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Emergence of distinct Streptococcus 
pyogenes emm1 and emm12 lineages in China
 

Yuanhai You    1,17  , Dingle Yu2,17, Chao Yang    3,17, Xiaomin Peng4,17, 
Ouli Xie    5,6,17, Hesheng Chang7,17, Chunzhen Hua8,17, Fei Zhao1, Xiaomei Yan1, 
Menghan Zhang9, Xinwei Ruan    5, Jasmine E. J. Wells10, Stephan Brouwer    10, 
Camila Duitama González    11, Ming Fang12, Xiaojie Yu13, Lu Sun1, Xiaoyue Wei1, 
Jie Liu1, Daitao Zhang4, Lihua He1, Jiazheng Wang14, Chuyang Sun13, 
Yuejie Zheng2, Sebastian Duchene5,11, Mingming Zhou8, Lifang Sun2, 
Mark R. Davies    5  , Mark J. Walker    10  , Quanyi Wang    4  , 
Jianzhong Zhang    1   & Yonghong Yang    15,16 

Cases of scarlet fever have increased since 2011 across China. However, 
genomic epidemiological knowledge of Streptococcus pyogenes, the causative 
agent, is limited. Here we present a longitudinal analysis of S. pyogenes 
isolates (n = 1,029) across emm1 and emm12 genotypes collected from eight 
provinces across China between 1993 and 2024. Genomic data integrated with 
national scarlet fever incidence data confirmed emm12 and emm1 as dominant 
genotypes underlying five incidence peaks and disease resurgence in 2024. 
Phylogenetic analysis showed independent evolution of these genotypes 
in China compared to global epidemic lineages. Four emm12 clades were 
present in China before 2011 but were replaced by a single clade, Clade II, by 
2020. A dominant emm1 clade, M1china, distinct from global lineages and the 
M1UK lineage, represents >98% of emm1 cases in China. Sub-clade expansion 
coincides with carriage of integrative conjugative elements containing 
macrolide and tetracycline resistance genes and virulence gene-encoding 
prophage. Ongoing maintenance of these elements in emm1 and emm12 
populations likely underlies the resurgence of scarlet fever in China.

Streptococcus pyogenes (group A Streptococcus; GAS) causes a variety 
of human diseases ranging from mild infections to deadly diseases. 
The most common diseases include streptococcal pharyngitis, impe-
tigo and scarlet fever1. Globally, the incidence of GAS diseases such as 
scarlet fever had been in decline since the widespread introduction 
of antibiotics2,3. In the 1980s (ref. 4,5) and again after the COVID-19 
pandemic (ref. 6), invasive GAS disease has resurged in Western coun-
tries. During the 2010s, the incidence of scarlet fever witnessed a sharp 
increase in both Asian and European countries6–10.

A new pandemic emm1 GAS lineage, designated M1UK, associated 
with increased incidence of scarlet fever and invasive disease, was 

reported in 2019 with retrospective analysis indicating first emergence 
in 2008 (ref. 6). This lineage has disseminated to other high-income 
countries, including the USA and Australia6,11–14. In Europe, Australia and 
the USA15–18, there was a sharp rebound in the incidence of invasive GAS 
disease in 2022 after lifting of COVID-19 social distancing measures19,20. 
In a period of 12 weeks to 7 December 2022, a total of 6,600 cases of 
scarlet fever were reported in the UK, with 652 cases of invasive GAS 
infection also reported and 60 deaths15.

In China, scarlet fever resurgence began in 2011, with fluctua-
tions at a high incidence until 2019. Scarlet fever cases reduced by 80%  
during the COVID-19 pandemic21. In 2023, 25,819 cases were reported to 
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DNase 1 (Spd1). The presence of ICE-emm12 and ICE-HKU397 elements 
harbouring macrolide and tetracycline resistance genes suggested a role 
for antibiotic use in selection and expansion of scarlet fever lineages in 
China. The available genomic data for mainland China strains was limited 
in these studies7,8,10,24,25. The detailed population structure of GAS strains 
from mainland China is largely unexplored, and more broadly there are 
limited GAS surveillance and molecular epidemiology data from Asia.

In this Article, we used a combination of epidemiological and 
pathogen genomic approaches to comprehensively analyse the 

the Chinese Center for Disease Control and Prevention (CDC), and the 
incidence increased by 24% compared with that of 2022 (ref. 21). With a 
rebound in case numbers also expected following the post-COVID-19 
lifting of social distancing restrictions22, pathogen surveillance will be 
critical for scarlet fever control. In previous work, scarlet fever in China 
was caused predominantly by both emm12 and emm1 strains10,23. These 
emm types had acquired an extended bacteriophage-encoded toxin 
gene repertoire of superantigens streptococcal superantigen (SSA) and 
streptococcal pyrogenic exotoxin C (SpeC), and the streptococcal phage 
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Fig. 1 | Scarlet fever notifications and emm type trends in China. a,b, Scarlet 
fever number of cases and incidence (a) and reported deaths from scarlet fever 
(b) between 1990 and 2024 in China. The five scarlet fever incidence peaks are 

indicated (stars). Scarlet fever cases and deaths were reported to the Chinese 
NNIDSS. c, Genome-derived GAS emm types from scarlet fever and tonsillitis 
infection from China during 2011–2024 (ref. 23).
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changes in clonality of emm1 and emm12 populations between 1993 
and 2024, which underpin elevated rates of scarlet fever in mainland 
China since 2011, and define genetic factors driving emergence of 
scarlet fever-causing GAS lineages.

Results
Scarlet fever incidence between 1990 and 2024
Over the course of 1990–2024, there were five scarlet fever incidence 
peaks evident in the National Notifiable Infectious Disease Surveillance 
System (NNIDSS) incidence data, occurring in 1992, 2007, 2011, 2015 and 
2019. Between 1990 and 2010, the incidence remained relatively low at 
0.75–3.62 per 100,000 population per year. Resurgence of scarlet fever 
occurred in 2011 and fluctuated at a higher incidence until 2019, before 
declining across 2020–2023. The lowest incidence was observed in 
2003 (0.75 cases per 100,000 population, 95% confidence interval (CI) 
0.60–0.93) and the highest in 2019 (5.85 per 100,000 95% CI 5.82–5.88). 
Scarlet fever has resurged again in 2024 (Fig. 1a). We report 111 deaths 
in China caused by scarlet fever across this period. Scarlet fever cases 
resulting in death were highest in 1990 and 1991, with only 0–2 deaths 
per year reported across 2011–2024 (Fig. 1b). A consistent pattern of 
molecular types was observed with emm12 and emm1 molecular types 
being identified in high numbers of nationally reported cases from the 
sampled provinces in this study during 2011–2024 (Fig. 1c).

Population structure and clonal shift within emm12 causing 
scarlet fever
Expanding on our earlier emm12 population framework7,8, five predomi-
nant global emm12 lineages, designated as emm12-Clade I through to 
emm12-Clade V, were evident before the 2011 scarlet fever outbreak 
(Fig. 2a). To further refine the evolutionary associations between Clade 
I–V lineage evolution and mobile genetic elements (MGEs), we system-
atically extracted 3,275 MGEs from 904 emm12 genomes. Of these, 11 
distinct MGE clusters (as defined by Jaccard similarity 0.9) were carried 
in a minimum of 10 genomes.

From a global view of the emm12 population structure, emm12- 
Clade IV consisted of strains primarily from Western Europe and North 
America, with only a few isolates from China belonging to this clade. 
The most differential MGE feature of this clade was carriage of the 
prophage ΦMGAS9429.1 (Fig. 2a). No lineage-defining integrative 
conjugative elements (ICEs) were detected in this clade. emm12- 
Clade III is the oldest lineage within the China emm12 population in 
this study, estimated to have diverged before 1940 (95% credible inter-
val (CrI): 1934–1946). Within emm12-Clade III, 57 out of 67 (85%) of 
strains were from China. This clade was detected between 1993 and 
2015 and with low frequency after 2011 (7 out of 282, 2%) which was 
mirrored by a decline in effective population size in the late 2000s 
(Fig. 2b,c). The majority of this clade harboured the prophage ΦHKU16.
vir (50 out of 57 (88%) of genomes from China, 0 out of 10 of interna-
tional genomes) carrying the superantigen genes ssa, speC and DNase 
gene spd1. emm12-Clade III also harboured ICE-HKU397 (30 out of 57 
(53%) of genomes from China, 0 out of 10 international genomes) or 
ICE-1993BJGAS10 (10 out of 57 (18%) of genomes from China, 0 out of 10 
international genomes), which both carried the multidrug resistance 
genes tetM and ermB via a module which was highly homologous across 
different ICE backbones7 (Extended Data Fig. 3). In China, emm12- 
Clade I and emm12-Clade III were the dominant lineages before 2011 
(63 out of 82, 77%) before the surge in scarlet fever notifications.  
Isolates from these subclades carried the superantigen gene ssa on the 
previously described prophages ΦHKU.ssa andΦHKU16.vir and anti-
microbial resistance genes tetM and ermB on integrative conjugative 
elements ICE-HKU397 and ICE-1993BJGAS10 (ref. 7). The ICE-HKU397 
element was not present in the selected international emm12-Clade I 
genomes (Fig. 2a). Several genetically distinct prophage carrying the 
speC and spd1 virulence factors were variably carried in the globally 
disseminated emm12-Clade I, emm12-Clade III and emm12-Clade IV 

populations (Fig. 2a and Extended Data Fig. 4). emm12-Clade V mainly 
included strains from earlier in the study period in 1993 and 1994, two 
isolates from Guizhou in 2005 and one isolate from Hong Kong in 2005. 
This clade was infrequently isolated before 2011 (6 out of 82, 7%) and 
carried tetM and ermA on ICE-HKU165 (Extended Data Fig. 3).

In our dataset, from 2011 there was a rapid expansion of the 
emm12-Clade II in China (339 out of 404, 84%), which displaced the 
preexisting emm12-Clades I, III, IV and V by 2018 (Fig. 2b). The expansion 
of this clade (Fig. 2b,c) coincided with the surge in scarlet fever notifica-
tions (Fig. 1). The progenitor of the emm12-Clade II population in China is 
also evident in publicly available genomes from North America, Western 
Europe and Oceania. However, the mainland China strains could be 
divided into two subclades distinct from global strains and are char-
acterized by both the presence of the previously described prophage 
ΦHKU16.vir and the presence of two different ICEs, ICE-emm12 and 
ICE-HKU397, which carry the multidrug resistance genes tetM and ermB7 
(Fig. 2a). The two subclades were predicted to have a common ancestor 
in 1998 (95% CrI: 1994–2001) and showed a dramatic increase in effective 
population size after 2010 coinciding with the peak in cases in 2015. An 
ancestral strain isolated in 1993 in China (1993GAS18) and other interna-
tional emm12-Clade II genomes did not carry antimicrobial resistance 
genes. ICE-emm12 was unique to strains isolated after 2011. The carriage 
of ICE carrying macrolide and tetracycline resistance genes in recently 
expanded modern emm12 clades in China support acquisition of tetM 
and ermB on ICE as associated with the success of these clades in China. 
ICE-emm12, ICE-HKU397 and ICE-1993BJGAS10 show >98% nucleotide 
identity in an ~20 kb (kilobase) Tn916-like genetic module encompassing 
the ermB and tetM genes (Extended Data Fig. 3), supportive of dispersal 
into different ICEs and clades in China.

Toxin gene carriage and expression in representative strains from 
emm12-Clade I (SP1177), emm12-Clade II (SP1203) and emm12-Clade III 
(NS488) was assessed (Extended Data Fig. 6). SpeC, Spd1 and streptoly-
sin O (SLO) toxin expression was equivalent across strains representa-
tive of each clade, while Clade II and III strains expressed SSA.

Population structure and clonal shift of lineages within the 
emm1 genotype
The population structure of the emm1 population was investigated 
based on 385 isolates collected between 1993 and 2024 from China and 
467 from other geographic locations, containing 3,217 MGEs, of which 
9 distinct MGEs ( Jaccard similarity of 0.9) were carried in a minimum 
of 10 genomes. Analysis of emm1 clinical strains from China collected 
after 2011 showed that 302 out of 307 (98%) belong to a distinct line-
age within the M1global genetic population. This lineage was not evident 
in other geographical locations sampled over the same period. We 
therefore refer to this population as the ‘M1china’ lineage (Fig. 3a). M1china 
shares a common ancestor with the M1global population as determined 
by the hallmark evolutionary features of the M1global population (alter-
natively designated the M1T1 clone), namely, the presence of the speA2 
containing prophage ΦMGAS5005.1, in addition to the spd3 prophage 
ΦMGAS5005.2 and sdaD2 ΦMGAS5005.3, and the 36 kb purA-nadC 
recombination region. M1china likely emerged from a single ancestor 
shortly after the M1global expansion and has since diverged into three 
dominant subclades that we have defined as subclades 1, 2a and 2b, 
which remain clinically relevant in our study period (Fig. 3a). The rela-
tive clinical proportion of these M1china subclades has fluctuated over 
time, with subclade 2a and subclade 2b emerging as the most common 
subclades since 2010 (Fig. 3b). The inferred effective population size 
of all three subclades rapidly expanded in the early 2000s coinciding 
with the resurgence of scarlet fever in China. The three M1china subclades 
are defined by the presence of two multidrug-resistant ICEs confer-
ring macrolide and tetracycline resistance, termed ICE-HLJGAS2022 
(subclade 1) and ICE-HKU397 (subclades 2a and 2b). ICE-HKU397 has 
also been in circulation in the emm12 population in China and shares 
over 99% similarity to ICE-HKU488 (Extended Data Fig. 3). While the 
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backbone of ICE-HLJGAS2022 is different from that of ICE-HKU397, 
both share the 20 kb Tn916-like module encompassing ermB and 
tetM, similar to the ICE found in the modern emm12 population in 
China (Extended Data Fig. 3). Nearly all modern clinically relevant 
clones of these subclades also carry the ssa, speC and spd1 genes 
harboured on prophage ΦHKU488.vir (351 out of 379 (93%) of M1china 
genomes), which likely entered the population during the late 1980s 
(Fig. 3a). This prophage is a genetic homologue of ΦHKU16.vir in 
emm12 (ref. 24) (Extended Data Fig. 5). In a similar context to emm12 
scarlet-fever-associated isolates in China, these data show the ongoing 

expansion of multiple subclades is associated with virulence encoding 
and multidrug-resistant MGEs.

While M1UK has rapidly emerged as the dominant emm1 clone in 
many continents and countries including Western Europe, North Amer-
ica and Australia, only a single M1UK isolate from China was reported in 
this dataset (GAS1916 (SFemm1-2018))26. We report no additional M1UK 
strains in our surveillance study, which suggests that the M1UK lineage 
has yet to establish and spread widely in China.

Toxin repertoire of a representative M1china strain (SP1165) was  
compared to M1global (reference strain 5448)27 and M1ancestral (reference 
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strain SF370)28 (Extended Data Fig. 7). SLO toxin expression was equiva-
lent across each representative strain. SSA was only expressed by the 
M1china strain SP1165, which also expressed SpeA levels equivalent with 
5448, and SpeC and Spd1 equivalent to SF370.

Discussion
Scarlet fever surged in China in 2011 and continued on an upward tra-
jectory until 2020, when COVID-19 social distancing measures22 intro-
duced in 2020 correlated with reduced scarlet fever disease burden. 
The relaxation of social distancing in a number of Western countries, 
exemplified by the UK, coincided with a significant rebound of scarlet 

fever and invasive disease caused by GAS, driven in large part by the 
emm1 GAS strain M1UK

29. Although M1UK has been identified as circulat-
ing in China26, significant disease causation attributed to M1UK has yet 
to be detected.

The most common emm type circulating in China associated with 
scarlet fever is emm12. Initial phylogenetic analyses on 2011 scarlet 
fever resurgence strains described the multiclonality of emm12 out-
break strains which were associated with the acquisition of multidrug 
resistance and toxin-carrying prophage7,8,10. The incorporation of 
clinical isolates from 1993–2024 has now revealed a dramatic increase 
in emm12-Clade II, which over a short period has emerged as the sole 
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dominant emm12 clone throughout mainland China. Analysis of 
emm12-Clade II supports the observation that carriage of ΦHKU.vir 
(carrying the toxins genes ssa, speC and spd1) and ICE carrying ermB 
and tetM have played a key role in the ongoing expansion of these 
subclades. Analysis of emm12-Clade III suggests that although this 
clade acquired ICE before the 2011 scarlet fever resurgence, it did 
not become a dominant clone during the years 1993–2024. Instead, 
a conserved genetic Tn916-like module containing ermB and tetM 
has disseminated across multiple clades and both emm12 and emm1 
populations on different ICE backgrounds. Thus, the 2011 scarlet fever 
outbreak was mainly characterized by the co-existence of three emm12 
lineages and emergence of emm12-Clade II as a major outbreak driver. 
Identification of the population structure and clonal shifts of GAS line-
ages causing scarlet fever in China is crucial for future domestic and 
international surveillance.

Globally, emm1 is the most widespread and common genotype 
in Western countries29 and the second most common cause of scarlet 
fever in China23. Since the 1980s, the M1global outbreak lineage (also 
known as the M1T1 clone) became the worldwide dominant clone for 
about 30 years. From 2008 (ref. 6), M1global has been gradually replaced 
by the emergent M1UK clone in Western countries, hypothetically owing 
to higher pathogenicity and transmission ability1,6,11. Of the 385 emm1 
genomes from China represented in this study, only a single strain was 
found to belong to M1UK, suggesting that M1UK has yet to clonally expand 
in China. There has been a lag phase between the first identification of 
M1UK in a national jurisdiction and when M1UK became the dominant 
emm1 strain. For instance, M1UK was identified in the UK in 2008, where 
it became the dominant emm1 lineage in 2013 (ref. 6). In Australia, M1UK 
was identified in 2013 but only became the dominant emm1 lineage in 
2017 (ref. 11). In China, M1UK was identified in 2015 (ref. 10,26) but has 
yet to become the dominant emm1 lineage. This period includes the 
reduction in the number of cases of scarlet fever during the COVID-19 
pandemic period of 2020–2023 (Fig. 1a). As GAS isolates and disease 
rebound in China after the COVID-19 pandemic (as has happened in all 
other national jurisdictions) we hypothesize that M1UK numbers will 
increase. China CDC is closely monitoring the situation. Nonetheless, 
it is an open question as to why M1UK has yet to replace dominant emm1 
lineages in China and whether environmental, host genetic or immune 
factors may also have a role in such an expansion.

Although evolutionarily related to the archetypical M1global lineage 
that emerged during the 1980s, we identified expansion of an endemic 
M1global lineage in China designated M1china, which is evolutionarily 
distinct from lineages reported in other countries. The delineating 
features of M1china compared to other M1global lineages is the acquisition 
of multidrug-resistant ICE in addition to the virulence-associated ssa, 
speC and spd1 encoding prophage (ΦHKU488.vir)24. We hypothesize 
that the maintenance of these elements within the population indicates 
that they have a key role in the diversification and expansion of emm1 
genotypes in China. This suggests a different pathogen population 
dynamic between China and Western countries. There are at least 
two historical lineages within the GAS emm1 population in China, yet 
these have been replaced by the M1china clone following its emergence 
in the 1980s. ΦHKU488.vir and ICE have both been circulating in the 
historical lineages of emm1, yet these lineages have not experienced 
large-scale clonal expansion.

For the five scarlet fever incidence peaks observed during 1993–
2020, we can now report the associated epidemic lineages. By com-
bining analyses of the shifts in emm12 and emm1 clonal patterns, we 
propose that the 1993 peak was mainly caused by M1china subclade 1. 
The 2008 peak was caused by M1china subclade 2a, M1china subclade 2b 
and emm12-Clade I. The 2011 peak was mainly driven by the emergence 
and expansion of emm12-Clade II. Across 2014–2019, several lineages 
within emm12 and emm1 contributed to the high incidence during this 
period, the major lineages being emm12-Clade II, M1china subclade 2a and 
M1china subclade 3a. During the period of COVID-19 restrictions in China 

between 2020 and 2023, there was decline in incidence of scarlet fever 
including emm1 and emm12 incidence. In 2024, there was a rebound 
in incidence to levels comparable to pre-pandemic levels. We did not 
observe a substantial shift in population structure of emm1 and emm12 
strains causing disease in 2024. However, continued surveillance is 
required given the unprecedented rebound in GAS disease incidence in 
other countries after the lifting of COVID-19 restrictions and emergence 
of M1UK in many geographical regions.

Following 2011, the increased number of cases of scarlet fever in 
China was largely caused by emm12-Clade II. Several factors that may 
be associated with this resurgence have been hypothesized previously, 
including genomic variation within the GAS population, changing herd 
immunity, increased surveillance capability, climate change and the 
relaxation of the China second-child policy30. Some of these hypotheses 
lack strong supporting evidence, such as the lifting of the second-child 
policy, where we have demonstrated there is no linkage between scar-
let fever increase and the newborn population size31. We hypothesize 
that the likely factors responsible for the 2011 scarlet fever upsurge 
are changing bacterial genetic features and human herd immunity. 
Limitations of this study include the lack of broader monitoring of the 
scarlet fever-causing GAS population in China across all geographic 
jurisdictions and the lack of prospective cohort sampling of serum 
samples to assess herd immunity of scarlet fever patients before and 
after infection. The lack of carriage or other clinical isolate sampling 
means we cannot definitively extrapolate these observations to the 
entire GAS population circulating in China. Further monitoring of the 
GAS population in China is warranted, given the risk the M1UK clone has 
posed in other countries and the maintenance of multidrug-resistant 
GAS clones in circulation.

Methods
Bacterial clinical isolates and ethical considerations
A total of 781 GAS isolates were collected from patients at the Beijing 
CDC, Beijing Children’s Hospital and six other institutions across China 
between 1993 and 2024. The majority of isolates (85%, n = 664) were 
recovered from throat swabs, with the remainder obtained from a 
range of other clinical specimens, including sputum, vaginal secre-
tions, pus and bronchoalveolar lavage fluid (a full list is provided in 
Supplementary Table 1). This study was conducted in accordance with 
the Declaration of Helsinki. The protocol was approved by the Ethics 
Committee of the National Institute for Communicable Disease Con-
trol and Prevention, Chinese Center for Disease Control (approval no. 
ICDC-2023003). The requirement for written informed consent was 
waived as all anonymized data were available from routine clinical care.

Notifiable GAS disease cases
In China, scarlet fever is the only GAS disease reported to the NNIDSS, 
listed as a class B notifiable disease since 1950. Cases of suspected scar-
let fever are notified by clinicians to NNIDSS on the basis of symptoms 
consistent with scarlet fever, with or without laboratory confirmation 
of GAS infection. Here we report incidence data from NNIDSS from 
1990 to 2024.

Collection of strains during 1993–2024
GAS isolates were collected from eight provinces across China from 
1993 to 2024, with 516 out of 781 isolates collected in the Beijing region. 
GAS isolates were cultured and stored frozen in tryptone soy broth. 
Isolates were sent to the China CDC GAS laboratory and cultured on 
Columbia blood agar (Oxoid) at 37 °C with 5% CO2. PCR-derived emm 
type data of GAS from eight provinces was extracted from a previous 
systematic review which revealed the dominance of emm12 and emm1 
GAS between 1993 and 2020 in China, and thus we focused on these 
emm types for further whole-genome analysis23. In total, we retrieved 
337 emm1 and 444 emm12 clinical isolates between 1993 and 2024. 
These were combined with 248 previously published genomes from 
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China (48 emm1 and 200 emm12). Of the 1,029 total genomes from 
China, 160 strains were collected before the 2011 resurgence, allow-
ing us to trace the origin of epidemic clones and analyse the dynamic 
shift in molecular patterns during this long-term investigation. These 
strains geographically represented the high-incidence regions of China: 
the Northern region, the Eastern region and the Southern region. In 
total, 85% of newly sequenced strains were isolated from throat swabs 
(661 out of 781 isolates; Supplementary Table 1). The 1,029 genomes 
from China were contextualized with 727 previously published global 
sequences (260 emm12 and 467 emm1)6–8,24,31,32 (Supplementary Table 1).

emm typing and genome sequencing
GAS isolates were emm typed using standard protocols33. In brief, 
purified GAS DNA (QIAamp DNA Mini Kit, QIAGEN) was PCR amplified 
using forward primer (5′-TATTAGCTTAGAAAATTAA-3′) and reverse 
primer (5′-GCAAGTTCTTCAGCTTGTTT-3′). The following PCR cycling 
conditions were used: denaturation at 94 °C for 1 min, 30 cycles of 
94 °C for 15 s, annealing at 47 °C for 30 s, extension at 72 °C for 1 min 
25 s and elongation at 72 °C for 7 min. Sequencing of PCR products 
was undertaken using standard procedures (bigdye V3.1, Applied Bio-
systems). Sequences were analysed with the Blast2.0 server hosted 
on the US CDC website (https://www2a.cdc.gov/ncidod/biotech/
strepblast.asp). emm12 and emm1 isolates were subject to genome 
sequencing using BGI MGISEQ-2000 with 150 bp paired end reads 
(Supplementary Table 1). Four representative isolates from domi-
nant lineages in China were selected for sequencing using the Oxford 
Nanopore long-read platform to enable MGE characterization: M1china 
isolate SP1165 (BJCYGAS59), SP1177 (HLJGAS2012) from emm12-Clade 
I, SP1203 (QD62) from emm12-Clade II and NS488 from emm12-Clade 
III. DNA was extracted using the Monarch Spin gDNA Extraction Kit 
(New England Biolabs). Sequencing libraries were prepared with the 
Native barcoding kit (SQK-NBD114.96) and sequenced using the Nano-
pore platform with R10.4.1 flow cells to an approximate depth of >100 
and base-called using Dorado v0.4.2 (dna_r10.4.1_e8.2_400bps_sup@
v5.0.0). The raw sequence data reported in this paper have been depos-
ited in the Genome Sequence Archive34, in the National Genomics Data 
Center35, China National Center for Bioinformation/Beijing Institute of 
Genomics, Chinese Academy of Sciences (GSA: CRA033131), which are 
publicly accessible at https://ngdc.cncb.ac.cn/gsa. Accession numbers 
for individual isolates and publicly available Illumina reads are listed 
in Supplementary Table 1 (refs. 36,37). Long-read Oxford Nanopore 
Technologies (ONT) data are available at the National Center for Bio-
technology Information (NCBI) under the BioProject PRJEB103775.

Genome analysis
Illumina genome sequences were quality controlled using a previously 
described pipeline. In brief, species assignment was confirmed from 
reads using Kraken2 v2.1.238. Reads with >5% reads assigned to another 
species were excluded owing to suspected contamination. Genomes 
were assembled using Shovill v1.1.0 (https://github.com/tseemann/
shovill) with SPAdes assembler v3.14.0 (ref. 39). To expand the genome 
collection from China, previously published genomes from China 
where only assemblies were available were also included6–8,24,31,32. Only 
genomes with <200 contigs (mean 54, range 19–172), total assembly size 
1.75–2 Mb (mean, 1.87 Mb, range 1.78–1.97 Mb), and guanine-cytosine 
content (GC%) between 38% and 39% (mean 38.3%, range 38.0–38.4%) 
were included. The mean N50 was 111,681 bp (range 64,455–327,809 bp). 
Oxford Nanopore sequence reads were filtered by Filtlong v0.2.1 
(https://github.com/rrwick/Filtlong) to remove the reads ≤2,000 bp 
and retain the top 90% of reads based on quality scores. The filtered 
sequences were assembled with Flye v2.9.5 (ref. 40). Assemblies were 
annotated using Prokkav1.14.6 (ref. 41). The emm type was inferred from 
assemblies using emmtyper v0.2.0 (https://github.com/MDU-PHL/
emmtyper). Multilocus sequencing typing (MLST) was inferred using 
MLST v2.23 (https://github.com/tseemann/mlst), using alleles from the 

seven loci: gki, gtr, murI, mutS, recP, xpt and yqiL. The sequence types 
were determined by PubMLST database for S. pyogenes42.

Single-nucleotide polymorphism alignments were generated by 
alignment of BGI short reads against reference genomes MGAS5005 
(NC_007297.2) and HKU16 (NZ_AFRY01000001.1) for the emm1 and 
emm12 populations, respectively, using Snippy v4.6.0 (https://github.
com/tseemann/snippy) with MGE regions masked. For previously 
published genomes from China where only assemblies were available, 
the ‘–contigs’ option in Snippy was used to map the contigs to the refer-
ence. Regions in the alignment predicted to be affected by recombina-
tion were masked using Gubbins v3.4 with IQ-tree v3.0.1 for phylogeny 
inference using a general time reversible model and a discrete Gamma 
model43 with 4 rate categories (G4) for rate heterogeneity. The mini-
mum single-nucleotide polymorphisms to identify a recombination 
block was set at 5 with a minimum window size of 100 bp and maximum 
window size of 10,000 bp.

Timescaled phylogenies and inference of effective  
population size
Bayesian timescaled phylogenies were inferred by BactDating v1.1.4 
using recombination-mased phylogenies inferred by Gubbins44–46. Both 
the emm1 and emm12 timescaled phylogenies were inferred using an 
additive relaxed clock model47, coalescent prior and 107 iterations to 
ensure Markov chain Monte Carlo convergence with parameter effec-
tive sample size (ESS) > 200 after 50% burn-in (Extended Data Figs. 1  
and 2). Effective population size (a measure of genetic diversity) of 
emm1 and emm12 clades in China was inferred by fitting a Bayesian 
coalescent skyride model using BEAST (v1.10.5)48. To assess the expan-
sion of these clades in China, the analysis was conducted using only 
genomes isolated from China (from this and previously published 
studies listed in Supplementary Table 1). The full Bayesian model con-
sisted of a relaxed molecular clock model with an underlying lognormal 
distribution and Hasegawa–Kishino–Yano nucleotide substitution 
model49 with a discrete gamma model (G) using 4 categories for rate het-
erogeneity. The prior for the substitution model was a continuous-time 
Markov chain-rate reference prior, which is a Gamma distribution with 
mean 0.5/tree length50,51, while the remaining parameters had the 
default prior distribution in BEAST. The posterior distribution was 
sampled using Markov chain Monte Carlo with chain length of 3.5 × 108 
steps, sampling every 5 × 104. Sufficient sampling was determined by 
conducting one replicate of each analysis and by verifying that the ESS 
of key parameters was at least 200.

Detection of virulence and antibiotic-resistance-related MGEs
MGEs were systematically extracted adapting a previously described 
pangenome pipeline36,37. In brief, a combined pangenome including all 
emm1 and emm12 genomes was inferred using Panaroo v1.5.2 (https://
github.com/gtonkinhill/panaroo)52 in ‘strict’ mode with initial cluster-
ing at 98% length and sequence identity followed by a family threshold 
of 70%. Pangenome synteny was then mapped using Corekaburrav0.0.5 
(ref. 52,53). Segments of accessory genes (those which were present in 
<95% of all genomes) were then examined for integrase/recombinase 
subfamilies using HMMer v3.4 and a scheme designed by ref. 54 with 
an additional ICE-associated DDE recombinase (PF06782)55. Accessory 
segments were classified into MGE categories based on recombinase 
subfamily and the presence of prophage and/or ICE structural genes as 
inferred by eggNOG-mapper v2.1.7 (ref. 56) or hidden Markov models 
(HMMs) from TXSScan (accessed August 2025) 57 with ‘hmmsearch’ 
using an E value threshold of 0.001. Segments of accessory genes with 
multiple prophage and ICE-associated integrases/structural genes (for 
example, nested MGEs) or with insufficient contextual information 
(for example, due to assembly fragmentation) were binned as mobility 
elements (MEs). Segments with a prophage-associated integrase but 
without at least two annotated phage structural genes were classified 
as phage-like54,58.

http://www.nature.com/naturemicrobiology
http://www2a.cdc.gov/ncidod/biotech/strepblast.asp
http://www2a.cdc.gov/ncidod/biotech/strepblast.asp
http://bigd.big.ac.cn/gsa/browse/CRA033131
https://url.au.m.mimecastprotect.com/s/pj2DC2xZLrcK6ZVA1infVC5tC9q?domain=ngdc.cncb.ac.cn
https://github.com/tseemann/shovill
https://github.com/tseemann/shovill
https://github.com/rrwick/Filtlong
https://github.com/MDU-PHL/emmtyper
https://github.com/MDU-PHL/emmtyper
https://github.com/tseemann/mlst
https://www.ncbi.nlm.nih.gov/nuccore/NC_007297.2
https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
https://github.com/gtonkinhill/panaroo
https://github.com/gtonkinhill/panaroo


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02324-4

Sequences of accessory segments categorized as ‘Phage’, ‘ICE’, ‘ME’ 
and ‘Phage-like’ were extracted for downstream analyses and grouped 
according to their insertion sites, defined by adjacent core gene pairs. 
To manage the effects of genome re-arrangements, only segments 
extracted from insertion sites with the most common arrangement 
between the core genes were retained59. Specifically, uncommon inser-
tion sites with an occurrence <10 across genomes and containing 
a conflicting core gene within other arrangements were excluded. 
Both full-length segments without contig breaks and segments with 
contig breaks but located adjacent to one of these core genes were 
extracted. In total, 2,165 full-length MGEs and 4,485 fragmented MGEs 
were extracted from the combined emm1 and emm12 pangenome.

Full-length segments (without contig breaks) extracted from  
the common insertion sites were first clustered using CD-HIT v4.8.1 
(ref. 60), with thresholds of 95% sequence identity and 95% length  
identity, yielding 126 full-length representative MGEs. The repre-
sentative sequences generated by CD-HIT were further clustered 
by ‘sourmash compare’ using Sourmash v4.9.3 (ref. 61), applying 
MinHash-based sketching with a scaled parameter of 30. After aligning 
the representatives to visualize differences, a Jaccard similarity thresh-
old of ≥90% was determined to define MGE clusters. Thus, full-length 
MGE segments with ≥90% Jaccard similarity were grouped into the 
same cluster, resulting in 81 unique MGEs (Supplementary Table 1). 
Of the 81 unique MGEs, 16 MGE carrying known virulence factors or 
antimicrobial resistance genes are present in ≥10 isolates. To classify 
MGE segments containing contig breaks, whole genome assemblies 
were also converted into sketches by ‘sourmash sketch’ and mapped to 
the new representatives by ‘sourmash gather’. Indexed RocksDB data-
bases were built from representatives at each insertion site to identify 
the best-matching MGE per assembly and insertion site. If >90% of the 
k-mer content from an MGE sketch matched with a genome assembly 
sketch, the corresponding genome was considered to contain that 
MGE. This procedure clustered 4,349 of the 4,485 fragmented MGE 
segments into the 81 MGE representatives.

Antimicrobial resistance genes and virulence factors in both 
assemblies and the MGE segment were identified by ABRicate v1.0.1 
(https://github.com/tseemann/abricate) with the NCBI AMRFinder 
Plus and virulence factor databases, using cut-offs of 70% nucleotide 
identity and 70% coverage62,63. For each MGE, the presence or absence 
in a genome was confirmed only when the ABRicate results for the 
MGE classification were consistent with those from the correspond-
ing assembly. Representative clustering of common ICEs as well as 
prophage carrying speC/spd1, and ssa phage variants across the emm12 
and emm1 populations are represented in Extended Data Figs. 3–5. 
Corresponding pairwise alignments were visualized by Genofig v1.1 
(ref. 64), with nucleotide sequence identity defined by BlastN v2.16.0.

PCR
All GAS strains were routinely grown in Todd–Hewitt broth (Thermo 
Fisher Scientific) supplemented with 1% (w/v) yeast extract (Merck; 
THY) at 37 °C to late-exponential growth phase at an optical den-
sity at 600 nm (OD600) of 0.8. Virulence genes speA, speC, ssa, spd1, 
speB and slo were PCR-amplified from purified GAS genomic DNA 
(QIAamp DNA Mini Kit, QIAGEN) using MangoTaq DNA polymer-
ase (Meridian Bioscience) according to the manufacturer’s instruc-
tions. The following primers were used: speA forward primer 
(5′-GTGACATTTCTTGGACTAACAATCTCG-3′) and reverse primer 
(5′-TATCATAAGATATTTAGATTGAGTAAATTCTGGTTCAG-3′),  
speC forward primer (5′-GAATGTTAAAAGTGATTTACTTTATGCATAC 
ACTATAACTC-3′) and reverse primer (5′-CTCATAAGACATTTCGGAACT 
AATATAATAGTC-3′), ssa forward primer (5′-CAGAACAATTAAAC 
AAATCTAGCCAATTTACTG-3′) and reverse primer (5′-GAAAAATCA 
AATCATGCTGTAAAAGCTGAC-3′), spd1 forward primer (5′-CGTGGGC 
ATCTAGTCGGATA-3′) and reverse primer (5′-GGTGAAGTGCAAGCCAA 
GAA-3′), and slo forward primer (5′-GCTGGCTAATAAAGGTTTTACCG-3′) 

and reverse primer (5′-CGGTAAAACCTTTATTAGCCAGC-3′)11. PCR prod-
ucts were analysed on 1% agarose gels and visualized using a GelDoc XR+ 
imaging system (Bio-Rad).

Western blotting
Total protein from bacterial culture supernatants isolated from GAS 
cultures grown in THY to an OD600 of 0.8 were centrifuged, and the 
culture supernatants were filtered through a 0.22 µm membrane 
(Millex-GV) before the addition of trichloroacetic acid (final concen-
tration, 10%; Sigma-Aldrich). Proteins were precipitated overnight at 
4 °C, pelleted by centrifugation and washed with ice-cold ethanol. 
Pellets were air-dried and resuspended in LDS loading buffer (Thermo 
Fisher) containing 100 mM dithiothreitol (Sigma-Aldrich), then boiled 
for 15 min with intermittent vortexing. Samples were separated by 
SDS–PAGE, and proteins were transferred onto a methanol-activated 
PVDF membrane (Merck) using a wet transfer system (Bio-Rad). 
Membranes were blocked in Intercept Blocking Buffer (LI-COR) for 
1 h at room temperature, followed by overnight incubation at 4 °C 
with primary antibodies against SpeA (PAI111, Toxin Technology; 
1:1,000 dilution), SpeC (PCI333, Toxin Technology; 1:1,000 dilution) 
and SSA (Mimotopes; 1:500 dilution)11. Spd1 and SLO were detected 
using murine primary antibodies at 1:1,000 and 1:2,000 dilutions, 
respectively65. Fluorescent secondary antibodies (DyLight 800 
anti-mouse or anti-rabbit IgG; NEB; 1:10,000) were applied for 1 h at 
room temperature, and membranes imaged using an Odyssey Imag-
ing System (LI-COR).

Statistics and reproducibility
Population incidence of scarlet fever in China was calculated per 
100,000 population per year using NNIDSS data from 1990 to 2024; 
95% CI of the proportion was calculated using the method embedded 
in an online calculator (http://vassarstats.net/prop1.html), accord-
ing to a method described by Newcombe66, derived from a procedure 
outlined by Wilson67, using the Wilson procedure with a correction 
for continuity.

For phylogenetic contextualization, global sequences from the 
UK, Australia and Denmark were randomized based on global temporal 
and geographic distribution. To minimize over-representation of these 
datasets, isolates were randomly subsampled by R function sample 
based on temporal and geographic distribution (n = 10 isolates per 
year per study).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequence data reported in this paper have been deposited 
in the Genome Sequence Archive34 in the National Genomics Data 
Center35, China National Center for Bioinformation/Beijing Institute of 
Genomics, Chinese Academy of Sciences (GSA CRA033131), which are 
publicly accessible at https://ngdc.cncb.ac.cn/gsa. Accession numbers 
for individual isolates and publicly available Illumina reads are listed in 
Supplementary Table 1. Long-read ONT data are available at the NCBI 
under BioProject PRJEB103775. Additional metadata are available upon 
request from Y. You as some of these include patient-level information; 
a response should be received within 14 days. A formal data transfer 
agreement would need to be concluded with the China CDC within 
parameters as set out in ethics Approval No. ICDC-2023003. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Trace files of key Markov Chain Monte Carlo (MCMC) parameters from the emm12 BactDating analysis. Traces derived from 1e7 iterations 
with the first half discarded as MCMC burnin. Overall mixing is supportive of MCMC convergence.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02324-4

0 200 400 600 800 1000

−9
85

0
−9

80
0

−9
75

0
−9

70
0

−9
65

0
−9

60
0

0 200 400 600 800 1000

−3
35

0
−3

30
0

−3
25

0

0 200 400 600 800 1000

1.
00

1.
05

1.
10

1.
15

1.
20

1.
25

0 200 400 600 800 1000

60
0

65
0

70
0

75
0

80
0

0 200 400 600 800 1000

−6
55

0
−6

50
0

−6
45

0
−6

40
0

−6
35

0

0 200 400 600 800 1000

18
30

18
40

18
50

18
60

18
70

18
80

0 200 400 600 800 1000

1.
2

1.
4

1.
6

1.
8

0 200 400 600 800 1000

16
99

17
00

17
01

Posterior Likelihood

Sampled iterations Sampled iterations

Clock rate Coalescent time unit

Sampled iterations Sampled iterations

Prior Date of root

Sampled iterations Sampled iterations

Relaxation parameter Root branch

Sampled iterations Sampled iterations

Extended Data Fig. 2 | Trace files of key Markov Chain Monte Carlo (MCMC) parameters from the emm1 BactDating analysis. Traces derived from 1e7 iterations 
with the first half discarded as MCMC burnin. Overall mixing is supportive of MCMC convergence.
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Extended Data Fig. 3 | Comparison of common multidrug resistant integrative 
conjugative elements in the GAS emm1 and emm12 population.  
A, Heatmap shows the Jaccard similarity between 5 ICE variants, calculated based 
on k-mers generated by MinHash sketching. B, Pairwise alignment of the five ICE 
variants with blocks indicating regions of shared nucleotide sequence identity as 

defined by BlastN. Macrolide (ermA and ermB) and tetracycline (tetM) resistance 
genes are highlighted in yellow, blue, and red respectively. The relative position 
of the modular ~20 kb Tn916-like transposable element common to 4 of the 5 ICE 
variants is displayed at the bottom of the figure as defined by Davies et al.7.
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Extended Data Fig. 4 | Comparison of common speC and spd1 virulence 
carrying prophage in the GAS emm1 and emm12 population. A, Heatmap 
shows the Jaccard similarity between 4 phage variants (present in ≥ 10 isolates 
from either emm1 or emm12 population), calculated based on k-mers generated 

by MinHash sketching. B, Pairwise alignment of the four phage variants with 
blocks indicating regions of shared nucleotide sequence identity as defined by 
BlastN. The deoxyribonuclease spd1 and the streptococcal pyrogenic exotoxin 
speC are highlighted in yellow and purple respectively.
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Extended Data Fig. 5 | Comparison of common ssa virulence carrying 
prophage in the GAS emm1 and emm12 population. A, Heatmap shows the 
Jaccard similarity between 4 phage variants (present in ≥ 10 isolates from either 
emm1 or emm12 population), calculated based on k-mers generated by MinHash 

sketching. B, Pairwise alignment of the 4 phage variants with blocks indicating 
regions of shared nucleotide sequence identity as defined by BlastN. The 
streptococcal superantigen ssa and speC, and the deoxyribonuclease spd1 are 
highlighted in pink, purple and yellow respectively.
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Extended Data Fig. 6 | Toxin repertoire and virulence of representative 
emm12 strains, emm12-Clade I (SP1177), emm12-Clade II (SP1203) and 
emm12-Clade III (NS488). (a) Carriage of scarlet fever-associated toxins in 
emm12 representative strains was confirmed by polymerase chain reaction 

(PCR). (b) Western blot analysis of SpeA, SpeC, SSA, Spd1, and SLO in culture 
supernatants of indicated emm12 strains grown to late logarithmic phase. 
Experiments were undertaken n = 2.
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Extended Data Fig. 7 | Toxin repertoire and virulence of representative emm1 
strains, emm1 ancestral (SF370), M1global (5448) and M1China (SP1165). (a) 
Carriage of scarlet fever-associated toxins in emm1 representative strains was 

confirmed by polymerase chain reaction (PCR). (b) Western blot analysis of SpeA, 
SpeC, SSA, Spd1, and SLO in culture supernatants of indicated emm1 strains 
grown to late logarithmic phase. Experiments were undertaken n = 2.
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