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3. Abstract 

Human infections caused by Streptococcus dysgalactiae subsp. equisimilis (SDSE) 

have been rising in recent decades. This bacterium is genetically similar to S. pyogenes (SP), in 

the spectrum of diseases it causes, and in the virulence factors it possesses. 

Typing of the emm gene, which encodes an important virulence factor in SDSE, 

revealed two emm types to be almost exclusively associated with respiratory tract (RT) 

infections in Portugal. This association motivated the genomic characterisation of 199 isolates 

recovered from RT infections in the years 2011 to 2019 to define the main genetic lineages 

responsible for RT infection in Portugal, to identify virulence factors that may be involved in 

respiratory tract tropism, and to determine antimicrobial resistance in these isolates, using 

genomic data from invasive infections for comparison purposes. 

Phenotypic methods included Lancefield group determination and antimicrobial 

susceptibility testing, while genotypic characterisation employed high throughput sequencing 

to determine emm types, multilocus sequence typing (MLST) and core genome MLST (cgMLST) 

allele profiles, known virulence factors and to perform a genome-wide association study 

(GWAS) to explore possibly unknown virulence factors. To date, no large-scale gene 

association studies performed on SDSE RT infection isolates have been published. 

RT infections in Portugal were more frequent among younger patients. RT infection 

patients had a mean age of 27.7 years, compared to 69.8 years in invasive infection patients. 

Typing of the emm gene found 31 distinct emm types, of which stC36 and stC839 were almost 

exclusively associated with RT infections. MLST revealed 121 sequence types (ST) distributed 

among 37 clonal complexes (CC) and 72 singletons, with 3 distantly related CCs, CC3, CC49 

and CC68, being almost exclusively associated with RT infection. While some CCs had a 

diverse variety of emm types, the CCs associated with the RT were associated with the RT emm 

types. Among known streptococcal virulence factors, mf3 was almost exclusively associated 

with the RT-associated CCs. The GWAS revealed that RT-associated CCs lacked several 

CRISPR-associated proteins, which serve important roles in protection against phages, and had 

several phage genes, which may affect virulence. 

 

 

 

Keywords: Streptococcus dysgalactiae subsp. equisimilis, invasive infection, respiratory 

tract infection, high throughput sequencing, genome-wide association studies, typing. 
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4. Resumo 

Infecções humanas por Streptococcus dysgalactiae subsp. equisimilis (SDSE) têm 

aumentado nas últimas décadas. Esta bactéria é geneticamente próxima de S. pyogenes (SP), 

no espectro de doenças que causa e nos factores de virulência que possui. Tipagem do gene 

emm, que codifica um factor de virulência importante em SDSE, revelou dois tipos emm com 

associação quase exclusiva a infecções do tracto respiratório. 

Esta descoberta motivou a caracterização genómica de 199 estirpes provenientes de 

infecções do tracto respiratório em Portugal durante os anos 2011 a 2019 para definir as 

principais linhagens genéticas responsáveis por infecção do tracto respiratório, para identificar 

factores de virulência que possam ser responsáveis por tropismo para o tracto respiratório e 

para determinar os perfis de resistência a agentes antimicrobianos.  

Os métodos fenotípicos incluíram a determinação do grupo de Lancefield e testes de 

susceptibilidade a agentes antimicrobianos, enquanto a caracterização genotípica empregou 

sequenciação de alto débito para determinar os tipos emm, multilocus sequence typing 

(MLST), core genome MLST (cgMLST), factores de virulência conhecidos, e um estudo de 

associação genética para explorar factores de virulência possivelmente desconhecidos. Até à 

data, não foram publicados estudos de associação genética de grande escala em SDSE 

associado a infecções respiratórias. 

As infecções do tracto respiratório causadas por SDSE em Portugal foram mais 

frequentes em pacientes mais jovens. Os pacientes de infecção respiratória tiveram uma idade 

média de 27.7 anos de idade, enquanto os pacientes de infecção invasiva tiveram uma idade 

média de 69.8 anos. A tipagem do gene emm revelou 31 sequence types (ST) distintos, dos 

quais stc36 e stC839 estavam quase exclusivamente associados a infecções respiratórias. A 

MLST revelou 121 STs distribuídos por 37 complexos clonais (CC) e por 72 singletons. Três 

CCs, CC3, CC49 e CC68 estavam quase exclusivamente associados a infecção respiratória. 

Enquanto alguns CCs possuíam vários tipos emm, os CCs associados ao tracto respiratório 

estavam também associados aos tipos emm stC36 e stC839. Entre os factores de virulência 

conhecidos, o gene mf3 estava quase exclusivamente associado aos CCs do tracto 

respiratório. O estudo de associação genética mostrou que as estirpes destes CCs não 

possuíam várias proteínas do sistema CRISPR/Cas, cujo papel é importante na protecção 

contra fagos. 

 

Palavras-chave: Streptococcus dysgalactiae subsp. equisimilis, infecção invasiva, 

infecção do tracto respiratório, sequenciação de alto débito, estudo de associação genética, 

tipagem. 
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1. Chapter 1. Introduction 

1.1. General Description of Streptococcus dysgalactiae subsp. 

equisimilis 

Human infections caused by Streptococcus dysgalactiae subsp. equisimilis (SDSE) 

have been rising in the past four decades. This bacterium is genetically similar to 

Streptococcus pyogenes (SP), in the spectrum of diseases it causes, and in the virulence 

factors it possesses. Although widely regarded as non-pathogenic in the past, increasing 

awareness to this pathogen in recent years is leading to a better understanding of its 

epidemiological dynamics, taxonomy, pathogenicity and tissue tropism (Baracco, 2019; Brandt 

& Spellerberg, 2009; Pinho, 2014). 

1.1.1. Morphology, Physiology, and Habitat 

SDSE is a Gram-positive facultative anaerobic bacterium. The cells are cocci or ovoid, 

occurring in pairs or chains. Colonies are greyish and display a wide zone of beta-haemolysis 

when grown on blood agar (Figure 1). 

The optimal temperature for growth is around 37 ºC, with growth being inhibited at 10 

ºC and 45 ºC. SDSE is fastidious, growing only on complex media, usually complemented with 

blood or serum, and it has a fermentative metabolism (Spellberg & Brandt, 2015). Like the other 

members of the genus, it is catalase negative. SDSE produces acid from starch, glucose, 

maltose, ribose, sucrose, and trehalose, but not from arabinose, inulin, mannitol, or raffinose. 

Acid is also produced from glycerol and lactose by most strains when grown aerobically. It is 

negative for the Vogues-Proskauer test. Streptokinase activity occurs on human plasminogen 

(Farrow & Collins, 1984; Vandamme et al., 1996; Vieira et al., 1998). The vast majority of 

Figure 1. SDSE colonies grown for 24 h at 35 ºC in tryptone soy agar supplemented with 5% 

(v/v) sheep blood. (A) Typical SDSE colonies seen with above lighting; (B) Typical SDSE colonies, seen 

with back lighting to evidence beta-haemolysis. 

A B 
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isolates in this taxon react with Lancefield group G or C antisera. Consequently, SDSE is 

commonly aggregated with other streptococcal species that also possess these Lancefield 

groups, known as Lancefield group C and G streptococci (GCGS) (Baracco, 2019). However, 

SDSE isolates which react with group A and L antisera have also been described (Brandt et al., 

1999; M. D. C. B. de Pinho, 2014). SDSE is found as a commensal or a pathogen in the human 

throat, skin and female genitourinary tract, as well as similar sites in other animals (Agerhäll et 

al., 2021). SDSE isolates can be further grouped into different ecovars with distinct phenotypes 

associated with colonisation of different animals (Vieira et al., 1998). The type strain of this 

subspecies is LMG 16026 (NCFB 1356, DSM 23147) (Taxonomy Browser, 2022, 

"Streptococcus Dysgalactiae Subsp. Equisimilis"). 

1.1.2. Classification of SDSE 

The classification of SDSE and other GCGS species is complex and has changed 

considerably in recent decades, following more in-depth analysis of taxonomic relations 

between isolated strains. Currently, the description of Streptococcus dysgalactiae subsp. 

equisimilis by Vandamme and co-workers (Vandamme et al., 1996) emended by Vieira and co-

workers (Vieira et al., 1998) is widely accepted. 

For much of the 20th century, streptococci were classified according to the type of 

haemolysis reaction, Lancefield antigens, morphology and size of the colonies, and some 

biochemical tests. The distinction of haemolytic properties using blood agar was one of the first 

tests used to differentiate strains of streptococci (Sherman, 1937). Beta-haemolytic 

streptococci were differentiated using Rebecca Lancefield’s serotyping system, which grouped 

strains according to specific carbohydrate antigens in the cell wall and showed the ability to 

distinguish previously undifferentiated strains (Lancefield, 1933). Nowadays, it is recognised 

that the association between species and Lancefield group is not valid for groups other than B 

in human isolates (Kilpper-Bälz & Schleifer, 1984; Spellberg & Brandt, 2015). Lancefield groups 

A, C, G and L are expressed by various streptococcal species (Table 1) (Jensen & Kilian, 2012; 

Spellberg & Brandt, 2015; Vieira et al., 1998). 

Table 1. Streptococcus species belonging to Lancefield groups C and G (Facklam, 2002; Pinho, 

2014; Turner et al. 2019). 
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The S. dysgalactiae epithet has been present in the literature since the early 20th 

century, but it was not included in the Approved Lists of Bacterial Names in 1980. Following 

this, Garvie and co-workers (Garvie et al., 1983) published a description of the species  based 

on a previous taxonomic study employing DNA-DNA hybridisation on group C alpha-haemolytic 

strains from bovine mastitis and provided a reference strain. Genetic analyses conducted by 

Farrow and Collins (Farrow & Collins, 1984) determined that strains from a variety of animal 

hosts identified at the time as “S. equisimilis” and large-colony-forming streptococci of groups 

G and L formed a homology group with S. dysgalactiae and they were thus included in the 

species description. 

The division of S. dysgalactiae into two subspecies was originally proposed by 

Vandamme and co-workers (Vandamme et al., 1996), in which SDSE was comprised of beta-

haemolytic S. dysgalactiae strains isolated from humans. The other subspecies, S. dysgalactiae 

subsp. dysgalactiae (SDSD), differed from SDSE by including only alpha-haemolytic animal 

strains. Later, Vieira and co-workers (Vieira et al., 1998) broadened this SDSE description to 

include strains with Lancefield group L and strains isolated from a variety of animal hosts. 

Although it has been challenged occasionally, this description is currently widely accepted 

(Jensen & Kilian, 2012; Kloos et al., 2001). 

1.2. Identification of SDSE 

1.2.1. Observation of Colonies 

SDSE colonies are greyish, display a wide zone of beta-haemolysis when grown on 

blood agar, and have a diameter greater than 0,5 mm after 24 h of growth. Beta-haemolysis 

differentiates SDSE from SDSD, which presents alpha-haemolysis or no haemolysis. Colony 

size differentiates SDSE from other beta-haemolytic streptococci in the S. anginosus group (S. 

anginosus, S. constellatus, and S. intermedius), which produce small colonies after 24 hours 

growth in solid media (Nybakken et al., 2021; Spellberg & Brandt, 2015). 

1.2.2. Biochemical Tests 

Biochemical testing systems are routinely employed in the identification of clinically 

relevant bacteria according to their enzymatic profile, sugar fermentation pattern, and other 

biochemical phenotypes. Examples of these include API-20 Strep testing (SYSMEX 

bioMérieux), manual biochemical gallery systems, and automated systems like VITEK® 2 

(bioMérieux) and Phoenix (BD Diagnostics). Often, these systems cannot distinguish SDSE 

from SDSD, but observation of colonies on blood agar plates is typically sufficient to distinguish 

these subspecies because they possess different haemolysis types (Fujita et al., 2017; Park et 

al., 2016). In case of dubious identification, additional tests can be done to differentiate 

between SDSE and other human beta-haemolytic streptococci (Table 2). 



4 
 

Table 2. Identification of human beta-haemolytic streptococci of Lancefield groups A, C and G 

(Facklam, 2002). 

 

Abbreviations: Bac, bacitracin susceptibility; PYR, pyrrolidonylarylamidase; Cam, CAMP reaction; VP, 

Voges-Proskauer reaction; Esc, hydrolysis of esculin; Str, hydrolysis of starch; Sbl, Tre, and Rib, 

production of acid in sorbitol, trehalose, and ribose broth, respectively; αGal, α-galactosidase test; βGal, β-

galactosidase test,  βGlu, β-glucuronidase. +, positive reaction > 95% of strains; -, negative reaction 

>95% of strains; v, variable: 6 to 94% positive; NA, not applicable. S. dysgalactiae subsp. dysgalactiae is 

not beta-haemolytic but it is included due to taxonomic reasons. 

1.2.3. Lancefield Antigen Immunoassays 

Lancefield antigen grouping follows a simple and quick protocol. Streptococcal colonies 

can be assigned to a Lancefield group by commercially available latex agglutination 

techniques. SDSE isolates are mostly in groups C and G, although some may belong to groups 

A and L, but this alone is of little help considering there are several species that can be isolated 

from humans and belong to the aforementioned groups (Tables 1 and 2). 

1.2.4. Mass Spectrometry 

Matrix-assisted laser desorption/ionisation - time of flight mass spectrometry (MALDI-

TOF MS) is an easy and cost-effective method for primary identification of microorganisms 

routinely employed in clinical settings. It is based on the mass distribution of proteins in 

bacterial cultures, generating fingerprint signatures that can be compared to reference spectra 

in a database (Nybakken et al., 2021; Spellberg & Brandt, 2015). Until recently, identification of 

SDSE by MALDI-TOF MS was limited, as most strains could not be identified with this system 

and some strains present similar spectra to SP or S. canis. Furthermore, differentiation between 

SDSE and SDSD was not accomplished (Tsuyuki et al., 2017). 

A recent study on the identification of SDSE by MALDI-TOF showed that only 62% of 

SDSE isolates were identified with high confidence using the database provided by the 

manufacturer. By eliminating the spectra of some S. canis and SP reference strains in the 

spectrum database that interfere with SDSE identifications, correct identification could be 

increased from 62% to 94% (Nybakken et al., 2021). 

In case of a low confidence identification or an identification category including more 

than one closely related species, combination of this method with Lancefield grouping and 

biochemical tests (Table 2) is sufficient for a correct identification (Nybakken et al., 2021; 

Spellberg & Brandt, 2015). 
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1.2.5. Molecular Methods 

Amplification of specific sequences by polymerase chain reaction (PCR) has been used 

to identify SDSE, as it is rapid and cost-effective. Target sequences include the chaperonin 

cpn60 gene, 16S rRNA gene, 23S rRNA gene, and a fragment of the streptokinase precursor 

gene. This method has the limitation of being species specific, being used only when this 

particular species is suspected (Kawata et al., 2004; Preziuso et al., 2010). 

Analysis of streptococcal 16S rRNA sequences found this gene to have sufficient 

diversity between species and to be sufficiently conserved in each species, even if distinct 

clusters were present, for identification purposes. Unique highly conserved signature 

sequences are present in S. mutans, S. dysgalactiae, S. equi, S. sobrinus, S. thermophilus, S. 

gallolyticus, S. agalactiae, S. pyogenes, S. bovis-equinus, S. anginosus and S. pneumoniae. 

Multilocus sequence analysis of several housekeeping genes by amplification and sequencing 

can also be employed for the consistent and correct identification of a broad range of bacterial 

species (Lal et al., 2011). 

1.3. Typing  

1.3.1. Phenotypic Methods 

Several phenotypic typing methods have been used for typing SDSE isolates. Among 

them are the aforementioned biochemical tests (Table 2), Lancefield antigen grouping, and 

other serotyping techniques initially developed for SP typing, such as M serotyping or T typing. 

M serotyping was initially developed for the detection of antigenic differences in the M protein 

of SP, but after the discovery of serological cross-reactions in GCGS with typing sera for group 

A streptococci, it was also used for M protein typing in these organisms (Fischetti, 1989). T 

typing was based on T protein serotypes. Most SDSE strains are T-typeable and at least seven 

distinct T serotypes have been found (Efstratiou, 1983). 

1.3.2. emm Typing 

The gene emm (Figure 2) encodes the highly variable surface M protein, an important 

virulence factor in both SP and SDSE. This gene has a hypervariable region which is 

responsible for M serospecificity. New emm types are assigned to sequences with <92% 

identity to reference emm types in the first 30 codons of the processed M protein (Gherardi et 

al., 2013; CDC, 2022, Streptococcus Laboratory: M Protein Gene (Emm) Typing Section). 

Extensively used to characterize SP isolates, emm typing has become the most 

commonly used typing method to characterise SDSE isolates. Typing of this gene also provides 

a basis for the understanding of SDSE epidemiology and disease association. Predominant 

emm types vary according to geographic area and specific emm types may be associated with 
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different infections (M. D. Pinho et al., 2006; Sunaoshi et al., 2010). Furthermore, differences in 

emm types prevalence in a given geographic area have allowed the detection of emergence of 

specific genetic lineages  (Oppegaard et al., 2017). 

 

Figure 2. Representation of the streptokinase and M protein region of SDSE H46A (Malke, 2019). 

Legend: nrdI, ribonucleotide reductase; mgc, multigene regulator of GCS; emm, M protein; cpdB, 2′,3′-

cyclic nucleotide 2′-phosphodiesterase, rel, bifunctional (p)ppGppase and (p)ppGpp synthetase; dtd, d-

tyrosyl-tRNATyr deacylase; skc, streptokinase; lrp, leucine-rich protein, now recognized as a 

transcriptional regulator of the PucR family featuring a C-terminal helix-turn-helix domain; abc, ATP 

binding cassette transporter; dexB, α-glucosidase.  

1.3.3. Multilocus Sequence Typing 

Multilocus sequence typing (MLST) is a universal standardised method for 

characterising bacterial isolates which uses the nucleotide sequences of housekeeping genes 

(usually seven). MLST data can be employed to better understand the epidemiology, population 

dynamics, pathogenicity and evolution of bacteria. Unique sequences for these genes are 

assigned allele numbers (a single nucleotide variation is sufficient for a sequence to be 

considered a new allele), and allele combinations are designated sequence types (ST). The 

larger the number of differences in the allelic profiles of two isolates, the farthest they are from 

each other, genetically. The MLST scheme currently used for SDSE uses the following 

housekeeping genes: gki, gtr, murI, mutS, recP, xpt, and atoB (Maiden, 2006; McMillan et al., 

2010; Sang-Ik Oh et al., 2020). 

Relationships between species or individuals have been traditionally represented by 

dendrograms based on a matrix of pair-wise differences in the allelic profiles of the isolates. 

However, due to the subjective topology of this type of representation, information on the 

patterns of evolutionary descent cannot be obtained from them. Analyses of bacterial 

populations by MLST show that, in one population, the majority of isolates form a cluster of 

closely related genotypes, referred to as a clonal complex (CC). Clonal complexes can be 

defined as the group containing the predominant genotype and its single locus variants (SLV), 

double locus variants (DLV), and so forth, but the former is the most common definition (Feil et 

al., 2004). 

The aforementioned topology issue is solved by using a BURST algorithm. Java 

implementations of this algorithm include eBURST and goeBURST. This approach is based on 

the biological concept of clonal complexes. It divides MLST sets into nonoverlapping groups of 

CCs and then subgroups the descendants of each predicted founder. This method can provide 
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valuable insight into how bacterial clones diversify and the emergence of clinically important 

clones (Feil et al., 2004; Francisco et al., 2009; Nascimento et al., 2017). 

Studies that characterised SDSE recovered from invasive and non-invasive infections in 

different geographical areas have found that most emm types can be found in different CCs 

and that the same CC may have a variety of different emm types. This suggests that there is 

recombination involving the emm gene and thus it may not be a good indicator of genetic 

relatedness of SDSE strains (Matsue et al., 2020; McMillan et al., 2011; Wajima et al., 2016). 

1.4.  Whole Genome Sequencing 

The complete genome of SDSE was first sequenced in 2011. Since then, whole genome 

sequencing (WGS) has been increasingly used to characterise SDSE strains. The SDSE genome 

consists of one circular chromosome with typically 2.1 Mbp and a G+C content of 39%. 

Approximately 90% of the genome is shared between SDSE strains and 72% is homologous 

with SP (Watanabe et al., 2013). Typing may be done by amplifying specific regions of the 

genome with amplification and sequencing of those regions, but with WGS becoming a more 

common practise due to the increasing availability of next generation sequencing, MLST, core 

genome MLST (cgMLST) and emm typing can be done with WGS data. Information on 

virulence, drug resistance, phages, serotype, phylogeny, and epidemiology can also be 

extracted from WGS data  (Shimomura et al., 2011; Uelze et al., 2020; Watanabe et al., 2013). 

1.4.1. Core Genome Multilocus Sequence Typing 

Core genome MLST applies the same principle as MLST to a much larger set of genes. 

Rather than using 7 genes, gene-by-gene allelic profiling is done to the core genome (the set of 

genes present in at least 95% of the strains in a group of strains) of a set of isolates in the 

same species, allowing high-resolution typing of closely related strains that would otherwise be 

indistinguishable because they may possess the same MLST profile (Maiden, 2006; Ruppitsch 

et al., 2015). Furthermore, cgMLST is especially useful to define relationships between isolates 

in the same serogroup as some isolates can be more closely related to isolates belonging to 

other serogroups than to those in their own due to events of capsular transformation (Medini et 

al., 2005). 

1.4.2. The Pan-Genome 

The concept of the pan-genome was introduced by Medini and colleagues in 2005 and 

it was defined as the complete set of genes present in a group of strains of interest. This 

complete set is comprised of the core genome, the set of genes present in at least 95% of all 

strains in a group, and the dispensable or accessory genome, present in fewer than 95% of the 

strains (Medini et al., 2005). Applying this concept to a specific clade results in the exclusive 
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accessory genome for that clade or group of strains. The exclusive accessory genome may 

contain genes that confer selective advantages to that group, such as adaptation to different 

niches, antibiotic resistance or colonisation. Pan-genomes can be defined as open or closed 

and specialised species tend to have closed pan-genomes. 

1.4.3. Genome Wide Association Studies 

WGS produces large amounts of genomic data, much of which is poorly understood. 

Bacterial GWAS have allowed us to find associations between genetic variants and observed 

phenotypes. GWAS are typically used to link certain genes to clinically relevant traits, such as 

virulence or antibiotic resistance (Farhat et al., 2013; Holt et al., 2015). 

Typically, in eukaryotes, these studies link single nucleotide polymorphisms (SNP) to a 

specific phenotype or trait. However, due to the nature of bacterial genomes and fundamental 

differences in bacterial evolution and genomes, an SNP approach may be inadequate and 

gene-by-gene presence/absence methods are often used (Brynildsrud et al., 2016). 

1.5. Colonisation and Infection 

S. pyogenes, the most closely related species to S. dysgalactiae, is estimated to cause 

more than 500 000 deaths per year by invasive infections or related diseases. SDSE has for a 

long time been recognised as an animal pathogen. Currently, it is known to also colonise 

humans and a diverse range of animal hosts, including wild and domesticated animals. It causes 

infections in animals and humans alike, with a pathogenicity profile similar to SP in humans 

(Jensen & Kilian, 2012; Traverso et al., 2016). Sites of colonisation and active infections serve 

as the principal reservoirs for the transmission of SDSE, which generally occurs from person to 

person via respiratory droplets and skin contact (Sunagawa et al., 2022; C. E. Turner et al., 

2019). 

1.5.1. Colonisation 

SDSE colonises the pharynx, gastrointestinal and female genitourinary tracts of humans 

and is often isolated from wounds (Park et al., 2016; Traverso et al., 2016). Studies on 

colonisation by SDSE have found different rates of asymptomatic pharyngeal carriage, 

depending on geographic area, and usually focus on adolescents and young adults: the age 

groups in which tonsillopharyngitis is more prevalent. Agerhäll and co-workers found an 

asymptomatic pharyngeal carriage rate of 7.8% in Sweden in adolescents and young adults 

(Agerhäll et al., 2021). A study on Indian school children found a colonisation rate of almost 

10% among 
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 school children with an active infection and asymptomatic carriers (Bramhachari et al., 

2010). Jaalama and colleagues reported a rate of vaginal colonisation of 2.9% in pregnant 

women in Finland in a study related to postpartum infections by SDSE (Jaalama et al., 2018). 

1.5.2. Infection 

Although it is a part of the normal human microbiota, reports on the pathogenicity of 

SDSE are increasing. Pharyngitis is a common presentation in adolescents and adults, but 

invasive infections have been increasingly incident in elderly people and people with underlying 

conditions such as diabetes mellitus, malignancy, cardiovascular diseases, 

immunosuppression, substance abuse, and chronic wounds. SDSE has been considered less 

virulent than SP, however, recent reports show high pathogenicity in some strains (Matsue et 

al., 2020; M. D. Pinho, 2014). The acquisition of virulence factors from SP by horizontal gene 

transfer may also increase virulence in some strains (McMillan et al., 2011). 

Different emm types have typically been associated with varying severity of infection. A 

study in Finland observed that common emm types often caused skin and soft tissue infections 

and rarer emm types were associated with severe infection, namely bacteraemia, and with 

higher mortality (Rantala et al., 2010). The fact that emm types do not cycle through 

communities suggests that there is no acquisition of type-specific immunity (McDonald et al., 

2007). 

Tonsillopharyngitis 

Many studies on tonsillopharyngitis caused by streptococci of Lancefield groups other 

than A do not identify the streptococci to the species level, identifying them only as group C 

Streptococcus (GCS), Group G Streptococcus (GGS) or GCGS. SDSE is the most probable 

aetiological agent in these infections, as it is the most frequently isolated GCGS species in 

human infections. S. equi and S. anginosus are also known to cause these infections (Baracco, 

2019; M. D. Pinho, 2014). 

In cases in which SDSE has been isolated, patients show signs and symptoms 

indistinguishable from those presented by patients with SP tonsillopharyngitis (Brandt & 

Spellerberg, 2009). In a study comparing exudative pharyngitis and rhinovirus infection, SDSE 

was significantly more frequently isolated from exudative pharyngitis than from the control 

groups, which supports its role in these infections (J. C. Turner et al., 1997). In some 

geographical areas, the disease burden of SDSE associated with pharyngitis is estimated to be 

greater than that of SP. In Australian native communities and in India, for example, the isolation 

rates of SP are very low compared to those of SDSE in cases of pharyngitis. The emm types in 

SDSE isolated from the pharynx are very diverse and prevalent types vary according to 

geographical area (Bramhachari et al., 2010; McDonald et al., 2007). 
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In pharyngitis caused by SP, poststreptococcal sequelae (PSS), such as 

glomerulonephritis and rheumatic fever, may develop weeks after the initial infection in some 

patients. It has been suggested that SDSE may also cause PSS based on reports of 

poststreptococcal glomerulonephritis and acute rheumatic fever following isolation of GCGS 

from the RT, however, these studies do not identify the aetiological agents to the species level. 

Although SDSE is the most common GCGS species in human infections, studies on PSS caused 

by GCGS which provide species level identification showed a high incidence of acute 

glomerulonephritis after pharyngitis due to S. equi subsp. zooepidemicus. Such a link has not 

been confirmed for SDSE (Balter et al., 2000; Bramhachari et al., 2010; Brandt & Spellerberg, 

2009; Duca et al., 1969; Pinto et al., 2001). 

Skin and Soft Tissue Infections 

Skin and soft tissue (SST) infections caused by SDSE may manifest as pyoderma, 

erysipelas, cellulitis, abscesses, pyomyositis or necrotising soft tissue infections (Brandt & 

Spellerberg, 2009). These infections may also serve as the portal of entry for bacteraemia and 

other invasive infections. Ulcers caused by conditions such as diabetes mellitus or any kind of 

lymphatic or venous compromise may be complicated by these infections (Baracco, 2019; 

Bruun et al., 2013). Necrotising fasciitis, Fournier’s gangrene, and necrotising myositis are 

among the more severe SST infections caused by SDSE (Anantha et al., 2013; Bruun et al., 

2013). Bruun and co-workers found an in-hospital case fatality rate of 33% for SDSE 

necrotising soft tissue infections in Norway. Age greater than 65, heart disease, and previous 

presentation of streptococcal toxic shock syndrome were found to be predictors of mortality. 

Other factors, such as injectable-drug use and burns, increase the risk of skin abscesses and 

skin infections (Bruun et al., 2013). 

 Invasive Infections 

Since the early 2000s, there has been a significant increase in reports of invasive and 

non-invasive infections caused by SDSE. In some geographic locations, isolation of SDSE from 

blood is almost as frequent as the isolation of SP (Park et al., 2016; Traverso et al., 2016). 

Bacteraemia, an invasive infection commonly caused by SDSE, is commonly secondary 

to skin and soft tissue infections. The aforementioned underlying diseases also constitute risk 

factors for invasive infections and are present in about 70% of cases. Community acquired 

bacteraemia accounts for 70% of bacteraemia cases and the portal of entry is the skin in most 

of them. Hospital acquired bacteraemia often occurs after surgery or other transcutaneous 

procedures (Baracco, 2019). The relapse rate for SDSE bacteraemia is also high. In Israel, a 

study found recurrence of bacteraemia caused by group G SDSE in 6 out of 84 patients, two of 

which with the same emm type recovered as in the previous infection (stG840). This may 

suggest that infection by these organisms does not confer protective immunity (Cohen-



11 
 

Poradosu et al., 2004). Meningitis, peritoneal abscesses, pericarditis and pneumonia may 

develop after SDSE bacteraemia in some patients (Baracco, 2019). 

Endocarditis by SDSE has rapid and severe clinical manifestations. A study by 

Oppegaard and co-workers in Norway found endocarditis constituted 4% of all invasive 

infections due to group G SDSE between 1999 and 2013. Patients with these infections were 

older (median age of 63 years) than patients with SP endocarditis (median age of 51 years), 

predominantly male and in general presented underlying conditions such as malignancy and 

diabetes mellitus. The median time of onset of disease to admission was one day and the 

mortality at 30 days was 22% (Oppegaard et al., 2017). 

Osteoarticular infections (OAI), such as infective arthritis and osteomyelitis, are most 

commonly caused by staphylococci, followed immediately by streptococci. OAIs due to SDSE 

are not common. Seng and co-workers found that 12% of streptococcal OAIs were caused by 

SDSE in a group of French hospitals. However, they are associated with unfavourable clinical 

outcomes when compared to OAIs caused by other streptococci such as S. agalactiae (most 

commonly isolated in OAIs), S. anginosus, S. constellatus, and S. pneumoniae (Baracco, 2019; 

Oppegaard et al., 2016, 2018; Seng et al., 2016). 

1.6.  Pathogenesis and Virulence 

Since the first complete genome of SDSE was sequenced in 2011, knowledge on its 

virulence factors has increased considerably. Around 72% of its genome is homologous with 

SP and many common virulence factors are expressed, such as the surface M-protein, 

streptolysins O and S, streptokinase, and C5a peptidase (Watanabe et al., 2013). Additionally, 

horizontal gene transfer involving virulence factors has been described between these species 

(McNeilly & McMillan, 2014). As such, much of what is currently known about SDSE virulence 

factors derives from previous research in SP. Important virulence factors in SP that are not 

present in SDSE include the hyaluronate synthase operon (hasA and hasB, which code for 

capsule production in the former), the streptococcal cysteine protease SpeB or streptococcal 

superantigen genes (streptococcal pyrogenic exotoxin, spe) with the exception of speG 

(Ishihara et al., 2020; Matsue et al., 2020). 

1.6.1. Adherence 

Microorganisms involved in infection have evolved specific mechanisms which allow 

them to attach and adhere to the extracellular components of the host‘s cells, as adhesion is 

critical in the development of infection. SDSE uses fibronectin, a high molecular weight 

glycoprotein, as one of the main targets for attachment. This molecule has multifunction roles 

in eukaryotic cells, interacting specifically with other extracellular matrix components. It is 

present in most tissues, including plasma and other body fluids. In the human RT, it is present in 
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its soluble form, which covers the epithelial cells. By binding to fibronectin binding proteins 

(FBPs) in the bacterial surface, fibronectin enables the bacterium to subsequently attach and 

colonise the site of infection (Schwarz-Linek et al., 2004). Two FBPs have been identified in 

SDSE: FnbA and FnbB, which bind fibronectin by the C-terminal repeat regions. GfbA, another 

FBP, binds to fibronectin by an upstream region containing the amino acid motif LAGESGET in 

its secondary binding domain (Kline et al., 1996; Lindgren et al., 1993; C. E. Turner et al., 2019). 

Some FBPs and collagen binding proteins are genomically located in fibronectin and 

collagen binding protein and T antigen encoding loci (FCT), of which nine have been identified 

in SP. In SDSE, two FCT regions sharing high identity with SP FCT regions have been identified, 

suggesting that HGT occurs between the two species (Oppegaard, Mylvaganam, Skrede, 

Jordal, et al., 2017). 

Other host cell adherence strategies in SDSE include binding to additional extracellular 

matrix molecules, such as fibrinogen, vitronectin, collagen and plasminogen. The M protein and 

M-like fibrinogen binding protein of group G streptococci (FOG) serve important roles in 

adhesion as they bind to fibrinogen. The multidomain surface of these proteins with a coiled-

coil secondary structure forms irregularities that are essential for fibrinogen-binding properties 

(Brandt & Spellerberg, 2009; Johansson et al., 2004). 

1.6.2. Antiphagocytic Factors 

The ability to resist phagocytosis is a common characteristic among the pathogenic 

streptococci. The major antiphagocytic factor in streptococci is the M protein, whose 

fibrinogen-binding properties lead to evasion of the host’s nonspecific immune response. The M 

protein expressed by SDSE is critical for cell survival in human blood due to its antiphagocytic 

action (Fischetti, 1989; Mcmillan et al., 2013; C. E. Turner et al., 2019). As well as the M protein, 

FOG can inhibit phagocytosis by binding to fibrinogen (Brandt & Spellerberg, 2009b; 

Johansson et al., 2004). 

1.6.3. Toxins and Enzymes 

The dissemination of streptococci in the host tissues is a critical stage in invasive 

infection. Streptokinase plays a major role in the process. The conversion of plasminogen into 

plasmin is catalysed by the formation of a streptokinase/plasminogen complex that exposes 

the plasminogen active site. Plasmin lyses tissue barriers, which in turn allows for the 

dissemination of the bacterial cells. Streptokinase also interacts with M-proteins by binding of 

fibrinogen or plasminogen. The streptokinase gene, ska, is highly variable and alleles of this 

gene are associated with different tissue tropisms. Streptokinases isolated from strains 

colonising different hosts show specificity for the plasminogen in the hosts. Invasive SDSE 
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strains have been found to express higher levels of streptokinase (Brandt & Spellerberg, 2009; 

Malke, 2019; C. E. Turner et al., 2019). 

Streptolysin O (SLO), a thiol-activated cytolysin, disrupts the membrane of several cell 

types, including erythrocytes, leukocytes, macrophages, platelets, and epithelial cells. In 

addition, it can translocate NADase into the host cells, depleting them of energy and leading 

toward cytotoxicity. These two molecules also limit neutrophil response inside several types of 

cells, protecting the bacteria from immune response (Matsue et al., 2020; O’Seaghdha & 

Wessels, 2013; C. E. Turner et al., 2019). Streptolysin S (SLS), a small cytolysin expressed by 

several species of streptococci, belongs to a group of haemolytic toxins. SLS damages the 

extracellular and organelle membranes in a variety of cell types. In SDSE, its expression is 

mediated by the covRS and fasCAX two component regulatory systems, which has been shown 

to regulate several virulence factors in SP. It is thought to be a relevant factor in necrotising 

fasciitis (Matsue et al., 2020; C. E. Turner et al., 2019). 

Nucleases such as Spd1 also play a role in immune evasion, as they degrade the 

chromatin in neutrophil extracellular traps. Extracellular nuclease activity is typically higher in 

clinically relevant strains of SP, which suggests it may contribute to virulence, but the specific 

roles of DNases has not been characterised and described in detail (Korczynska et al., 2012; 

Sumby et al., 2005).  

Streptococcal pyrogenic toxins (SPEs) function as superantigens, which can lead to the 

exacerbated proliferation of T cells and release of inflammatory cytokines. speG is the only SPE 

expressed by SDSE. In SP, it is associated with scarlet fever and disease severity, but the 

presence of this gene in SDSE strains is not associated with disease severity and it does not 

confer mitogenic activity towards mononuclear cells, so its role in disease and infection remains 

unclear (Malke, 2019; Sachse et al., 2002; C. E. Turner et al., 2019). 

1.7. Treatment and Antimicrobial Resistance 

Penicillin and other beta-lactams remain the drugs of choice to treat SDSE infections, 

since, like other beta-haemolytic streptococci, SDSE are susceptible to beta-lactam antibiotics 

(Baracco, 2019). However, there has been an increase in minimum inhibitory concentration 

(MIC) to penicillin in Europe and North America (Biedenbach et al., 2006). This has prompted 

the addition of an aminoglycoside to beta-lactam therapies in serious infections to prevent a 

delayed response to treatment. Clindamycin is also administered alongside beta-lactams in 

severe infections, especially those with a higher risk of STSS, to inhibit toxin production 

(Brandt & Spellerberg, 2009). Streptococci are not known to be capable of acquiring 

exogenous beta-lactam resistance genes and thus depend on progressive mutation of PBPs for 

decreased susceptibility or resistance to these antimicrobial class (Haenni et al., 2018). 
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A single study has reported the occurrence of a SDSE penicillin resistant clone, which 

was isolated in Denmark in four separate occasions between 2010 and 2012. It had mutations in 

multiple penicillin-binding proteins (PBPs), including some mutations similar to those in S. 

pneumoniae and S. agalactiae (Fuursted et al., 2016). Since the publication of this report in 

2016, no further cases of penicillin resistance have been documented. Glycopeptides, 

daptomycin, and linezolid also show consistent activity in vitro against SDSE and may be 

treatment options in SDSE invasive infections.  

High resistance rates to tetracyclines, clindamycin, macrolides, and fluoroquinolones 

make susceptibility testing a requirement before antimicrobial therapy (Brandt & Spellerberg, 

2009). Lincosamides and streptogramin B are structurally different from macrolides but they 

share the same mechanism of action and consequently, resistance to these classes of 

antimicrobials is related (Leclercq, 2002). 

1.8. Aims of the Current Work 

Although widely regarded as non-pathogenic in the past, increasing awareness to SDSE 

in recent years is leading to a better understanding of its epidemiological dynamics, taxonomy, 

pathogenicity and tissue tropism (Baracco, 2019; Brandt & Spellerberg, 2009). 

The discovery of significant associations between emm types stC36 and stC839 and 

RT infections by the strains that possess these emm types motivated further research on this 

topic. This association was observed in all SDSE isolates from the years 2011-2018 

(unpublished results), suggesting that strains with these emm types exhibit tropism to the 

respiratory tract or are unable to cause invasive infection, but whether this is due to differences 

in the expression or presence of certain virulence factors, or directly related to the M protein is 

not known. The use of high throughput sequencing technology to characterise SDSE isolates 

from RT infection will allow a more insightful analysis of these strains. 

This work aims to: 

• Genomically characterise SDSE isolates recovered from respiratory tract infections in 

Portugal; 

• Identify the main genetic lineages present in RT infections; 

• Identify differences in known virulence factors among the detected clonal lineages, 

particularly virulence factors which could contribute to differences in virulence or tissue 

tropism; 

• Compare RT infection isolates with isolates recovered from invasive infection in the 

same period; 

• Explore and identify possible unknown virulence factors responsible for differences in 

virulence among the detected clonal lineages; 

• Determine the antimicrobial susceptibility of SDSE involved in RT infections. 
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2. Chapter 2. Materials and Methods 

2.1. Bacterial Strains 

SDSE isolates (n=626) collected from clinical respiratory tract (RT) (n=199) or invasive 

(n=427) specimens in Portugal during the years 2011 to 2019 were selected for study (Table 3). 

These isolates were recovered in Portuguese hospitals and identified in hospital laboratories 

(supplemental Table 1) that were asked to submit all non-duplicate SDSE isolates from human 

infections to Instituto de Microbiologia da Faculdade de Medicina de Lisboa. 

Table 3. Isolates recovered from human infections during the years 2011 to 2019 in Portugal. 

 

The non-invasive respiratory tract strains were recovered from pharyngeal exudate 

(n=140), sputum (n=55), nasal exudate (n=2) and nasopharyngeal exudate (n=2) samples. 

Isolates from invasive infections were collected from blood (n=390), synovial fluid 

(n=26), ascitic fluid (n=7), pleural fluid (n=2), bone biopsy (n=1), and cerebrospinal fluid (n=1). 

SDSE invasive isolates collected up to 2017 were previously characterised (Castro, 2020) and 

data was included for comparison purposes, while invasive isolates recovered in 2018 and 2019 

(n=110) were newly characterised in this study. 

Five additional strains of emm types stC36 (n=2) and stC839 (n=3) isolated from skin 

and soft tissue infections (n=4) or urine (one stC36 isolate) collected in the same time range 

were included in the pangenome and GWAS analyses due to the association between these 

emm types and RT infections. 

2.2. Culture conditions 

All isolates were stored at -80 ºC in tryptone soy broth (TSB) (Oxoid, Basingstoke, UK) 

supplemented with 15% (v/v) glycerol (Sigma-Aldrich, St. Louis, Missouri, US) until processing. 

Strains were cultured in tryptone soy agar (TSA) (Oxoid, Basingstoke, UK) supplemented with 
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5% (v/v) defibrinated sheep blood (Probiológica, Lisboa, Portugal) at 35 ºC in ambient 

atmosphere. Prior to genome extraction, strains were cultured in Todd Hewitt broth (BD, 

Sparks, MD, USA) at 35 ºC with no shaking for 16 hours. All growth media were prepared 

according to the manufacturer’s recommendations. 

2.3. Strain Identification 

Identification of isolates to the species level was done by the submitting laboratory. 

Haemolysis and colony size (visual confirmation of size > 0.5 mm) were confirmed by culture in 

TSA supplemented with sheep blood after incubation in ambient atmosphere at 35 ºC for 24 

hours. Lancefield groups were determined with a commercially available latex agglutination test 

(Oxoid, Basingstoke, UK). 

2.4. Antimicrobial Susceptibility Testing 

Antimicrobial susceptibility testing was performed by disc diffusion using the Kirby-

Bauer method according to CLSI guidelines (CLSI, 2020). Incubation was done at 35 ºC in an 

atmosphere enriched with 5% CO2 on Mueller-Hinton agar (Oxoid, Basingstoke, UK) 

supplemented with 5% defibrinated sheep blood (Probiológica, Lisbon, Portugal). The disks 

(Oxoid, Basingstone, UK) used were penicillin (10u), chloramphenicol (30 µg), vancomycin (30 

µg) tetracycline (30 µg), levofloxacin (5 µg), linezolid (30 µg), gentamycin (120 µg), 

streptomycin (300 µg), clindamycin (2 µg), and erythromycin (15 µg). Colonies were suspended 

in 0.85% NaCl to a turbidity of approximately 0.5 McFarland and inoculated on the agar plates. 

Macrolide-lincosamide-streptogramin B (MLSB) phenotype was determined by placing 

the clindamycin and erythromycin disks in proximity also according to CLSI guidelines (CLSI, 

2020). Inhibition halos were measured and interpreted according to CLSI criteria for beta-

haemolytic streptococci. Given that CLSI does not provide interpretive criteria for gentamycin 

and streptomycin testing of these streptococci, the criteria for high-level aminoglycoside 

resistance determination in enterococci were used instead (CLSI, 2020). Streptococcus 

pneumoniae ATCC 49619 and Enterococcus faecalis ATCC 29212 (for aminoglycosides) were 

used for quality control testing according to the same guidelines. 

2.5. Genome Extraction, Quality Control and Sequencing 

Genome extraction for high throughput sequencing (HTS) was done using the 

Invitrogen PureLink® Genomic DNA extraction kit (Thermo Fisher Scientific Inc., Waltham, MA, 

USA). Manufacturer instructions were used with slight modifications. A volume of 1 ml of 

bacterial suspension in Todd-Hewitt broth was centrifuged at 15 000 rpm for 5 minutes and the 

supernatant was removed. Following this, 75 U of mutanolysin (Sigma-Aldrich, St. Louis, 

Missouri, EUA) were added to the lysis buffer with lysozyme. After the addition of proteinase K, 
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400 µg of RNase (included in the kit) were added and incubated for 1 minute at room 

temperature. DNA purity was assessed with a NanoDrop 2000 Spectrophotometer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). DNA integrity was assessed by gel electrophoresis. 

For this purpose, a 1% (w/v) agarose gel was prepared with electrophoresis grade agarose 

(Bio-Rad, Hercules, California, USA) in 0.5X TBE buffer (Bio-Rad, Hercules, California, USA). 

The ladder 1KB plus (Invitrogen, Carlsbad, California) was used as a molecular weight marker. 

The nucleic acid concentration was measured by fluorometry with an Invitrogen QubitTM dsDNA 

HS assay (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacturer’s 

instructions and adjusted to 10 ng/µl by dilution in Tris-HCL 10 mM pH8 (Sigma-Aldrich, St. 

Louis, Missouri, EUA). 

High throughput libraries were prepared with the Nextera XT DNA Library Prep paired-

end kit and the Index v2 kit (Illumina, San Diego, California, EUA). Genome sequencing was 

done at Instituto Gulbenkian de Ciência, Gene Express Unit (Oeiras, Portugal) on the Illumina 

NextSeq 2000 (Illumina) system using the NextSeq 500/550 Mid-Output kit (version 2) (300 

cycles). Genome assembly was done by the bioinformatics team in Instituto de Microbiologia da 

Faculdade de Medicina de Lisboa. 

2.6. Genome Annotation 

The draft genomes were assembled with SPAdes (Bankevich et al., 2012) and polished 

with Pilon (Walker et al., 2014). The 631 assembled genomes were annotated using Prokka 

(Seemann, 2014) version 1.14.5, an open source software tool developed to achieve reliable 

annotation of bacterial genomic sequences. Prokka uses external feature prediction tools, such 

as Prodigal (Hyatt et al., 2010) and RNAmmer (Lagesen et al., 2007) to identify the coordinates 

of genomic features in assembled genomic DNA sequences, taken in FASTA format. The output 

consists of several nucleotide and protein FASTA files, the sequences and annotations in 

Genbank and GFF v3 format, a log file and an annotation summary statistics file. Prokka was 

run with the following parameters: --kingdom Bacteria --genus Streptococcus. 

The presence of known virulence factors in each strain was determined with VFDB 

(Virulence Factor Database) (http://www.mgc.ac.cn/VFs/main.htm) and genomic sequences 

and context of several genes were analysed with Geneious 8.1.9 (https://www.geneious.com). 

2.7. Pangenome 

The tool used to analyse the pangenome of the complete set of strains was Roary (Page 

et al., 2015). This software builds large-scale pangenomes, identifying the core and accessory 

genes. This tool uses annotated assembly files in GFF3 format as input. The coding regions are 

then extracted and converted into protein sequences and an all-against-all comparison using 

BLASTP is done. Subsequently, the sequences are clustered into families with MCL (using the 



18 
 

Markov cluster algorithm) (Enright et al., 2002). Homologous groups containing paralogous 

genes are separated into groups of true orthologous genes using conserved gene 

neighbourhood information. The output incudes a CSV file with gene presence and absence in 

all strains and a statistics file. 

Besides the typical core and accessory genome, Roary separates the pangenome into 

the following sections: core genes, present in 99% or more of the strains, soft core genes, 

present in 95-99% of the strains, the shell, with genes in 15-95% of the isolates, and cloud 

genes, present in 15% or fewer of the isolates. The core genome was defined as the set of the 

core and soft-core genes and the accessory genome as the set of the shell and cloud genes 

(Page et al., 2015). 

2.8. Genome-Wide Association Study 

The chosen tool to perform GWAS was Scoary (Brynildsrud et al., 2016), version 1.6.16. 

This software was designed to be ultra-fast and score each component of a pangenome for 

associations with phenotypic traits, considering population stratification and with minimal 

assumptions about evolutionary processes. 

The input is the gene presence and absence file created by Roary and a CSV file with 

the name of each strain and its classification for each trait/phenotype in binary categories 

(yes/no). Assuming the same genes could be responsible for the differences in virulence or 

tissue tropism between RT-associated CCs and other CCs, strains in CC3, CC49 or CC68 were 

considered trait-positive for association with the RT, and all other strains negative. 

First, Scoary collapses genotype variants. Following this, each variant receives the null 

hypothesis of non-association with the trait and a Fisher’s exact test is done for each variant. 

Because of the large number of null hypotheses being tested, a Bonferroni adjustment and a 

Benjamini-Hochberg adjustment are also calculated for each variant. In this work, the 

Benjamini-Hochberg adjustment was used to determine significance. 

Fisher’s test assumes that traits are independently distributed among all strains. This 

makes the test unsuitable for inferring causal relations in real populations. as variants can be 

inherited by an entire group of strains and be only incidentally associated with another variant 

actually responsible for an observed trait. To overcome erroneous associations, Scoary 

calculates a phylogenetic tree from the Hamming distances in the genotype matrix and 

implements a pairwise comparison algorithm. The principle behind pairwise comparisons is to 

find the largest number of non-intersecting pairs of strains that differ both in the genotype and 

in the phenotype. This shifts the focus from single strains to evolutionary transitions as the unit 

of interest. The greatest number of differing pairs counts the lowest number of possible co-

emergences of gene-trait combinations in the population. This is especially effective in 

reducing bias arising from clonal sampling. 
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The output is a CSV file with a list of significant genes for each tested trait. By default, 

the list is comprised only of genes with a p-value < 0.05, but for this work, cut-off value filters 

were removed and Scoary calculated the strength of association for each gene in the 

pangenome and produced a report which included the number of trait-positive (strains which 

belong to the CCs associated with the RT) strains in which the gene is present or absent and 

the number of trait-negative (strains in all other CCs) strains in which the gene is present or 

absent, the sensitivity and specificity, OR, and a Benjamini-Hochberg (HP) corrected p-value. 

The cut-off values for genes whose presence may be relevant to RT infection were 

sensitivity and specificity higher than 70% and a significant HP corrected p-value and the cut-

off values for genes whose absence may be relevant for RT infection were sensitivity and 

specificity lower than 30% and a significant HP p-value. Some genes appeared in both 

categories because they were erroneously separated by Roary due to allelic differences, and 

they were removed manually. 

After this selection, sequences of each gene were searched in the UniProt BLAST 

search tool (https://www.uniprot.org/blast) and the annotation and identity of the gene with the 

best match was included in the table. 

2.9. Statistical Analysis 

Population diversity was characterised with the Simpson’s index of diversity (SID) and 

corresponding  CI95%. This index represents the probability of any two strains randomly 

selected from a population belonging to two different groups. It can be used as a measurement 

of the discriminative power of typing methods. It varies from 0 to 1, with population diversity 

increasing as SID approaches 1 (Hunter & Gaston, 1988). 

The adjusted Wallace coefficients (AW) and corresponding CI95% were calculated to 

compare the congruence of two different typing methods. It compares the partitions obtained 

by two typing methods and it indicates the probability of the results of one method being 

predicted by another method. AW values range from 0 to 1, with higher congruency in both 

methods as it approaches 1 (Severiano et al., 2011). 

Odd ratios (OR) and false discovery rate (FDR) corrected p-values were calculated 

(based on Fisher’s exact test) to evaluate individual associations in large groups.  
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3. Chapter 3. Results 

3.1. Patient Demographics 

Isolates from RT and invasive infections were recovered from patients belonging to 

distinct demographics (Figure 3). The mean age of patients from which the isolates used in this 

work were recovered was 56.5 years. The mean ages of RT and invasive infection patients were 

27.7 and 69.8 years, respectively, with approximately 50% of RT patients being 19 years of 

age or younger and 50% of invasive infection patients being 72 years or older (Table 4). 

 

Figure 3. Relative frequency distribution of invasive and respiratory tract infections by SDSE by 

patient age group and gender in the years 2011 to 2019. Total infections for each age group are 

exclusively the sum of invasive and RT infections and not the total of infections attributed to SDSE in 

Portugal in that age group. One strain had no patient data and thus was excluded from demographic 

analyses. Frequency is calculated relative to the grand total of infections (n=625). 

 

Table 4. Mean age of patients with invasive and RT infection. 

 

The age-adjusted distribution of SDSE invasive and RT infections (Figure 4) further 

emphasises the increase of invasive infection frequency with age, while the frequency of RT 

infections does not follow that trend. 
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Figure 4. Age-adjusted estimated relative frequency distribution of infections by age group. Age 

standardisation was done with age structure data of the resident population in Portugal in the years 2011 

to 2019 (https://www.pordata.pt/portugal/populacao+residente++media+anual+total+e+por+grupo+ 

etario-10). RT infections have higher frequency in children and young adults, especially in the 15-19 age 

group. 

3.2. Bacterial Genetic Lineages Involved in Infection 

3.2.1. emm Typing 

The association of emm types stC36 and stC839 with RT infections was observed in all 

SDSE isolates from the years 2011 to 2018 (Figures 5 and 6). Typing of the emm gene found 31 

distinct emm types in RT isolates and 30 distinct emm types and two non-typeable strains in 

invasive infections, yielding a total of 38 distinct emm types among RT and invasive infections 

in the years 2011 to 2019. Type stG62647 was the most frequent overall, being present in 

33.3% (n=142) of invasive infections and in 19.6% (n=39) of RT infections. The second most 

frequent type in RT infections, stC36, was present in 15.6% (n=31) of these infections and it 

was found to be exclusively associated with them (p<0.001). Type stC839 was present in 6.5% 

(n=13) of RT infections was also found to be associated with them (p<0.001). 

 

Figure 5. Distribution of RT and invasive infections for each emm type. Only emm types with 

frequency higher than or equal to 10 are represented. 
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Figure 6. Distribution of RT and invasive infections for each emm type. Only emm types with 10 or 

more representative strains are shown. While the fraction of RT infections in most emm types is low, never 

exceeding 36%, 100% of stC36 isolates and 84.6% of stC839 isolates are from RT infections. 

 

3.2.2. Multilocus Sequence Typing 

MLST revealed 121 sequence types (ST) overall, which were distributed among 37 

clonal complexes and 72 singletons. Approximately 75% of all isolates (n=626) belong to three 

CCs: CC17 (n=198), CC20 (n=129), CC29 (n=96), and CC15 (n=50) (Figure 7). In the RT 

infection subset (n=199), approximately 55% of isolates belong to the same three CCs: CC17 

(nRT=47), CC20 (nRT=34), CC29 (nRT=28). 

 

Figure 7. Frequency of RT and invasive infections for each clonal complex. Only CCs with 10 or 

more representative strains are shown. 

Three CCs were found to be associated with RT infections: CC3 (n=15; p=8.17E-7) is 

almost exclusively associated and CC49 (n=14, p<0.001) and CC68 (n=13, p<0.001) were 

exclusively associated with these infections (Figure 8).  
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Figure 8. Distribution of RT and invasive infections for each CC. Only CCs with 10 or more 

representative strains are shown. While the fraction of RT infections in most CCs is low, never exceeding 

36%, 100% of CC49 and CC68 isolates and 93.3% of CC3 isolates are from RT infections. 

The proportion of isolates in each CC per year did not vary significantly (Figures 9 and 

10) and CC17 is the most frequently isolated every year with the exception of 2011. The CCs 

associated with RT infections represent a small fraction of all RT and invasive strains, varying 

between 2.3% in 2017 and 12.5% in 2016. 

 

Figure 9. Relative frequency of CCs per year. Only CCs with 10 or more representative strains are 

shown. 

 

Figure 10. Relative frequency of RT-associated CCs per year. 
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3.2.3. Distribution of emm Types per Clonal Complex 

While many of the most frequent CCs have a diverse variety of emm types, the CCs 

associated with RT infections are less diverse. Most strains in CC3 (n=15) are of emm type 

stC839 (n=11) (others are emm57 (n=3) and stG653 (n=1)) and all strains in CC49 and CC68 

possess the sequence type stC36 (Table 5). 

Table 5. Distribution of emm types by clonal complex. Only emm types and CCs with 10 or more 

strains are shown. 

 

3.2.4. Distribution of Lancefield Groups per Clonal Complex 

Most CCs are exclusively or almost exclusively associated with only one Lancefield 

group (Table 6) (Adjusted Wallace CC→Lancefield group ±95% CI, 0.985±0.017). All RT-

associated CCs (CC3, CC49, CC68) were significantly associated with group C (p<0.01), 

however, group C is not associated with RT infections (Table 7). 

Table 6. Distribution of Lancefield groups by clonal complex. Only CCs with 10 or more 

representative strains are shown. 
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Table 7. Distribution of Lancefield groups in RT and invasive infections. No significant association 

was found between Lancefield groups and RT infections. 

 

3.3.  M Protein Analysis 

A neighbour-joining tree of the M protein genes of different emm types (Figure 11) 

revealed that the emm types that are associated with RT infections (stC36 and stC839) have 

similar sequences to types with no strong association to invasive or RT infections (Table 8). M 

protein sequences of emm types stC36, stC839, stC74A, stG245, stG485, stG4831 and 

stG25 were aligned with MUSCLE and manually analysed for differences between the RT-

associated emm types (stC36 and stC839) and the others. No different patterns of 

hydrophobicity, G+C content, or isoelectric point were found between the RT-associated emm 

sequences and the others. No differences were found in the genomic context of the emm gene 

(10 000 bp around the gene) in RT infection isolates of different CCs or emm types, as far as 

contig length allowed sequence visualisation in that entire range. 

 

Figure 11. Neighbour-joining tree of M protein sequences of different emm types. The genetic 

distance was inferred using the Jukes-Cantor model with a bootstrap resampling method , 100 replicates, 

a support threshold of 50%, and sequence type stC12 as the outgroup. M protein sequences were 
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translated into amino acid sequences, and a MUSCLE (multiple sequence comparison by log-expectation) 

alignment was performed in Geneious8. The grey triangle highlights group that includes the emm types 

that are associated with RT infection. 

Table 8. Distribution of RT and invasive infections for the most frequent emm types. 
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3.4.  Other Virulence Factors 

WGS allowed the detection of known streptococcal virulence factors (VF) in all RT and 

invasive isolates. The genes fbp54, hasC, and sagA were present in all the RT and invasive 

infection isolates (Table 9). The only gene with a significant association to RT infection was 

mf3 (mitogen factor 3), an extracellular nuclease, being present in 22.6% (n=45) of RT 

infection isolates and only 3% (n=13) of invasive infection isolates. 

Table 9. Distribution of virulence factors in RT and invasive infections. The gene mf3 is the only 

gene significantly associated with RT infections. 

 

When the presence of VF genes was analysed for each CC, mf3 and speG had higher 

ORs for RT-associated CCs (Table 10). The gene mf3 was absent in CC17, CC20 and CC273 

and it was found in 45% (n=9, p<0.001) of CC129 strains, in 86.7% (n=13, p<0.001) of CC3 

strains, in 78.6% (n=11, p<0.001) of CC49 strains, and in 92.3% (n=12, p<0.001) of CC68 

isolates. This indicates a strong association of mf3 to the RT-associated CCs. 

Table 10. Distribution of the genes mf3 and speG in the most frequent CCs. 
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3.5.  Core-Genome Multilocus Sequence Typing 

The relationship between strains of different CCs was analysed using cgMLST. The 

generated minimum spanning tree showed that the CCs associated with RT infection are 

genetically distant from each other (Figure 12).  

  

Figure 12. Minimum spanning tree based on the cgMLST scheme for the 631 isolates from RT, 

invasive and five adititonal isolates collected in Portugal in the years 2011 to 2019. It represents the 

distribution of CCs defined by MLST profiling (approximately 1600 loci). Isolates are represented by small 

circles and the distances between them are proportional to the number of allelic differences. CCs 

asssociated with RT infection are grouped inside the dotted circles. Within CC3, the largest distance was 

318 allele differences and the distance to the closest CC was 711; for CC49, the largest distance was 147 

and the distance to the closest CC was 675; and for CC68, the largest distance was 235 and the distance 

to the closest CC was 655. Image obtained in PHYLOViZ online (Ribeiro-Gonçalves et al., 2016).  

 

3.6. Pangenome Analysis and Gene Association 

3.6.1. The Pangenome 

Five additional strains of emm types stC36 (n=2) and stC839 (n=3) isolated from skin 

and soft tissue infections (n=4) or urine (one stC36 isolate) collected in the same time range as 

the RT and invasive infection strains were included in the pangenome and GWAS analyses. The 

dataset of RT and invasive infection strains and the five extra strains (n=631) generated a 

pangenome with 10 684 genes (Figure 13). The core genome, with 1409 genes, is comprised of 

1255 core genes, present in at least 99% of the isolates and 154 soft-core genes, present in at 

least 95% to 99% of the isolates. The accessory genome , with 9275 genes, is comprised of 

Clonal 
Complex 

CC3 

CC49 

CC68 
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1155 shell genes, present in 15% to 95% of the isolates, and 8120 cloud genes, present in 

fewer than 15% of the isolates. 

 

Figure 13. Pangenome breakdown for SDSE RT and invasive infection strains and 5 extra strains 

belonging to emm types stC36 (n=2) and stC839 (n=3) isolated from skin and soft tissue infections (n=4) 

or urine (one stC36 isolate) collected in the same time range. Pie chart breakdown of the core, soft sore, 

shell and cloud genes and the number of isolates in which they are present. 

 

3.6.2. Gene Association Study 

A GWAS was performed to find genes that may be responsible for the differences in virulence 

between strains of different CCs. Strains were classified as trait-positive if they belonged to 

CC3, CC49 or CC68 and trait-negative if they belonged to other CCs and the strength of 

association of each gene to trait-positive (RT-associated) strains was calculated. After 

selection, a total of 17 genes whose presence may be relevant (Table 11) and 24 genes whose 

absence may be relevant for RT infection (Table 12) were analysed. Analysis of a group_5532 

sequence revealed that is the mf3 gene. That was the only nuclease whose presence in RT CCs 

was significant. Three genes are involved in the synthesis of rhamnose or rhamnose 

polysaccharides in the cell wall.  
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Table 11. Genes whose presence in RT-associated CCs is significant. Genes are sorted by 

decreasing specificity. Sensitivity is the sensitivity if using the presence of this gene as a diagnostic test to 

determine trait-positivity. Specificity is the specificity if using the non-presence of this gene as a 

diagnostic test to determine trait-negativity. All genes have p<0.001. 

 
Legend: n present, number of strains in which the gene is present; n not present, number of strains in 

which the gene is not present, RT CCs, CCs associated with RT infection( CC3, CC49 and CC68). 

 

In the set of genes whose absence may be relevant, CRISPR-associated proteins are 

among the genes with the lowest specificity to RT CCs and several proteins involved in cell wall 

polysaccharide synthesis are also present. 

Table 12. Genes for which absence in RT CCs associated CCs is significant. All genes have 

p<0.001. 

 

 



31 
 

3.7. Antimicrobial Resistance 

All isolates in the present work were susceptible to penicillin, vancomycin, and linezolid. 

Among the strains recovered from RT infections, the highest resistance rate was 28.1% 

(n=56), to erythromycin and no resistant strains to streptomycin or chloramphenicol were found 

(Table 13). No significant differences in antimicrobial resistance were found between RT and 

invasive infection isolates. 

Table 13. Frequency of resistant isolates and rate of antimicrobial resistance for RT and invasive 

infections. The first column indicates the total number of strains for each infection type and the others 

indicate the number of resistant strains and rate of resistance to each antimicrobial. Legend: DA, 

clindamycin; E, erythromycin; TE, tetracycline; LEV, levofloxacin; CN, gentamycin; S, streptomycin; C, 

chloramphenicol. 

 

Antimicrobial resistance rates vary considerably in different CCs, however, they do not 

differ significantly between the CCs associated with RT infection (CC3, CC49, and CC68) 

(Table 14). 

Table 14. Frequency and rate of antimicrobial resistance by CC. Only CCs with 10 or more 

representatives are shown.  
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The evolution of resistance rates to different antimicrobials throughout the years 2011 

to 2019 is shown in Table 15. Erythromycin resistance increased from 19.6% in 2011 to 38% in 

2019 (p=0.04). All chloramphenicol resistant strains were recovered in 2018.  

Table 15. Frequency and rate of antimicrobial resistance by year.  
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4. Chapter 4. Discussion 

The rise in human infections caused by SDSE, in the past four decades, notably invasive 

infections, has led to increased awareness about its pathogenic potential and consequently, 

more research on this organism is being undertaken. This work characterised SDSE strains 

from human respiratory tract infections collected in Portugal in the years 2011 to 2019. A total 

of 199 RT infection strains were characterised and compared to invasive infection strains 

collected in the same period. For phenotypic characterisation, haemolysis type, Lancefield 

group, and antimicrobial susceptibility were determined. Genomic characterisation was done by 

sequencing the genomes of RT infection strains and some invasive strains for comparison 

purposes, which allowed the analysis of the main genetic lineages responsible for RT infection, 

known VFs, their pangenome, and a gene association study to explore other possible VFs. To 

date, no large-scale gene association studies performed on SDSE RT infection isolates were 

found in the literature.  

RT infections by SDSE in the study period were more common in younger patients. The 

mean age of RT infection patients is 27.7 years with a median of 19 years, which coincides with 

the ages in which colonisation by SDSE is more prevalent in Europe and North America. 

Pharyngitis is a classical presentation of SDSE infection in younger patients. (Agerhäll et al., 

2021; J. C. Turner et al., 1997). Invasive infection was much more frequent in older patients and 

frequency increased with age. In SP RT infections, repeated exposure to this pathogen confers 

protective immunity with antibodies against the hypervariable N-terminal portion of the M 

protein and that is hypothesised to reduce the frequency of RT infections with age, but no such 

mechanism is elucidated in SDSE (Brandt & Spellerberg, 2009b; Cannon et al., 2021). In 

addition, SDSE emm types do not cycle through communities, suggesting there is no acquired 

immunity to the M protein of SDSE (McDonald et al., 2007). 

4.1.  Molecular Typing 

Typing of the emm gene has been widely used to characterise SDSE strains and  it is 

often the only available genotypic information in some studies (Bramhachari et al., 2010; 

Gherardi et al., 2014; Rantala et al., 2010). 

Typing of the emm gene among RT and invasive infection isolates in the years 2011 to 

2019 revealed 38 distinct emm types and two non-typeable strains, with 31 distinct types in RT 

infection isolates and 30 in invasive isolates. Type stG62647 was the most frequent overall, 

being present in 33.3% (n=142) of invasive infections and in 19.6% (n=39) of RT infections. 

The second most frequent type in RT infections, stC36, was present in 15.6% (n=31) of these 

infections and it was exclusively associated with them. Type stC839, present in 6.5% (n=13) of 

RT infections, was also associated with them with an odds ratio (OR) of 5.5. This is in line with 
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the observations made in the years 2011 to 2018 regarding these emm types, suggesting that 

strains exhibiting these emm types have strong tropism to the respiratory tract or are unable to 

cause invasive infection. These differences in virulence and tissue tropism could be caused by 

the M protein itself, which is an important virulence factor responsible for adherence and 

antiphagocytosis (Mcmillan et al., 2013), differences in the virulome of these strains in general, 

or differences in expression of virulence factors. 

Reports of recombination events in the emm locus and the fact that the M protein is a 

surface protein and thus subject to selective and diversifying pressure mean that emm typing 

does not reflect evolutive relations between strains (McMillan et al., 2011; McNeilly & McMillan, 

2014; van Belkum et al., 2007). MLST and cgMLST were used to define the main clonal 

lineages present in RT infections. MLST uses housekeeping genes under low selective 

pressure, and it offers insight into the genetic relations between strains. Higher discriminative 

power is achieved by cgMLST, which uses all the genes in a defined core genome. MLST 

yielded 121 STs distributed among 37 CCs and 72 singlets, with a vast majority of isolates 

belonging to the few most frequent CCs. Overall, the 4 most frequent CCs, CC17, CC20, CC29, 

and CC15, included approximately 75% of all RT and  invasive isolates whilst in the RT 

infection subset, the same CCs included only 55% of these infections. Furthermore, strains of 

CC3, CC49 and CC68 were recovered almost exclusively from RT infections, with only one 

CC3 isolate from invasive infection. This suggests that some CCs have reduced potential to 

cause invasive infection. 

The distribution of emm types varied greatly in different CCs: among the most frequent 

CCs, CC17 included 10 of the most frequent emm types, CC29 included 6, and CC15 included 

7. The RT-associated CCs, on the contrary, presented far less diversity: CC49 and CC68 are 

exclusively associated with stC36, and CC3 is mainly associated with stC839, but also includes 

emm57 and stG653. Each CC was associated with either Lancefield group C or G, with at least 

92.9% of the strains of each CC possessing one of these groups. The majority of isolates in the 

RT-associated CCs possessed group C, the exceptions being one CC3 and one CC49 isolates 

possessing group G. 

Although the expected rates of spontaneous mutations in SDSE are not well defined, 

the greater diversity of emm types observed in CC17, CC29, and CC15 suggests that these CCs 

have undergone considerable diversification since their origin (Oppegaard, Mylvaganam, 

Skrede, Lindemann, et al., 2017), unlike CC20, CC49 and CC68. Typing by cgMLST confirmed 

these differences in diversity and that CC3, CC49 and CC68 are relatively distant from each 

other and less diverse than other CCs, which indicates that these lineages originated 

independently from each other. 
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4.2. Virulence Factors 

The association between emm types stC36 and stC839 and RT infection may be due to 

differences in the M protein expressed by isolates with these emm types or due to differences 

in VF presence or expression in the clonal lineages that possess these emm types. No 

differences were found in the genomic context of the emm gene in RT infection isolates of 

different CCs or emm types. 

Genomic sequences of emm genes of different emm types were translated into amino 

acid sequences, aligned with MUSCLE, and a neighbour-joining tree was constructed with 

these sequences. All the most frequently isolated emm types were used and other emm types 

were included for comparison. STs stC36 and stC839 formed a distinct group that included 

stC74A, which was associated with invasive infections, and stG485, stG166B and stC245, 

which were not significantly associated with either type of infection. Furthermore, no other 

emm type besides stC36 and stC839 showed such a strong association with either type of 

infection. This indicates that M protein sequence identity does not predict potential to cause 

invasive or RT infections. 

The genes fbp54, hasC, and sagA were present in all the RT and invasive infection 

isolates and the genes lmb, scpA/scpB, ska, and slo were present in all RT isolates. This is 

expected due to the near ubiquity of these genes reported in SDSE (Kittang et al., 2011; Lo & 

Cheng, 2015; Lother et al., 2017). The absence of the genes hasA and hasB from the hasABC 

operon was observed in all isolates and it is also expected, as SDSE does not possess a 

hyaluronic acid capsule (Shimomura et al., 2011; Watanabe et al., 2013). 

When the distribution of VFs per CC was analysed, mf3 was present in 86.7% (n=13) of 

CC3 isolates, 78% (n=11) of CC49 isolates and 92.3% (n=12) of CC68 isolates. Apart from 

CC129, in which it was present in around half of the isolates, it was only sporadically found in 

other CCs. This gene codes the protein Mitogen factor 3, an extracellular DNase. The genomic 

context of mf3 in RT isolates is varied but it is usually surrounded by small phage genes (data 

not shown). A UniProt BLAST search of the gene results in several 100% identity matches with 

several prophage extracellular DNases. Furthermore, a study on SP with a primate pharyngitis 

model found this gene and other DNases to increase fitness in for the primate oropharynx (Zhu 

et al., 2020). A study on mf3 expression in SP with a skin infection model concluded that it 

contributes to improved bacterial dissemination and lesion size (Wen et al., 2011).  Because it is 

a DNase, some authors hypothesise that mf3 contributes to increased virulence by two main 

mechanisms: immune evasion by degradation of neutrophil extracellular traps, and increased 

fitness by use of DNA as a nutrient source. However, these hypotheses are tentative, as the 

roles of specific DNases have not yet been fully elucidated in SP or SDSE  (Wen et al., 2011), 



36 
 

and there is no strong evidence to support direct involvement of this gene in differences in 

virulence between CCs associated with RT infection and other CCs. 

4.3. Pan-Genome and Gene Association Study 

The set of 631 isolates recovered from invasive infections, RT infections and five 

additional stC36 or stC839 isolates generated a pan-genome comprised of 10 684 genes. The 

core genome, with 1409 genes, is comprised of 1255 core genes, present in at least 99% of 

the isolates and 154 soft-core genes, present in at least 95% to 99% of the isolates. The 

accessory genome , with 9275 genes, is comprised of 1155 shell genes, present in 15% to 

95% of the isolates, and 8120 cloud genes, present in fewer than 15% of the isolates. In total, 

the core genome included only 13.2% of all genes in the pan-genome. Such a small core/pan-

genome ratio suggests that SDSE has an open genome. The core genome typically contains the 

genes responsible for the basic biologic aspects of a species and phenotypic traits associated 

with all its members. In contrast, the accessory genome contains the genes responsible for 

adaptation to selective pressures such as antimicrobial resistance, and adaptation to 

environmental niches, like the colonisation of a new host or tissue tropism (Daubin & Ochman, 

2004; Medini et al., 2005). Thus, a gene presence/absence association study performed for 

the group of strains belonging to the RT-associated CCs may find a larger number of genes 

which may be responsible for differences in virulence. 

In total, 17 genes whose presence may be relevant for differences in virulence and 24 

genes whose absence may be relevant were found when RT-associated CC isolates were 

compared to all others. No genes with both very high sensitivity and specificity for the RT-

associated CCs were found. The gene with the highest specificity and sensitivity for these CCs 

was group_5532. Sequence analysis revealed that this is the same gene as mf3. Alignment and 

a neighbour joining tree of all the mf3 sequences revealed 3 main distinct groups in which 

almost all sequences were included (data not shown). In the set whose presence may be 

relevant, several genes involved in the synthesis of rhamnose-containing cell wall 

polysaccharides were present. These polysaccharides are critical for virulence in streptococci 

and play a significant role as bacteriophage receptors and interaction with hosts (Guérin et al., 

2022; Mistou et al., 2016). The biosynthesis of Lancefield group A, B, C and G antigens, for 

example, are initiated by a rhamnosyltransferase (Zorzoli et al., 2019). 

In the set of genes whose absence in the RT-associated CCs is significant, CRISPR-

associated endonuclease genes and a pre-crRNA processing endonuclease are among the 

genes with the lowest specificity. CRISPR/Cas systems play a vital role in bacterial protection 

against invading phages and plasmids, and the absence of these genes can impair the anti-

phage immunity of these strains (Deltcheva et al., 2011; Hochstrasser & Doudna, 2015; 

Marraffini, 2016). 
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The absence of these essential genes against phage defence, together with the fact 

that mf3 may have a phage related origin, suggests possible phage involvement in differences 

in virulence in the RT CCs. 

4.4. Antimicrobial Resistance 

All the strains that were characterised in this work were susceptible to penicillin, 

vancomycin, and linezolid. To date, only one case of penicillin resistance has been documented 

in SDSE (Fuursted et al., 2016) and this antimicrobial remains the first line of therapy against 

SDSE infections (Barros, 2021). No cases of resistance to vancomycin or linezolid have been 

reported (Barros, 2021; Broyles et al., 2009; Loubinoux et al., 2013; Lu et al., 2016). The rate of 

resistance to erythromycin remains the highest among the tested antibiotics. No significant 

differences in antimicrobial susceptibility were observed between RT and invasive infections or 

between different CCs. 
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5. Chapter 5. Conclusions 

Human infections caused by Streptococcus dysgalactiae subsp. equisimilis (SDSE) 

have been rising in recent decades. Typing of the emm gene, which encodes an important 

virulence factor in SDSE, revealed two emm types to be almost exclusively associated with RT 

infections in Portugal. This association motivated the genomic characterisation of 199 isolates 

recovered from RT infections in the years 2011 to 2019 to define the main genetic lineages 

responsible for RT infection in Portugal, to identify virulence factors that may be involved in 

respiratory tract tropism, and to determine antimicrobial resistance in these isolates, using 

genomic data from invasive infections for comparison purposes. To date, no large-scale gene 

association studies performed on SDSE RT infection isolates have been published. 

RT infections in Portugal were more frequent among younger patients. RT infection 

patients had a mean age of 27.7 years, compared to 69.8 years in invasive infection patients. 

Typing of the emm gene found 31 distinct emm types, of which stC36 and stC839 were almost 

exclusively associated with RT infections. MLST revealed 121 sequence types (ST) distributed 

among 37 clonal complexes (CC) and 72 singletons, with 3 distantly related CCs, CC3, CC49 

and CC68, being almost exclusively associated with RT infection, and cgMLST supported the 

grouping of strains with those allelic profiles and showed that they are genetically distant from 

each other. While some CCs had a diverse variety of emm types, the CCs associated with the 

RT were associated with the RT emm types. Among known streptococcal virulence factors, mf3 

was almost exclusively associated to RT CCs. GWAS revealed that RT CCs lacked several 

CRISPR-associated proteins, which serve important roles in protection against phages, and had 

several phage genes, which may affect virulence. 

5.1. Future Work 

This work contributes towards the knowledge of human respiratory tract by SDSE in 

Portugal. Future work may employ high throughput sequencing in the study of colonisation 

strains to evaluate the main clonal lineages responsible for colonisation and identify genomic 

differences between colonisation and infection strains that may influence pathogenic potential 

in different clonal lineages. 

Without information on gene expression, no strong conclusions can be drawn on the 

effects of specific virulence factor genes can from the presence of a gene in strains of different 

clonal lineages. Genomic expression studies would elucidate whether these genes are actually 

involved in pathogenic potential and invasion studies on with human cell lines can provide more 

in-depth knowledge on varying degrees of pathogenic potential. Analysis of individual VF loci 

and allelic profiling of VF genes and regulators can provide knowledge on how different variants 

impact pathogenic potential. 
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The finding of a phage-associated nuclease in the RT CCs, along with the absence of 

CRISPR-associated genes, warrants the identification and analysis of genetic mobile elements 

in RT strains and their association with virulence factors, and how the differences in these 

CRISPR loci may affect phage defence mechanisms. 

A GWAS based on presence and absence of genes offers no insight on how gene 

variants may affect virulence. A k-mer approach may find gene variants that influence 

pathogenic potential in the clonal lineages related to the respiratory tract. 

Finally, while no atypical patterns of antimicrobial resistance were found, continued 

epidemiological surveillance is important to monitor antimicrobial resistance and to detect the 

emergence of new clonal lineages. 
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