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The post pandemic period has witnessed a notable increase in invasive Streptococcus pyogenes (GAS) 
infections across several countries. This surge has been partly attributed to the emergence of more 
virulent strains, and factors like the non-pharmaceutical interventions or the immunity debt. Despite 
its dual role as both a commensal and pathogen, our understanding of GAS carriage and the dynamics 
influencing the transition to invasive disease remains limited. In particular, the role of the pharyngeal 
microbiota in modulating GAS colonization and infection warrants further investigation. We performed 
a comprehensive analysis of a pediatric cohort in the post pandemic period collecting clinical data 
alongside diagnostic evaluations by using pharyngeal swabs and Rapid Antigen Detection Tests 
(RADTs) to differentiate GAS-positive from GAS-negative cases. Comparative genomic analyses were 
performed on clinical isolates to identify the prevalence of specific clones or virulence determinants. 
Additionally, the pharyngeal microbiota was characterized using 16 S rRNA targeted sequencing 
to assess differences in microbial community composition between the two groups. The overall 
composition of the pharyngeal microbiota appeared comparable between GAS-positive and GAS-
negative children. Alpha diversity metrics (Observed Species, Shannon diversity and Pielou’s Evenness) 
were not significantly different (p = 0.820, p = 0.280 and p = 0.240, respectively), while Bray-Curtis 
defined two distinct groups (PERMANOVA, p = 0.01, R² = 0.523). The relative abundance of S. pyogenes 
within the Streptococcus genus emerged as a key differentiator. Genomic analysis revealed a mosaic 
representation of GAS clones, with the emm12.0 that was the most represented type, suggesting 
genomic characteristics did not directly correlate with the upsurge of respiratory GAS infections in our 
cohort. Our study underscores the complexity of GAS pathogenesis, highlighting that the transition 
from colonization to infection (acute pharyngitis) remains largely elusive and pharyngeal microbiota 
may contribute to a multifaceted interplay between host immunity and S. pyogenes.
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Streptococcus pyogenes (β-hemolytic, Lancefield group A Streptococcus, commonly known as GAS) is a human-
adapted pathogen responsible for a wide spectrum of diseases. These range from self-limiting throat and skin 
infections to invasive infections that typically involve normally sterile sites. Notably, repeated or inadequately 
treated infections can lead to post-infectious suppurative complications such as rheumatic heart disease and 
acute post-streptococcal sequelae1–4.

Following the COVID-19 pandemic, several countries have reported a significant increase in invasive GAS 
(iGAS) infections. In particular, reports from the UK in 2022 documented a marked rise in both scarlet fever 
and iGAS, with severe outcomes in children5. This trend appears to be linked to the spread of the M1UK clone, 
which emerged in 2008 and rapidly expanded nationwide6–12. While the genomic features of M1UK may provide 
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it with a fitness advantage, increased pathogenicity, and a notable capacity to persist in the population, COVID-
19-related restrictions may also have impacted population immunity and GAS carriage, further contributing to 
this trend13,14.

Acute pharyngitis is a common reason for pediatric visits, although GAS accounts for only 20–30% of these 
cases15. Differentiating between GAS and viral pharyngitis based solely on clinical examination is challenging, 
and there is no unanimous international consensus on the utility of microbiological confirmation16. Some 
countries, including the United States, France, Italy, Spain, and Sweden, support microbiological testing guided 
by clinical assessments and scoring systems, whereas the UK and the Netherlands rely exclusively on clinical 
evaluation without microbiological verification17,18. Although the pharyngeal swab remains the gold standard 
for GAS detection, along with Rapid Antigen Detection Tests (RADTs)19GAS colonization is observed in 5–20% 
of asymptomatic healthy children, prompting debate over the need for prophylaxis15. This underscores the 
importance of health policies that critically analyse epidemiological data.

The decrease in Emergency Department visits across Europe during 2020–2022 led to fewer pharyngeal swabs 
being collected. However, an increased focus on respiratory infections in 2023 resulted in more samples being 
obtained, which in turn led to a higher incidence of GAS compared to the pre-pandemic period5. In particular, 
an enhanced trend in respiratory GAS infections has been observed in preschoolers20resembling patterns seen 
with viral infections14. Intriguingly, there was no corresponding rise in iGAS cases, suggesting a more complex 
epidemiological scenario in Europe and highlighting the need to standardize surveillance programs21.

In addition to the risk factors mentioned above, the pharyngeal microbial community may influence mucosal 
colonization, GAS overgrowth, and subsequent disease development22. The upper respiratory tract, as the 
primary portal for infectious droplets, is supported by a diverse microbiota that plays an active role in preventing 
respiratory tract infections23. The pharyngeal microbiome, composed of numerous bacterial species, interacts 
with host epithelial and immune cells to form a protective micro-ecological system24. For instance, in vitro 
studies have shown that Lactobacillus and Streptococcus salivarius K12 can antagonize GAS25. Disruption of the 
pharyngeal microbiota and the resulting impairment of the local epithelium may increase the risk of infections 
by altering mucosal immune interactions26.

Current evidence on the optimal antibiotic for eradicating pharyngeal S. pyogenes carriage is limited27and its 
effects on the pharyngeal microbiota remain largely unknown. Further studies are needed to better characterize 
the pharyngeal microbiota and its interaction with the pathogen, particularly in pediatric populations that are 
primarily investigated for viral infections28–30.

In this study, we investigated a pediatric post-COVID-19 cohort to assess GAS infection by evaluating clinical 
scores, microbiological evidence, and GAS genomic features, while also comparing the pharyngeal microbiota of 
GAS-positive individuals with those testing negative.

Results
Cohort description
Eighty-eight patients were enrolled in the study, of whom 45 (51.1%) had evidence of GAS infection documented 
by a positive throat swab culture, according to the inclusion and exclusion criteria described in the Materials 
and Methods section. GAS-positive subjects appeared slightly older than GAS-negative individuals (5.54 vs. 
4.47 years). A closer look at the clinical features revealed that pharyngodynia was twice as common in GAS-
positive patients (46.7% vs. 23.3%, p = 0.027). Abdominal pain (0% vs. 14%, p = 0.011) and rhinitis (13.3% vs. 
44.2%, p = 0.002) were significantly more frequent in GAS-negative patients. Lymphadenopathy showed a non-
significant trend towards being more common in GAS-positive individuals (35.6% vs. 16.3%, p = 0.053). Other 
signs, such as fever, pharyngeal hyperaemia, tonsillar exudate, and palatal petechiae, did not differ significantly 
between the two groups.

For eight and six individuals, respectively for GAS and CTR group, antibiotics were prescribed before the last 
30 days from enrolment not for upper respiratory tract infection. However, following diagnosis, amoxicillin was 
predominantly prescribed in GAS-positive children (60.0% vs. 9.3%), while amoxicillin-clavulanate was lesser 
but noteworthy used in both groups. A 10-day course was preferred for the GAS-positive group, and a 7-day 
course for the GAS-negative group. None of the comorbidities analysed in our dataset showed a significant 
association with either group.

Of note, the RADT was not performed in most cases, regardless of whether the culture was positive or 
negative Adenovirus was slightly more detected in GAS-negative patients. C-reactive protein (CRP) values were 
available only for a minority of patients (9 GAS-positive patients and 11 GAS-negative controls). Furthermore, 
CRP values were positive in 8 out of 9 cases (88.9%) in the GAS-positive patients and 6 out of 11 cases (54.5%) 
in the GAS-negative controls and did not differ significantly between groups (p = 0.157). Given the small and 
selectively tested subgroup, CRP data were considered inconclusive and were not further analysed. A schematic 
flowchart of the study is presented in Supplementary Fig. 1, and all demographic and clinical data are summarized 
in Table 1.

Characterization of Streptococcus pyogenes isolates
In recent years, GAS has been linked to several community outbreaks31–33and national surveillance programs 
have particularly documented a post pandemic upsurge in iGAS7,34,35. Although in many European countries an 
increased trend of invasive GAS was observed in children, our findings indicated a predominant involvement of 
the upper respiratory tract20. Despite potential variations due to differences in national surveillance guidelines, 
an increased spread of more virulent strains, particularly of M1UK isolates, was also observed36,37.

To investigate the possible clonal transmission of GAS isolates, we performed whole genome sequencing 
on GAS strains from 36 out of 44 positive individuals enrolled in the study (see Supplementary Data 1 for 
details) and applied the high-resolution core-genome multilocus sequence typing (cgMLST) scheme proposed 
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n (%) - mean; median [Q1-Q3]

Pearson’s Chi-Square
(p value)

Fisher 
exact 
test
(p value)GAS (45) CTR (43)

Gender (female) 22 (48.9) 18 (41.9)

Age 5.54; 4.91 [3.38–6.33] 4.47; 4.12 [1.95–5.59]

Symptoms

Pharyngodynia 10 (23.3) 0.027 0.027

Fever > 38 °C 35 (81.4) 0.568 0.568

Pharyngeal Hyperaemia 38 (88.4) 0.168 0.168

Lymphadenopathy 7 (16.3) 0.053 0.053

Tonsillar Exudate 12 (27.9) 0.626 0.626

Palate Petechiae 7 (16.3) 1,000 1,000

Aphthae Tonsillar Pillars/Tonsils 1 (2,3) 0,489 0,489

White Strawberry Tongue 3 (7.0) 0,355 0,355

Vomit 12 (27.9) 0.817 0.817

Abdominal Pain 6 (14.0) 0.011 0.011

Diarrhoea 2 (4.7) 0,236 0,236

Maculopapular Rash 6 (14.0) 0,773 0,773

Rhinitis 19 (44.2) 0.002 0.002

Antibiotic therapy before the last 30 days from enrolment 8 (17.8) 6 (14.0) 0.624

Amoxicillin 1 (2.3) 1 (2.2)

Amoxicillin + Clavulanic Acid 2 (4.7) 1 (2.2)

Amoxicillin + Clavulanic Acid, Cefixime 1 (2.3) 2 (4.4)

Cefixime 1 (2.3) 1 (2.2)

Unknown 3 (6.7) 1 (2.3)

Antibiotic therapy prescribed after diagnosis NA

Amoxicillin 27 (60.0) 4 (9.3)

Amoxicillin + clavulanic acid 10 (22.2) 4 (9.3)

Azithromycin 1 (2.2) 1 (2.3)

Cefaclor 0 (0) 1 (2.3)

Cefepime + metronidazole 0 (0) 1 (2.3)

Cefixime 1 (2.2) 3 (7.0)

Ceftriaxone 1 (2.2) 0 (0)

Ceftriaxone + teicoplanin, amoxicillin 1 (2.2) 0 (0)

Clarithromycin 2 (4.4) 0 (0)

Clindamycin 1 (2.2) 0 (0)

Unknown 1 (2.2) 0 (0)

Antibiotic therapy prescribed for an etiology unrelated to 
pharyngotonsillitis 5 (11.1) 3 (6.98) 0.714

Duration of therapy (days) mg/kg/day
9.06; 10.00 [9.00–10.00] 7.64; 7.00 [7.00-7.75] 0.001

46.21; 50.00 [50.00–50.00] 38.77; 50.00 [9.00–50.00] 0.078

Diagnosis NA

Hospitalized 3 (6.7) 2 (4.7)

Tonsil abscess 1 (2.2) 0 (0)

Febrile convulsion 0 (0) 1 (2.3)

Hematemesis and melena 1 (2.2) 0 (0)

Laryngitis 0 (0) 1 (2.3)

Lymphadenomegaly 2 (4.4) 0 (0)

Myositis 0 (0) 1 (2.3)

Otitis 0 (0) 3 (7.0)

Primary peritonitis 0 (0) 1 (2.3)

Pneumonia 1 (2.2) 1 (2.3)

Scarlet fever 1 (2.2) 0 (0)

Suspected HHV6 encephalitis 1 (2.2) 0 (0)

Suspected intestinal intussusception, not confirmed 0 (0) 1 (2.3)

Febrile status epilepticus 0 (0) 1 (2.3)

Head trauma 0 (0) 1 (2.3)

Continued
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by Toorop and colleagues, which defines a cluster threshold of fewer than 5 allelic differences out of 1,095 target 
loci38. The maximum spanning tree revealed outbreak clusters grouping isolates with an allelic difference of ≤ 1. 
This was observed for ST28 (3 isolates) and ST242 (5 isolates), while clusters associated with ST36 appeared 
more complex, accounting for three mini-outbreaks (Fig. 1a). While cgMLST-based analysis provided a robust 
classification of strains into sequence types and outbreak, it failed to resolve finer genetic relationships within 
STs. For instance, ST101 and ST28 isolates appeared as compact clusters in the cgMLST tree, with limited 
internal structure. In contrast, the SNP-based matrix and phylogeny (Supplementary Fig.  2) showed a deep 
resolution. Notably, strains TF054, TF059, TF068, TF042, TF118, and TF021, grouped distantly in the cgMLST 
network, generated a tight monophyletic clade in the SNP-based tree, separated from the rest by thousands of 
SNPs. This highlighted recent common ancestry or selective sweeps not captured by allele-based methods. We 

n (%) - mean; median [Q1-Q3]

Pearson’s Chi-Square
(p value)

Fisher 
exact 
test
(p value)GAS (45) CTR (43)

RADT GAS NA

Negative 2 (4.4) 3 (7.0)

Positive 10 (22.2) 0 (0)

Not performed 33 (73.3) 40 (93.0)

Virus detection NA

Adenovirus 4 (8.9) 6 (14.0)

Adenovirus, Coronavirus Nl63 1 (2.2) 0 (0)

Adenovirus, Coronavirus Nl63, Enterovirus 0 (0) 1 (2.3)

Adenovirus, Rhino/Enterovirus 0 (0) 1 (2.3)

Adenovirus, Rhinovirus 1 (2.2) 1 (2.3)

Adenovirus, Rhinovirus, Bocavirus 0 (0) 1 (2.3)

Coronavirus Oc43, Rhinovirus 1 (2.2) 0 (0)

Enterovirus 1 (2.2) 1 (2.3)

Enterovirus, Adenovirus, Coronavirus OC43, NL63 0 (0) 1 (2.3)

Influenza A 0 (0) 1 (2.3)

Influenza B 0 (0) 2 (4.7)

Parainfluenza 3 2 (4.4) 1 (2.3)

Rhinovirus 5 (11.1) 5 (11.6)

Rhinovirus, Adenovirus 0 (0) 1 (2.3)

Rhinovirus, Enterovirus 1 (2.2) 0 (0)

Negative 7 (15.6) 8 (18.6)

Not performed 22 (48.9) 13 (30.2)

Molecular swab for Sars-Cov-2 NA

Negative 6 (13.3) 2 (4.7)

Not performed 39 (86.7) 41 (95.3)

CRP

Done 9 (20.0) 11 (25.6) 0.157

Positive 8 (88.9) 6 (54.5) 0.157

PCT NA

Done 0 (0) 1 (2,3)

Negative 0 (0) 1 (2,3)

EBV 0,429

Done 4 (8.9) 3 (7.0)

Positive 0 (0) 1 (2.3)

Troponin-I increasing 0 (0) 2 (4.7) NA

LDH Increasing 0 (0) 1 (2.3) NA

LDH Value (IU/L) NA 310.00; 310.00 [310.00-310.00] NA

Complete blood count (CBC) 0.457

Done 9 (20.0) 12 (27.9)

Not performed 36 (80.0) 31 (72.1)

Table 1.  Anthropometric, clinical and biochemical parameters of the patients participating in the study (GAS: 
microbiologically positive to S. pyogenes; CTR: negative for S. pyogenes). Results of Chi Square or Fischer 
Exact Tests and Welch t-test for categorical and normally distributed numeric variables, respectively, are 
reported. Significant results (p=0.05) are highlighted.
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further performed pangenome analysis on 36 isolates identifying a total of 8287 genes, categorized based on 
their distribution across genomes into 157 core genes, 334 soft core genes, 2289 shell genes and 5507 cloud genes. 
This composition suggests a potentially high degree of genomic plasticity, although tempered by the presence of 
a consistent core genome, as reflected in the Supplementary Figs. 2 and 3a.

Together, these analyses showed that SNP-based phylogenies can detect microevolutionary patterns and 
recent divergence that cgMLST misses, while pangenome analysis added a functional layer, helping to interpret 
divergence in terms of gene content variation. As a consequence, cgMLST-based epidemiological investigations 
may be not sufficient to describe transmission prompting to consider genetic variability contained in the 
pangenome39. In other words, we have the spread of strains that maintained low core genome variability so that 
accessory genome information, such as virulence factors, antimicrobial resistance genes (AMRs) and prophages 
regions may result informative due to host-mediated selective pressure. In this scenario we carried out a SNP 
based analysis to elucidate the relationship between isolates and to generate a high-resolution phylogenetic tree 
(Supplementary Fig. 3b).

Intriguingly, our cohort was not associated with a specific GAS sequence type (ST) and relative emm-typing 
(Fig. 1). Four emm-clusters were identified: AC-3: comprising emm1.0 (33.3%), emm1.25 (50%), and emm1.52 
(16.7%); AC-4: including emm12.0 (66.7%), emm12.101 (28.6%), and emm12.19 (4.8%); E1: representing 
emm4.0; E4: encompassing emm22.21 (37.5%), emm28.0 (12.5%), emm77.0 (12.5%), and emm89.0 (37.5%) 
(Fig. 1b). Notably, only two strains (TF054 and TF068) belonging to emm1.0 were recognized as M1UK clones, 
each presenting 27 SNPs according to Li and colleagues36 (Supplementary Data 2). Furthermore, virulence and 
AMR genes appeared to be partially associated with the emm-type (Fig. 1b). For instance, the genes cpa, emm, 
fctB, grab, lepA, mf3, speA, and srtC1 were selectively found in the AC-3 cluster, independent of the emm1 group, 
while other genes were more randomly distributed among the strains. Of note, the superantigen-encoding gene 
ssa was detected in only 9 out of 36 clinical isolates, a point that is particularly noteworthy when compared to 
UK data. Additionally, the virulence factor speB was identified in 30 (83.3%) out of 36 strains. Particularly, 4 out 
of 14 emm12.0 strains, 1 out of 6 emm12.101 strains, 1 out of 3 emm22.21 strains, and 1 emm28.0 isolate did not 
carry the speB gene.

In total, 79 prophage regions were detected, accounting for 72 different prophages. The most frequently 
represented prophages were T12, P9, φ3396, and several belonging to the Streptococcus phages 315 family, 
each detected in more than 20 strains. Summarized data are reported in Supplementary data 1. Notably, 
prophage T12 was detected in 25 out of the 36 isolates, and the T12-SpeA association was found exclusively 
in ST28 (emm1.0 and emm1.25). Conversely, two integrative conjugative elements (ICEs) and two integrative 
mobilizable elements (IMEs) were detected in the 36 analysed genomes. ICEs with a type IV secretion system 
(T4SS) were observed in 10 isolates, while ICEs without an identified flanking direct repeat (DR) were observed 
in 4 isolates (Supplementary Data 1). IMEs were detected in 11 isolates, with 5 strains showing an IME without 
DR (Supplementary Data 1).

Taken together, our data suggest that there is no association between a specific clonal GAS genotype and the 
increasing trend of GAS respiratory infections.

Pharynx microbiotas in CTR and GAS group
The increased incidence of GAS infections observed in many European countries since late 2022 remains poorly 
understood. While the rising trend of iGAS cases may be explained by the spread of more virulent strains5,9 or 
various other factors21respiratory infections may be more closely linked to the microbial populations colonizing 
the oropharyngeal tract. In fact, genus-level associations have been described, both specific to particular 
respiratory conditions and common across different conditions40.

To investigate the role of microbial communities, we analysed pharyngeal specimens collected during the 
first months of 2023 from a clinical cohort of paediatric patients admitted to the emergency department. This 
cohort included individuals microbiologically diagnosed with GAS infection, as well as GAS-negative controls 
from the same setting and time period (Supplementary Fig. 1). The same clinical cohort was used for both the 
cgMLST genomic analysis and the pharyngeal microbiota study.

Following rarefaction, alpha diversity was quantified using Richness (Observed Species), the Shannon 
index, and Pielou’s index, revealing no significant differences between the control (CTR) and GAS microbiotas 
(Supplementary Figs.  4–5 and Supplementary Data 3). Conversely, beta diversity, measured by Bray-Curtis 
distance and visualized using Principal Coordinate Analysis (PCoA), demonstrated a separation between 
the two groups (Fig.  2a). Although PERMANOVA analysis confirmed a statistically significant difference 
between CTR and GAS groups (p = 0.01, R² = 0.523), the distance between centroids (representing the average 
characteristics of samples) suggested only a slight difference in microbial composition between the two groups, 
while the dispersion from centroids (indicating variability among samples) showed comparable homogeneity 
within each group (Supplementary Fig. 6).

Consistent with these observations, relative abundance at the phylum (Supplementary Fig.  7 and 
Supplementary Data 6) and genus levels (Supplementary Fig. 8 and Supplementary Data 6) showed only minor 
differences between the two groups, except for Enterobacteriaceae and the Streptococcus genus (p = 0.006 and 
p = 0.009, respectively). Differential abundance analysis revealed that a specific amplicon sequence variant 
(ASV), representing S. pyogenes (ASV: 89bdc53178d73e9d6314839f496ae4cc), along with Porphyromonas, 
Haemophilus, Corynebacterium, Abiotrophia, and Capnocytophaga, was enriched in GAS-positive samples, 
whereas Alloprevotella, Prevotella, and a different Streptococcus genus were more abundant in the CTR group 
(Fig.  2b). Each ASV enriched in GAS and CTR group was blasted to identify the corresponding species 
(Supplementary data 5).

Although taxonomic profiles were largely limited to the genus level due to sequencing constraints, we selected 
all Streptococcus taxa and analysed their prevalence and relative abundance between the CTR and GAS groups. 
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Each ASV was then blasted to identify the corresponding Streptococcus species (Fig.  2c and Supplementary 
Data 6). While most ASVs were equally distributed between the two groups, S. pyogenes ASV showed increased 
relative abundance in the GAS group, whereas ASVs corresponding to non-S. pyogenes species were more 
abundant in the CTR group (Supplementary Data 6). To corroborate the reliability of the relative and differential 
abundances in both GAS and CTR groups, we quantified S. pyogenes and non-S. pyogenes burdens using digital 
PCR. Indeed, this quantitative insight might have clinical relevance, for example in distinguishing high- versus 
low-burden carriers or understanding microbial load in relation to symptoms or microbiota composition. 
Additionally, culture-based methods of pharyngeal swabs do not provide a quantitative measure. We observed 
that GAS-positive samples exhibited significant S. pyogenes overgrowth compared to non-S. pyogenes species 
and total bacteria, while stochastic distribution was detected within GAS group (Fig. 2d).
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Additionally, ASV1 had a major impact on sample distribution. Biplot analysis demonstrated that ASV1, along 
with ASVs corresponding to Peptostreptococcus and Haemophilus genera, primarily influenced the distribution 
of GAS samples, although the angles between the three arrows suggested that these genera were independent 
of each other. Conversely, Lachnospiraceae and Prevotellaceae appeared to be correlated and influenced CTR 
distribution (Supplementary Fig. 9 and Supplementary Data 9).

We subsequently explored the common core microbiota shared between CTR and GAS specimens 
(Supplementary Fig.  10 and Supplementary Data 8). The number of ASVs included in the common core 
decreased as parameter values increased (relative abundance and prevalence across samples). Considering 
the range of parameter values (relative abundance of 0.001–0.2 and prevalence of 5–100%), the common core 
consisted of 14 ASVs in both CTR and GAS groups. At a detection threshold of 0.1 and prevalence of 0.5, 
approximately 25 ASVs were identified, suggesting that the core microbiota across all CTR and GAS specimens 
was numerically similar. The common core between CTR and GAS included 11 ASVs, while 3 ASVs represented 
core taxa specific to either CTR or GAS. The CTR-specific core included ASVs from the Streptococcus genus 
(excluding S. pyogenes) and Veillonella, which occurred at lower abundances but were highly prevalent across 
samples. Conversely, the GAS-specific core included ASVs from the Streptococcus genus matching S. pyogenes, 
which was found at high relative abundance and prevalence across all samples, as well as Porphyromonas and 
Haemophilus, which occurred at lower abundances and with lower prevalence across samples.

Network analysis revealed a different structure of microbial correlations in the GAS group compared to 
the CTR group (Supplementary Fig. 11). In the CTR group, the network exhibited a more balanced structure, 
with interactions distributed among various genera, including Streptococcus, Granulicatella, and Prevotella_7, 
which emerged as central nodes in both groups. However, the GAS network appeared more complex than the 
CTR network. Veillonella and Fusobacterium showed increased connections in the GAS group, suggesting a 
possible role in GAS infection. Additionally, Lautropia and Abiotrophia played a less prominent role in the GAS 
group compared to the CTR group. Interestingly, Porphyromonas established new positive connections with 
Fusobacterium, while the Streptococcus genus exhibited positive links with certain Proteobacteria (Acinetobacter, 
Pseudomonas). The elements describing the network analysis are summarized in Supplementary Data 9.

Taken together, these results demonstrate a slight but significant distinction between the microbiotas of CTR 
and GAS individuals. However, this variation appears to be primarily driven by S. pyogenes overgrowth and the 
subsequent restructuring of microbial interactions, which may contribute to maintaining inflammation and 
promoting disease progression.

The associations between clinical variables, alpha diversity metrics, and Streptococcus ASVs were assessed 
using Spearman’s correlation and represented in a correlation plot (positive and negative correlations shown 
in blue and red, respectively, with stronger correlations depicted as larger and more colourful circles). In 
GAS-negative individuals, alpha diversity metrics exhibited a negative correlation with ASV11, as well as with 
maculopapular rash, ASV3, and ASV7 in relation to pharyngeal hyperaemia. Interestingly, a strong negative 
correlation was found between ASV10 and ASV1. Notably, the most significant positive correlations were 
observed between GAS detection (SBEGA, using RADT) and antibiotic therapy (not related to GAS infection) 
in the past month, as well as between ASV9 and ASV2 (Fig. 3a).

The analysis was repeated for GAS-positive patients, revealing a significantly different pattern (Fig. 3b). A 
strong negative correlation was detected between ASV6 and other Streptococcus genera (ASV1, ASV3, ASV8, 
ASV10, ASV11, and ASV14), as well as with alpha diversity metrics. This finding suggests a substantial impact 
of ASV6 on these parameters and on the modification of the pharyngeal microbiota. Interestingly, no strong 
correlations were observed with clinical variables a role for the microbiota in GAS colonization and infection 
rather than in the development of symptoms or clinical manifestation.

Discussion
S. pyogenes (GAS) can cause a wide spectrum of infections, ranging from mild conditions to severe diseases, and 
contributes significantly to morbidity and mortality41. In recent years, growing interest in this bacterium has 
focused on its dual role as both a commensal organism and a pathogen42. GAS colonizes various mucosal surfaces, 

Fig. 1.  Genomic characterization of group A Streptococcus pyogenes clinical strains isolated from oropharynx 
swabs. Streptococcus pyogenes isolates obtained following admission in first aid care unit for respiratory 
symptoms from oropharynx specimen were genotypically characterized by whole genome sequencing. The 
experimental design, including the isolate cultured and sequenced number, is schematically represented in 
Supplementary Figure 1. Each genomic DNA was achieved from pure culture, processed to obtain an Illumina 
tagmented-based library and finally sequenced using an Illumina MiSeq instrument. Short reads raw data were 
quality checked to exclude contamination, de novo aligned and the final obtained contigs used as template to 
search for virulence genes and antimicrobial determinants. Sequencing details are reported in Supplementary 
data 1, whereas the bioinformatic tools used for the analysis are summarized in the Supplementary data 8. a. 
Minimum spanning tree shows phylogenetic distances among GAS isolates. Colours are associated to sequence 
type identification. Each number indicates the distances between two or more isolates, while a node with 
more isolates or the marked connection between more isolated highlights clonal strains (less than six single 
nucleotide variants). b. A maximum likelihood phylogenetic tree of the GAS isolates was generated with the 
cgMLST by using RidomSeqSphere. The heatmap summarizing sequence type (ST, tip points), emm-type, 
emm-cluster, virulence (blue: gene presence) and antimicrobial resistance (red: gene presence) genes and 
prophages and ICEs/IMEs was provided by using ggtree package. Virulence genes associated with prophage 
regions were evidenced with the symbol asterisk.

◂
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Fig. 2.  Oropharynx microbiotas in children admitted to first aid care unit for respiratory symptoms. The 
oropharynx microbiotas in children positive (GAS) or not (CTR) for S. pyogenes, microbiologically diagnosed, 
following admission in first aid care unit for respiratory symptoms were used in the diversity analyses. The 
experimental design, including case number, is schematically represented in Supplementary Figure 1. a. 
Comparative analysis of the microbial communities between the CTR and GAS groups was obtained by 
measuring Bray-Curtis distance and visualized by the Principal Coordinate Analysis (PCoA) plot. Samples 
dispersion within each group is represented by ellipses, while the size and the sharpness of the points reflects 
Shannon and Pielou’s alpha diversity indices, respectively. Alpha diversity metrics (Richness, Shannon diversity 
index and Pielou’s evenness) are reported additionally reported in Supplementary Figure 3. Pairwise analysis 
of the difference between two groups was performed using the Adonis test with default parameters. b. The 
volcano plot displays differentially abundant taxa between the two groups, with significantly enriched genera 
in CTR highlighted in blue and those in GAS in red. Amplicon sequence variants (ASV) representing the 
Streptococcus genus strongly enriched in the GAS group identifies (100% identity) Streptococcus pyogenes 
following blast analysis. Differential abundance was tested by the DESeq2 package with default parameters 
and alpha 0.01. Adjusted p values were generated by the Benjamini-Hochberg correction of the ANOVA test. 
Log2FoldChange and -log10(p value) were reported on the x and y axis, respectively. The vertical dotted red 
lines correspond to 2 Log2FoldChange up and down and the horizontal dotted red line shows represents an 
adjusted p value of 0.05. The relative abundances at Phylum and Genus level in the CTR and GAS groups 
are shown by a bar plot in Supplementary Figure 2–3 and Supplementary data 3. c. The heatmap shows the 
ASVs representing Streptococcus genera identified in the dataset. Circles size represents ASV frequency 
while colour intensity indicates their relative abundance. Supplementary data 6 summarized the plotted data 
with the blast the identification of each ASV following blast analysis. Adjusted p values were generated by the 
Bonferroni correction of the Mann–Whitney U test. d. Dot plot panels report the quantification of microbial 
DNA through quantitative PCR, comparing total bacterial load (16S rDNA), non-S. pyogenes bacteria, and S. 
pyogenes copies among CTR and GAS groups. Adjusted p values were generated by the Bonferroni correction 
of the Mann–Whitney U test. Bioinformatic tools used for the analysis are summarized in the Supplementary 
data 10.
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primarily the throat and skin, with estimates indicating that many individuals carry it asymptomatically42–44. 
Despite its prevalence, our understanding of GAS carriage remains limited, and conflicting data persist 
regarding the efficacy of antibiotic treatment for eradicating asymptomatic pharyngeal carriage27. Intriguingly, 
many countries have reported an increased trend in iGAS infections during the post-pandemic period45,46which 
has been partially attributed to the spread of more virulent strains such as the M1UK clone10,47,48. However, little 
attention has been paid to the primary anatomical site of GAS colonization and its role as the first line of defence 
against the bacterium.

In this context, our study provides a comprehensive analysis of GAS infections in a paediatric cohort 
following the COVID-19 pandemic. We evaluated the clinical features and management of patients along 
with microbiological findings, including comparative genomics of clinical isolates and characterization 
of the oropharyngeal microbiota. Notably, we found no major differences in the overall composition of the 
oropharyngeal microbiota between GAS-positive and GAS-negative children. All subjects were enrolled 
during the same period and were systematically investigated for GAS infection, an approach that is especially 
relevant given the heightened focus on respiratory infections and increased detection of GAS after COVID-19. 
Multiple factors may have contributed to this shift, including the “immunity debt” hypothesis13changes in non-
pharmaceutical interventions49and altered seasonality of respiratory viruses21.

The pathogenic potential of GAS is largely attributed to its array of virulence factors, notably the M protein, 
which facilitates immune evasion, as well as various toxins and regulatory genes that exacerbate disease severity41. 
These factors likely aid GAS in transitioning from a benign colonizer to a dangerous pathogen, particularly under 
conditions of immunocompromise or environmental stress41,50. Understanding the epidemiology of GAS is 
essential for effective disease management. To this end, we collected clinical isolates and performed comparative 
genomic analyses to explore whether the increased incidence of respiratory GAS infections exhibits specific 
seasonal patterns, peaking during the colder months20and to assess potential geographic and demographic 
differences relative to data from other countries. While several studies have focused on invasive GAS (iGAS), 
there is still limited information on respiratory strains. Our data clearly indicate that subtle changes in the 
incidence of GAS infections have occurred in Italy in recent years, although differences in surveillance programs 
may influence these observations21.

Only two strains belonging to the M1UK cluster were identified, each carrying the 27-SNP signature 
characteristic of this clone, which suggests a moderate spread of M1UK in Italy, a finding supported by 
previous studies that call for deeper investigation47,48,51. Additionally, the phage-encoded superantigen gene 
ssa, commonly associated with scarlet fever, was detected in a limited number of isolates (approximately 25% of 
strains, primarily within ST36 -emm12.0) and at lower rates compared to reports from other countries52. This 
difference may be linked to the absence of mutations in the covR/covS two-component regulatory system, which 
are frequently observed in iGAS strains and ssa-positive isolates53,54. These genomic characteristics might help 
to explain the relatively low number of iGAS infections observed in Italy compared with other regions21,55,56. 

Fig. 3.  Correlation among clinical variables, alpha diversity and Streptococcus genus associated ASVs. a. 
Correlation matrix for GAS negative group. b. Correlation matrix for GAS positive group. Each cell in the 
matrix represents Pearson’s correlation coefficient between two variables. The color scale indicates both the 
direction and strength of the correlation: blue hues denote positive correlations, red hues denote negative 
correlations, and white or lighter tones indicate values closer to zero (i.e. weaker correlations). Alpha diversity 
values and Streptococcus genus ASVs association are reported in Supplementary data 3 and 4.
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Moreover, the similar frequency of streptococcal pyrogenic exotoxins in our isolates aligns with other studies57. 
Of note, previous studies have documented rare instances of speB negative isolates, suggesting possible horizontal 
gene loss or recombination events, whereas more studies focused on expression loss58. Indeed, inactivation of 
speB occurred due to mutations or deletions, particularly in emm1 and emm3 lineages59. Similarly, Sumby and 
colleagues observed speB inactivation in emm3 strains due to mutations in the covR/covS regulatory system60.

The observation of several mini-outbreaks without a clear transmission link further indicates that the current 
cgMLST cluster threshold of < 5 allelic differences may be insufficient for accurately distinguishing related 
cases in the absence of classical epidemiological data and the use of SNP-based approach to characterize the 
pangenome38. Of note, a recent study evidenced only 355 up to 1390 core genes with defined essential role for 
S. pyogenes survival, but few is known about the involvement of the accessory genes in the bacterial fitness61. 
Furthermore, the extensive heterogeneity observed in emm-types suggests that there is no robust association 
between a specific strain type and the site of infection, a notion supported by previous investigations62,63. For 
example, while T4SS-associated ICEs have been linked to emm28 strains in iGAS cases64our data indicate 
that these elements are present across diverse emm-types. Similarly, the T12 phage appears to be clinically 
relevant only in ST28 isolates, particularly those carrying SpeA, which is strongly associated with scarlet fever 
and streptococcal toxic shock-like syndrome65. Although phage φ315.2-6 has been associated with several 
virulence genes and the emergence of hypervirulent M3 serotypes66in our study the presence of these virulence 
determinants was not consistently predictive of pathogenicity. This observation suggests that some genomic 
elements may not fully capture the complexity of GAS virulence, highlighting the need for integrating genomic 
data with clinical evidence when developing global vaccines.

Emerging research has also highlighted the presence of GAS as part of the normal respiratory microbiota, 
raising questions about its overall impact on human health42,67. GAS can colonize the upper respiratory tract 
without causing disease, as evidenced by asymptomatic carriers68,69. The transition from a commensal to an 
invasive state may be triggered by failures in immune defences or concurrent viral infections70,71. As a member of 
the complex pharyngeal ecosystem, GAS coexists with other microorganisms, and this interplay may be essential 
for maintaining a balanced microbiota, preventing infections, and supporting overall health23,72. Unfortunately, 
characterizing the pharyngeal microbiota remains challenging due to its dynamic and variable composition23. 
Interestingly, in our cohort, both GAS-positive and GAS-negative microbiotas were relatively homogeneous and 
showed only minor differences, suggesting that external factors such as viral infections or antibiotic treatments 
did not significantly alter the indigenous microbial communities29.

Our analyses indicate that the major difference in the microbiota signature is driven by the Streptococcus 
genus. Despite the inherent limitations of 16 S rRNA targeted sequencing, we demonstrated that GAS-positive 
children exhibit a distinct prevalence and abundance of S. pyogenes compared to non-S. pyogenes ASVs. 
Streptococcus species are among the dominant colonizers from early life and appear relatively stable regardless 
of feeding practices, underscoring their key role in the oropharyngeal niche73,74. In contrast to viral infections, 
where the pharyngeal microbiota is often enriched in opportunistic pathogens26our findings suggest that the 
relative abundance of Streptococcus is the primary differentiator between GAS-positive and negative individuals. 
Complementary studies have even demonstrated direct antagonism of S. pyogenes by probiotics such as 
Lactobacillus and S. salivarius (e.g. RS1, ST3 and K12) inhibiting GAS adhesion, upregulating epithelial barrier 
functions and triggering NF-kB cascade to modulate inflammation25,75. The altered equilibrium between GAS 
and protective microbial species might influence biofilm formation and ultimately affect GAS colonization and 
evasion of the host immune response68,75,76. Unfortunately, due to limited sample size and lack of severity-related 
metadata, we could not explore the microbiota’s role in GAS infection severity.

However, these findings underscore the emerging role of the pharyngeal microbiota in GAS colonization 
and infection and point to additional factors that should be considered when identifying immune correlates 
essential for vaccine development77. A limitation of our study is the lack of host immunological data, which 
could have provided further insights into the immune response against GAS. Moreover, while the concept of 
“immunity debt” has been widely discussed, we could not compare our findings with historical data78 and we 
could not measure the impact of non-pharmaceutical interventions during the COVID-19 pandemic on the host 
immunity79.

Seasonal trends remain a critical factor in GAS epidemiology, as infections typically increase during colder 
months, likely due to increased indoor crowding and enhanced viral survivability in dry, cold conditions80. Our 
study showed a shift in seasonality compared to previous years, a change that may be attributed to pandemic 
containment measures20. Notably, while clinical manifestations were largely similar between GAS-positive and 
-negative patients, GAS-positive individuals were generally older, a finding that aligns with previous reports 
showing lower GAS incidence in children under three years of age and supports our earlier observations on 
respiratory GAS infections20. Many symptoms were observed in both groups, consistent with the known low 
specificity of clinical signs in diagnosing streptococcal pharyngitis, which complicates the differentiation between 
viral and bacterial infections based solely on clinical examination16. For instance, adenovirus infections can 
present with exudative pharyngitis, characterized by tonsillar exudates and cervical lymphadenopathy, and are 
often clinically indistinguishable from GAS infections, a challenge further complicated by other viruses such as 
Epstein–Barr virus (EBV)17. In children, adenoviral pharyngitis often features fever and a sore throat, sometimes 
accompanied by tonsillitis that appears exudative, making it difficult to differentiate from bacterial causes 
based purely on symptoms and signs. While the presence of conjunctivitis, rhinitis, or systemic viral symptoms 
may suggest a viral aetiology, adenovirus (especially serotypes 3 and 7) can cause a distinct clinical syndrome 
known as pharyngoconjunctival fever, which includes pharyngitis with exudate, fever, and conjunctivitis, 
further blurring clinical differentiation81. Moreover, EBV can present with even more prominent pharyngeal 
exudates and massive anterior and posterior cervical lymphadenopathy, as well as splenomegaly, leading to 
further diagnostic confusion. This overlap has substantial clinical implications. Routine clinical criteria alone 
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are inadequate to distinguish viral from bacterial aetiologies with confidence. The diagnostic challenge is further 
amplified in young children, where symptoms may be nonspecific or atypical (such as irritability, refusal to eat, 
or abdominal complaints), and the consequences of misdiagnosis carry potential risks of both untreated GAS 
complications and the hazards of antibiotic overuse. In this context, the use of RADT assays and pharyngeal 
swabs remains essential for confirming GAS infection and improving our understanding of its epidemiology.

Whereas serious bacterial infections, including but not limited to GAS, and viral infections can cause 
leucocytosis. The finding that leucocytosis is more common in GAS-negative patients suggests that other, 
potentially more systemic or non-bacterial causes of inflammation (such as viral or non-GAS bacterial 
pathogens, or non-infectious conditions) may result in greater overall leukocyte increases in this population82. 
In GAS-positive patients, the increased percentage of neutrophils reflects the acute, often localized inflammatory 
response to this bacterium, in line with the classical concept of a “left shift” in bacterial infections, where 
neutrophilia predominates83. Unfortunately, because CRP measurement was applied inconsistently and only in 
a small subgroup of patients, no meaningful conclusions can be drawn from these data.

Our antibiotic usage data indicate that amoxicillin remains the most frequently prescribed treatment (60%), 
compared with amoxicillin-clavulanate. This trend, observed both in Italy and across Europe, highlights the 
need for targeted interventions to improve adherence to treatment guidelines and promote rational antibiotic 
use12. Although a standard 10-day course of 50 mg/kg oral amoxicillin is generally recommended for optimal 
GAS eradication, the ideal treatment duration remains debated84,85. Revised treatment protocols could also be 
necessary, involving the combination of β-lactams with clindamycin to counteract toxin-mediated severity, 
particularly when gene variants associated with rising penicillin MIC values are reported86–88. Moreover, 
given the carrier state and our microbiota findings, extending treatment may have implications for the broader 
Streptococcus community. Current evidence suggests that chronic carriers pose minimal risk for transmitting 
GAS and have a negligible likelihood of developing complications89,90. Differentiating between recurrent GAS 
pharyngitis and repeated viral infections in chronic carriers remains challenging, and without genomic data, it is 
difficult to determine whether subsequent episodes represent true recurrences or new infections21.

Overall, the expanding research on GAS emphasizes the need of continued surveillance and to integrate 
genomic findings and microbiota associations into public health policies. A deeper understanding of GAS 
resistance patterns and epidemiological trends can guide interventions to address immediate health threats, 
while insights into genomic diversity and microbial interactions will be crucial for developing novel treatments 
and effective vaccines.

Methods
Cohort
We enrolled patients aged < 18 years who showed tonsillopharyngitis, scarlet fever, and other signs of GAS 
infection at the Pediatric Emergency Department (PED) of the Fondazione Policlinico A. Gemelli in Rome 
over the course of the year 2023. All the patients with a clinical suspicion of GAS pharyngitis were considered 
eligible with symptoms of acute respiratory tract infection such as cold, pharyngitis, laryngitis, tracheitis, 
otitis, epiglottitis, laryngotracheitis, influenza, bronchitis and pneumonia. We excluded patients that followed 
antibiotic therapies in the last 30 days, treatments with prebiotics or probiotics in the last 60 days (in particular 
containing Streptococcus salivarius), hormone therapies in the last 60 days, local therapies in the last 60 days, 
treatments with oral cavity disinfectants in the last 30 days, presence of other pre-existing or ongoing respiratory 
pathologies and current severe sepsis91. Demographic and clinical data were collected for all participants, 
including age, gender, symptoms, laboratory tests, management details including Rapid Antigen Detection 
Test (RADT). Both antibiotic therapies administered before the last 30 days and those initiated after admission 
to PED were recorded. Patients were dichotomized into two different categories, ‘positive’ or ‘negative’, based 
on the microbiological result obtained by oropharynx swab culture. The RADT is a point-of-care diagnostic 
tool that provides rapid identification of GAS in pharyngeal swabs within few minutes. According to Di Mario 
and colleagues92management of paediatric pharyngitis should combine the McIsaac clinical score (with testing 
advised for scores of 3–4) and the RADT, reserving antibiotic therapy (typically amoxicillin) for patients with 
positive RADT results or very high clinical scores93. Despite these recommendations, in our hospital setting 
RADT was rarely available (see Table 1) in the emergency department during the study period. Consequently, 
antimicrobial treatment decisions were primarily based on clinical evaluation using the McIsaac score, in 
accordance with national guidelines when RADT was not feasible.

We focused on the oropharynx microbiotas, assessed by 16s rRNA targeted sequencing, and variables 
influencing this biological niche. The schematic experimental design is reported in Supplementary Fig. 1 and all 
participants and samples metadata available for this study are reported in Supplementary Data 14. Differences 
between GAS and CTR groups were assessed by using Welch T-test and Chi-Square or Fischer exact T-test 
according to variable type using IBM SPSS Statistics v.26. The statistical methods are introduced in the other parts 
of the Methods as shown below. All procedures performed were in accordance with the ethical standards of the 
institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments 
or comparable ethical standards. Ethical approval for this study was obtained from the Ethics Committee of the 
Fondazione Policlinico Universitario Agostino Gemelli IRCCS in Rome (ID6603, 0021428/24-approval date 
03/07/2024). The parents of the patients were informed about the purpose of this study and signed an informed 
consent form for consenting access to children’s medical records and for processing personal data.

GAS specimens’ manipulation, genomic DNA extraction and whole genome sequencing
GAS clinical strains were isolated and stored in 20% glycerol and stored at -80 °C at the time of the diagnosis. 
To perform whole genome sequencing stored strains were streaked onto Columbia blood agar (Oxoid) prior 
to broth culture. We recovered thirty-six strains out of fourty-five. Genomic DNA was extracted from cultures 
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of GAS grown overnight in Todd-Hewitt broth (Oxoid) using a CTAB protocol and DANAGENE Microbial 
DNA kit (Danagen-Bioted). Briefly, 10 ml of overnight cultures was centrifuged and suspended in CTAB lysis 
buffer according to manufacturer’s instruction. All procedures were performed in a biosafety level 2 laboratory. 
DNA concentration and purity were assessed with a NanoDrop One spectrophotometer before proceeding with 
sequencing (ThermoFisher).

Whole genome sequencing libraries were generated using the DNA Prep kit (Illumina)94–96. Paired end short 
reads were generated by an Illumina MiSeq DX platform following Illumina’s recommendation. All raw sequence 
data have been deposited in the NCBI Sequence Read Archive (BioProject accession number: PRJNA1241328, ​h​t​
t​p​s​:​​/​/​s​u​b​m​​i​t​.​n​c​b​​i​.​n​l​m​.​​n​i​h​.​g​​o​v​/​s​u​b​​s​/​b​i​o​p​​r​o​j​e​c​t​​/​S​U​B​1​5​1​9​7​9​5​5​/​o​v​e​r​v​i​e​w).

Whole genome sequencing bioinformatic analysis
Raw data were processed using CLC Genomic Workbench (Qiagen). Each sample quality checked and then was 
both quality (quality limit: 0.05, maximum number of ambiguities: 2) and adapter trimming process. All pre-
processed reads were processed for a k-mer analysis to identify possible contamination, and best Streptococcus 
pyogenes matched reads were collected for the next steps.

The high-quality paired end reads resulted from pre-processing were then used for de novo genome assembly 
(bubble size:50, word size: 20, minimum contig length 200). To assess the assembly stats and quality reads were 
mapped to contigs. The summary of all analyses is reported in the Supplementary Data 10. De Novo assemblies 
were then used to detected virulence genes and antimicrobial resistance genes by using both AMRFinderPlus 
(https://github.com/ncbi/amr) v.3.11.18 and ABRicate v.1.0.1 (https://github.com/tseemann/abricate). The latter 
was used with Comprehensive Antibiotic Resistance Database (CARD, 2631 sequences updated to 2024-Jul-
17)97 and Virulence Factor Database (VFDB, 2597 sequences updated to 2024-Jul-18)98respectively. Short-read 
assemblies were finally analysed to determine the ST using a 1095-loci multilocus sequence typing (MLST) 
scheme38as implemented in Ridom SeqSphere+ (ridoma bionformatics), as above described99. A minimum 
spanning tree, based on the core-genome MLST profiles, was generated to visualize phylogenetic distance 
between clinical strains. Pangenome analysis was performed by annotating de novo aligned contigs using Prokka 
v.1.14.6 100 before analysing the output results using Roary v. 3.13.0 101 (both retrieved in ​h​t​t​p​s​:​/​/​u​s​e​g​a​l​a​x​y​.​o​r​g​
/​​​​​​)​.​ The results were displayed in Phandango102. SNP based analysis was further performed by mapping reads 
with S. pyogenes MGAS5005 (Accession number CP000017.2) reference genome in CLC Genomic Workbench 
(Qiagen). Consensus sequences were finally used to obtain a comparison matrix.

Emm-typer was used to detect emm-type and emm-cluster for each strain. Mobilome analysis was carried 
out as follows: the presence of integrative and conjugative elements (ICEs) and of integrative and mobilizable 
elements (IMEs) in the assemblies was investigated with ICEfinder (​h​t​t​p​s​:​​/​/​b​i​o​i​​n​f​o​-​m​m​​l​.​s​j​t​u​​.​e​d​u​.​​c​n​/​I​C​E​​f​i​n​d​e​
r​​/​I​C​E​f​i​​n​d​e​r​.​h​t​m​l)103while the presence of prophages was investigated with PHASTET (https://phastest.ca)104. 
M1UK Clone was finally detected mapping each strain sequence with S. pyogenes MGAS5005 (Accession 
number CP000017.2) reference genome according to Li et al.36. A neighbour-joining tree was generated and 
used to show generated to summarize the phylogenetic relationships, emm-types, AMR, virulence genes, and 
prophages and ICEs/IMEs elements by using ggtree v.3.8.2. Default parameters were used for all software unless 
otherwise specified.

Sample manipulation, DNA extraction and 16s targeted sequencing
The oropharynx specimens, used for the microbiological diagnosis of GAS, were collected and immediately 
processed in a strictly controlled level 2 biological safety workplace. Each specimen was vigorously vortexed and 
600 µl were used to extract bacterial DNA using the DANAGENE MICROBIOME Salive DNA kit (Danagen-
Bioted) according to manufacturer’s indication105,106. The DNA was eluted in 100 µL of pre-heated nuclease-free 
water and stored at − 20  °C until it was processed. DNA quantification and purity was measured by using a 
NanoDrop One spectrophotometer (ThermoFisher).

V5–V6 hypervariable regions from the 16S rRNA gene were amplified by using the following primers: 
V5_Next_For, 5’- ​T​C​G​T​C​G​G​C​A​G​C​G​T​C​A​G​A​T​G​T​G​T​A​T​A​A​G​A​G​A​C​A​G[ATTAGATACCCYGGTAGTCC] 
-3’ and V6_Next_Rev, 5’- ​G​T​C​T​C​G​T​G​G​G​C​T​C​G​G​A​G​A​T​G​T​G​T​A​T​A​A​G​A​G​A​C​A​G[​A​C​G​A​G​C​T​G​A​C​G​A​C​A 
RCCATG] -3’, which were designed to contain (from 5’ to 3’), the sequences for the Nextera transposon and 
for BV5 (Next For) and AV6 (Next Rev) priming107,108. Extracted DNA (5 ng) was used as the template in a 
50-µL PCR volume, which contained 1U Phusion High-Fidelity DNA polymerase (Thermo Fisher), 1X High-
Fidelity buffer (ThermoFisher), 200 µM dNTPs, and 0.3-µM each primer. Thermal cycling conditions were set as 
follows: (i) 98 °C for 30 s; (ii) 20 cycles, each consisting of 98 °C for 10 s, 55 °C for 30 s, and 72 °C for 15 s; (iii) 
15 cycles, each consisting of 98 °C for 10 s, 62 °C for 30 s, and 72 °C for 15 s; and (iv) 72 °C for 7 min. Amplicons 
were purified using Agencourt AMPure XP beads (Beckman Coulter) and were eluted in 35-µL nuclease-free 
water. Amplicons were then checked for quality on 1% agarose gel electrophoresis (ThermoFisher), and DNA 
concentration was determined using the above-mentioned method. To incorporate unique Nextera XT i5 and 
i7 indexes to both amplicon ends, we used 40 ng of purified amplicons as the template in a 50-µL PCR volume, 
which contained 1U Phusion High-Fidelity DNA polymerase, 1X High-Fidelity buffer, 100-µM dNTPs, and 
5-µL each of i5 and i7 indexes. Thermal cycling conditions were set as follows: (i) 98 °C for 30 s; (ii) 5 cycles, 
each cycle consisting of 98 °C for 10 s, 63 °C for 30 s, and 72 °C for 3 min. Indexed amplicons were purified using 
Agencourt AMPure XP beads and eluted in 25 µL nuclease-free water, and amplicon quality and concentration 
was assessed. Each sample’s indexed amplicons were equimolarly diluted, and the final pool was subjected to 
2 × 250 paired-end sequencing (Illumina) onto an Illumina MiSeq instrument. To increase the base-diversity 
degree, an internal control (PhiX v3; Illumina) was added to the DNA library109. All raw sequence data have 
been deposited in the NCBI Sequence Read Archive (BioProject accession number: PRJNA1241326, ​h​t​t​p​s​:​​/​/​s​u​b​
m​​i​t​.​n​c​b​​i​.​n​l​m​.​​n​i​h​.​g​​o​v​/​s​u​b​​s​/​b​i​o​p​​r​o​j​e​c​t​​/​S​U​B​1​5​1​9​7​9​3​9​/​o​v​e​r​v​i​e​w).
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Bioinformatic and statistical analysis
Raw sequencing data were processed with Qiime2 (version 2023.5) in a homemade pipeline above 
described94,109,110. Demultiplexing and quality assessment of the paired-end reads were performed using the 
“demux” plugin, while trimming of Illumina adapter sequence (5’-​C​T​G​T​C​T​C​T​T​A​T​A​C​A​C​A​T​C​T-3’) was 
performed using the “cutadapt trim-paired” plugin. Denoising of paired-end reads was performed using the 
“dada2 denoised-paired” plugin, which allowed to adjust the number of 5’- and 3’-end trimmed bases to remove 
primer sequences or low-quality sequences (trim-left-f: 20, trim-left-r: 20, trunc-len-f: 220, trunc-len-r: 200, 
max-ee-f: 3, max-ee-r: 5, trun-q: 2)111,112. This led to approximately 70% good-merged reads output. Amplicon 
sequence variants (ASVs) were assembled using the “feature-table summarize” plugin, while we applied the 
“feature-classifier” plugin to classify ASVs at the taxonomic level by the VSEARCH global consensus alignment 
and the SILVA 138 full length database at a 99% sequence similarity threshold113. ASVs and taxonomy are 
reported as Supplementary Data 12 and Supplementary Data 13.

Data analysis was performed using R v.4.3.1 (https://www.rstudio.com/) and the phyloseq software package 
v.1.46.0 114.

ASVs for which a bacterial taxonomic assignment could not be achieved (i.e., unassigned ASVs) were 
removed and one sample was discharged because showed less than 1000 reads. Finally, bacterial taxa with 
relative abundances less than 0.01% if not in more than 5% of the samples were removed. Rarefaction curves 
indicated that the number of observed taxa in the studied microbiotas remained stable once the sequencing depth 
reaches 10400 (Supplementary Fig. 2). Taxonomic feature tables normalized by rarefaction to the depth of the 
lowest number of reads in the samples was used for the diversity analysis. Alpha diversity, assessed as Richness 
(Observed species), Shannon index, and Pielou’s Evenness were evaluated using the MicrobiotaProcess package 
v1.12.4 115. The two-sided Mann–Whitney U test was used to test the difference between alpha diversities of 
two microbiotas. Beta diversity was measured and visualized by Principal coordinate analysis PCoA of Bray-
Curtis distances using the MicrobiotaProcess package v.1.12.4 115. The difference in beta diversity between two 
microbiotas quantified by the Bray-Curtis distance was measured by a PERMANOVA analysis using the adonis2 
function in the vegan package v.2.6-8 116. The difference in sample dispersion was quantified by the PERMDISP 
test using the betadisper and adonis2 functions in the vegan package. Biplot analysis was performed at Genus 
level centered log ratio transformation and Principal Component Analysis ordination) by using microViz v.11.0 
and microbiome v.1.22.0 117 packages. Divergence was measured by using microbiome v.1.22.0 packages117.

Relative abundances were calculated at Phylum and Genus taxonomic level and Mann–Whitney U test was 
used for statistical significance assessment. Features identifying Streptococcus genera were analyzed by blasting 
to NCBI database retrieving the best matched Species (see specific Supplementary data for each dataset), while 
statical significance was assessed as previously described. Differential abundance was evaluated by using DESeq2 
package v.1.40.2 and represented as Vulcano plot graph118. Network analysis was performed at Genus level by 
using NetCoMi package v.1.1.0 with default parameters119. Microbiota core composition was assessed by using 
microbiome package v.1.22.0 and plotted as lineplot and heatmap120. Correlation analysis among alpha diversity 
measures, relative abundances of the Streptococcus ASVs, and clinical variables was performed by using Hmisc 
v.5.2-2 and corrplot v.0.95 packages. A summary of the packages used for the microbiota analysis has been 
reported in Supplementary data 11.

Digital PCR quantification
Digital PCR (dPCR) experiments were conducted on the Applied Biosystems QuantStudio Absolute Q 
Digital PCR System (ThermoFisher Scientific, USA). Each dPCR reaction comprised 1X dPCR Master Mix 
(ThermoFisher Scientific, A52490), 1X custom TaqMan dPCR assays specific for S. pyogenes and the 16 S rRNA 
gene (used as a control), and 1 µL of bacterial DNA sample, in a total volume of 10 µL. The DNA sample 
was then appropriately diluted to a concentration of 0.01 ng/ul with the aim of normalizing all the samples 
to the same amount of DNA prior to amplification in the instrument. The PCR reactions were then loaded 
onto the MAP16 plates (ThermoFisher Scientific, A52688, followed by the addition of 15 µL of Isolation Buffer 
(ThermoFisher Scientific, A52730) to the wells containing the PCR mix. All necessary steps for dPCR, including 
compartmentalization, thermal cycling, and data acquisition, were performed on the QuantStudio Absolute 
Q system according to the manufacturer’s instructions. The employment of specific probes for S. pyogenes 
(Ba07921919_s1) allowed the targeted detection of this pathogen, as well as Streptococcus spp. that differed from 
S. pyogenes (not S. pyogenes; Ba07922188_s1). The use of a 16 S rRNA gene probe (Ba04930791_s1) ensured the 
integrity and quality of the extracted bacterial DNA.

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed to 
the corresponding author.
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