feature within the polysaccharide. The 

predicted functions of genes are colour-coded and described at the base of the 

figure. Regions of homology are joined by blocks of different shades of grey to 

black and generated using CAGECAT (58). Monosaccharide symbols follow the 

Standard Nomenclature for Glycans (SNFG).  
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Abstract 

Bacteriophage infection of Streptococcus thermophilus remains a major challenge 

in industrial dairy fermentations. The narrow host range typically exhibited by 

individual S. thermophilus-infecting phages is, at least in part, attributed to 

structural variation in cell surface saccharidic receptors, including rhamnose-

glucose polysaccharides (RGP). In the current study, structural requirements 

underpinning RGP-mediated phage binding were investigated employing S. 

thermophilus strain UCCSt50, which is susceptible to phages belonging to the 

Brussowvirus, P738 and Piorkowskivirus genera. Comparative analysis of 

bacteriophage-insensitive mutants (BIMs) demonstrates that mutations within the 

rgp locus impact RGP biosynthesis to varying extents, resulting in altered phage 

susceptibility profiles. The RGP structures of two BIMs were elucidated, providing 

further insight into the minimal structural requirements for the initial phage-host 

interaction involving strain UCCSt50. Structural analysis demonstrated that 

complete loss of the RGP side chain abolished susceptibility to phages SW13 and 

P738, while variants with partial truncation (a single sugar residue) of the side chain 

retained susceptibility to SW13 infection, yet were insensitive to P738. These 

findings indicate that P738 exhibits a substantially greater dependence on an intact 

side chain architecture, while SW13 can tolerate considerable variation in side 

chain composition and length. Additionally, expression of a heterologous priming 

glycosyltransferase in a side chain-deficient derivative of S. thermophilus UCCSt50 

restored susceptibility to both P738 and SW13, suggesting a likely unlocking of the 

biosynthesis of the RGP side chain structure. Collectively, these findings 

demonstrate that subtle variation in RGP side chain structures differently impacts 

the host adsorption capability of S. thermophilus phages. 
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Introduction 

Bacteriophage infection of Streptococcus thermophilus remains one of the principal 

causes of acidification delays and product inconsistencies associated with 

thermophilic dairy fermentations (1–3). Despite the extensive diversity of phages 

infecting S. thermophilus, individual phages typically exhibit a narrow host range, 

often infecting only a single strain or a limited subset of strains within the species 

(2,4,5). This restricted host range is generally attributed to the diversity of cell 

surface-associated saccharidic structures that serve as receptors for many phages of 

this bacterial species (6–10). Cell wall polysaccharide structures present on the cell 

surface of S. thermophilus include rhamnose-glucose polysaccharides (RGPs) and 

exopolysaccharides (EPSs). Members of the Piorkowskivirus genus are described 

to recognise EPS-associated host receptors (6–8), whereas members of the 

Brussowvirus and P738 genera recognise the RGP as the primary receptor (6,9,10).  

It is proposed that the highly specific nature of these interactions corresponds to the 

variability in the monosaccharide composition and architecture of these cell surface 

polysaccharides. For example, a recent study investigating phage-insensitive 

derivatives of S. thermophilus UCCSt50 suggested that P738 phages require the 

complete tetrasaccharide side chain structure, or a specific component of this 

structure, for adsorption (10). In contrast, Brussowvirus phage SW13 was shown to 

infect strains possessing a seemingly shortened side chain structure (tri- or di-

saccharide). While these observations established that members of distinct phage 

groups exhibit different specificity or dependency on specific RGP structural 

features, the broader contribution of side chain modifications to phage infection 

profiles remains unresolved. Therefore, this study aims to further investigate the 
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functional role of RGP side chain biosynthesis in mediating susceptibility to 

members of genetically distinct dairy streptococcal phage genera. 

The rgp locus, which is universally present all S. thermophilus chromosomes 

examined to date, encodes the biosynthetic machinery for RGP production. This 

biosynthetic cluster is typically 20–30 kb in length and displays a modular 

arrangement with two functional modules regions. The 3’ region of the loci encodes 

proteins associated with rhamnan backbone synthesis including the well 

characterised rhamnosyltransferases (RgpA, RgpB, RgpF) and an ABC-type 

polysaccharide transporter system (RgpC and RgpD), while the 5’ region encodes 

the enzymatic machinery to synthesize the decorative side chain attached to the 

backbone structure (10,11). The notable strain level genetic diversity in each 

module has enabled the identification of seven major rgp genotypes (rgp1–7) that 

embody different combinations of the three backbone genotypes (Bt1–Bt3) and five 

variable side chain genotypes (Vt1–Vt5) (11). The S. thermophilus RGP structure 

similarly consists of a rhamnan backbone together with a more structurally diverse 

side chain. Previous structural analyses have demonstrated substantial diversity in 

side chain composition and organisation between strains, being correspondingly 

reflected by variation in glycosyltransferase-encoding gene content within the 

variable region (11). As the side chain structure is believed to be exposed at the 

bacterial cell surface, it has been proposed to represent the primary interaction site 

for phage adsorption and receptor recognition (12). Therefore, mutations affecting 

side chain biosynthesis may alter phage susceptibility by modifying or eliminating 

specific saccharidic components or affecting “docking” points required for 

successful infection.  
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S. thermophilus strain UCCSt50 represents an unusual dairy streptococcal strain as 

it is susceptible to infection by three phages in our collection belonging to three 

distinct genera, namely Brussowvirus, P738 and Piorkowskivirus. In this study, we 

exploited the multi-genus phage susceptibility profile of S. thermophilus UCCSt50 

to investigate how structural variation in the RGP influences phage recognition and 

infectivity by distinct phages possessing different receptor-binding specificities. 

Using a combination of genetically distinct bacteriophage-insensitive mutants, 

structural analysis and heterologous glycosyltransferase expression, the current 

study aims to further investigate the structural determinants underpinning phage 

specificity in S. thermophilus. 
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Results 

P738-resistant mutants of S. thermophilus UCCSt50 exhibit distinct infection 

profiles 

S. thermophilus UCCSt50 was previously demonstrated to be infected by members 

of the Brussowvirus and P738 phage genera (10), while we recently established that 

it is also infected by phage SW16, which is a member of the Piorkowskivirus genus 

(2). Previous studies have elucidated that Brussowvirus SW13 and the namesake of 

its genus, P738, recognise an RGP receptor, whereas members of the 

Piorkowskivirus genus are reported to recognise an EPS receptor (6–10).  

In the present study, we exploited a collection of spontaneous phage-insensitive 

derivatives or BIMs (bacteriophage-insensitive mutants) of S. thermophilus 

UCCSt50 that had previously been generated following challenge with either phage 

P738 (10) or SW13 (9). These BIMs were assessed for the efficiency of plaquing 

of three phages, i.e. P738, SW13 and SW16, relative to the wild type strain. Among 

the tested BIMs (named here as B1, F1B, F1A, F2E and F22D) three different 

infection sensitivity profile types were observed: (a) those that were completely 

resistant to SW13 and P738 and with reduced sensitivity to SW16; (b) those that 

were resistant to P738 and displayed reduced sensitivity to SW13 and SW16 and; 

(c) those that were completely resistant to P738 and SW13, yet exhibiting increased 

sensitivity to SW16. Therefore, a representative of each infection sensitivity 

phenotype was selected for further analysis to further our understanding of the role 

of the RGP in the recognition and binding processes of P738 and SW13, i.e. mutants 

F1A, F2E and F22D (Table 1). To establish if genes within the rgp locus or other 
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regions underpinned the observed phage-resistance phenotypes for mutants F1A, 

F2E and F22D, their complete genome sequences were elucidated.  

Table 1. Efficiency of plaquing (EOP) of P738, SW13 and SW16 on S. 

thermophilus UCCSt50 and its’ P738-resistant derivatives. 

Strain/derivative name 

Efficiency of plaquing of phage: 

P738 SW13 SW16 

UCCSt50 1 1 1 

UCCSt50-F1A ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 0.4 ± 0.31 

UCCSt50-F2E ≤ 5.5 × 10-6 0.45 ± 0.23 0.45 ± 0.07 

UCCSt50-F22D ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 4.26 ± 0.24 

UCCSt50-B1 ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 4.34 ± 0.17 

UCCSt50-F1B ≤ 5.5 × 10-6 0.63 ± 0.12 0.49 ± 0.09 

 



229 
 

Phage-resistance phenotype is elicited through distinct mutations in the rgp 

locus 

The complete genome sequences of mutant strains F1A, F2E and F22D were 

elucidated in this study and compared to the genome obtained from their WT 

derivative strain UCCSt50. Subsequently, the CRISPR spacer arrays were identified 

using CRISPRCasFinder (13) and the spacer sequences were extracted and 

compared to those of the parent strain. The three mutants were observed to possess 

largely identical CRISPR spacer loci relative to the parent strain and with no spacer 

acquisition observed, and they were therefore deemed to be non-CRISPR-mediated 

BIMs (Supplementary Table S1). Of note, BIM F2E possessed a shortened CRISPR 

3 array containing 17 spacers compared to the 20 spacers present in the parent strain 

and the other BIMs (Supplementary Table S1). Comparison of the arrays revealed 

that spacers 17–19 of the parental strain were absent in F2E, while the terminal 

spacer of the parental array was retained. As these deleted spacers were located at 

the distal end of the array and did not display sequence similarity (Blastn analysis) 

to phages P738, SW13 or SW16, the observed contraction is unlikely to have 

contributed to the phage-resistance phenotype of F2E.  

Subsequent SNP analysis revealed that mutant F1A possesses five SNPs (single 

nucleotide polymorphism of which one is located in a gene within the rgp locus 

(Table 2). This latter SNP in F1A represents a nonsense mutation resulting in the 

incorporation of a stop codon in orf06995UCCSt50, which is predicted to encode the 

WpsJ side chain transferase based on its predicted membrane topology and using 

the annotations of the established model strain Lactococcus cremoris NZ9000 (14). 

Mutant F2E was identified to possess three SNPs with one located in a gene in the 
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rgp locus (leading to an amino acid substitution in orf07005UCCSt50), which is 

predicted to encode a glycosyltransferase (Fig. 1). Mutant F22D was shown to carry 

six SNPs (Table 2); however, no SNPs were identified within the rgp cluster that 

could account for the observed phage-resistance phenotype. Through nucleotide 

alignment of both the rgp and eps loci, a single nucleotide (guanine) deletion was 

identified within the priming glycosyltransferase-encoding gene (orf07015UCCSt50) 

located in the rgp cluster (Fig. 1), resulting in a frameshift and a truncated protein 

product. 

Table 2. Summary of mutations and deletions identified in the genomes of S. 

thermophilus UCCSt50 BIMs. 

BIM SNP 

position 

Base 

Modification 

Amino Acid 

Changes  

UCCSt50 

locus tag  

Predicted function 

F1A 374,768 c → t Pro251 → Ser251 02085 ACP S-mannosyltransferase 

 590,420 c → g Ser81 → Arg81 03195 Ferrous iron transport protein 

 652,902 g → a Gly56 → Glu56 03520 HPr (Ser) kinase/phosphatase 

 775,422 c → g His58 → Gln58 04145 Bifunctional DnaQ family 

exonuclease 

 1,338,607 c → t Gln238 → stop 06995 DUF2142 – 

glycosyltransferase 

F2E 1,342,676 c → g His209 → Gln209 07005 Glycosyltransferase  

 1,403,163 a → c Asp468 → Ala468 07320 APC family permease 

 1,703,041 g → c Gln494 → His494  08880 DNA-directed RNA 

polymerase subunit  

F22D 559,000 g → a Ala141 – Thr141 03015 trhA PAQR family membrane 

homeostasis protein 

 581,786 t → c Phe324 – Leu324 03145 Aminoacyltransferase 

 830,546 g → t Ala161 – Ser161 04430 transcription repressor NadR  

 846,116 a → t Tyr317 – Phe317 04505 lepA translation elongation 

factor 4  

 925,880 g → a Gly112 – Arg112 04920 Hypothetical protein  

 1,757,441 t → a Ile121 – Ile121 09150 50S ribosomal protein L6  

 1,343,878 g → -  Frameshift 07015 Priming glycosyltransferase 
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To establish whether the identified mutations within genes located in the rgp cluster 

are responsible for the observed phage resistance phenotypes, the native genes from 

the parent strain, UCCSt50, were cloned into the high copy expression vector 

pNZ44 (15) and introduced into BIMs F1A and F2E. It has previously been 

demonstrated that introduction of the native orf07020UCCSt50 gene resulted in the 

restoration of P738 phage sensitivity in BIM F1B (EOP = 0.35 ± 0.33), confirming 

the role of orf07020UCCSt50 in the P738 infection process (10). Similarly, 

complementation of BIMs F2E and F1A with the corresponding wild-type 

orf07005UCCSt50 and orf06995UCCSt50 genes, respectively, restored the phage 

susceptibility phenotype (Table 3). In the present study, the transformation 

efficiency of BIM F22D was below detectable limits and impeded our genetic 

complementation efforts; however, given the proven phenotype restoration in BIM 

B1, which has a mutation in the same priming glycosyltransferase-encoding gene, 

the role and importance of orf07015UCCSt50 in RGP synthesis and phage interactions 

is inferred (9). 

 

Fig. 1. Schematic representation of the rgp locus of S. thermophilus UCCSt50 

highlighting SNPs identified in BIMs from this study and previous studies (9,10). 

Genes where mutations were identified are colour-coded according to the BIM in 

which they were identified and indicated in the key.  
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Table 3. Relative efficiencies of plaquing (EOP) values of a panel of bacteriophages 

(P738, SW13 and SW16) on UCCSt50, derived BIMs and complemented strains. 

Strain/derivative 

name 

Efficiency of plaquing of phage: Source 

of strain P738 SW13 SW16 

St50 1 1 1 (9) 

St50::pNZ44 1.06 ± 0.11 1.1 ± 0.13 1.1 ± 0.11 (10) 

UCCSt50-B1 ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 4.34 ± 0.17 (9) 

B1::pNZ44 ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 1.33 ± 0.03 (9) 

B1::pNZ44-07015 0.79 ±0.05 0.86 ± 0.06 9.16 ± 0.09 (9) 

UCCSt50-F1B ≤ 5.5 × 10-6 0.63 ± 0.12 0.49 ± 0.09 (10) 

F1B::pNZ44 ≤ 5.5 × 10-6 0.54 ± 0.15 0.34 ± 0.14 (10) 

F1B::pNZ44-07020 0.48 ± 0.15 0.83 ± 0.12 1.18 ± 0.02 (10) 

UCCSt50-F1A ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 0.4 ± 0.31 (10) 

F1A::pNZ44-06995 0.62 ± 0.15 0.85 ± 0.14 5.29 ± 0.04 

This 

study 

UCCSt50-F2E ≤ 5.5 × 10-6 0.45 ± 0.23 0.45 ± 0.07 (10) 

F2E::pNZ44-07005 0.78 ± 0.15 0.74 ± 0.1 1.19 ± 0.11 

This 

study 

UCCSt50-F22D ≤ 5.5 × 10-6 ≤ 8.2 × 10-6 4.26 ± 0.24 (10) 

 

RGP-associated mutations impact side chain biosynthesis & transfer to the 

rhamnan backbone 

The distinct sensitivity profiles of each of the three phages on the generated BIMs 

likely reflects the diverse interactions and specific receptor requirements of each 

phage on the same host strain. To determine the functional and structural impact of 

the identified mutations, the chemical composition and structure of two of the 

mutants (F1A and F2E) were determined (Fig. 2; Supplementary Fig. S1 & S2). For 

BIM F1A, which harbours a mutation in orf6995UCCSt50, the rhamnan backbone 

structure (–2-α-Rha-2-α-Rha-6-α-Glc-) was observed to be identical to that of the 

parent strain. In contrast, the side chain structure was not detected in the major 
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fraction of the extracted RGP material from BIM F1A indicating that very low 

amounts if any RGP side chain was produced (<10 % branching). Transmembrane 

domain predictions of the product of orf6995UCCSt50 identified 11 transmembrane 

domains. Protein domain searches using Pfam and HHPred identified the gene 

product as containing a DUF2142 domain of a GT-C fold-containing 

glycosyltransferase, respectively. The predicted membrane topology and domain 

profile of this protein are consistent with those of the lactococcal WpsJ, which is 

demonstrated to transfer the lactococcal cell wall polysaccharide side chain on to 

the rhamnan backbone structure (14). Based on the protein characteristics and the 

absence of the RGP side chain structure in BIM F1A, we propose that the product 

of orf6995UCCSt50 is equivalent to the WpsJ RGP side chain transferase of 

Lactococcus (14).  

BIM F2E harbours a mutation in orf07005UCCSt50, which is a gene located within 

the side chain biosynthetic region of the rgp locus (Table 2 & Fig. 1). Compositional 

and methylation analysis of RGP extracts of F2E identified the expected rhamnan 

backbone structure (–2-α-Rha-2-α-Rha-6-α-Glc-) with a single N-

acetylglucosamine (GlcNAc) residue attached in ~60 % of the repeating unit 

structures (Fig. 2). The remainder of the tetrasaccharide side chain structure 

(present in WT UCCSt50) was not observed in the major fraction of the RGP extract 

of this strain. As the GlcNAc branch was determined by methylation analysis, the 

branch point and glycosidic linkage can only be predicted to be identical to that of 

the parent strain (Fig. 2). The product of this gene is predicted to be a 

glycosyltransferase belonging to the GT2 family. This is consistent with the 

characteristics of several of the lactococcal side chain subunit glycosyltransferases 

(e.g. WpsC and WpsD) (14). Our previous work has identified orf07015UCCSt50 as 
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the priming glycosyltransferase responsible for the transfer of the GlcNAc moiety 

on to the rhamnan backbone (9). Therefore, based on the predicted protein 

characteristics, the presence of a monosaccharidic side chain structure attached to 

the rhamnan backbone, we propose that the product of orf07005UCCSt50 functions as 

a glycosyltransferase that is required for the attachment of the second 

monosaccharide (i.e. -α-Rha-) to the GlcNAc moiety of the RGP side chain 

structure.  
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Fig. 2. A) Methylation analysis profiles of the RGP preparations of the wild-type 

UCCSt50 and BIM F2E. Peaks corresponding to GlcNAc are indicated with arrows. 

The GlcNAc branch was determined by methylation analysis therefore the branch 

point and glycosidic linkage can only be predicted. The 2,4-linked Rha and t-Gal 

are absent in F2E. The peaks labelled in green and an asterisk represent sugars most 

probably corresponding to the exopolysaccharide (EPS) structure. B) Structures of 

the RGP from S. thermophilus strain UCCSt50 (9) and its phage-resistant 

derivatives F1A and F2E. Monosaccharide symbols are based on those indicated by 

the Standard Nomenclature for Glycans (SNFG). 
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Side chain synthesis can be restored through expression of a heterologous 

priming glycosyltransferase 

Previous studies have demonstrated that the priming glycosyltransferase encoded 

within the rgp locus initiates biosynthesis of the side chain component of the RGP 

through transfer of the first monosaccharide residue to the undecaprenyl-phosphate 

lipid carrier (9). In S. thermophilus UCCSt50, the first residue incorporated into the 

side chain structure is GlcNAc (9,10). In contrast, structural analysis of the RGP 

produced by S. thermophilus Brie28 (16) revealed that side chain biosynthesis is 

initiated with a N-acetylgalactosamine (GalNAc) residue (reported in Chapter III). 

Therefore, we sought to determine if expression of a heterologous priming 

glycosyltransferase from strain Brie28 can restore side chain biosynthesis in the 

side chain deficient derivative B1 and, if so, what impact this would have on the 

susceptibility profile of the resulting strain to phages recognising the UCCSt50 and 

Brie28 cell surface receptors. 

To investigate this, the priming glycosyltransferase-encoding gene from S. 

thermophilus Brie28 was cloned and expressed in the side chain deficient derivative 

B1 (9). The priming glycosyltransferase of Brie28 shares ~ 45 % amino acid 

sequence identity with the corresponding glycosyltransferase of UCCSt50. The 

resulting derivative was subsequently challenged with phages that infect either 

UCCSt50 (i.e. phages P738, SW13 and SW16) or Brie28 (i.e. phage SW11). 

Expression of the Brie28-derived priming glycosyltransferase (B1::Brie28GT) 

restored susceptibility of the UCCSt50 BIM B1 to both P738 and SW13, while no 

alteration in the infectivity profile of SW16 was observed (Table 4). Given the 

previously established requirement of P738 for the complete UCCSt50 side chain 
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structure, restoration of phage susceptibility likely reflects recovery of a compatible 

side chain architecture, although this requires further investigation. These findings 

suggest that introduction of the heterologous priming glycosyltransferase permits 

restoration of side chain biosynthesis in the B1 background, potentially through an 

“unlocking” mechanism whereby the downstream glycosyltransferases and 

associated biosynthetic machinery can extend the initiated structure irrespective of 

the precise identity of the priming residue (GlcNAc or GalNAc). Alternatively, it 

indicates that phage P738 can bind to the RGP side chain structure that incorporates 

either a GalNAc or GlcNAc residue in the first position in the side chain subunit. 

Restoration of phage susceptibility was specific to the UCCSt50-associated phages 

P738 and SW13, as the engineered derivative did not become susceptible to phage 

SW11, which infects the S. thermophilus strain Brie28 (Table 4). 

Table 4. Infection profiles of bacteriophages P738, SW13, SW16 and SW11 against 

S. thermophilus strains UCCSt50, B1, B1::Brie28GT and Brie28. Infection 

phenotypes were determined by plaque assay and are represented as presence 

(green) or absence (white) of infection/plaque formation. 

Strain P738 SW13 SW16 SW11 

UCCSt50     

B1     

B1::Brie28GT     

Brie28     
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Discussion 

Our findings expand current understanding of rhamnose-glucose polysaccharide 

(RGP) biosynthesis in S. thermophilus by combining comparative phage sensitivity 

profiling, (comparative) genome analysis and structural characterisation of 

bacteriophage-insensitive mutants (BIMs). While previous studies established the 

importance of RGP as a receptor for members of the Brussowvirus and P738 genera 

(9,10) and have also defined the diversity of rgp loci and their corresponding 

structures (11), the precise functions of many genes involved in side chain 

biosynthesis have remained unresolved. Through the analysis of BIMs possessing 

distinct phage infection phenotypes, the present study enabled functional 

assignment of several genes within the rgp locus, providing further insights into the 

structural requirements underpinning infection by RGP-recognising phages P738 

and SW13. 

The modular organisation of the S. thermophilus rgp locus has previously been 

described and resembles the bipartite architecture of lactococcal cwps loci, which 

encode a rhamnan backbone together with a structurally variable surface-exposed 

side chain structure (PSP) (17). In L. lactis, extensive genetic and biochemical 

analyses have enabled the assignment of specific functions to many of the proteins 

involved in side chain biosynthesis and assembly (14). In contrast, despite an 

increasing number of structurally resolved RGPs and rgp loci available for S. 

thermophilus, direct experimental evidence supporting the roles of individual genes 

within the cluster has remained limited. The BIMs characterised in this study 

present a series of defined genetic mutations that facilitate the functional dissection 

of the UCCSt50 rgp locus while also creating a parallel with the established 

lactococcal model of cell wall polysaccharide (CWPS) biosynthesis. 
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The side chain deficient derivatives B1 and F22D support the assignment of 

orf07015UCCSt50 as the priming glycosyltransferase responsible for initiating side 

chain biosynthesis. Previous structural analysis of BIM B1 revealed the complete 

absence of the side chain structure in this derivative (9), while the present study 

identified an independent mutation affecting the same gene in BIM F22D. The 

recurrence of mutations within this gene of the locus among independently isolated 

BIMs strongly supports its central role in side chain initiation (and side chain 

function as a phage receptor) and is consistent with the proposed function of WpsA 

homologues in lactococcal CWPS biosynthesis. Loss of this activity would be 

expected to prevent assembly of the side chain repeating unit and consequently 

abolish production of the surface-exposed component (side chain) of the RGP. 

Structural analysis of BIM F2E provided additional insight into the sequential 

assembly of the side chain structure. Mutation of orf07005UCCSt50 resulted in an 

RGP in which approximately 60% of repeating units carried a single GlcNAc 

residue attached to the rhamnan backbone, whereas the remaining units lacked a 

side chain entirely. Given that orf07015UCCSt50 has previously been assigned as the 

priming glycosyltransferase responsible for transfer of the initial GlcNAc residue 

to the lipid carrier undecaprenyl-phosphate (Und-P), producing Und-P-GlcNAc, 

which serves as the foundation on which the side chain structure is assembled 

(9,10), these findings suggest that orf07005UCCSt50 functions after this step and is 

required for the addition of the second monosaccharide of the side chain structure. 

Based on the predicted GT2 family glycosyltransferase domain and the observed 

structure resolved in this study, the product of orf07005UCCSt50 is proposed to 

catalyse incorporation of the first rhamnose residue following side chain initiation 

in the S. thermophilus UCCSt50 model strain. It has previously been proposed that 
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orf07020UCCSt50 is a glycosyltransferase-encoding gene responsible for the addition 

of the terminal rhamnose residue to the side chain structure (10). These assignments 

represent the first direct functional links between a specific S. thermophilus 

glycosyltransferase and a defined structural feature of the RGP. 

Similarly, structural analysis of BIM F1A enabled the functional assignment of 

orf06995UCCSt50. Although the rhamnan backbone structure remained intact, the side 

chain structure was largely absent from the extracted polysaccharide (the major 

structure representing ~ 90 % of units). The predicted membrane topology and 

domain architecture of the encoded protein closely resemble those of the 

lactococcal WpsJ side chain transferase, which catalyses transfer of the mature side 

chain structure onto the rhamnan backbone (14). The absence of detectable side 

chain structures in F1A therefore supports the hypothesis that orf06995UCCSt50 

performs an equivalent function in S. thermophilus. Collectively, the mutations 

characterised in this and previous studies allow the construction of a preliminary 

model of side chain biosynthesis in UCCSt50, whereby orf07015UCCSt50 initiates 

side chain assembly, orf07005UCCSt50 contributes to elongation of the side chain 

structure, orf07020UCCSt50 participates in subsequent side chain additions, and 

orf06995UCCSt50 mediates transfer of the side chain component onto the rhamnan 

backbone.  

Beyond their contribution to understanding RGP biosynthesis, the BIMs included 

in this study, provided a unique opportunity to investigate the structural 

requirements of phages recognising the same polysaccharide receptor. Previous 

work demonstrated that P738 requires an intact RGP side chain structure (or a 

specific component of this structure) for infection, in comparison SW13 remained 

capable of infecting the partially truncated derivative F1B (10). The inclusion of 
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additional BIMs in the present study extends these observations and further refines 

the minimal structural requirements for infection by each phage. Strains lacking the 

side chain structure entirely were resistant to both P738 and SW13, indicating that 

the side chain component contains the essential receptor determinants recognised 

by both phages. However, SW13 retained the ability to infect strains possessing 

substantially reduced side chain structures, including derivatives containing only a 

partial side chain architecture with a single monosaccharidic branch. In these 

assays, the P738 remained unable to infect any BIM and could only infect the wild-

type strain, UCCSt50. These findings demonstrate that the two phages exhibit 

substantially different dependencies on specific components within the RGP side 

chain despite recognising the same general receptor structure. Despite the apparent 

tolerance of SW13 towards variation in side chain composition, this phage 

nevertheless retains a relatively narrow host range among S. thermophilus strains 

(2). This observation suggests that additional structural determinants within the 

RGP architecture, such as specific glycosidic linkages or phage “docking” points, 

may underpin phage recognition and adsorption. Interestingly, several RGP-

associated mutations also altered susceptibility to the EPS-binding phage SW16. 

While the mechanistic basis of this observation remains unclear, it may reflect 

broader changes in cell surface architecture resulting from disruption of RGP 

biosynthesis. Although further work is required to determine whether direct 

regulatory or structural interplay exist between RGP and EPS biosynthesis and 

expression in S. thermophilus, these findings suggest that alterations in one surface 

polysaccharide may have consequences extending beyond the immediate receptor 

itself. 
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The heterologous expression of the Brie28 priming glycosyltransferase provided an 

additional perspective on the flexibility of RGP biosynthesis. Restoration of 

susceptibility to both P738 and SW13 in the side chain deficient BIM B1 suggests 

that the introduced enzyme was capable of re-establishing a functional side chain 

biosynthetic pathway despite sharing only moderate sequence identity with the 

native UCCSt50 enzyme. While the precise structure produced by the engineered 

derivative remains unresolved, restoration of P738 sensitivity strongly suggests the 

generation of a side chain architecture that is compatible with this particular phage 

adsorption. These findings raise the possibility that the biosynthetic pathway 

encoded by the rgp locus might tolerate variation in the nature of the initiating 

monosaccharide, thereby allowing reconstruction of a phage-compatible receptor 

structure. This also opens the possibility of engineering alternative side chain 

structures to further investigate their role in the phage-host interactome. However, 

it remains unclear whether receptor restoration reflects flexibility within the RGP 

biosynthetic pathway, phage receptor recognition of specific sugar residues, or a 

combination of both. 

Collectively, the findings presented in this study establish functional roles for 

several previously uncharacterised genes within the S. thermophilus rgp locus while 

simultaneously refining our understanding of the structural requirements 

underpinning phage adsorption. By linking specific genetic mutations to defined 

alterations in RGP structure and phage susceptibility, this work provides a 

framework for the continued functional annotation of rgp loci and further 

demonstrates how even subtle variation in cell surface polysaccharide architecture 

can influence host range and receptor specificity. 
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Materials and Methods  

Bacteria, growth conditions & media 

S. thermophilus strains were routinely grown from single colonies or bacterial 

stocks maintained at -70 °C (25 % [wt/vol] glycerol) in M17 broth (Sigma, USA) 

supplemented with 0.5 % lactose (Sigma, USA) at 42 °C. For S. thermophilus 

strains containing plasmids (pNZ44 or pNZ44-acrIIA6), chloramphenicol (Sigma, 

USA) was added to LM17 at a final concentration of 3 µg/mL in agar and 5 µg/mL 

in broth.  

Bacteriophage-insensitive mutant isolation and characterisation  

The bacteriophage-insensitive mutants (BIMs) used in this study (F1A, F2E and 

F22D) were generated as previously described (10) through exposure of S. 

thermophilus UCCSt50 to phage P738, followed by isolation of surviving phage-

resistant derivatives.  

Genomic DNA of the three BIMs was extracted using a modified protocol of the 

Nucleobond AXG 100 with Buffer set III (Macherey-Nagel, Germany) as described 

previously (10). Bacterial genome sequencing was performed by Plasmidsaurus 

(USA) using Oxford Nanopore Technology (UK) long-read sequencing. Long-read 

sequencing was conducted on a PromethION P24 platform with R10.4.1 flow cells, 

and libraries were prepared using the Rapid Barcoding Kit 96 V14. Basecalling was 

performed using ‘dorato super-accurate’ basecalling with default Q10 quality 

filtering. Sequences were subsequently annotated using Bakta with default 

parameters (18).  
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To verify that no spacer acquisitions had been made to the BIMs CRISPR (1, 2, and 

3) loci spacer content or number, all sequenced genomes were uploaded to 

CRISPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index) 

(13), and CRISPR spacer arrays were analysed. A single nucleotide polymorphism 

(SNP) analysis of F1A, F2E and F22D genome sequences against the genome of 

the parent strain UCCSt50 was performed using the Bowtie2 alignment tool (19) 

and SAMtools (20). Further manual annotations and functional predictions of ORFs 

associated with the rgp cluster were performed using a combination of TMHMM 

(21), Pfam (22), and HHpred (23) analyses.  

BIM complementation 

SNPs were identified as described above and summarised in Table 2. The native 

genes from the parent strain UCCSt50 were amplified with Phusion Hot Start II 

High-Fidelity PCR Master Mix (Thermo Fisher Scientific, USA) using primer 

combinations listed in Supplementary Table S2. The resulting amplicons were 

purified using the GenElute PCR Clean-Up Kit (Sigma, USA). Enzymatic digestion 

and ligation of amplicons and the pNZ44 cloning vector were performed as 

described previously (10). Briefly, 10 µL of the ligation mixture was added to 100 

µL of competent cells of either BIM F1A or F2E, which were prepared as per 

previous methods (10). The mixture was held on ice for 30 minutes before a heat 

shock was applied at 42 °C for 45 seconds followed by holding on ice for 2 minutes. 

The mixture was subsequently transferred to a pre-chilled electroporation cuvette 

before applying a single 2.0 kV pulse followed by the addition of 900 µL pre-

warmed HJL recovery media (3 % tryptone, 1 % yeast extract, 0.5 % KH2PO4, 0.2 

% beef extract, 0.5 % lactose, 20 mM CaCl2, and 200 mM MgCl2) and incubating 
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(in the electroporation cuvette) at 42 °C for a minimum of 4 hours. Cells were plated 

on LM17 agar supplemented with 3 µg/mL chloramphenicol and incubated at 42 

°C for 48–72 hours. Positive transformants were verified to contain the recombinant 

plasmid(s) by colony-based PCR using pNZ44_F and pNZ44_R primers 

(Supplementary Table S2). 

Heterologous glycosyltransferase expression 

The priming glycosyltransferase from the S. thermophilus strain Brie28 (16) 

(GenBank accession number JBTWWX000000000) was amplified with Phusion 

Hot Start II High-Fidelity PCR Master Mix (Thermo Fisher Scientific, USA) using 

Brie28GT specific primer combinations listed in Supplementary Table S2 and 

Brie28 genomic DNA (extracted as described above). The resulting amplicons were 

purified using the GenElute PCR Clean-Up Kit (Sigma, USA). Enzymatic digest, 

ligation and transformation procedures were performed as described above. The 

integrity of the construct was validated by amplifying Sanger sequencing (Genewiz, 

Germany) using primers pNZ44_F and pNZ44_R (Supplementary Table S2). 

Efficiency of Plaquing  

The efficiency of plaquing (EOP) of phages P738 (Accession number: MK911750) 

(24), SW13 (Accession number: MH892362) (2) and SW16 (Accession number: 

MH892350) (2) on the host strain UCCSt50, BIMs, complemented strains and 

control strains was determined using the standard overlay method as described in 

detail previously (10,25). The relative EOP of phages (Table 3) was determined by 

dividing the observed titre of the phage on a given BIM/complement/control host 

by that on the parent strain, UCCSt50. All assays were performed in at least 
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duplicate. For quantitative analysis, averages and standard deviations were 

calculated in MS Excel using a Student’s t-test. 

Preparation and structural analysis of RGP of S. thermophilus F1A and F2E  

Approximately 8 L cultures of S. thermophilus strains F1A and F2E were grown 

overnight in M17 (Sigma, USA) supplemented with 0.5% lactose (Sigma, USA) 

(1% total lactose concentration) at 42°C. Cells were harvested by centrifugation at 

4,400 × g at 4°C for 30 min. The resulting cell pellets were washed twice with ice-

cold sterile distilled water, first with 300 mL per culture, then pooled and washed 

again in 40 mL before storing the cell pellets at −20°C. 

Cell wall polysaccharides (RGPs) were extracted from cell pellets following 

treatments with cold 5% trichloroacetic acid (TCA) and hot diluted HCl and 

purified on a Sephadex G-50 column, as described previously (8, 10).  It was further 

purified by reverse-phase HPLC using an Agilent Zorbax C18 column (250 × 9 

mm) in solvent A (0.1% TFA, vol/vol) and B (80% MeCN, vol/vol) at a flow rate 

of 3 mL/minute, starting from 3% B for 10 minutes then gradient to 100% B over 

30 minutes. The RGP purified by HPLC was used for NMR analysis as described 

previously (10) using a Bruker AVANCE III 600 MHz (1H) spectrometer with a 5 

mm Z-gradient probe with acetone internal reference (2.225 ppm for 1H and 31.45 

ppm for 13C) using standard pulse sequences cosygpprqf (gCOSY), mlevphpr 

(TOCSY, mixing time 120 ms), roesyphpr (ROESY, mixing time 500 ms), 

hsqcedetgp (HSQC), hsqcetgpml (HSQC-TOCSY, 100 ms TOCSY delay), and 

hmbcgplpndqf (HMBC, 70 ms long range transfer delay).  

Monosaccharide composition and methylation analyses were performed as 

described previously (17).  
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Supplementary Material  

Supplementary Table S1. CRISPR loci and spacer array profiles of S. 

thermophilus UCCSt50 and BIMs F1A, F2E and F22D 

Strain  C1 (bp) C1 (spacers) C2 

(bp) 

C2 (spacers) C3 

(bp) 

C3 (spacers) 

UCCSt50 2,409 36 101 1 1,358 20 

F1A 2,409 36 101 1 1,358 20 

F2E 2,409 36 101 1 1,160 17 

F22D 2,409 36 101 1 1,358 20 

 

Supplementary Table S2. Primers used in this study.  

Primer name  Sequence (5’ – 3’) Amplicon 

size (bp) 

Source  

F1A_06995_F aaaaaaccatggaaggaggcactcacttgaacagaattaaacaaataaaagttg 1308 This 

study F1A_06995_R aaaaaactgcagttatgcaaataccccccagtaat 

F2E_07005_F aaaaaaccatggaaggaggcactcacatgaaagataatcatacttgggtg 777 This 

study F2E_07005_R aaaaaactgcagctatccattcgtcttctgactt 

pNZ44_F ctaatgtcactaacctgccccg Template 

dependent  

(8) 

pNZ44_R gctttatcaactgctgct 

Brie28GT_F aaaaaaccatggaaggaggcactcacatgtcagatttactcattattattcc 1027 This 

study Brie28GT_R aaaaaactgcagttatttatctttccctctcaaggc 
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Supplementary Fig. S1. 1H-13C HSQC and 1H NMR spectra of the RGP from the 

BIM F1A.  
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Supplementary Fig. S2. 1H-13C HSQC and 1H NMR spectra of the RGP from the 

BIM F2E.  
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Genotype to biochemical structure correlations among 

exopolysaccharides and eps loci of Streptococcus thermophilus 
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Abstract: 

Exopolysaccharides (EPSs) produced by Streptococcus thermophilus contribute 

significantly to the rheological, textural and sensory properties of fermented dairy 

products and are increasingly recognised for their potential health-associated 

benefits. Despite the extensive structural diversity reported among S. thermophilus 

EPSs, direct comparison between experimentally resolved EPS structures and the 

corresponding eps genotype classification framework has remained limited due to 

the lack of publicly available genome sequence data for many industrial starter 

strains. In the present study, we investigated the relationship between eps locus 

diversity and EPS structure in S. thermophilus through comparative genomics and 

structural analysis. Hierarchical clustering (HCL) analysis of 182 eps loci extracted 

from publicly available genomes and previously characterised strains revealed 

extensive genetic diversity across the species while also identifying several 

dominant genotypes. Structural elucidation of the EPSs produced by S. 

thermophilus strains UCCSt50, Nect13 and STMM11 demonstrated that each strain 

produced a distinct repeating-unit structure corresponding to eps genotypes H, D 

and C2, respectively. Comparative analysis revealed that multiple independently 

characterised strains possessing highly similar eps loci also produced identical or 

highly similar EPS structures. Collectively, comparative analysis of currently 

available EPS structures identified 11 distinct EPS structures among S. 

thermophilus strains with an eps genotype assigned to five of these structures. These 

findings establish a comparative framework linking eps genotype to EPS structure 

and support the existence of predictive genotype-to-structure relationships among 

technologically important dairy streptococci. Furthermore, this work expands 

current understanding of EPS diversity within S. thermophilus and provides a 
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foundation for future studies investigating the biological and technological 

significance of these cell wall polysaccharides. 
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Introduction: 

Streptococcus thermophilus is one of the most extensively employed commercial 

starter cultures, being widely used in the manufacture of yoghurts, various cheeses 

and other fermented dairy products. Its long-established technological value and 

industrial use stems not only from its rapid acidification of milk, but also from the 

ability of many S. thermophilus strains to produce exopolysaccharides (EPSs). 

EPSs of S. thermophilus are high molecular weight, surface-associated or secreted 

heteropolysaccharides that significantly contribute to texture, viscosity, flavour 

perception, and overall sensory quality of fermented dairy products (1,2). Beyond 

their technological roles, EPSs produced by S. thermophilus are gaining attention 

for their potential contributions to human health (3,4). Although the probiotic status 

of S. thermophilus is primarily based on its lactose-metabolising capabilities (1,3–

5), numerous bioactivities have been attributed to its EPS, including inhibition of 

pathogen colonisation and biofilm formation, immune modulation, 

anti-inflammatory effects, and prebiotic functions (4). Importantly, many of these 

effects may persist even in the absence of viable cells, positioning EPS as promising 

“postbiotic” molecules (6). Taken together, these attributes not only underscore the 

industrial relevance of S. thermophilus, but also the growing recognition that 

detailed characterisation of its EPS and other saccharidic structures will be central 

to future applications in both food technology and health-associated contexts.  

Industrial interest in EPS-producing starter culture-associated strains increased 

substantially following the recognition that certain yoghurt-associated cultures 

generate products with desirable texture and viscosity properties without the 

requirement for additional stabilisers or hydrocolloids (7–9). As consumer demand 

has shifted towards ‘clean-label’ fermented foods with fewer additives, EPS 
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produced by various S. thermophilus strains has become increasingly attractive as 

a naturally produced texturising agent capable of improving product quality while 

maintaining straightforward ingredient formulae (10,11). As a result, the genetic 

and structural basis of EPS biosynthesis in S. thermophilus and other LAB species 

has been the focus of considerable research efforts (1,12,13). Comparative genomic 

studies have revealed extensive diversity among S. thermophilus eps loci, with 

multiple distinct eps cluster types identified across industrial and dairy-associated 

strains (14–17). Similarly, structural analyses have demonstrated substantial 

variation in EPS repeating unit composition, linkage arrangement and branching 

architecture between strains (18–21). Although previous studies have suggested that 

the biochemical and structural diversity of S. thermophilus EPSs is associated with 

the observed genetic diversity within the corresponding eps loci, direct comparison 

between experimentally resolved EPS structures and eps genotype classification has 

not been undertaken. The above-mentioned studies have collectively established 

EPS as one of the principal contributors to the technological performance of 

industrial starter cultures and have reinforced the importance of structural 

elucidation studies for understanding the functional properties of dairy-associated 

polysaccharides.  

To date, more than 30 EPS structures produced by S. thermophilus have been 

structurally resolved, revealing diversity in repeating unit composition, linkage 

arrangement and branching architecture (19,21–36). In the current study, we have 

collated and compared the EPS structural and genetic data that is available for 36 

S. thermophilus strains. Our analysis indicates that many independently 

characterised strains produce identical or highly similar EPS structures and suggests 

the existence of dominant EPS structural groups among previously analysed 
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industrial dairy isolates. Previous studies have proposed that conservation or 

variation within the corresponding eps loci may account for these shared or distinct 

structural features among strains (23,31,35). Additionally, recent comparative 

genomic analysis of the eps loci of 23 S. thermophilus strains identified ten 

genotypes (eps A–J) (15). The majority of the S. thermophilus strains from which 

EPS structures have been resolved represent industrial starter cultures. 

Consequently, the complete genome sequences of these strains are rarely available 

in public databases, reflecting their proprietary and commercial value. This 

disconnect between available EPS structural data and corresponding genetic 

information has limited the direct comparison between EPS structure and eps 

genotype classification. Establishing predictive genotype-to-structure (or structure 

to genotype) relationships therefore represents an important step towards 

understanding the technological functionality and diversity of EPSs produced by S. 

thermophilus. 

In the present study, the eps loci and EPS structures of S. thermophilus strains 

UCCSt50 (37,38), Nect13 (15) and STMM11 (39) were investigated to establish a 

relationship between eps genotype classification and experimentally resolved EPS 

structure. This enabled genotype assignment of structurally characterised strains 

and facilitated direct comparison between conserved eps loci and corresponding 

EPS repeating unit structures. Collectively, this study establishes a comparative 

framework linking eps locus diversity to EPS structure and advances the predictive 

interpretation of technologically important EPSs produced by S. thermophilus 

strains, significantly expanding the current understanding of streptococcal cell wall 

polysaccharides. 
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Results: 

Hierarchical clustering reveals diversity among S. thermophilus eps loci and 

enables genotype assignment of structurally characterised strains  

The eps locus, which is located on the S. thermophilus chromosome, encodes the 

EPS biosynthetic machinery, is approximately 15-30 kb in length. The genes that 

make up the eps locus encode proteins involved in regulation of EPS production, 

sugar transfer, EPS subunit polymerisation, and export of the saccharide subunits 

which are subsequently polymerised on the external surface of the cell (15,16,40). 

Despite gene synteny across strains of S. thermophilus, particularly in the eps locus 

termini, there is substantial variation in the central regions of the cluster, which 

typically represent glycosyltransferase-encoding genes (15,16,41). Previous studies 

investigating this genetic diversity within the eps loci identified 15 distinct eps 

cluster types described based on sequence similarity of eps-associated genes (14). 

More recently the genetic diversity observed across these loci has facilitated 

hierarchical clustering analyses of 24 industrial S. thermophilus strains that 

identified six major eps genotypes, termed eps A–F (40), while subsequent 

examination of a larger collection of dairy streptococcal isolates (28 S. thermophilus 

strains total) expanded this classification to include four additional genotypes, 

resulting in the currently recognised eps A–J classification framework employed in 

this study (15). To investigate the current genetic diversity of eps loci within S. 

thermophilus, hierarchical clustering (HCL) analysis was performed on 182 eps loci 

extracted from publicly available, complete S. thermophilus genome assemblies, 

eps cluster sequences of strains previously employed as reference strains in the eps 

genotyping analysis (15), and available partial eps cluster sequences from strains 
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for which EPS structures have also been resolved (Fig. 1) (Supplementary Table 

S1).  

HCL analysis demonstrated that the reference strains representing the established 

eps A–J genotypes were distributed across the clustering analysis, highlighting the 

extensive genetic diversity previously reported among S. thermophilus eps loci in 

smaller datasets and which provided the basis of the A-J genotype-based 

classification system (14–16,40). The analysis also revealed additional undefined 

regions of diversity outside the established classification framework suggesting that 

the current classification system does not capture the full extent of diversity present 

in the S. thermophilus eps loci. However, further analysis is required to validate the 

extension of the eps genotyping system to include additional genotypes or sub 

genotypes. HCL analysis also revealed several localised genotype-associated 

cluster segments, where multiple strains grouped closely around specific reference 

genotypes, indicating conservation of gene content and overall eps locus 

organisation among these strains. Strains within these genotype-associated clusters 

were subsequently assigned to the corresponding eps genotype and colour coded 

accordingly (Fig. 1). Several genotypes were well represented within the analysis 

including eps H- (n=28), D- (n=22) and C1-associated groups (n=25). However, 

there appears to be a degree of heterogeneity within the C1 genotype, which may 

warrant an additional sub-genotype, although additional studies including detailed 

genetic and structural analyses would be required to validate this. 
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Fig. 1. HCL analysis of genes from eps loci of 182 S. thermophilus strains. The 

heatmap was generated based on protein family presence (colour) or absence 

(black). Reference strains representing the previously established eps A–J 

genotypes are indicated by blue boxes. Strains for which both eps locus sequences 

(complete or partial) and EPS structures are available are indicated by red boxes. 

Strains for which the EPS structure was elucidated in the present study are marked 

with an asterisk (*). 
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Our HCL analysis furthermore reveals that eps loci of dairy streptococci exhibit 

substantial diversity across the species and creates a foundation to investigate the 

relationship between eps genotype and the associated EPS structures. The analysis 

enabled genotype assignment of several publicly available S. thermophilus strains, 

including strains where EPS structural data is also available. Three structurally 

characterised strains (SFi39, ASCC 1275 and DGCC 7710) clustered within the eps 

D genotype, while ST64987 was assigned to the eps H genotype and LY03 and SFi6 

grouped within the eps F-associated region (Fig. 1). The observed conservation of 

eps locus genetic content among strains within the eps D- and H-associated clusters 

suggests that strains sharing a common eps genotype produce a similar EPS 

structure. Therefore, S. thermophilus strains UCCSt50 (eps H) and Nect13 (eps D) 

were selected for structural analysis to determine whether their experimentally 

resolved EPS structures corresponded to those previously reported for other 

members of the same predicted genotypes. In contrast, STMM11 was selected as a 

representative of the comparatively underrepresented eps C2 genotype, for which 

currently no experimentally resolved EPS structure is available, thereby facilitating 

structural comparison between this strain and other genotype associated structures 

or the assignment of a distinct structure to the C2 genotype.  
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Representative S. thermophilus eps genotypes exhibit distinct EPS structures  

The EPS structures of strains UCCSt50, Nect13 and STMM11, representing eps 

genotypes H, D and C2, respectively, were elucidated in this study. Each strain was 

shown to produce a structurally distinct repeating unit differing in monosaccharide 

composition, linkage arrangement and branching architecture (Fig. 2). The major 

monosaccharide components of all three EPSs were determined to be galactose 

(Gal) and glucose (Glc). The EPS produced by S. thermophilus UCCSt50 was 

shown to be composed of branched pentasaccharide repeating units containing 

galactose (Gal) and glucose (Glc) residues (Fig. 3A). The precise linkage 

arrangement could not be fully determined, with two possible linkage variants 

existing; E-C, D-B (I) or E-B, D-C (II) linkages (Fig. 3A; Supplementary Table S2; 

Supplementary Fig. S1). The NMR chemical shifts closely corresponded to those 

previously reported for the EPS produced by S. thermophilus ST64987 (27) and 

Lactobacillus delbrueckii subsp. Bulgaricus 291 (42). 
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Fig. 2. Schematic overview and comparative analysis of the eps loci and associated 

EPS structures among structurally characterised S. thermophilus strains. Predicted 

gene functions are colour-coded and indicated below the figure. Conserved regions 

of sequence similarity between eps loci are connected by shaded regions generated 

using CAGECAT (43). Schematic representations of the associated EPS structures 

are shown on the right. Monosaccharide symbols are presented according to the 

Standard Nomenclature for Glycans (SNFG).  
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The EPS isolated from S. thermophilus STMM11 consists of a linear 

hexasaccharide repeating unit containing Gal, Glc, rhamnose (Rha) and N-

acetylglucosamine (GlcNAc) residues (Fig. 3B; Supplementary Table S3; 

Supplementary Fig. S2). The branched tetrasaccharide repeating unit of the EPS 

isolated from S. thermophilus strain Nect13 contains galactofuranose (Galf) in 

addition to Glc and Gal (Fig. 3C; Supplementary Table S4; Supplementary Fig. S3). 

Detailed 2D NMR analysis of the EPS for each strain is presented in the 

supplementary materials (Supplementary Tables S2 – S4; Supplementary Fig. S1 – 

S3). 

Fig. 3. Chemical structures of the EPS from S. thermophilus A) UCCSt50 B) 

STMM11 C) Nect13. 
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Linking eps genotype to structure in S. thermophilus 

The genome sequences (complete or partial) of 13 of the 36 S. thermophilus strains 

for which EPS structures have been resolved are publicly available (Supplementary 

Table S5). As mentioned above, based on HCL and comparative analyses (Figs. 1 

& 2) strains SFi39, Nect13, DGCC 7710 and ASCC 1275, have been assigned to 

the eps D genotype in this study. Each of these strains was also observed to produce 

an identical EPS structure, consistent with their shared genotype (Fig. 2 & Table 1). 

Furthermore, while genome sequence data for strains XJ53 (23), STD (25), CH101 

(25), STCth-9204 (19), SY89 (22), and SY102 (22) are not available, their identical 

EPS structure suggests that they share highly similar if not identical eps loci, 

although this remains to be established. 

Similarly, LY03 (25) and SFi6 (29) have been classified as eps F-type strains in this 

study and share an identical EPS structure (Fig. 2 & Table 1). S. thermophilus strains 

ST64987 and UCCSt50, classified in this study as members of the eps H genotype, 

also possess highly similar eps loci (Fig. 2) and produce highly similar EPS 

structures. A structurally distinct Gal/Glc-containing EPS was reported for S. 

thermophilus THS (30); however, differences in both monosaccharide composition 

and glycosidic linkage organisation distinguished this polymer from the eps H-

associated structural group. An additional distinct EPS structure was resolved for S. 

thermophilus OR 901 (31), ST111 (25), Rs (44) and Sts (44) consisting of Gal and 

Rha residues. Furthermore, an identical branched EPS repeating unit structure was 

identified for three independently characterised S. thermophilus strains, DCGG 

7698 (19), EU20 (22) and UCCSt89 (33), and could be classified as C1-type strains. 

A related but structurally distinct complex EPS structure was observed for S. 

thermophilus ST1 (34) and GST-6 (35). A distinct EPS structure containing less 
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frequently incorporated residues such as GlcNAc was reported for S. thermophilus 

S-3 (36), while the EPS structures reported for SFi12 (24) and S3 (32) also appear 

to be structurally distinct from all other currently resolved S. thermophilus EPS 

structures. The EPS structure resolved for STMM11 in the present study, is 

structurally distinct from all previously reported S. thermophilus EPSs currently 

available in the literature.  

Collectively, comparative analysis of currently available, structurally resolved S. 

thermophilus EPS polymers identified 11 distinct EPS structures. Integration of 

comparative eps locus analysis with the established eps genotyping framework 

enabled assignment of experimentally resolved EPS structures to five eps genotypes 

(eps D, F, H, C1 and C2) (Table 1), including the first structurally characterised 

representative of the eps C2 genotype resolved in this study. These findings support 

a strong association between eps genotype and EPS structural conservation among 

several genotype-associated groups. However, due to the limited availability of 

corresponding genome sequence data for many structurally characterised S. 

thermophilus strains, direct genotype-to-structure relationships remain unresolved 

for a proportion of currently available EPS structures (Table 1). Furthermore, the 

extensive genetic diversity observed throughout the HCL analysis suggests that 

additional uncharacterised genotype-to-structure relationships likely remain to be 

identified.  
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Table 1. Comparative analysis of the 11 structurally resolved EPS repeating unit 

structures produced by S. thermophilus strains and their associated eps genotype 

assignment. Conserved EPS structural groups were assigned to eps genotypes based 

on HCL, comparative eps locus analysis, and structural similarity to strains 

possessing publicly available eps locus sequences. Representative strains 

possessing each conserved EPS structure are indicated. Strains where the EPS 

structure was elucidated in the present study are indicated with an asterisk (*). 

Unassigned structures represent EPSs for which corresponding genome sequence 

data were unavailable or insufficient for eps genotype assignment. 

Assigned eps 

genotype  

Associated conserved EPS 

structure  

Representative strains 

eps D   

 

Nect13*, ASCC 1275 (21), DGCC 7710 (19), 

XJ53 (23), SFi39 (24), STD (25), CH101 (25), 

STCth-9204 (19), SY89 (22), and SY102 (22) 

eps F  

 

DGCC 7785 (19), LY03 (25), IMOD1/2/3 

(22), NCFB 859 (22), ‘21’(22), SFi20 (26), 

ST-10255y (19), ST4239 (19), CNCMI 733 

(28) and SFi6 (29) 

eps H  UCCSt50*, ST64987 (27) and ST-143 (19) 

eps C1  DCGG 7698 (19) , EU20partial (22) and 

UCCSt89 (33))  

eps C2  STMM11* 

 

 

Unassigned   THS (30) 

 

 

Unassigned  ST1 (34) and GST-6 (35) 

 

 

 

 

Unassigned   S-3 (36) 

 

 

 

Unassigned  

 

 SFi12 (24) 

 

f 

f 

f 
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Unassigned   S3 (32) 

 

 

 

Unassigned   

 

OR 901 (31), ST111partial (25), Rs (44) and 

Sts (44) 

 

f 
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Discussion: 

The findings presented in this study significantly expand current understanding of 

EPS genetic and structural diversity within members of the S. thermophilus taxon 

by integrating compositional and structural analysis with the recently established 

eps genotyping framework (15). While structural heterogeneity was observed 

among the EPSs produced by strains UCCSt50, Nect13 and STMM11, comparative 

analysis of previously resolved EPS structures revealed that several independently 

characterised S. thermophilus strains repeatedly produced identical or highly 

similar EPS structures. Importantly, where complete genome sequences or 

sufficient eps locus sequence data were publicly available, strains possessing 

conserved EPS structures also exhibited highly similar eps loci and were therefore 

assigned to the same eps genotypes. Furthermore, the genotype-associated groups 

identified through HCL analysis enabled putative eps genotype assignment of 

several previously characterised strains for which experimentally resolved EPS 

structures were available in the absence of publicly accessible genome sequence 

data. These observations suggest that future prediction of EPS structural features 

may be possible directly from eps locus information and glycosyltransferase-

associated gene content as publicly available S. thermophilus genome datasets 

continue to expand. These findings support a strong relationship between eps 

genotype classification and experimentally resolved EPS structures in S. 

thermophilus. Furthermore, these observations are consistent with the genotype-to-

structure relationships established for the RGP, suggesting that conserved genetic 

organisation underpins the biosynthesis of both major saccharidic structures present 

on the surface of S. thermophilus (EPS and RGP). 
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EPS produced by S. thermophilus strains are predominantly heteropolysaccharides 

that are primarily composed of glucose, galactose, and rhamnose (19), and on 

occasion may also contain N-acetylglucosamine, N-acetylgalactosamine, ribose and 

fucose (21,27,30,32,34). The compositional diversity observed among S. 

thermophilus EPS structures is reflected in the genetic diversity present in their 

corresponding eps loci. In particular, substantial variation exists within genes 

encoding glycosyltransferases, including galactosyltransferases, 

glucosyltransferases, rhamnosyltransferases and N-acetylglucosamine transferases, 

which together are presumed to determine the monosaccharide composition and 

linkage characteristics of the complete polysaccharide structure (16).  

One of the most notable observations is the repeated identification of a relatively 

small number of dominant EPS structures across multiple independently 

characterised strains. In particular, highly conserved EPS structures corresponding 

to the EPS D- (19,21–25), F- (19,22,25,26,28,29) and H-associated (19,27) groups 

have been repeatedly reported throughout the literature and in this study (D and H). 

This observed structural convergence may reflect an industrial selection bias within 

the available EPS dataset presented in this study. We propose that structural 

elucidation studies have predominantly focused on technologically important dairy 

strains exhibiting desirable fermentation-associated phenotypes, including 

enhanced viscosity, ropiness, texture formation and improved rheological 

properties during the fermentation process and, in particular, during yoghurt 

manufacture. As a result, strains selected for EPS structural characterisation in 

previous studies are unlikely to represent the true extent of the diversity of S. 

thermophilus EPS structures and may instead disproportionately reflect strains 

producing technologically favourable polymers. The repeated occurrence of 
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specific EPS structures across industrial dairy isolates may therefore indicate that 

certain eps genotypes are associated with beneficial physicochemical properties 

during dairy fermentation as it has been previously reported that the composition or 

combination of EPS types, rather than EPS quantity or yield alone, is one of the 

major contributors to the rheology, texture, and microstructural properties of 

yoghurt (7). From an industrial perspective, these observations raise the possibility 

that genotype-based screening approaches can be employed to identify strains 

capable of producing technologically desirable EPSs. Rather than relying 

exclusively on extensive downstream physicochemical characterisation, PCR- or 

sequence-based approaches directed towards specific eps genotypes may provide a 

rapid strategy for preliminary identification of strains with favourable fermentation-

associated phenotypes. However, as EPS functionality is also influenced by factors 

including EPS yield, polymer length, degree of branching, molecular mass and 

environmental conditions (7), further studies linking eps genotype to EPS structures 

and detailed rheological analyses will be required before robust genotype-to-

function relationships can be established. 

Structural analysis of S. thermophilus EPS is highly complex and technically 

challenging. It is continually reported that EPS yields vary significantly between 

strains and are strongly influenced by cultivation conditions, carbon source, 

medium composition and growth phase, often resulting in insufficient or 

heterogeneous material for downstream analysis (21,45–47). Additionally, EPS is 

known to occur in multiple physical states on the cell surface, where it can be 

attached to the outer surface in a loose or tightly associated state or secreted into 

the extracellular matrix (referred to as free-EPS) (2,18), each state contributing to 

the difficulty or ease of extraction and subsequent structural analysis (48,49). As a 
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result, crude EPS preparations frequently contain mixtures of polymers with distinct 

molecular weights and linkage patterns, requiring extensive purification efforts to 

facilitate NMR-based structural resolution (21). Following purification, full 

characterisation typically requires multiple analytical approaches, including 

monosaccharide composition analysis, glycosyl-linkage analysis and NMR 

spectroscopy, reflecting the intrinsic complexity of these polymers 

(19,21,34).While S. thermophilus EPSs play a vital role in modifying the 

rheological properties and texture of fermented dairy products, accurately 

characterising their saccharidic structures remains a significant challenge, largely 

due to high strain-to-strain variability in EPS production and the technical 

difficulties associated with EPS purification and analysis.  

The eps loci of S. thermophilus display substantial genetic diversity. This 

observation is consistent with previous studies describing EPS biosynthetic regions 

as highly variable chromosomal loci frequently associated with insertion sequences, 

recombination events, transposases and other mobile genetic elements (50,51). 

Such genomic organisation likely facilitates horizontal gene transfer and 

recombination-mediated diversification of glycosyltransferase-associated gene 

content, thereby contributing to the extensive genetic and structural diversity 

observed among S. thermophilus EPSs (51). The diversity observed among the 

RGPs and EPSs may also reflect selective pressures acting on these surface-

associated polymers within dairy (fermentation) environments, including 

adaptation to fermentation conditions, interactions with other starter culture 

bacteria and phage predation. 

Collectively, our findings establish a comparative framework linking eps locus 

diversity with experimentally resolved EPS structures in S. thermophilus. By 
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integrating hierarchical clustering, comparative genomics and structural elucidation 

approaches, this study demonstrates that conserved eps locus organisation is 

strongly associated with conserved EPS structures. Furthermore, identification of 

dominant genotype-associated EPS structural groups among industrial dairy 

isolates highlights the potential industrial relevance of specific eps genotypes and 

supports the future application of genotype-based approaches for the selection of 

technologically desirable starter cultures. Importantly, the extensive diversity 

observed among both eps loci and EPS structures also indicates that substantial 

genotype-to-structure relationships remain unresolved across the species. These 

findings therefore provide a foundation for future studies integrating large-scale 

comparative genomics with detailed EPS structural and functional analyses to 

further understand the biological and technological significance of EPS diversity in 

S. thermophilus. 
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Materials and Methods 

Preparation and structural analysis of EPS of S. thermophilus strains 

Approximately 8 litres of S. thermophilus strains, UCCSt50, Nect13 and STMM11 

were grown overnight at 42 °C from single colonies in M17 broth (Sigma, USA) 

with 1 % (UCCSt50 and STMM11) or 5 % (Nect13) total lactose concentration 

(Sigma, USA). Cells were harvested by centrifugation at 4,400 × g at 4 °C for 30 

minutes before the cell pellets were washed twice with ice-cold sterile distilled H2O 

and stored at −20 C until required for further processing. 

For S. thermophilus UCCSt50 and STMM11 cells were subjected to consecutive 

acid extractions as described previously (27). The crude extracts were purified on 

Sephadex G-50 column. The preparations had similar NMR spectra and were 

therefore pooled together. The EPS were separated from RGPs by reverse-phase 

HPLC on Zorbax C18 column. The UCCSt50 EPS was further re- purified by anion-

exchange chromatography on a Hitrap Q column.  

For S. thermophilus Nect13, the cell pellet was extracted by autoclaving in water 

(115 °C, 30 min; deproteinated with trichloroacetic acid (TCA, final concentration 

5%), dialysed and freeze-dried to obtain the crude extract, which was purified on 

Sephadex G-50 column. High molecular weight material was further purified by 

reverse-phase HPLC on Zorbax C18 column yielding pure EPS. 

General and analytical methods  

Gel-permeation and ion-exchange chromatography, monosaccharide and 

methylation analysis and NMR spectroscopy were performed as described 

previously (52). Gel-permeation chromatography was performed using Sephadex 

G-50 (GE Healthcare, 2.6 × 80 cm, and 1 × 40 cm), Biogel P-2 (Biorad, 2.6 × 
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60 cm), and Sephadex G-15 columns. Ion-exchange chromatography employed 

HiTrap Q and HiTrap SP columns (GE Healthcare). Monosaccharide composition 

and methylation analyses were performed by GC–MS using a Trace GC ULTRA 

system (Thermo Scientific). Reverse-phase HPLC was performed on Zorbax C18 

column, eluted with a gradient 2%-80% MeCN in 0.1 % TFA, with UV detection at 

220 nm. NMR experiments were carried out on a Varian INOVA 500 MHz 

spectrometer using standard pulse sequences including gCOSY, TOCSY, NOESY, 

ROESY, HSQC and HMBC as described previously (52). 

eps locus extraction and genotype assignment  

The eps gene clusters of streptococcal strains included in this study, where the 

complete genome sequences were available, were identified as previously described 

(15) between two conserved flanking genes, i.e. the genes that encode the chloride 

channel/purine nucleoside phosphorylase (5’ flank) and VanZ (3’ flank). Amino 

acid fasta files of these regions were extracted from 182 S. thermophilus genomes 

including 167 high-quality publicly available genomes at the chromosome or 

complete genome assembly, nine reference strains where the genomes were 

available at the contig assembly level and six eps cluster sequences deposited in 

NCBI as eps cluster sequence data (Supplementary Table S5) using Artemis (53). 

The fasta files from each rgp were reannotated using the Prokka v1.14.6 pipeline 

(54) to generate gff files. These output files were input into the Roary pipeline (55) 

to calculate the pangenome. Protein families were defined using Roary with default 

parameters and a minimum BLASTp identity threshold of 50 % (-i 50) and do not 

split paralogs settings (-s). A binary presence-absence matrix of clustered proteins 

was generated and analysed using two-way hierarchical clustering (HCL) within 
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the multi-experiment viewer (MeV v4.9) (56). Reference strains representing eps 

A-J genotypes (15) were presented in different colours. 

Identification of previously described EPS structures 

Previously published S. thermophilus EPS structures were compiled through 

manual literature searches (19,21,23,27,33,35,36) in combination with ‘the EPS 

database’ available at https://epsdatabase.cermav.cnrs.fr/database.html and using 

‘Streptococcus thermophilus’ as the organism search term (22,24–26,28–

32,34,44,57). The reported EPS structures are shown in this study exactly as they 

appeared in their original publications. 
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Supplementary Material  

Supplementary Table S1. Streptococcus thermophilus genomes and associated 

NCBI accession numbers used in the HCL analysis of this study  

Strain Species  Assembly level in 

NCBI  Accession number  

4021 Streptococcus thermophilus  Complete   CP065493 

4052 Streptococcus thermophilus  Complete  CP065476 

4067 Streptococcus thermophilus  Complete  CP065496 

4078 Streptococcus thermophilus  Complete   CP065477 

4134 Streptococcus thermophilus  Complete  CP065478 

4145 Streptococcus thermophilus  Complete  CP065492 

4147 Streptococcus thermophilus  Complete  CP065504 

13496 Streptococcus thermophilus  Complete  CP061025 

13498 Streptococcus thermophilus  Complete  CP061024. 

13499 Streptococcus thermophilus  Complete  CP061023 

24738 Streptococcus thermophilus  Complete  CP061022 

24739 Streptococcus thermophilus  Complete  CP061021 

24740 Streptococcus thermophilus  Complete  CP061020 

24853 Streptococcus thermophilus  Complete  CP061019 

90728 Streptococcus thermophilus  Complete  CP065479 

90729 Streptococcus thermophilus  Complete  CP065480 

90730 Streptococcus thermophilus  Complete CP065481 

1A Streptococcus thermophilus  Complete  CP065384 

1F8CT Streptococcus thermophilus  Chromosome CM003138 

ACA-DC_2 Streptococcus thermophilus  Chromosome  LT604076 

APC151 Streptococcus thermophilus  Complete  CP019935 

ASCC_1275 Streptococcus thermophilus  Complete CP006819 

ATCC_19258 Streptococcus thermophilus  Complete  CP038020 

AVA116 Streptococcus thermophilus  Complete  CP065498 

AVA1121 Streptococcus thermophilus  Complete  CP065488 

B59671 Streptococcus thermophilus  Complete  CP022547 

Brie1 Streptococcus thermophilus  Contig  JAHBRI000000000 

Brie16 Streptococcus thermophilus  Contig  JAHBRO000000000 

Brie28 Streptococcus thermophilus  Complete  JBTWWX000000000 

CH8 Streptococcus thermophilus  Complete  CP089060 

CICC_20372 Streptococcus thermophilus  Complete  CP132900 

CNRZ302 Streptococcus thermophilus  Complete  CP065489 

CNRZ385 Streptococcus thermophilus  Complete  CP065495 

CNRZ760 Streptococcus thermophilus  Complete  CP065482 

CNRZ887 Streptococcus thermophilus  Complete  CP065491 

CNRZ1066 Streptococcus thermophilus  Complete  CP000024 

CNRZ1151 Streptococcus thermophilus  Complete  CP065483 

CNRZ1202 Streptococcus thermophilus  Complete  CP065506 
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CNRZ1575 Streptococcus thermophilus  Complete  CP065490 

CS5 Streptococcus thermophilus  Complete  CP028896 

CS6 Streptococcus thermophilus  Complete  CP050870 

CS8 Streptococcus thermophilus  Complete  CP016439 

CS9 Streptococcus thermophilus  Complete  CP030927 

CS18 Streptococcus thermophilus  Complete  CP030928 

CS20 Streptococcus thermophilus  Complete  CP030250 

DGCC7710 Streptococcus thermophilus  Complete CP123436 

DMST-H2 Streptococcus thermophilus  Complete  CP063275 

Douc24 Streptococcus thermophilus  Complete  JBTWWW000000000 

EG007 Streptococcus thermophilus  Complete  CP069275 

EPS Streptococcus thermophilus  Complete  CP025400 

EU01 Streptococcus thermophilus  Complete  CP047191 

EU20 Streptococcus thermophilus  eps gene cluster DQ393661 

F1B Streptococcus thermophilus  Complete  CP194006 

F2A Streptococcus thermophilus  Complete  CP194005 

FDAARGOS_1574 Streptococcus thermophilus  Complete  CP086001 

FDL17 Streptococcus thermophilus  Contig JAHRBF000000000 

FDL19 Streptococcus thermophilus  Contig JAHRBE000000000 

GABA Streptococcus thermophilus  Complete  CP025399 

IDCC2201 Streptococcus thermophilus  Complete  CP035306 

JIM_8232 Streptococcus thermophilus  Complete  FR875178 

KLDS_31003 Streptococcus thermophilus  Complete  CP016877 

KLDS_SM Streptococcus thermophilus  Complete  CP016026 

LMD-9 Streptococcus thermophilus  Complete  CP000419 

LMG_18311 Streptococcus thermophilus  Complete  CP000023 

LY03 Streptococcus thermophilus  eps gene cluster DQ393658 

M17PTZA496 Streptococcus thermophilus  Chromosome  M002372 

MAG_rmk202_sterm Streptococcus thermophilus  Complete  CP046134 

MM1 Streptococcus thermophilus  Complete  CP065484 

MM20 Streptococcus thermophilus  Complete  CP065485 

MN-BM-A01 Streptococcus thermophilus  Complete  CP012588 

MN-BM-A02 Streptococcus thermophilus  Complete  CP010999 

MN-ZLW-002 Streptococcus thermophilus  Complete  CP003499 

Moz109 Streptococcus thermophilus  Complete  CP075363 

Moz111 Streptococcus thermophilus  Complete  JBTWWR000000000 

Moz74 Streptococcus thermophilus  Complete  JBTWWV000000000 

Moz76 Streptococcus thermophilus  Complete  JBTWWU000000000  

Moz77 Streptococcus thermophilus  Complete  JBTWWT000000000  

Moz83 Streptococcus thermophilus  Complete  JBTWWS000000000 

MRD6044 Streptococcus thermophilus  Complete  CP174173 

MTH17CL396 Streptococcus thermophilus  Chromosome CM002371 

N4L Streptococcus thermophilus  Chromosome  LS974444 

NBC5527 Streptococcus thermophilus  Complete  CP176540 
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NCTC12958 Streptococcus thermophilus  Chromosome  LS483339 

ND03 Streptococcus thermophilus  Complete  CP002340 

ND07 Streptococcus thermophilus  Complete  CP016394 

Nect1 Streptococcus thermophilus  Complete  JBTWWQ000000000 

Nect13 Streptococcus thermophilus  Complete  JBTWWP000000000 

NWC_2_1 Streptococcus thermophilus  Complete  CP031021 

R1 Streptococcus thermophilus  Complete  CP065486 

Racle124 Streptococcus thermophilus  Contig  JAHDUS000000000 

Rico65 Streptococcus thermophilus  Contig JAHBRL000000000 

Rico66 Streptococcus thermophilus  Contig  JAHDUN000000000 

Roque89 Streptococcus thermophilus  Complete JBTWWO000000000 

RR Streptococcus thermophilus  Complete  CP065788 

S24724 Streptococcus thermophilus  Complete  CP072443 

S24726 Streptococcus thermophilus  Complete  CP072442 

S24728 Streptococcus thermophilus  Complete  CP072441 

S24730 Streptococcus thermophilus  Complete  CP072440 

S24732 Streptococcus thermophilus  Complete  CP072439 

S24733 Streptococcus thermophilus  Complete  CP072438 

S24734 Streptococcus thermophilus  Complete  CP072437 

S24735 Streptococcus thermophilus  Complete  CP072436 

S24736 Streptococcus thermophilus  Complete  CP072435 

S24742 Streptococcus thermophilus  Complete  CP072434 

S24743 Streptococcus thermophilus  Complete  CP072433 

S24745 Streptococcus thermophilus  Complete  CP072431 

S24746 Streptococcus thermophilus  Complete  CP072430 

S24747 Streptococcus thermophilus  Complete  CP072429 

S24748 Streptococcus thermophilus  Complete  CP072778 

S24749 Streptococcus thermophilus  Complete  CP072428 

S24750 Streptococcus thermophilus  Complete  CP072427 

S9 Streptococcus thermophilus  Complete  CP013939 

Scam27 Streptococcus thermophilus  Contig  JAHDUQ000000000 

SCB0351 Streptococcus thermophilus  Complete  CP142105 

SFi39 Streptococcus thermophilus  eps gene cluster AF373595 

SFi6 Streptococcus thermophilus  eps gene cluster U40830 

SMQ-301 Streptococcus thermophilus  Complete  CP011217 

ST057-1 Streptococcus thermophilus  Complete  CP102797 

ST106 Streptococcus thermophilus  Complete  CP031881 

ST109 Streptococcus thermophilus  Complete  CP031545 

ST111 Streptococcus thermophilus  eps gene cluster DQ393662 

ST128 Streptococcus thermophilus  Complete  CP065500 

ST19 Streptococcus thermophilus  Complete  CP065487 

ST1 Streptococcus thermophilus  Contig JAIZBX000000000 

ST3 Streptococcus thermophilus  Complete  CP017064 

ST55 Streptococcus thermophilus  Complete  CP065502 
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ST64987 Streptococcus thermophilus  Complete  CP049053 

STCH_20 Streptococcus thermophilus  eps gene cluster MK483556 

STH_CIRM_1035 Streptococcus thermophilus  Chromosome LR822029 

STH_CIRM_1046 Streptococcus thermophilus  Chromosome  LR822030 

STH_CIRM_1047 Streptococcus thermophilus  Chromosome  LR822031 

STH_CIRM_1048 Streptococcus thermophilus  Chromosome  LR822033 

STH_CIRM_1049 Streptococcus thermophilus  Chromosome  LR822034 

STH_CIRM_1050 Streptococcus thermophilus  Chromosome  LR822032 

STH_CIRM_1051 Streptococcus thermophilus  Chromosome  LR822035 

STH_CIRM_1055 Streptococcus thermophilus  Chromosome  LR822036 

STH_CIRM_1116 Streptococcus thermophilus  Chromosome  LR822039 

STH_CIRM_1121 Streptococcus thermophilus  Chromosome  LR822037 

STH_CIRM_1122 Streptococcus thermophilus  Chromosome  LR822041 

STH_CIRM_1125 Streptococcus thermophilus  Chromosome LR822040 

STH_CIRM_1358 Streptococcus thermophilus  Chromosome  LR822042 

STH_CIRM_16 Streptococcus thermophilus  Chromosome  LR822006 

STH_CIRM_18 Streptococcus thermophilus  Chromosome  LR822008 

STH_CIRM_19 Streptococcus thermophilus  Complete  LR822009 

STH_CIRM_2101 Streptococcus thermophilus  Chromosome  LR822043 

STH_CIRM_23 Streptococcus thermophilus  Chromosome  LR822011 

STH_CIRM_29 Streptococcus thermophilus  Chromosome  LR822010 

STH_CIRM_30 Streptococcus thermophilus  Chromosome  LR822012 

STH_CIRM_32 Streptococcus thermophilus  Chromosome  LR822013 

STH_CIRM_36 Streptococcus thermophilus  Chromosome  LR822014 

STH_CIRM_336 Streptococcus thermophilus  Chromosome  LR822017 

STH_CIRM_368 Streptococcus thermophilus  Chromosome  LR822023 

STH_CIRM_65 Streptococcus thermophilus  Chromosome  LR822015 

STH_CIRM_67 Streptococcus thermophilus  Chromosome  LR824002 

STH_CIRM_772 Streptococcus thermophilus  Chromosome  LR822019 

STH_CIRM_956 Streptococcus thermophilus  Chromosome  LR822020 

STH_CIRM_961 Streptococcus thermophilus  Chromosome  LR822025 

STH_CIRM_967 Streptococcus thermophilus  Chromosome  LR822026 

STH_CIRM_998 Streptococcus thermophilus  Chromosome  LR822027 

STMM1 Streptococcus thermophilus  Complete CP125881 

STMM2 Streptococcus thermophilus  Complete  CP125763 

STMM3 Streptococcus thermophilus  Complete  CP125764 

STMM4 Streptococcus thermophilus  Complete  CP125765 

STMM11 Streptococcus thermophilus  Complete  CP125766 

STMM22 Streptococcus thermophilus  Complete  CP125767 

STMM25 Streptococcus thermophilus  Complete  CP125768 

Strac42 Streptococcus thermophilus  Complete  JBTWWN000000000 

TCI125 Streptococcus thermophilus  Complete  CP150875 

TCI633 Streptococcus thermophilus  Complete  CP113237 

TH-4 Streptococcus thermophilus  Complete   CP102538 
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TH982 Streptococcus thermophilus  Chromosome  CM003136 

TH985 Streptococcus thermophilus  Chromosome  CM003139 

TH1435 Streptococcus thermophilus  Chromosome  CM002369 

TH1436 Streptococcus thermophilus  Chromosome  CM002370 

TH1477 Streptococcus thermophilus  Chromosome  CM003135 

TK-P3A Streptococcus thermophilus  Complete  CP045596 

TSGB4141 Streptococcus thermophilus  Complete  CP116772 

UCCSt50 Streptococcus thermophilus  Complete  CP194174  

UCCSt89 Streptococcus thermophilus  Complete  JBTWWM000000000 

UCCSt95 Streptococcus thermophilus  Complete  CP101646 

Vach60 Streptococcus thermophilus  Complete  JBTWWL000000000 

VHProbi R08 Streptococcus thermophilus  Complete   CP094945 
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Supplementary Table S2. 1H and 13C NMR data for S. thermophilus UCCSt50 

EPS polysaccharide (600 MHz, 25 °C, ppm).  

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

-Glc A H 4.91 3.60 3.85 3.81 4.40 4.00; 4.16 

 C 100.9 72.7 72.4 78.9 70.6 68.3 

-Glc B H 4.62 3.37 3.68 3.68 3.61 3.82; 3.98 

 C 103.4 74.0 75.5 79.6 75.9 61.3 

-Glc C H 4.54 3.37 3.68 3.68 3.61 3.82; 3.98 

 C 103.5 74.0 75.5 79.6 75.9 61.3 

-Gal D H 4.51 3.59 3.77 4.02 3.80 3.78; 3.78 

 C 104.4 71.9 73.1 78.5 76.6 62.1 

-Gal E H 4.45 3.55 3.67 3.93 3.73 3.78; 3.78 

 C 104.1 72.1 73.7 69.7 76.5 62.1 
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Supplementary Table S3. 1H and 13C NMR data (, ppm, D2O, 35°C, 500 MHz) 

for the EPS from S. thermophilus strain STMM11. NAc:2.04/23.6 ppm. 

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

α-Rha A H 5.22 4.17 3.96 3.52 3.79 1.32 

 C 100.5 77.83 70.7 73.0 70.9 17.8 

α-Gal B H 5.11 3.85 3.93 3.99 4.31 3.68; 4.02 

 C 96.9 69.4 70.4 69.9 69.8 69.0 

α-Glc C H 4.96 3.58 3.88 3.67 4.14 3.87; 3.87 

 C 98.6 72.3 72.5 79.8 71.7 60.9 

β-Rha D H 4.90 4.28 3.65 3.46 3.50 1.36 

 C 101.7 68.5 78.9 71.6 73.2 18.0 

β-Glc E H 4.52 3.35 3.67 3.68 3.56 3.84; 3.95 

 C 103.6 74.3 76.5 77.8 75.9 61.9 

β-GalNAc F H 4.47 3.94 3.88 4.06 3.75 3.77; 3.82 

 C 103.2 53.4 72.5 76.8 76.1 62.6 
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Supplementary Table S4. 1H and 13C NMR data (, ppm, D2O, 25°C, 500 MHz) 

for the EPS from S. thermophilus strain Nect13. 

Sugar  H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6 

α-Glc A H 5.36 3.68 3.89 3.51 4.07 3.81; 3.81 

 C 100.1 72.8 80.7 68.7 72.8 61.3 

β-Galf B H 5.31 4.36 4.31 4.25 3.99 3.68; 3.72 

 C 109.6 81.0 85.9 83.3 71.5 64.2 

β-Gal C H 4.67 3.57 3.67 3.93 3.70 3.77; 3.80 

 C 103.4 71.9 73.8 69.8 76.3 62.1 

β-Glc D H 4.44 3.42 3.68 3.76 3.68 3.88; 4.23 

 C 104.6 72.9 82.8 70.9 75.8 69.5 
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Supplementary Fig. S1. 1H-13C HSQC and 1H NMR spectra of the EPS from S. 

thermophilus UCCSt50. 
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Supplementary Fig. S2. 1H-13C HSQC (blue-green) and a fragment of HMBC 

(black) spectra of the PS2 from S. thermophilus strain STMM11 (35 °C, 600 MHz). 
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Supplementary Fig. S3. 1H-13C HSQC (blue-green), 1H and a fragment of HMBC 

(red) spectra of the EPS from S. thermophilus strain Nect13 (45 °C, 600 MHz). 
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Supplementary Table S5. Published structurally resolved Streptococcus thermophilus EPS structures and associated genome 

availability. Structures are presented as originally reported in the corresponding publications. 

Strain name EPS repeating unit structure Genome availability Reference 

SY89 and 

SY102 

 

 
 

Not available  (22) 

XJ53 
 

 
 

Not available  (23) 

SFi39 
 

 
 

20kb eps cluster available  

NCBI accession number 

AF373595 

Structure – (24) 

eps cluster - (58) 

STD and CH101 
 

 
 

Not available  (25) 

DGCC 7710 
 

 
 

Shotgun sequencing -

AWVZ00000000 

Complete genome –  

CP123436 

Structure – (19) 

Genome shotgun - 

(59) 

CP123436 – 

unpublished 
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ASCC 1275 

 

 

 
 

 

 

 

Complete genome -

CP006819 

 

 

 

 

Structure – (21) 

Genome - (17) 

STCth-9204 

 

 

 
 

Not available  (19) 

DGCC 7785 
 

 
 

Not available  (19) 

LY03 
 

 
 

15kb eps gene cluster 

available -  

DQ393658.1 

Structure - (25) 

eps cluster - (14) 

IMOD1/2/3, 

NCFB 859 and 

‘21’ 

 

 

 
 

Not available  (22) 

SFi20 
 

 
 

Not available  (26) 
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CNCMI 733 

 

 

 

 
 

 

Not available  (28) 

SFi6 
 

 

 
 

15kb eps gene cluster 

available -  

U40830.1 

(29) 

ST-10255y and 

ST4239 

 

 

 
 

Not available  (19) 

ST64987 
 

 
 

Complete genome –  

CP049053 

(27) 

ST-143 
 

 
 

Not available  (19) 

OR 901 

 

 

 
 

Not available  (31) 

ST111partial 
 

 
 

5kb eps cluster available  

DQ393662  

Structure - (25) 

eps cluster - 

unpublished 

 



294 
 

Rs and Sts 
 

 
 

Not available  (44) 

DGCC 7698 
 

 
 

Not available  (19) 

EU20partial 
 

 
 

7kb eps gene cluster 

available - DQ393660  

Structure - (22) 

eps cluster - (14) 

 

UCCSt89 
 

 
 

Shotgun sequencing –  

JANFMW000000000 

 

(33) 

ST1 
 

 

 
 

Shotgun sequencing -

JAIZBX000000000.1 

  

 

Structure - (34) 

Genome - 

unpublished 

GST-6 
 

 
 

Not available  (35) 
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THS 
 

 
 

Not available  (30) 

S-3 
 

 
 

Not available  (36) 

SFi12 
 

 
 

 

Not available  (24) 

S3 
 

 
 

Not available  (32) 
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General Discussion 
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General discussion and future perspectives  

Streptococcus thermophilus is one of the most commercially important lactic acid 

bacterial species employed in food fermentations and is used extensively in the 

manufacture of yoghurt, hard cheeses and a variety of other fermented dairy 

products globally (1). Its long history of safe use in food production has resulted in 

its designation as both a “Generally Recognized as Safe” (GRAS) microorganism 

by the United States Food and Drug Administration and a “Qualified Presumption 

of Safety” (QPS) organism by the European Food Safety Authority (2). The 

technological success of S. thermophilus is largely attributable to its rapid 

metabolism of lactose, efficient acidification of milk and production of metabolites 

that contribute to the flavour perception, texture and rheological properties of 

fermented foods (3). In particular, extracellular and cell-associated polysaccharides 

produced by this species play important roles in determining the viscosity, 

mouthfeel and overall quality of many fermented dairy products (4–7). 

Despite its extensive industrial application, S. thermophilus is considered a 

relatively young bacterial species in evolutionary terms, having emerged relatively 

recently (estimated 3,000–30,000 years ago) from a commensal ancestor of the 

salivarius group (8,9). Phylogenetically, S. thermophilus belongs to the salivarius 

group of the viridans streptococci, which also includes Streptococcus salivarius, 

Streptococcus vestibularis (8), and the most recently recognised species, 

Streptococcus raffinosi (10). Although now recognised as a distinct species, 

evidence suggests that S. thermophilus emerged relatively recently through 

adaptation of a salivarius-like ancestor to the nutrient-rich dairy environment. This 

evolutionary transition has been accompanied by genome decay, with pseudogenes 

typically accounting for approximately 10 % of the predicted genes in S. 



308 
 

thermophilus genomes, and horizontal gene transfer events that collectively 

facilitated its specialisation for growth in milk (3,11–13).  

While the domestication of S. thermophilus has yielded strains with highly desirable 

technological properties, it has not diminished the persistent threat posed by 

bacteriophage infection. Indeed, phages remain one of the principal causes of 

fermentation delays in industrial dairy processes, where infection can result in 

delayed acidification, reduced product quality and subsequent economic losses 

(14,15). The outcome of these phage-host interactions is frequently determined by 

cell surface-associated structures that function as phage receptors. Among these, 

exopolysaccharides (EPSs) and rhamnose-glucose polysaccharides (RGPs) 

represent the structurally diverse and biologically important cell wall 

polysaccharides (CWPS) produced by S. thermophilus. Therefore, understanding 

the molecular basis of phage-host interactions remains a major objective within 

dairy-associated microbiology. The studies presented throughout this thesis sought 

to address several outstanding questions relating to the genetic diversity, 

composition/structure and biological functions of the RGP and EPS in S. 

thermophilus. Through comparative genomics, structural characterisation, 

transcriptional analyses and functional genetic studies, this work establishes direct 

links between polysaccharide genotype, biochemical structure and phage 

susceptibility. Collectively, the findings presented here demonstrate that CWPS 

diversity is a major determinant of phage-host interactions in S. thermophilus and 

provides a framework for understanding and predicting these interactions. 

One of the principal findings of this thesis was the demonstration that RGPs are a 

widespread and conserved feature of the Streptococcus genus. Although RGP 

structures have been extensively characterised in a limited number of model 
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streptococcal species, including Streptococcus mutans, Streptococcus pyogenes, 

Streptococcus agalactiae and S. thermophilus (16), their broader distribution 

throughout the genus has remained poorly defined. The findings presented in 

Chapter III revealed that genes associated with RGP biosynthesis are conserved 

across multiple streptococcal species, indicating that these structures likely 

represent a fundamental component of the streptococcal cell wall. Furthermore, 

while substantial diversity was observed within individual rgp loci, their overall 

organisation, chromosomal location and core biosynthetic functions remained 

conserved among members of the salivarius group. The widespread presence of 

these loci raises important questions regarding the biological significance of RGPs 

in the broader context of streptococci. The synthesis of complex cell wall 

polysaccharides represents a considerable metabolic investment and therefore 

implies the existence of strong selective pressures maintaining these structures 

throughout streptococcal evolution. In pathogenic streptococci, RGPs have been 

implicated in cell division, maintenance of cell wall integrity, biofilm formation, 

host interactions and immune recognition, and virulence (17–24). While many of 

these functions remain less well defined in dairy-associated streptococci, the 

conservation of rgp loci among both pathogenic and non-pathogenic species in this 

genus suggests that these polysaccharides fulfil biological roles extending far 

beyond the phage-host interactions explored throughout this thesis. The presence of 

conserved precursor synthesis genes, backbone-associated biosynthetic functions 

and side chain biosynthetic modules across phylogenetically diverse streptococci 

suggests that maintenance of the RGP structure is likely important for core aspects 

of cell envelope organisation and cellular physiology. Therefore, the salivarius 

group may represent a useful model system through which broader questions 
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relating to the evolution, biosynthesis and biological functions of streptococcal 

CWPSs can be explored. This may be particularly relevant in the context of oral 

streptococci, which are among the earliest bacterial colonisers of humans and play 

important roles in the establishment, succession and maintenance of microbial 

communities within the oral cavity (25). The findings presented in Chapter III 

demonstrated that genes associated with RGP biosynthesis are conserved not only 

among members of the salivarius group but also within several oral streptococcal 

species. In particular, species such as Streptococcus anginosus, Streptococcus 

gordonii, Streptococcus sanguinis and Streptococcus parasanguinis represent 

attractive candidates for future investigation, as they possess the conserved RGP 

biosynthesis-associated genes identified in this thesis, are well represented within 

publicly available genome collections (Chapter III) and are established colonisers 

of the human oral cavity (26). Furthermore, while often regarded as commensal 

members of the oral microbiota, several oral streptococci have the ability to cause 

disease, namely, bacteraemia and endocarditis, as has been documented for S. 

parasanguinis (27), S. gordonii (28) and S. sanguinis (29). Given their dual roles as 

early colonisers of the oral cavity and opportunistic pathogens, these species 

provide an attractive system through which the biological significance of CWPSs, 

including RGPs, may be further explored. In particular, it would be interesting to 

determine whether the structural diversity, biosynthetic organisation and functional 

roles of RGPs (and EPSs) identified throughout this thesis are conserved in these 

organisms and whether such polysaccharides contribute to processes associated 

with oral colonisation, biofilm formation and host interactions. 

Findings from Chapter III and V demonstrate that the observed genetic diversity 

within the rgp and eps loci directly underpin the structural diversity observed 
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among streptococcal CWPSs and that this is primarily attributable to the unique 

glycosyltransferase-encoding gene content within these loci. While previous studies 

have highlighted the existence of considerable variation within both loci (14,30–

35), direct links between genotype and polysaccharide structure remained limited 

due to the lack of strains for which genomic and structural data were available. 

Through the structural elucidation of previously uncharacterised RGP and EPS 

structures, together with hierarchical clustering and comparative analyses of their 

corresponding biosynthetic loci, this thesis provides new insights into the 

relationship between polysaccharide genotype and biochemical structure. In 

particular, the identification of multiple distinct rgp genotypes within the salivarius 

group and the assignment of experimentally resolved EPS structures to established 

eps genotypes provides an important foundation for the development of genotype-

to-structure frameworks in S. thermophilus. The establishment of such frameworks 

represents an important step towards a predictive understanding of CWPS 

biosynthesis in this genus. Similar approaches have been used in Lactococcus lactis, 

where comparative genomic analyses have facilitated the prediction of CWPS 

structures (36) and informed studies of phage-host interactions (37). In contrast, 

equivalent frameworks for streptococci remain comparatively underdeveloped 

despite the growing availability of genome sequence data. The findings presented 

in this thesis suggest that the increasing integration of comparative genomics, 

structural biology and functional assignment of CWPS biosynthesis genes may 

allow polysaccharide structures to be inferred directly from genomic information. 

Such an approach would significantly accelerate the characterisation of 

streptococcal cell surface diversity and facilitate the identification of structural 
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features associated with important biological traits including host colonisation, 

immune recognition and phage susceptibility.  

Although advances have been made in the genetic manipulation of S. thermophilus 

through the development of natural transformation systems (38), electroporation-

based methodologies (39) and more recently CRISPR-Cas-assisted genome editing 

approaches (40), functional interrogation of complex biosynthetic loci remains 

challenging. Difficulties associated with transformation efficiency, host defence 

systems (mainly restriction and modification systems) and the labour-intensive 

nature of generating and validating multiple mutants continue to limit lab-based 

functional studies in this species (41). Furthermore, the efficiency of genetic 

manipulation can vary considerably between S. thermophilus strains. While some 

strains exhibit high levels of natural competence, others remain poorly 

transformable and frequently require strain-specific optimisation of competence 

induction conditions (41,42). As increasingly sophisticated genetic engineering 

methodologies become available for S. thermophilus and related streptococci, it 

should become more feasible to investigate the functions of individual CWPS 

biosynthesis genes using targeted genetic approaches.  

Beyond establishing relationships between polysaccharide genotype and structure, 

the findings presented throughout this thesis provide important insights into the 

genetic basis of RGP biosynthesis. The generation and characterisation of 

bacteriophage-insensitive mutants (BIMs) possessing mutations within distinct 

genes of the rgp locus provided important insights into the genetic basis of RGP 

side chain biosynthesis in S. thermophilus. Structural analyses of the associated 

polysaccharides produced by these derivatives revealed distinct modifications to 

the side chain architecture, ranging from complete loss of the side chain structure 
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to partially truncated intermediates (di or tri-saccharide for BIM F1B) and 

derivatives retaining only a single side chain residue. When considered alongside 

transcriptional analyses of the rgp locus of UCCSt50 and the restoration of side 

chain biosynthesis through heterologous complementation, these findings enabled 

the construction of a preliminary model of RGP side chain assembly and provided 

experimental evidence for the functions of several genes within the rgp locus of the 

UCCSt50 strain. These studies demonstrate how coupling genetics and structural 

biology can move investigations of streptococcal CWPS beyond proposed models 

(30) towards experimentally validated pathways. While the functional assignments 

established in this thesis are specific to S. thermophilus, homologous genes are 

widely distributed among rgp loci throughout the Streptococcus genus (16). These 

findings may aid the interpretation of analogous biosynthetic pathways in other 

streptococci, although experimental validation will be required to determine the 

extent to which these functions are conserved. The framework established here 

therefore provides a foundation for future studies seeking to resolve RGP 

biosynthesis beyond the salivarius group.  

One of the most significant findings of the presented thesis was the demonstration 

that structural variation within the RGP directly influences phage susceptibility in 

S. thermophilus. While previous studies, including Chapter II of this thesis, had 

established that CWPSs function as receptors for several dairy streptococcal phages 

(18,20,43,44), the precise structural features required for phage adsorption 

remained poorly understood. Through the identification of the RGP as the receptor 

for phage P738 and the subsequent characterisation of BIMs possessing structurally 

altered RGPs, the studies presented here demonstrate that distinct phages 

recognising the same polysaccharide can possess considerably different receptor 
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requirements. We propose that phage adsorption is more nuanced than the presence 

or absence of the receptor but instead reflects specific molecular interactions 

between phage receptor-binding proteins and defined structural features or 

“docking points” on the host cell surface. The distinct infection phenotypes 

observed for phages P738 and SW13 provide a compelling example of this 

proposal. While complete loss of the RGP side chain abolished infection by both 

phages, derivatives possessing substantially truncated side chain structures 

remained susceptible to SW13 while displaying complete resistance to P738. Such 

observations may help explain how closely related phages can display different host 

ranges despite recognising the same general receptor. This highlights the 

importance of considering receptor architecture, rather than receptor identity alone, 

when investigating phage-host interactions in future studies. 

The findings presented throughout this thesis have also substantially advanced our 

understanding of receptor utilisation among phages infecting S. thermophilus. 

Through the identification of the RGP as the receptor for phage P738 and the 

functional characterisation of RGP-dependent infection, this thesis contributes to a 

growing body of evidence demonstrating that CWPSs are central determinants of 

phage susceptibility in S. thermophilus. Our current understanding of these 

interactions is that members of the Brussowvirus and P738 genera utilise the RGP 

as a receptor, while Piorkowskivirus phages recognise distinct EPS structures 

(18,20,43,44). A substantial proportion of the five phage genera infecting S. 

thermophilus can now be linked to defined saccharidic receptors, representing a 

significant understanding of the phage-host interactome. Despite this progress, 

important knowledge gaps remain. In particular, the receptors utilised by members 

of the Moineauvirus and Vansinderenvirus genera have been proposed (31,33) 
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however are yet to be experimentally validated. Resolving these outstanding 

interactions represents an important future research direction and will be necessary 

to establish a complete receptor framework for phages infecting S. thermophilus. 

Furthermore, recent analyses of receptor-binding proteins have revealed the 

existence of distinct subgroups within both the Moineauvirus and Brussowvirus 

genera (45), raising the possibility that phages belonging to different subgroups may 

recognise distinct receptors or receptor variants. Such observations suggest that 

receptor usage among dairy streptococcal phages may be more complex than 

currently appreciated and highlight the need for continued integration of 

comparative genomics, structural biology and experimental receptor validation 

studies. 

The findings presented in this thesis demonstrate that CWPSs represent dynamic 

determinants of phage susceptibility. These findings provide a framework through 

which phage-host interactions may be interpreted and, ultimately, predicted from 

genomic information. Such predictive approaches have long represented a major 

objective of dairy phage research and may facilitate the rational selection of starter 

cultures possessing desirable technological characteristics while simultaneously 

reducing susceptibility to problematic phages. The work presented therefore 

represents an important step towards a more mechanistic understanding of phage-

host interactions in S. thermophilus and provides a foundation for future studies 

investigating similar interactions in the wider Streptococcus genus.  

Despite these advances, several important questions remain unresolved. Addressing 

the knowledge gaps regarding the receptor recognised by Moineauvirus and 

Vansinderenvirus phages for will likely require the continued integration of 

approaches employed throughout this thesis, including BIM generation while also 
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exploring additional approaches including targeted mutagenesis, adsorption assays 

and fluorescent receptor-binding protein analyses. Furthermore, while the findings 

presented here demonstrate that distinct phages recognising the same 

polysaccharide can possess different minimal structural requirements, the precise 

molecular basis of these interactions remains unknown. Future studies should seek 

to define the minimal receptor requirements necessary for phage adsorption, 

including the contribution of individual sugar residues, glycosidic linkages, side 

chain length and the three-dimensional presentation of these interactions. The 

ability to engineer altered RGP structures through targeted genetic manipulation, 

provides a promising route through which such questions may be addressed. The 

increasing availability of advanced structural biology approaches presents exciting 

opportunities for investigating phage-host interactions. The application of 

AlphaFold-based structural modelling (46,47) coupled with cryo-electron images 

may facilitate the identification of the “docking points” described in this thesis and 

provide mechanistic insights into the binding specificity of individual phages. 

Similarly, the continued development of online bioinformatic tools will enable an 

increased understanding of RGP and EPS biosynthesis.  

Finally, while this thesis has explored the diversity of CWPSs within S. 

thermophilus, these structures likely represent only a fraction of the broader 

polysaccharide diversity present throughout the Streptococcus genus. While this 

thesis establishes a framework for interpreting rgp and eps diversity within S. 

thermophilus and its closely related species, comparatively little is known regarding 

the structures encoded by many rgp and eps loci present in other oral, animal-

associated and pathogenic streptococcal species. Whether the genotype-to-structure 

relationships and biological functions described throughout this thesis are 
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conserved across the wider Streptococcus genus remains unclear. Expanding these 

analyses beyond the salivarius group therefore represents an important future 

research direction and will help determine the extent to which the findings 

presented here are representative of the entire genus.  

Streptococcus was among the earliest bacterial genera to be described and, over its 

~150-year history, has been extensively studied in the context of human health, 

pathogenesis and food fermentations. During this time, our understanding of the 

genus has progressed from simple observations of “small organisms as found in 

either isolated or arranged in pairs, sometimes in chains” by Theodor Billroth in 

1874 (48) to detailed insights into the prevalence, diversity and ecological 

significance of its constituent species. Advances in genomics, structural biology and 

molecular microbiology have revealed an extraordinary diversity of streptococci 

occupying a wide range of ecological niches and performing roles that range from 

beneficial commensalism and food fermentation to opportunistic and invasive 

disease. The findings presented throughout this thesis further contribute to this 

expanding body of knowledge by providing new insights into the distribution, 

diversity and biological significance of streptococcal CWPSs. The continued 

expansion of publicly available genome collections, together with advances in 

bioinformatics, structural biology and functional genetic approaches, now places us 

in a unique position to address questions that would have been unimaginable only 

a decade ago. These advances provide opportunities to further unravel the 

complexity of this bacterial genus and continue building upon more than a century 

of discovery. 
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