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Abstract
Invasive infection caused by Streptococcus pyogenes emm89 strains has been increasing in several countries linked to a recently
emergent clade of emm89 strains, designated clade 3. In Japan, the features of emm89 S. pyogenes strains, such as clade
classification, remains unknown. In this study, we collected emm89 strains isolated from both streptococcal toxic shock syndrome
(STSS) (89 STSS isolates) and noninvasive infections (72 non-STSS isolates) in Japan from 2011 to 2019, and conducted whole-
genome sequencing and comparative analysis, which resulted in classification of a large majority into clade 3 regardless of disease
severity. In addition, invasive disease-associated factors were found among emm89 strains, including mutations of control of
virulence sensor, and absence of the hylP1 gene encoding hyaluronidase. These findings provide new insights into genetic features of
emm89 strains.
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Introduction

Streptococcus pyogenes is a human-specific pathogen known to
cause a broad spectrum of diseases ranging from mild throat and
skin infections to life-threatening invasive diseases.1,2 Worldwide,
it has been estimated that there are over 111 million cases of

streptococcal pyoderma and 616 million cases of S. pyogenes
pharyngitis, with 663,000 cases of invasive infection each year.3

The most severe manifestation noted is streptococcal toxic shock
syndrome (STSS), which results in significant mortality with
reported incidence rates ranging from 23% to 81%.4 Current
estimates suggest that the incidence of STSS is increasing
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throughout the world,4,5 thus genetic characterization of recently
emerged strains is useful for investigating novel therapeutic targets.
The M protein is a surface protein and the best studied of S.

pyogenes virulence factors.6 Although S. pyogenes typing has
been historically conducted on the basis of M protein antigenici-
ty, sequence typing of the emm region encoding the hyper-
variable region of the M protein has also been widely applied as
another method and used to classify the organism into at least
240 emm sequence types.7,8 In recent years, an increased
incidence of invasive infection caused by emm89 S. pyogenes
strains has been reported in both Europe and North America,9–11

with genome sequence analysis findings of emm89 strains used to
identify 3 major genetically distinct strain clusters, designated as
clade 1, 2, and 3. Importantly, concurrent with the period in the
early 2000s that featured a significant increase in number and
frequency of invasive emm89 infections, clade 3 strains emerged
and showed rapid expansion.9,12

Clade 3 strains are characterized by absence of the hasABC
locus, which is responsible for synthesis of the hyaluronic acid
capsule, as well as the presence of the nga-ifs-slo locus variant,
associated with increased expressions of NADase and cytoly-
sin.10,12 Those reports indicated that most isolates from patients
with invasive diseases can be classified into clade 3. In Japan, the
incidence of STSS caused by emm89 S. pyogenes is increasing,13

though the features of emm89 S. pyogenes strains, such as clade
classification, remain unknown.
In this study, we examined emm89 S. pyogenes of both isolates

from patients with STSS (STSS isolates) and isolates from non-
invasive infections (non-STSS isolates) isolated from 2011 to
2019 in Japan. Our results showed most of the emm89 S.
pyogenes isolated in Japan were classified as clade 3. In addition,
we found some factors were associated with invasive infections
isolates among the emm89 strains. These findings support the
understanding of the recently emerged emm89 S. pyogenes.

Results

High-isolation rates of emm89 S. pyogenes clade 3

An important feature for characterization of clade 1, 2, and 3 is
the nga promoter region sequence (Figure 1A). That sequence of
emm89 clade 3 strains is identical to the nga promoter region
present in pandemic emm1 strains.12 Furthermore, the nga
promoter region sequence of clade 3 strains is associated with
elevated production of S. pyogenes NADase and streptolysin O,
secreted cytolytic toxins that contribute to its invasive pheno-
type.12,14 Clade 3 emm89 strains also lack the hasABC region
required for synthesis of the hyaluronic acid capsule (Figure 1B).
We classified all emm89 strains into clade 1, 2, or 3 based on both
the nga promoter region sequence and presence of hasABC genes.
Regardless of disease severity, nearly all (156 of 161 isolates in
this study, 96.9%) of the strains were determined to be clade 3
(Supplementary Dataset 1, http://links.lww.com/IMD/A4), while
only 5 showed characteristics of clade 2 strains and no clade 1
strain was detected. Chi-square test results suggested that clade 3
is not associated with invasive infections (Table 1), although the
powering of the test was low due to small sample size.

Phylogenetic relationships of emm89 S. pyogenes based
on the core single nucleotide polymorphisms (SNPs)

We constructed kSNP trees using 161 emm89 assembled
contigs and 49 other S. pyogenes complete genome sequences

(Figure 1C) (for information regarding strains used in this study
see Supplementary Dataset 1 and 2, http://links.lww.com/IMD/
A4). As control genomes of the emm89 strains, 3 reference
genomes from representative pre-epidemic (clade 1,
MGAS11027; clade 2, MGAS23530) and epidemic (clade 3,
MGAS27061) emm89 strains sequenced in a previous study by
Zhu et al. were used.15 We also constructed kSNP trees using
assembled contigs of the 161 emm89 strains and three control
genomes (Figure 2). The phylogenetic tree based on the core SNPs
showed that 156 emm89 clade 3 strains and three emm89 clade 2
strains indicated genetically close relationships with the reference
genome of clade 3 (MGAS27061) and clade 2 (MGAS23530),
respectively. These 159 emm89 S. pyogenes strains were
consistent with the results of classification of clades based on
both the nga promoter region sequences and presence of the
hasABC genes (Supplementary Dataset 1, http://links.lww.com/
IMD/A4). OS01SS2013 and TK32NS2013, which were classified
to clade 2 based on the sequences of nga promoter region and
presence of the hasABC genes, indicated genetically distant from
the other emm89 isolates or the reference genome of clade 1
(MGAS11027). However, we suspect these two strains have not
arisen through emm-type switching, because the two strains
showed closer genetic relationship to other 159 emm89 strains
than other S. pyogenes strains of 23emm/M types as branch
length indicated. It was difficult to follow the branching
relationship of S. pyogenes emm89 strains (Figure 1C and
Figure 2). Therefore, we drew a cladogram to more clearly show
the bootstrap values and branching relationships among the
strains (Supplementary Figures 1 and 2, http://links.lww.com/
IMD/A4).

Invasive disease-associated factors

We tried to find invasive disease-associated mutations using
SNPs (Table 2). Among the virulence factors, an amino acid
substitution of streptokinase (Ska, Isoleucine to threonine
substitution at position 17: I17T) was associated with invasive
disease, while amino acid substitutions of streptolysin S
biosynthesis protein C (SagC, Proline to serine substitution at
position 223: P223S) were associated with noninvasive infec-
tions.
Mutations of the CovRS virulence regulator derepress

virulence genes, leading to a hypervirulent phenotype of S.
pyogenes.16,17 Of the 161 clinical isolates of emm89 S. pyogenes
identified in Japan, 20 STSS isolates (22.5%) and 2 non-STSS
isolates (2.7%) showed control of virulence sensor (CovS)
mutations (P=0.000298, x2 analysis) (Table 1, Supplementary
Dataset 1, http://links.lww.com/IMD/A4). On the other hand, the
frequency of CovR mutations in the isolates was not associated
with invasive infections. Although the Rgg mutation has also
been reported as an important factor in the pathogenesis of
invasive infections,18 that was not found to be relevant to invasive
infections in this study. It appears that insufficient detection of
these mutations led to the low power in the test, and explains the
discrepancies with past reports.
Hyaluronidase secreted by Group B Streptococcus cleaves pro-

inflammatory hyaluronan, which contributes to evasion of host
immunity.19 Accordingly, we screened the 161 isolated emm89
strains for hyaluronidase activity to investigate their involvement
in invasive infections. Serotype M4 strain 4063-05 was used as a
positive control for hyaluronidase (HylA) activity, while the
negative control was serotype M1 strain 5448, which possesses
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