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ABSTRACT  Streptococcus pyogenes (Group A Streptococcus; GAS) is a pathogen of global
significance. In the pre-antibiotic era, GAS was a major cause of childhood morbidity
and mortality, but its spread rapidly declined until the mid-2010s. The continuing
increase in GAS infections, associated with the expansion of the M1y lineage, was
observed first in the United Kingdom (UK) and, later, globally. Here, we endeavor to
assess the various determinants underlying the post-pandemic GAS upsurge, with a
focus on microbial genomic features. We performed an epidemiological analysis of all
laboratory-confirmed GAS infections identified between June 2018 and June 2024 at a
tertiary University Hospital located in Northern Italy, dividing them into three levels of
severity: mild, moderate, and invasive GAS infections. A subset of 34 representative GAS
isolates identified in the post-pandemic period were subjected to short- and long-read
whole genome sequencing (WGS). Of the 531 GAS cases analyzed during this period, the
majority (415, 78.2%) occurred in the last two years. This increase in GAS cases correlated
with a significant shift in infection severity: among the 118 GAS cases identified in the
June 2018-May 2022 period, only one resulted in an invasive infection (1/118, 0.8%).
In contrast, among the 531 GAS cases identified in the June 2022-May 2024 period,
32 caused invasive infections (32/531, 7.9%). WGS of 34 isolates (including 15 invasive
isolates) identified 11 different emm types, the most frequent being emm?1 (9 isolates)
followed by emm12 (7 isolates), then emm89 and emm?28 (4 isolates each). Among the
emm1 isolates, the M1k sublineage was the most represented (8 out of 9 isolates), with
the remaining “singleton” belonging to the M1735np sublineage.

IMPORTANCE Streptococcus pyogenes (GAS) is a narrow-spectrum pathogen, circulating
only in humans. Following the loosening of various public health measures implemented
to face the challenge of the COVID-19 pandemic, a significant rise in GAS cases has
been observed. Our study revealed a significant rise in GAS cases, particularly invasive
infections, over the last two years. Genomic analysis identified multiple sequence types,
including isolates belonging to an emerging lineage named M1yk. These findings
underscore the importance of ongoing surveillance and genomic monitoring of GAS
infections, especially considering their rising incidence and severity. Public health
strategies should consider not only microbe-associated aspects but also host-associated
and external factors to effectively address this resurgence and prevent future outbreaks.

KEYWORDS Streptococcus pyogenes, invasive infections,
epidemiology, phylogenetics, antimicrobial resistance

emm typing, genomic

treptococcus pyogenes (Group A Streptococcus; GAS) is a narrow-spectrum pathogen,
which only circulates in humans, and whose transmission almost exclusively occurs
from person to person, i.e., respiratory droplets or direct contact (1). GAS is a clinically
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relevant microorganism causing, in the main, non-invasive infections, e.g., pharyngitis
and impetigo, but it is also responsible for life-threatening invasive infections, e.g., sepsis
and meningitis (1).

Starting from 2014, an increase in GAS infections (in the form of scarlet fever and
invasive infections) was observed in the United Kingdom (UK), mostly linked to the
spread of a serotype M1 virulent lineage, which was characterized by an enhanced
expression of the scarlet fever toxin SpeA (2): the so-called M1y lineage (3). After a
reduction in the first two years of the COVID-19 pandemic, various European countries
(Denmark, Ireland, France, Germany, the Netherlands, Spain, and Sweden) have reported
a significant increase in GAS cases (4-8).

Non-pharmaceutical interventions (NPIs) and societal behavioral changes due to
the COVID-19 pandemic caused a reduced exposure to endemic viruses, which then
resulted in a wider diffusion of viral-mediated respiratory transmittable diseases after the
relaxation of NPIs (9). It is not clear whether this also applies to non-viral pathogens.

Besides sporadic events occurring between June 2020 and March 2022, definitive NPI
easing in the Italian region of Lombardia gradually started in the Spring of 2022. Recent
GAS molecular epidemiology analyses have highlighted how the M1y lineage has been
identified in multiple countries (7, 10-12), in some cases displacing the endemic lineages
(13-15). The steep increase in GAS infections reported across Europe was also observed
in our center, a tertiary University Hospital located in Northern Italy and serving as a
microbiological hub for almost 500,000 people. This study is based on a comprehensive
collection of clinical microbiology data leveraging state-of-the-art genomics, which aims
to evaluate the factors underlying the recent GAS upsurge.

MATERIALS AND METHODS
Study setting and population

All medical reports documenting the identification of S. pyogenes at the University
Hospital of Varese (Northern Italy) from June 2018 to June 2024 were included.
The Laboratory of Medical Microbiology and Virology serves a population of approxi-
mately 500,000 people in mixed urban and rural settings and analyzes samples from
both hospitalized and community patients Dataset S1. The laboratory retrospectively
retrieved microbiological data from their records. This study did not involve the
collection of detailed clinical data such as host status, comorbidities, therapies, and
outcomes.

In contrast with the current dichotomous division of infections caused by S. pyogenes
between non-invasive and invasive infections (non-iGAS and iGAS, respectively) (16, 17),
we maintained the iGAS definition to illustrate severe infections but split non-iGAS into
two groups, hence defining three severity levels based on the sampling source:

- mild (ear, genital, and oropharynx)

- moderate (abscesses, eye, pus, respiratory tract samples, skin, urine, and wounds),
and

« iGAS (blood, cerebrospinal fluid, and other sterile fluids).

Samples yielding GAS from any sterile or non-sterile site were included. Isolates were
excluded if GAS was recovered within three months of a previous isolate from the same
patient, regardless of sample type.

Bacterial identification and storage

The identification of bacterial isolates was performed by MALDI-ToF MS (VITEK-MS,
bioMérieux). Following the upsurge of GAS cases reported in late 2022 in the literature,
the rate of GAS detection was closely monitored in our center, including the storage of
invasive strains at —80°C for further analyses.
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Out of the 128 GAS isolates sampled between May 2023 and January 2024, 35 isolates
were subjected to whole genome sequencing (WGS) using both short- and long-read
technologies. Due to contamination with other bacterial species, one isolate (#25) was
excluded from further analyses causing a numbering gap.

These 34 isolates included 15 iGAS isolates (14 from bloodstream infections and one
from cerebrospinal fluid) and a convenience sample of 8 moderate and 11 mild GAS
infections. Sequenced isolates included a previously known family cluster of 4 GAS (18).

Genomic DNA purification and sequencing

Bacteria were grown until the late exponential phase (ODsgg of 1) and high-molecu-
lar-weight genomic DNA was purified using a raffinose-based method (19). DNA was
quantified using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific).

WGS was performed using both Illlumina and Nanopore sequencing technologies.
lllumina was performed using the NextSeq 500/550 v2.5 Kit (300 cycles) on a NextSeq
550 device (lllumina, San Diego, CA, USA, 2 x 150 bp paired-end sequencing) (18).
Nanopore sequencing was carried out as already described (20), and DNA was size
selected with 0.5 volumes of AMPure XP beads (Beckman Coulter, Milano, Italy). Libraries
were constructed with the SQK-RBK 114.96 kit (Oxford Nanopore Technologies, Oxford,
UK) starting from 200 ng of DNA. Sequencing was performed on a GridlION X5 device
(Oxford Nanopore Technologies) using an R10.4.1 flow cell (FLO-MIN114). Real-time
base calling was performed with Guppy high accuracy mode v7.1.4 (Oxford Nanopore
Technology), filtering out reads with a quality cut-off of <Q9.

Genome assembly and analysis

lllumina reads were analyzed using FastQC v0.11.5 and trimmed with Trimmomatic
v0.39 as previously reported (18). Nanopore reads were analyzed with NanoPlot v1.42.0
(https://github.com/wdecoster/NanoPlot), then filtered to obtain 30x coverage taking
1.8 Mb as the genome size estimate using Filtlong v0.2.1 software (https://github.com/
rrwick/Filtlong) with parameter “--target_bases” and assembled using Flye v2.9.3-b1797
(https://github.com/mikolmogorov/Flye). The resulting circular contig was polished with
Medaka v1.11.3 (https://github.com/Nanoporetech/medaka) using the filtered Nanopore
reads, followed by two polishing rounds with Pilon v1.24 (https://github.com/broadin-
stitute/pilon) using the trimmed Illumina reads. Assembly completeness was assessed
with Bandage v0.8.1 (https://github.com/rrwick/Bandage), whereas assembly quality
was evaluated with both Ideel (https://github.com/mw55309/ideel) and CheckM v1.1.3
(https://github.com/Ecogenomics/CheckM). Assembled genomes were automatically
annotated with the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) v6.7 (21).

Mobilome analysis was carried out as reported (20): the presence of integrative and
conjugative elements (ICEs) and of integrative and mobilizable elements (IMEs) in the
genomes was investigated with ICEfinder (https://bioinfo-mml.sjtu.edu.cn/ICEfinder/ICE-
finder.html, accessed May 2024), whereas the presence of prophages was investigated
with PHASTER (http://phaster.ca, accessed May 2024). Default parameters were used for
all software unless otherwise specified. The presence of acquired antimicrobial resistance
genes was detected by ResFinder (22), while amino acid substitutions associated with
fluoroquinolone resistance in the GyrA and ParC proteins were analyzed by a Clustal
Q alignment with the respective sequences from reference strain SF370 (GenBank
accession number AE004092).

Genetic relatedness of the isolates was evaluated with the PopPUNK tool v2.6.5 using
the “-fit-model lineage” parameter for data fitting (https://github.com/johnlees/Pop-
PUNK) as described (23). The complete genome of S. pyogenes strain SF370 (GenBank
accession number AE004092) was used as an out-group for the phylogenetic tree
construction. The WGS data for this study have been deposited in the National Center for
Biotechnology Information under BioProject no. PRINA1070447.
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Statistical analyses and epidemiological distribution

Contingency tables and x> tests were performed using JASP (Version 0.19.0, https://
jasp-stats.org/) and RStudio (Version 2024.4.2.764, http://www.posit.co/) by means of
the packages: ggstatsplot (24), ggplot2 (25), and tydiverse (26). The epidemiological
curve was designed in RStudio using the incidence (https://github.com/reconhub/inci-
dence) package, binning together all GAS cases identified in the same month. The
balloon plot representing the distribution of cases in different months, according to
their severity, was designed using the ggballoonplot function from the ggpubr package
(https://rpkgs.datanovia.com/ggpubr). A bubble chart representing GAS cases identi-
fied between May 2023 and January 2024 was created using RawGraphs 2.0 (https://
app.rawgraphs.io).

Additionally, Welch’s t-test was used to compare the mean age between two groups
(females and males), and Welch’s one-way ANOVA test was used to compare the
mean age among the three severity layers (mild, moderate, and iGAS), while possible
combinations of group differences were compared using the Games—Howell post hoc
test; the x* test was used to analyze the distribution of categorical variables. Results were
considered significant when the P value was < 0.05. All images were manipulated using
the open-source InkScape software (https://www.inkscape.org) v1.3.2.

RESULTS
A six-year epidemiological tracking of GAS infections

Between June 2018 and June 2024, a total of 531 cases of laboratory-confirmed GAS
infections were recorded from 510 patients at the Laboratory of Medical Microbiology of
the University Hospital of Varese, North-West Italy.

A total of 398 GAS isolates were defined as “mild” (sampled from oropharynx,
genital, or ear samples, 75%), 99 GAS isolates were defined as “moderate” (sampled from
abscesses/pus, respiratory tract samples, skin, urine, and wounds, 18.6%), and 34 isolates
were defined as “iGAS” (sampled from blood and cerebrospinal fluid, 6.4%). A significant
association between infection severity and age was identified, with GAS isolated from
older patients more often associated with severe infections (Welch’s one-way ANOVA P <
0.001, Games—Howell P for mild-moderate and mild-iGAS pairs < 0.001, Games-Howell P
between the moderate-iGAS pair 0.04, Fig. 1A).

During the period analyzed, in three patients, a mild infection was followed by a
moderate infection within a three-month timeframe. In all the cases, GAS was initially
isolated from the oropharynx, and it was later detected either in the respiratory tract
(two cases) or on the skin (one case) (Dataset S1).

The 510 patients were almost equally divided between females (249, 48.9%) and
males (261, 51.1%). While female patients were significantly older than males (mean age
24.3 vs 15.1 years, P < 0.0001, Fig. 1B), no substantial difference in infection severity
between sexes was observed.

GAS cases were not uniformly distributed over the six-year period. Between mid-2018
and mid-2022, a timeframe spanning both the onset and the peak of the COVID-19
pandemic, only 116 S. pyogenes cases (21.8%) were identified at the University Hospital
of Varese. However, starting from June 2022 to May 2024, a significant rise was observed
with 415 cases (78.2%) recorded in just two years (Fig. 2A).

Besides the increased number of cases, a significant difference was observed in their
severity: of the 116 GAS infections reported until mid-2022, 101 (87.1%) were catego-
rized as mild, 14 (12.1%) as moderate, and only one (0.8%) as iGAS (in early 2022). On the
other hand, among the 415 cases observed later, 297 cases (71.6%) were categorized as
mild, 85 cases (20.5%) as moderate, and 33 (7.9%) as iGAS (x% P = 0.001).

This longitudinal analysis also highlights two seasonal peaks, illustrating distinct
epidemiological trends. Most cases were mild and occurred between winter and spring
during both the 2018-2022 and 2022-2024 periods (Fig. 2B). GAS cases declined each
summer in both periods, but moderate and invasive infections had a significant relative
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FIG 1 Age distribution of GAS cases according to infection severity and sex. (A) Violin plots describing the age distribution of GAS cases, split according to

their severity (as defined in the Methods section). Welch's one-way ANOVA was used to compare the mean age among the three severity groups, and the

Games-Howell post hoc test was used to compare the possible combinations of group differences. Results considered significant (P value < 0.05) are reported.

In the boxes within violin plots, bold dotted lines indicate median age, while upper and lower boundaries indicate 75th percentile (third quartile) and 25th

percentile (first quartile), respectively. (B) Violin plots describing the age distribution of GAS cases, split according to sex. Welch’s t-test was used to compare the

mean age between the two groups (females and males). Results considered significant (P value < 0.05) are reported. In the boxes within violin plots, bold dotted

lines indicate median age, while upper and lower boundaries indicate 75th percentile (third quartile) and 25th percentile (first quartile), respectively.

increase during 2022-2024. Specifically, in this period, moderate cases accounted for
42.8% and 29.4% of isolations in July and August, respectively, while iGAS cases accoun-
ted for almost half of all isolations in September (41.7%, Dataset S1).

Epidemiology of different emm types and analysis of the M1 sublineages

To analyze the characteristics of GAS isolates during the “post-pandemic” upsurge, 34
out of the 128 S. pyogenes isolates identified between May 2023 and January 2024 were
sequenced using both short- and long-read techniques. Most of the sequenced isolates
were from iGAS infections (15, 44%), while a smaller proportion was from mild (11,
32.3%) or moderate cases (8, 23.5%). Among the iGAS isolates, 14 were obtained from
bloodstream infections, and one was from cerebrospinal fluid. GAS strains causing
moderate (eight isolates) and mild (11 isolates) infections were selected using a conven-
ience sampling approach. Four isolates were part of a previously identified and described
family cluster (18).

The size of GAS genomes was fairly conserved with an average length of 1,840 kb (SD
61.1 kb) and did not vary according to isolation source or severity. A total of 11 different
emm types were identified in the 34 sequenced genomes. The most represented STs
(ST28, ST36, ST101, and ST52) were unambiguously correlated with a single emm type
(Table 1). Specifically, the nine ST28 genomes carried emm], the five ST36 genomes
carried emm12, and the four ST52 and ST101 genomes carried emm28 and emma89,
respectively.

Of the 15 iGAS isolates sequenced, 6 belonged to ST28 (emm1), 2 to ST36 (emm12),
and 2 to ST52 (emm28), while the others were singletons. However, even though a
substantial quota of iGAS was typed as ST28 (6/15, 40%) and, conversely, a substantial
quota of ST28 isolates were the cause of iGAS infections (6/9, 66.7%), no significant
difference was observed when evaluating the severity of the isolation source relative to
the emm type. This observation was further corroborated by a complementary analysis
using the presence of emm1 as a dichotomous variable.
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TABLE 1 Clinical attributes and genomic features of the GAS isolates subjected to WGS

GenBank accession

ID number Age Sex Source Severity Ward ST Emm type M1 sublineage
1 CP167025 19-65 M Pus Moderate Otolaryngology ST101 89 NA®
2 CP167024 >65 F Blood iGAS ER ST28 1 M1yk
3 CP167023 0-5 M Oropharynx Mild Pediatrics ST315 3.93 NA
4 CP167022 6-18 M Oropharynx Mild Pediatrics ST101 89 NA
5 CP167021 19-65 M Pus Moderate Otolaryngology ST39 4.19 NA
6 CP167020 19-65 F Blood iGAS ER ST49 75 NA
7 CP167019 19-65 F Oropharynx Mild Outpatient ST242 12 NA
8 CP167018 6-18 F Oropharynx Mild Pediatrics ST39 4 NA
9 CP167017 >65 F Genital Mild Outpatient ST28 1 M1yk

10 CP167016 19-65 F Genital Mild Outpatient ST49 75 NA

1 CP167015 >65 F Wound Moderate ER ST52 28 NA

12 CP167014 19-65 F Oropharynx Mild Otolaryngology ST101 89 NA

13 CP167124 19-65 M Blood iGAS ER ST28 1 M1yk

14° CP167067 0-5 M Blood iGAS Neonatal ICU ST36 12 NA

15° CP167067 19-65 F Genital Mild Neonatal ICU ST36 12 NA

16 CP167013 >65 M Blood iGAS ER ST101 89 NA

17 CP167012 19-65 F Blood iGAS Gynecology ST52 28 NA

18 CP167011 >65 M Blood iGAS ER ST403 1 NA

19° CP167067 0-5 M Oropharynx Mild Neonatal ICU ST36 12 NA

20 CP167010 >65 M Blood iGAS ER ST28 1 M1yk

21° CP167067 19-65 M Oropharynx Mild Neonatal ICU ST36 12 NA

22 CP167009 19-65 F Oropharynx Mild Outpatient ST52 28 NA

23 CP167008 >65 M Blood iGAS ER ST52 28 NA

24 CP167007 19-65 M Blood iGAS ER ST28 1 M1yk

26 CP167006 6-18 M Wound Moderate Pediatrics ST36 12 NA

27 CP167005 19-65 M Wound Moderate Outpatient ST403 1 NA

28 CP167004 0-5 M CSF iGAS ER ST382 6.4 NA

29 CP167003 >65 F Blood iGAS Otolaryngology ST28 1 M1yk

30 CP167002 19-65 F Blood iGAS ER ST89 94.1 NA

31 CP167001 19-65 M Pus Moderate Surgery ST28 1 M1yk

32 CP167123 6-18 M Wound Moderate ER ST28 1 M1yk

33 CP167000 19-65 F Blood iGAS ER ST28 1 M1735npPs

34 CP166999 19-65 F Pus Moderate Otolaryngology ST46 22 NA

35 CP166998 19-65 F Blood iGAS ER ST36 12 NA

“Isolates part of a documented family outbreak collected from related individuals residing in the same household (18). Samples 15 and 21 were obtained from adults at NICU
as part of the epidemiological investigation.
®NA, not applicable, since these isolates do not belong to the M1 lineage and sublineage cannot be assessed.

Patients infected with emm1 GAS, however, were significantly older than those
infected with other lineages (mean age for emm1 57.3 years, SD 22.6 years; mean age for
non-emm1 36.2 years, SD 26.1 years; Mann-Whitney t-test P = 0.016). Most of the emm1
isolates identified and sequenced in this study displayed 27 conserved SNPs in specific
sites that distinguish the emerging M1k lineage from the M1g|opal lineage, except for
isolate #33 (accession number CP167000) which belonged to the M1;355ps sublineage
(27). However, when exploring the SNPs defining the M1 sublineages relative to the
emm] reference strain MGAS5005 genome (accession number CP000017), an additional
SNP was identified in the transcriptional regulator rofA gene. Specifically, a synonymous
substitution (C650T) was observed in all nine ST28 emm1 genomes in this study,
including isolate #33.
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FIG 2 Distribution of laboratory-confirmed GAS infections. (A) Epidemiological distribution of GAS cases from June 2018 to
June 2024. The severity of GAS infections (as defined in the Results section) is color-coded as follows: mild: green; moderate:
yellow; iGAS: pink. The period during which COVID-19-associated restrictions were in place (from March 2020 to March 2022)
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moderate: yellow; iGAS: pink. The size of each balloon is proportional to the number of GAS cases in the corresponding month
as per the legend. A clear seasonality was not observed either before or after the pandemic. (C) Bubble chart displaying the
distribution of GAS cases, split according to severity, from May 2023 to January 2024. The chart highlights age (proportional to
the size of the bubble) and sex of patients (female: dark pink; male: blue). Isolates subjected to WGS are represented by solid
bubbles.

Phylogenetic structure of the “post-pandemic” GAS isolates

The 34 sequenced GAS isolates, which included 11 causing ‘mild" infections, 8 causing
‘moderate’ infections, and 15 causing iGAS infections (Table 1), were phylogenetically
analyzed using PopPUNK, revealing significant genetic diversity (Fig. 3). The genomes
clustered into two main branches: one more conserved encompassing all ST28/emm1
isolates (including the genome of the reference M1 GAS isolate SF370, accession number
AE004092) and the other more heterogeneous, including all remaining isolates.

The nine ST28 genomes in this collection displayed varying degrees of conservation
within their core genome. A cluster of seven genomes were highly similar, with pairwise
differences ranging from 0 to 80 SNPs (Dataset S2). In contrast, two ST28 genomes, #20
and #24, accession numbers CP167010 and CP167007, respectively, both from isolates
causing iGAS infections, were more divergent, differing from the cluster by 1,180-1,193
SNPs. The 25 non-ST28/emm1 isolates, alternatively, were clustered into 10 ST-specific
branches. Among these, four ST36/emm12 isolates (#14, #15, #19, and #21), which were
part of a previously described family outbreak (18), showed no differences in their
genomic sequences and were collapsed into a single leaf in the phylogenetic tree, linked
to a single accession number (CP167067).
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FIG 3 Annotation- and alignment-free phylogenetic analysis based on K-mers performed on 35 GAS isolates, 34 were subjected to WGS in this study and the
reference M1 GAS isolate SF370 (accession number GCA_000006785.2). Starting from the left, metadata report the sequence type (ST) and the associated emm
type (color-coded according to the legend), the severity of GAS infections (as defined in the Results section, color-coded as follows: mild: green; moderate:
yellow; iGAS: pink), the presence of the hasABC operon (color-coded as follows: empty square: absent; light blue square: present; dark blue square: presence of
the hasABC operon flanked by an 1S7239), and the number of prophages and integrative and conjugative elements (ICEs)/integrative and mobilizable elements

(IMEs) proportional to the size of the gray circles.

Genomic features of the “post-pandemic” GAS: capsule operon, mobile
genetic elements, and antimicrobial-resistant genes

Among the 34 sequenced GAS isolates, the presence of the hasABC operon-encoded
capsule biosynthesis cluster was found in most isolates (27/34, 79.4%) with three
lineage-associated exceptions: the already described unencapsulated ST101/emm89 (28),
ST39/emm4 (29), and ST46/emm22 (30) clones. However, in addition to capsulated and
unencapsulated “post-pandemic” GAS, one isolate in our study (isolate #28, accession
number CP167004, causing a cerebrospinal fluid infection) displayed a highly mucoid
phenotype. A genomic inspection of the capsule operon highlighted the presence of
the Insertion Sequence 1S7239 upstream of the hasABC operon, oriented in the opposite
direction.

A total of 39 different prophages, 3 integrative conjugative elements (ICEs), and 3
integrative mobilizable elements (IMEs) were identified in the 34 analyzed genomes,
with no specific correlation to either antimicrobial susceptibility patterns or infection
severity (Fig. 3; Dataset S3). Among the 39 prophages identified, 23 were previously
characterized, including 4 satellite prophages, while 16 were novel prophages with
less than 90% nucleotide homology to known prophages. ICEs and IMEs were either
previously uncharacterized or represented novel composite structures of previously
described elements (Dataset S3). Isolates #1 and #16 did not contain any prophages
or ICEs/IMEs, whereas the other isolates carried between 1 and 6 prophages, with
eight isolates also harboring 1 or 2 ICEs/IMEs (#11, #17, #18, #22, #23, #26, #27,
#30). Isolate #30 (accession number CP167002) carries a 60.9 kb long composite ICE
(ICEGAS30.7) with a backbone homologous to S. pyogenes ICESp1108 (GenBank accession
number FR691054, 31) containing the erythromycin resistance gene erm(TR), a variant of
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erm(A). A Tn916-like element, carrying the tet(M) tetracycline resistance gene, is inserted
upstream of erm(TR) and replaces the IS770 family gene of ICESp1108. (Table S1).

The ST403 isolates #18 and #27 (accession numbers CP167011 and CP167005,
respectively) carried another novel 65.2 kb long composite ICE, namely ICEGAST78.1,
containing the S. pneumoniae transposon Tn6003 (GenBank no. AM410044.5 (32),
carrying four resistance determinants (tet(M), two copies of the erm(B) gene, and
aph(3')-lll) integrated into the backbone of a larger ICE homologous to Streptococcus
anginosus ICESan49.2 (PP062800.1).

Finally, isolate #26 (accession number CP167006) contained a 63.7 kb long composite
ICE carrying a Tn976-like element bearing both tet(M) and erm(B) resistance determinants
embedded into a novel ICE backbone (Table S1).

Two isolates (#28 and #30) were resistant to quinolones, despite lacking acquired
resistance genes. Targeted analysis revealed mutations in the parC gene, with substitu-
tions at Ser79 (to Ala in #28 and Phe in #30). Isolate #30 also had an additional mutation
(Ala542Thr) in parC and unique substitutions in gyrA (Gly252Ser and His382Ser).

DISCUSSION

Starting from 2015, a significant shift in GAS infection pattern and severity has been
noted globally. Several studies highlighted the contribution of the M1k lineage (12, 33),
which is characterized by heightened expression of streptococcal pyrogenic exotoxin A
(SpeA) (3, 10).

From mid-2022, Italy also observed this GAS re-emergence (34, 35). This six-year
epidemiological tracking, conducted between June 2018 and June 2024, noted a
total of 531 GAS cases, with 398/531 (75%) classified as mild, 99/531 (18.6%) classi-
fied as moderate, and 34/531 (6.4%) classified as iGAS. The temporal distribution of
GAS infections displayed a marked post-pandemic increase, coinciding with a rise in
moderate cases and with the advent of iGAS cases. In this study, we observed how the
surge of iGAS cases that started in 2022 is only partially attributable to emm1, suggesting
that this “post-pandemic” upsurge could also be correlated with a somehow higher
susceptibility of the host, as for other pathogens (36).

Short- and long-read WGS was performed on 34 isolates and, albeit limited by
geographical, temporal, and numerical constraints, emphasizes how a higher proportion
of emm1 was observed among iGAS cases, with the M1k lineage causing 5/15 (33.3%) of
iGAS infections.

As a complement, data from the six-year epidemiological distribution of GAS
provided insights about seasonal trends, with peaks in pharyngitis typically occurring
in winter (37) and iGAS occurring more frequently in warmer periods (1, 38, 39) and
underscores age as a relevant factor for the increase of GAS infection severity.

In terms of antimicrobial resistance, S. pyogenes isolates still display full susceptibility
to beta-lactams, but a varying share of strains has acquired resistance mechanisms to
second-line treatments for throat infections such as macrolides (40). Interestingly, two
isolates (#28 and #30, accession numbers CP167004 and CP167002, respectively) were
resistant to quinolones. Since these molecules are rarely used to treat GAS infections,
this resistance potentially suggests a “bystander selection” during the treatment of other
bacterial infections.

The findings of this study must be approached with some limitations. Specifically:

« the three-tier grouping of infections (mild/moderate/iGAS) diverges from the
canonical dichotomous classification (iGAS/non-iGAS) and implies the possibility
of a wider degree of misclassification (e.g., genital samples are defined as mild,
while they may be sampled from cellulitis). However, our conclusions were still
supported when combining mild and moderate results as non-iGAS, proving to be
robust;
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- sequenced isolates are a representative subset when chosen considering patient
age, sex, and severity. However, on account of the small number of GAS infection
cases in the pre-pandemic era, practical constraints in the pandemic era, and a
lag in the detection and sequencing of GAS cases in the post-pandemic era, no
pre-2023 isolates were sequenced;

- only demographic data were included in this study, overlooking aspects such as
host immunity (41) and co-infections (42).

Additionally, while iGAS were unlikely to have been missed, milder cases may have
been underreported during the pandemic due to reduced healthcare visits. Genomic
data are increasing and will be one of the most relevant resources necessary to face the
current GAS upsurge for the development of population-genomics-informed vaccines
(43).

Combining clinical microbiology, epidemiological analyses, and genomics, this study
confirms the recent upsurge of S. pyogenes and tries to untangle the factors underlying
this phenomenon, which can be roughly divided into three categories: (i) host-associated
(e.g., age and sex); (i) pathogen-associated (e.g., emm-type, antimicrobial resistance, and
virulence factors); (iii) external (e.g., the aftermaths of the COVID-19 pandemic public
health measures and/or seasonal variations).

Aside from the rise of the M1yk lineage, other factors certainly deserve further
attention and need to be addressed by future studies, calling our attention to the unmet
need for a European and/or global GAS network.
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