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Abstract 

Objectives 

This retrospective cross-sectional study examined the epidemiology, clinical 

presentations, and genomics of Streptococcus pyogenes genotype emm5.23, linked 

to severe outcomes in Scotland. 

Methods 

Between 2014 and 2022, 58 cases of invasive Group A Streptococcus (iGAS) 

disease associated with emm5.23 were reported in Scotland. Surveillance data from 
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45 cases were analysed for clinical characteristics and risk factors. Whole-genome 

sequencing (WGS) included all available emm5.23 strains from Scotland (n=58), a 

subset from England (n=29), and emm5 strains of non-5.23 subtypes from Scotland 

(n=10), England (n=2), and Canada (n=1). 

Results 

Nearly all cases (96%, 43/45) were hospitalised, of whom 33% (15/45) required 

intensive care and 20% (9/45) died with iGAS. The most common presentations 

were bacteraemia (51%, 23/45) and pneumonia (24%, 11/45). WGS identified an 

emerging emm5.23 clade in Scotland, encompassing most isolates, which shared 

highly similar genomes and three non-synonymous polymorphisms. 

Conclusions 

Although genomic traits known to increase GAS virulence potential were not found, 

polymorphisms that may affect the emm5.23 phenotype were detected. This 

suggests this emm5.23 genotype was transiently successful rather than 

hypervirulent, with low population-level immunity contributing to its spread. This 

study emphasises the need for integration of real-time genomic data in public health 

surveillance to enhance source attribution and guide interventions. 

Keywords: Streptococcus pyogenes, Gram-Positive Bacterial Infections, 

Bacteraemia, Soft Tissue Infections, Disease Outbreaks, Risk Factors, Antimicrobial 

Drug Resistance, Virulence, Whole Genome Sequencing, Public Health 

Surveillance. 

 

Introduction 

Streptococcus pyogenes, also known as Group A Streptococcus (GAS), can 

colonise the upper respiratory tract of asymptomatic people, with an estimated 
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overall prevalence of asymptomatic pharyngeal carriage of 7% across all age groups 

1. Occasionally, GAS can cause infections that, in their most severe forms, affect 

normally sterile body sites such as muscles, the pleural cavity and the bloodstream, 

with high mortality rates. These forms of infections are referred to as invasive GAS 

(iGAS) disease 2,3. 

 

Several methods are used to classify GAS strains, including whole-genome 

classification, multi-locus sequence typing (MLST), and emm typing. The latter is 

widely used due to its ease of implementation and is based on the sequence of a 

region of the emm gene, which encodes the surface M protein. To date, over 275 

emm types and subtypes have been identified 4, with some being associated with 

higher incidence of invasive disease than others. GAS emm1, for instance, has been 

frequently involved in invasive disease over the past few decades following the 

horizontal acquisition of virulence factors Sda2 and SpeA2, as well as a 

recombination event around the nga-ifs-slo operon 5,6. The emergence of a recent 

emm1 lineage, named M1UK, is characterised by the acquisition of 27 single 

nucleotide polymorphisms (SNPs) that confer an increased production of the SpeA 

toxin 7. The high incidence and disease severity associated with the modern 

capsular emm89 lineage have been linked to recombination events that resulted in 

the loss of the capsule locus and the acquisition of a region encoding virulence 

factors NADase and SLO, with mutations in the nga promoter that drive their high 

expression 6,8. In the case of emm4 strains, the recent increase in invasive disease 

incidence was not attributed to enhanced production of classical virulence factors, 

such as those described above. Instead, it was associated with mutations leading to 

improved defences against oxidative stress and enhanced survival within 
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macrophages 9. The acquisition of multi-drug resistance, which is often associated 

with horizontal gene transfer events, is also thought to play a role in the spread of 

pathogenic GAS clones 10. 

 

In contrast, certain GAS strains have been associated with rapid, self-limiting 

epidemic waves, characterised by a surge in cases of invasive disease followed by 

sporadic recurrences or complete disappearance over the course of a few years 11,12. 

While this phenomenon has been observed on multiple occasions, the underlying 

reasons remain unclear, unless they are associated with outbreaks in enclosed 

settings such as care homes 13,14. It has been hypothesised that novel strains 

introduced into naïve populations spread successfully and cause a noticeable 

disease burden only until herd immunity is achieved. Competition with strains that 

are ‘more fit’ could also contribute to the decline in the reported disease burden of 

certain GAS genotypes 15. 

 

From 2018 to 2022, a newly reported genotype of S. pyogenes, emm subtype 5.23, 

was involved in several cases of invasive disease in Scotland. While GAS emm5 

cases represent less than 2% of the S. pyogenes disease burden in high income 

countries 16, emm5.23 in Scotland caused 4.71% and 9.82% of all iGAS cases 

reported in 2018 and 2019, respectively (SMiRL, unpublished data). Although not 

commonly isolated, this emm subtype was involved in one outbreak of invasive 

disease in a care home in England 17 and was also associated with increased 

mortality in the North-West of the country 18. No clear association between emm5.23 

infection and known risk factors has been noted to date. A review of the available 
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literature did not indicate any upsurge of iGAS emm5.23 cases in other countries in 

recent years. 

 

This study constitutes a retrospective investigation into the short-lived epidemic 

surge of iGAS cases associated with severe clinical outcomes by emm5.23 in 

Scotland. We integrated and analysed epidemiological information collected as part 

of routine enhanced surveillance together with whole genome sequence (WGS) to 

comprehensively characterise the upsurge in cases. Epidemiological data, including 

clinical presentation and risk factors, provided context for the population groups 

affected, while genomic analyses allowed us to investigate the phylogenetic 

relationships among strains, gain insight into bacterial virulence and identify 

evolutionary adaptations. 

 

Methods 

Enhanced surveillance of iGAS emm5.23 cases  

Confirmed iGAS infections in Scotland are notifiable to Public Health Scotland (PHS) 

under the Public Health etc. (Scotland) Act 2008. Suspected invasive cases are 

defined as potential GAS infections localised in normally sterile body sites or in non-

sterile body sites of patients with severe clinical manifestations 3,19. A case is 

confirmed once GAS is isolated from a specimen originating from a suspected case, 

after which the isolate is submitted to the Scottish Microbiology Reference 

Laboratory (SMiRL) for emm typing. Additionally, an enhanced questionnaire on 

clinical outcome and risk factors is sent from local health protection teams to PHS by 

secure email. Since not all health protection teams submit this form of information, 

only 45 of the 58 emm5.23 cases had enhanced questionnaires available. As there 
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are no definitions for each risk factor category, the interpretation of risk factor items 

in the enhanced questionnaires can be subjective. However, the definition of the 

term ‘death’ with iGAS is specified as the patient dying within seven days of a 

positive specimen, regardless of the actual cause of death. Questionnaire data were 

consulted and summarised. The burden of cases per 100,000 people in different age 

groups was calculated using mid-year population estimates published by the 

National Records of Scotland for 2019, the year when most cases occurred 20. 

 

Ethics statement 

The Public Health Scotland Order 2019 in Article 9(2)(i) places an obligation on 

Public Health Scotland (PHS) to engage in the control of spread of infectious 

diseases in accordance with section 43 of the National Health Service (Scotland) Act 

1978. In accordance with sections 15, 16(5), and 21(2) of the Public Health etc. 

(Scotland) Act 2008, the Scottish Microbiology Reference Laboratory (SMiRL), 

Glasgow and PHS are obliged to process data in relation to notifiable diseases, 

health risk states of patients, notifiable organisms, and carrying out public health 

investigations, and therefore, individual patient consent is not required. Permissions 

to process and share relevant patient information data was approved by the Public 

Benefit and Privacy Panel for Health and Social Care (Reference 2223-0204 Smith). 

 

Bacterial isolates 

Invasive GAS isolates from Scotland were genotyped according to the CDC 

guidelines 4. In the present study, we included all available iGAS emm5.23 strains 

from Scotland up until 2022 (n=58). To enable a more insightful assessment of 

genomic differentiation among emm5.23 strains, a sample of emm5.23 isolates 
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obtained from patients with invasive (n=22) and non-invasive (n=7) disease between 

2012 and 2020 in England was supplied by the UK Health Security Agency (UKHSA) 

and included in the MGE identification, variant calling and phylogenetic analyses. 

Similarly, we sequenced and analysed genomes of ten randomly selected invasive 

emm5 isolates of non-5.23 subtypes (emm5.132, emm5.16, emm5.165, emm5.166, 

emm5.167, emm5.175, emm5.176, emm5.188, emm5.3, emm5.6) collected in 

Scotland in 2019 (n=8) and 2020 (n=2). Additionally, we searched for publicly 

available whole genome sequence reads for non-5.23 emm5 isolates, identifying 

three genomes: an emm5.14 isolate from Canada (2010-2013, accession: 

SRR1105943), and two emm5.3 isolates from England (2019, accession: 

SRR14668868 and SRR14668867), which were incorporated into the dataset. 

 

Antimicrobial susceptibility testing 

Antimicrobial susceptibility to a panel of antibiotics commonly used to treat Gram 

positive infections, namely ampicillin, amoxicillin, clindamycin, ceftriaxone, 

cefotaxime, doxycycline, erythromycin, levofloxacin, meropenem, moxifloxacin, 

oxacillin, penicillin G, tetracycline and vancomycin, was measured for a randomly 

selected subset of the emm5.23 isolates (n=25). The Micronaut-S kit (Merlin, Berlin, 

Germany), which employs the broth microdilution method, was used to determine the 

isolates’ minimum inhibitory concentrations (MIC) for the tested antibiotics as per 

EUCAST guidelines v 5.0 21 and manufacturer’s instructions. MIC values were 

interpreted according to the EUCAST breakpoint table v 14.0, 2024 22. 

 

Whole genome sequencing 
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Bacterial genomic DNA was extracted using the DNeasy 96 Blood and Tissue Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA 

extractions were performed on a QIAsymphony automated instrument (Qiagen, 

Hilden, Germany). Genomic DNA was quantified using a Qubit dsDNA High 

Sensitivity kit on a Qubit 3 Fluorometer (Thermo Fisher Scientific, Waltham, MA 

USA). Paired-end libraries were generated using a Nextera XT DNA Sample 

Preparation Kit with Index Kit v2 and sequenced using a MiSeq reagent kit V3 with a 

2 x 250 bp output on a MiSeq platform (all from Illumina, San Diego, CA, USA) at 

SMiRL, Glasgow. Ten of the isolates from England had previously undergone whole-

genome sequencing (WGS) by UKHSA using Illumina HiSeq technology. Those 

sequences were shared with the University of Glasgow. For the remaining isolates 

from England that had not been previously sequenced (n=19), bacterial samples 

were delivered to SMiRL, and WGS was performed as described for the isolates 

from Scotland. 

 

Sequence assembly and quality control  

Paired-end reads were trimmed using ConDeTri v3.11.1 with default settings 23. 

Trimmed reads were de novo assembled using SPAdes v3.11.1 24. Assembly quality 

was assessed with QUAST v5.0.2 25. Assemblies where the cumulative contig length 

was greater than 2.25 Mbp and/or having a GC% content higher or lower than two 

standard deviations from the mean were considered potentially contaminated and 

removed from further analyses. 

 

Mobile genetic elements, virulence and AMR genes 
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The presence of mobile genetic elements (MGEs) was detected using SRST2 v0.2.0 

26 coupled with a published database of GAS phage and integrative and conjugative 

element (ICE) integrase and virulence genes, as previously described 12. Since all 

strains, including emm5.23 and other emm5 subtypes, appeared to share the same 

combination of integrase genes, it was initially assumed that they also carried the 

same MGEs. To investigate this, the complete sequences of these MGEs were 

aligned to each genome using BLAST 27. MGE sequences were obtained from the 

closed emm5.23 genome iGAS376 (accession: CP067010) which originated from 

the same isolate used for sequence S.376 in the present study 28. MGE sequences 

were also queried against the NCBI non-redundant database using BLAST 27. 

The presence of virulence and antimicrobial resistance (AMR) genes was 

established using ARIBA 29 coupled with the virulence factors database (VFDB) 30 

and the comprehensive antibiotic resistance database (CARD) 31, respectively. 

 

Polymorphism detection and phylogenetic analysis  

WGS data of all strains in our dataset were mapped for variant calling using Snippy 

32 against two chosen reference strains: iGAS426 (accession: CP067008), which is 

the oldest emm5.23 isolate from Scotland (2015) and the same isolate used for 

sequence S.426 in this study, and Manfredo (accession: AM295007), which is a 

historical emm5 strain isolated in 1952 in the United States 33. Variant calling using 

Manfredo as a reference served two main purposes. First, it allowed us to assess the 

acquisition of polymorphisms shared by all recent emm5 isolates. Second, it helped 

determine whether the emm5.23 genotype had developed mutations specific to this 

emm subtype. Additionally, variant calling using iGAS426 as a reference was 

performed to investigate whether emm5.23 strains isolated in Scotland during the 
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2018–2019 surge in invasive disease cases had acquired mutations relative to 

previously circulating emm5.23 strains. 

 

A core SNP phylogeny of emm5.23 strains was generated using identified SNPs with 

the iGAS426 genome as a reference. A second core SNP phylogeny, including all 

emm5 strains in our dataset, was constructed using the Manfredo genome as a 

reference. In order to limit the phylogenetic inference to vertically acquired genomic 

variations, SNPs located in MGE regions were excluded from the alignment used for 

phylogenetic tree construction. IQ-TREE was used to build maximum likelihood 

phylogenetic trees with standard non-parametric bootstrap analysis using the best-fit 

substitution model function 34. The first tree was midpoint rooted, whilst the second 

was rooted on the Manfredo reference genome. Both trees were visualised with iTOL 

35. 

 

Results 

Overview of clinical cases 

A total of 58 cases of iGAS disease were associated with the genotype emm5.23 

between 2014 and 2022 in Scotland. The surge in emm5.23 infections was rapid but 

short-lived, with most cases (83%, n=48/58) occurring between 2018 (n=21) and 

2019 (n=27). Eight cases were reported in 2020 and only a single case was reported 

in 2015 and another in 2022. Invasive strains were isolated from blood (n=40/58, 

69%), cutaneous (n=10/58, 17%) and respiratory specimens (n=8/58, 14%). The 

mean age of the patients affected was 50, and the median age was 55, with a range 

spanning from 1 day to 93 years. 
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Demographics, clinical presentation and severity of disease 

Enhanced surveillance data were available for 45 cases. Twenty-six of the 

individuals infected were females (58%) and 19 were males (42%). The majority of 

individuals were aged between 45 and 64 (42%, n=19/45), 14 were 65 or older 

(31%), six were in the age group 15-44 (13%) and six were 14 or younger (13%). 

The burden of emm5.23 cases per 100,000 people by age group over the entire 

study period was as follows: 0.7 for people aged 14 or younger, 0.3 for people aged 

15-44, 1.3 for people aged 45-64 and 1.3 for people aged 65 or older. 

 

Nearly all cases (96%, n=43/45) were hospitalised, and one third of them (33%, 

n=15/45) were admitted to an intensive care unit (ICU). One in five patients (20%, 

n=9/45) died with iGAS. The highest case-fatality rate by clinical presentation was 

observed in cases of necrotising fasciitis (33%, n=1/3), followed by those of 

pneumonia (27%, n=3/11) and bacteraemia with unknown focus (17%, n=4/23). 

The majority of cases (51%, n=23/45) presented as bacteraemia with unknown focus 

and nearly one in four cases had pneumonia (n=11/45). Less common clinical 

presentations included necrotising fasciitis (n=3/45), surgical wound infection 

(n=3/45), non-iatrogenic skin and soft tissue infection (n=2/45), septic arthritis 

(n=2/45), meningitis (n=1/45), puerperal sepsis (n=1/45) and osteomyelitis (n=1/45). 

Six cases were classified with multiple clinical presentations. 

 

Risk factors  

Twenty-one patients (47%) had at least one of the following risk factors indicative of 

chronic disease: chronic pulmonary disease, chronic cardiac disease, diabetes, 
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malignancy and immunosuppression (Table 1). Only six cases were reported as not 

being associated with any risk factors. 

 

Table 1. Breakdown of the cases of emm5.23 infection and death by known invasive 

Group A Streptococcus risk factors. Some patients had more than one risk factor 

Risk factor  
Cases 
n/45 

Percent of 
total 

Deaths  
Case 
fatality 
rate   

Skin lesion or wound (Group A Streptococcus 
secondary infection not confirmed) 

11 24% 1 9% 

Chronic pulmonary disease 10 22% 3 30% 

Diabetes 6 13% 1 17% 

Respiratory tract infection 6 13% 2 30% 

Chronic cardiac disease 5 11% 1 20% 

Sore throat (Group A Streptococcus infection not 
confirmed) 

5 11% 0 0% 

Contact of person with Group A Streptococcus 
infection  

3 7% 0  0% 

Immunosuppression 3 7% 1 33% 

Malignancy 3 7% 1 33% 

Alcohol abuse 2 4% 0 0% 

Surgery 2 4% 0 0% 

Use of non-steroidal anti-inflammatory drugs 2 4% 0 0% 

Childbirth  1 2% 0  0% 

Non-invasive Group A Streptococcus infection 
confirmed 

1 2% 0 0% 

Steroid use 1 2% 0 0% 

Injecting drug user 0 0% 0  0% 

Varicella infection 0 0% 0  0% 

Homeless 0 0% 0  0% 

Other risk factors (comorbidities, e.g., obesity, liver 
failure, cellulitis not confirmed to be caused by 
Group A Streptococcus)  

4 9% 0 0% 

 

Antimicrobial susceptibility 

All isolates tested were susceptible to β-lactams, fluoroquinolones, glycopeptides, 

lincosamides and macrolides. All isolates, however, displayed phenotypic resistance 

to tetracyclines. MIC values for the panel of antibiotics tested are reported in 

Supplementary Table 1. 
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Whole genome sequencing 

Fifty-four WGS from Scotland and all WGS from England showed good quality 

control metrics, while four sequences from Scotland showed signs of contamination 

and were removed from further analyses. Sequence characteristics of the remaining 

64 genomes from Scotland, and of the 29 genomes from England, are presented in 

Supplementary Table 2. 

 

Mobile genetic elements, virulence and AMR genes  

The same five MGEs were found in each emm5.23 genome, as shown in Figure 1. 

Three of these were prophages, one was a S. pyogenes Chromosomal Island 

(SpyCI), while the last one was a composite element made of a prophage and an 

ICE. Although it is unusual for an AMR-associated element to integrate into a phage 

carrying the virulence gene spd3 36, we found that the ICE in this composite element 

carries the tetM gene, which confers resistance to tetracyclines. Six phage-

associated virulence genes were identified in the emm5.23 genomes: four encode 

DNases, one encodes the superantigen speC, and one encodes a hyaluronidase. 

The location of each MGE found in the reference sequence iGAS.376 is reported in 

Supplementary Table 3. Jo
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Figure 1. A - The five mobile genetic elements (MGEs) detected in all emm5.23 strains, 

location shown in yellow on the reference strain iGAS.376. B - Characteristics of the 

coding sequences (CDS) belonging to each MGE. MGEs 1, 2, 3 and 5 consist entirely 

of phage-origin sequences, while MGE 4 has both phage and integrative and 

conjugative element-derived sequences. MGE orientation in the figure is 5′-3′. 

Integrase, antimicrobial resistance and virulence genes are highlighted. Nucleotide 

positions in the reference genome indicating the beginning and end of each MGE are 

also shown. 
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Although all other emm5 genomes, other than emm5.23, carried the same MGE 

integrase genes initially detected in the emm5.23 isolates, five lacked the ICE 

located within MGE 4. However, they showed no significant differences in the 

sequence of the remaining four MGEs. These five isolates comprised of an emm5.14 

strain from Canada, an emm5.6 strain from Scotland, an emm5.3 strain from 

Scotland, and two emm5.3 strains from England. The remaining eight isolates of a 

non-5.23 subtype all carried the previously described ICE identified in our emm5.23 

strains. 

 

Comparison of the MGEs detected in the emm5.23 and other non-5.23 emm5 

genomes with those integrated into the Manfredo strain revealed a high degree of 

similarity to four of the five Manfredo MGEs, with identical insertion sites 33. 

Specifically, MGE 2 matched Man 4, MGE 3 matched Man 2, the phage in MGE 4 

matched Man 1, and MGE 5 matched Man 5. In contrast, the analysed genomes had 

acquired MGE 1, which contains the virulence gene spd, but lacked phage Man 3, 

harbouring the virulence gene speH in the Manfredo strain.  

 

The same AMR genes were shared by all emm5.23 genomes, namely lmrP and 

tetM. Based on the AMR gene content, the emm5.23 population had the potential to 

express phenotypic resistance to four antibiotic classes: lincosamides (lmrP), 

macrolides (lmrP), streptogramin (lmrP) 37 and tetracyclines (lmrP and tetM) 37,38. All 

isolates analysed also shared the same 44 virulence genes (including the ones 

integrated into phages) responsible for the synthesis of 34 virulence factors 

(Supplementary Table 4). The absence of virulence genes, including sda2, speA2 5, 
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speK, and ssa 39, which are associated with high virulence in emm types 1 and 3, 

was confirmed in the emm5.23 genomes analysed. Additionally, the presence of full-

length hasA, hasB and hasC genes, which encode the hyaluronic acid capsule and 

whose absence or truncation has been linked with increased virulence in emm89 

and other emm types, was also confirmed 8,40. 

 

Polymorphism detection and phylogenetic analysis  

All recent emm5 isolates, including emm5.23 (n=83) and other subtypes (n=13), 

shared 37 non-synonymous SNPs and 10 indels compared to the core genome of 

the 1952 Manfredo isolate. Given previous reports of mutations in virulence genes 

(e.g., speA and has genes5,40) and transcriptional regulators (covR, covS, and 

rocA8,41) associated with increased invasive disease incidence in certain strains of 

different emm types, we focused on mutations in these genes. In light of the recent 

association between the expansion of an emergent emm4 genotype and the 

acquisition of a mutation in a putative carbonic anhydrase-encoding gene9, along 

with evidence that strains carrying this mutation develop improved phenotypic 

survival strategies during interaction with macrophages, we also examined 

polymorphisms in genes related to metabolic pathways. We found that all recent 

emm5 isolates carried three non-synonymous SNPs in transcription regulation 

genes, two in the mga pseudogene (G952A, Leu309Phe; G1430A, Thr477Ile) and 

one in ropB (G505A, Val169Ile). In addition to the non-synonymous mutations 

shared by all recent emm5 genomes, emm5.23 strains specifically carried 16 non-

synonymous SNPs and five indels compared to the core genome of the Manfredo 

strain. None of these mutations were found in virulence or transcription regulation 

genes, however, a SNP was identified in gene adhE (aldehyde-alcohol 
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dehydrogenase, G2425A, Val809Ile), which is involved in bacterial metabolism. 

Finally, we did not detect any non-synonymous polymorphisms that were uniquely 

shared by all emm5.23 strains isolated in Scotland during the 2018–2019 surge in 

invasive disease compared to the earliest emm5.23 strain collected in Scotland in 

2015. 

 

The majority of the emm5.23 genomes from Scotland (85%, n=46/54), however, 

carried the same three polymorphisms compared to both the Manfredo and iGAS426 

reference sequences. One is a SNP identified in the lactate oxidase gene lctO (C54A 

- Phe18Leu). Another is a nucleotide insertion (T -> AT) in a non-coding region 

upstream of the gene greA, at position -37. The third mutation is a SNP that caused 

an early stop codon in the gene encoding the enzyme Acetyl-CoA C-Acyltransferase 

(C112T - Gln38*). When queried in BLASTn against the NCBI database, the three 

polymorphisms were not identified in any other published sequences. 

 

Phylogenetic analysis of emm5.23 strains suggests that most isolates from Scotland 

(85%, n=46/54) along with one isolate from England form a monophyletic group, in 

which all strains share the three previously discussed polymorphisms (Figure 2). We 

refer to this group as the 'emerging clade.' Strains within this clade exhibit close 

genomic relatedness, with an average of four SNP differences (range: 0–16). In 

contrast, the remaining eight emm5.23 isolates from Scotland and nearly all 

emm5.23 isolates from England (n=28) show greater genomic divergence, with an 

average of 18 core SNP differences (range: 0–66). The tree topology suggests that 

the emm5.23 isolates in the emerging clade likely originated from a relatively recent 

common ancestor, represented by a central cluster of six isolates with no core SNP 
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differences. This central cluster, in turn, appears to have emerged from emm5.23 

strains already circulating in England and Scotland. Of the 47 isolates in the 

emerging clade, 36 (77%) differ from the central cluster genotype by only 0–3 SNPs, 

while the remaining 11 have no more than 7 SNP differences from this putative 

ancestral genome. 

 

The phylogenetic tree, constructed using all available emm5 genomes, shows that 

certain strains of non-5.23 subtypes cluster within the same phylogenetic group as 

emm5.23 strains (Supplementary Figure 1). In contrast, isolates forming distinct 

phylogenetic groups separate from emm5.23 include the reference strain Manfredo, 

the emm5.14 isolate from Canada, the emm5.6 isolate from Scotland, the emm5.3 

isolates from Scotland and England, and the emm5.165, emm5.166, and emm5.167 

isolates, all from Scotland. 
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Figure 2. Core genome maximum likelihood single nucleotide polymorphism (SNP)-

phylogeny showing the evolutionary relatedness of emm5.23 isolates from Scotland 

and a randomly selected subset of isolates from England. The tree in panel A was 

midpoint rooted. The isolate used as reference, iGAS.426 (accession number: 

CP067008), is highlighted on the tree by a black outer circle.  For ease of 

interpretation, the part of the tree dominated by isolates from Scotland sharing the 

same three polymorphisms compared to the reference is referred to as the "emerging 

clade". The specimen site is reported next to each isolate from Scotland. Panel B 

shows temporal distribution of emm5.23 strain isolation from Scotland and England. 
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The strains from Scotland represent nearly all (93%, 54/58) of the invasive isolates 

confirmed since 2015, providing a reliable representation of the incidence of iGAS 

disease in Scotland in this figure. In contrast, the strains from England include non-

invasive isolates and only a subsample of invasive ones, and are therefore not 

combined with the strains from Scotland, as they are not representative of disease 

incidence. 

 

Discussion 

Enhanced surveillance data for 45 cases of iGAS emm5.23 infection has revealed 

that the highest disease burden is among individuals aged 45 or older. This only 

partially corresponds with the typical age distribution observed in epidemiological 

surveillance of iGAS disease, which usually shows a “J” shaped curve, with one 

minor peak in infants and one major peak in the elderly aged 75 or older 2. Clinical 

presentations indicate that infections tended to be severe, with approximately one-

third of cases requiring admission to ICU. The overall mortality rate of 20% was 

higher than that observed in Scotland for all emm types, which ranged from 5.6 to 

12.0% between 2018-2023 42, agreeing with the previously reported higher-than-

average mortality rate of emm5.23 in England 18. Nearly 25% of cases developed 

pneumonia. Although emm5 strains are classified as emm pattern A-C, which are 

associated with throat tropism 43, the high rate of pneumonia among emm5.23 

invasive disease cases is concerning. A possible, though unconfirmed, explanation 

could be the elevated incidence of influenza during the winter months of 2018–2019 

44. Risk factors were predominantly health-related, with a significant proportion 

associated with chronic diseases. Based on the available data, emm5.23 cases 
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tended to be severe, predominantly affecting middle-aged or elderly individuals with 

underlying health conditions. 

 

Previously described virulence gene profiles associated with hypervirulence in 

epidemic GAS strains were not detected in the emm5.23 population. However, the 

lack of both transcriptomic data and in vitro characterisation of the phenotype of 

these isolates precludes definitive conclusions being drawn as to the virulence of the 

emm5.23 isolates 5,8,39,45. All emm5.23 and most non-5.23 isolates examined shared 

the same MGEs, four of which resembled MGEs already described in the historical 

strain Manfredo. All recent emm5 strains appear to have lost the superantigen speH-

encoding phage Man 3, while acquiring an sdn-encoding phage and a tetM-encoding 

ICE, which is integrated into a phage with high sequence similarity to Man 1. The 

only detected difference in MGE content among the recent emm5 strains was that 

five strains lacked the aforementioned ICE and, consequently, did not carry the 

tetracycline resistance encoding gene tetM. The only other AMR-associated gene, 

lmrP, was found to be present in every isolate. Together, tetM and lmrP have been 

associated with potential resistance to macrolides, lincosamides and tetracyclines 

37,38. All emm5.23 isolates tested displayed phenotypic resistance to tetracycline but 

full susceptibility to lincosamides and macrolides, indicating that the presence of the 

lmrP gene did not confer phenotypic resistance to these classes of antimicrobials. 

 

All analysed genomes displayed three non-synonymous polymorphisms in the 

transcriptional regulators mga and ropB compared to the historical Manfredo isolate. 

Although mutations in transcriptional regulators have been linked to an enhanced 

ability to cause invasive disease in certain GAS emm types 41, there is no evidence 
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of a sustained increase in invasive infections attributed to emm5 isolates over the 

past few decades. However, in other emm types, the acquisition of hypervirulent 

traits and a fitter phenotype with enhanced survival in experimental infections has 

been linked to the progressive accumulation of multiple genomic mutations 7,9. 

Therefore, while the impact of the detected polymorphisms remains uncertain in 

emm5.23, we cannot rule out their potential role in future evolutionary changes that 

may contribute to increased virulence. 

 

The majority of the emm5.23 isolates from Scotland (46/54) also carried three 

shared polymorphisms with the potential to induce phenotypic changes. The first one 

was in the lctO gene, which is involved in L-lactate metabolism 46. The second was 

located in the gene encoding Acetyl-CoA C-Acyltransferase, which is implicated in 

fatty acid metabolism 47. Finally, we detected a nucleotide insertion upstream of the 

greA gene, which encodes a transcription elongation factor 48. These genes are not 

known to be directly associated with bacterial virulence; hence, their role in 

pathogenesis remains uncertain. Since the lctO gene and the gene encoding Acetyl-

CoA C-Acyltransferase are both involved in metabolic pathways, we cannot exclude 

the possibility that the identified polymorphisms confer a biological fitness 

advantage. Consistent with this hypothesis, we detected a non-synonymous SNP in 

the adhE gene in all emm5.23 isolates from both Scotland and England. Given that 

this gene also participates in metabolic pathways 49 and is known to promote 

bacterial adherence in Streptococcus pneumoniae strains 50, further investigation is 

needed to determine its potential functional impact. 
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Phylogenetic analysis of all emm5 genomes revealed that isolates of different 

subtypes can cluster within the same clade, highlighting the limitations of emm 

subtyping and the importance of whole genome sequencing for determining the 

relatedness of isolates and investigating transmission events. The emm5.23 

phylogeny suggests that most of the isolates from Scotland form a monophyletic 

group of highly similar strains, which all share the lctO, greA and Acetyl-CoA C-

Acyltransferase polymorphisms. Of the Scottish strains that are not part of this 

emerging clade, most were collected in 2018, a period marked by a general increase 

in iGAS incidence in Scotland, potentially linked to the high incidence of influenza 

during the 2018-2019 winter 44. Conversely, only 30% of the emm5.23 isolates from 

Scotland in the emerging clade were collected in 2018, with the remainder being 

collected from 2019 onward. Together with the tree topology, this suggests that the 

emerging clade genotype may have originated from emm5.23 strains previously 

circulating in England and Scotland, gradually replacing the earlier emm5.23 

genotype in Scotland. Taken together, these findings indicate that 46 of 54 emm5.23 

isolates responsible for invasive disease in Scotland are phylogenetically closely 

related and share a relatively recent common ancestor. The tree topology indicated 

that the central cluster of six strains (circled in green in Figure 2) with an identical 

core genome and differing by no more than 7 SNPs from the remaining isolates of 

the clade, can be considered the ancestral genotype of the emerging clade. It should 

be noted, however, that due to the small number of SNPs informing the phylogeny 

and the limited number of available sequences it is impossible to resolve the 

emerging clade to an actual single common ancestral isolate. 
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One hypothesis to explain the high incidence of emm5.23 invasive infections in 

2018-2019 could be a lack of herd immunity to this genotype. While there was one 

invasive disease case in 2015, there was no evidence of its circulation until 2018, 

when cases began to rise. We hypothesise that before 2018, this genotype had not 

become widely established due to a combination of its recent introduction, 

competition with other genotypes, or potentially a low transmission rate. In 2018, it 

began to be detected more widely, potentially due a combination of factors, including 

the decline of other emm types, increased contact rates, and the concurrent surge in 

influenza cases 44. The previously limited exposure of the population to this genotype 

may have also contributed to its successful spread and disease occurrence. 

However, as immunological correlates of protection for GAS have not been 

conclusively demonstrated, the role of acquired immunity in this context requires 

further investigation51. Despite the lack of obvious genomic changes that could 

account for the high incidence in invasive disease cases in Scotland in 2018-2019, 

the emm5.23 genotype caused high mortality, particularly among “at-risk” individuals. 

Typically, highly virulent strains cause invasive disease across a broad spectrum of 

individuals, including those without known risk factors and who are more likely to 

recover. In contrast, we hypothesise that new strains spreading widely due to low 

population-level immunity may cause invasive disease primarily in the most 

susceptible individuals, who are more likely to die from the infection and therefore 

act as sentinels. Under these circumstances, a strain with average virulence 

potential could be associated with invasive disease and high mortality rates, at least 

until a sufficient level of herd immunity is reached. It is also possible that a 

combination of increased biological fitness associated with the described 

polymorphisms and a lack of herd immunity contributed to the spread of the 
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emm5.23 genotype. The incidence of emm5.23 invasive infections declined after the 

first national lockdown in March 2020, which may have been due to reduced direct 

contact among individuals. When social distancing measures were lifted, new 

genotypes may have replaced emm5.23, explaining the lack of new cases in 2023 

and 2024. A notable limitation of this study, however, is the lack of concurrent 

surveillance on non-invasive disease cases in Scotland, which precludes a more 

detailed understanding of strain transmission, invasiveness, and cross-strain 

competition. 

 

This investigation serves as a stark reminder of the virulence and high case-fatality 

rates associated with GAS infections, as well as the potential for novel emm types to 

cause significant public health challenges. The rise in cases was possibly linked to 

increased influenza transmission in the community during 2018-2019, along with 

possible higher carriage rates of emm5.23 and the exploitation of gaps in immunity 

or colonisation resistance, leading to severe disease; the absence of links to 

enclosed settings and the demographics of the cases support this hypothesis. 

Although limited by its retrospective nature, this investigation highlights the critical 

importance of an integrated bacterial genomics and public health epidemiology 

system operating as close to real-time as possible to maximise opportunities for 

public health interventions and the protection of vulnerable groups. 
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Highlights 

 Newly emerged invasive S. pyogenes emm5.23 caused high mortality rates in 

Scotland 

 Concerningly, 24% of patients with iGAS emm5.23 developed pneumonia in Scotland 

 Most emm5.23 iGAS strains are highly clonal and share a recent common ancestor 

 The shared mutations in emm5.23 iGAS strains have unclear relevance to virulence  

 Increased fitness of emm5.23 or lack of herd immunity may have driven its spread 
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