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Invasive Streptococcus dysgalactiae subspecies equisimilis
compared with Streptococcus pyogenes in Australia, 2011-23,
and the emergence of a multi-continent stG62647 lineage:
a retrospective clinical and genomic epidemiology study

Ouli Xie, Leo Featherstone, An N T Nguyen, Andrew J Hayes, Miranda E Pitt, Stephanie Spring, Alice Liu, Gerry Tonkin-Hill, Ravindra Dotel,
Neela Joshi Rai, Alexander Rofe, Sebastian Duchéne, Deborah C Holt, Louise M Judd, Lachlan J M Coin, Vicki L Krause, Matthew V N O'Sullivan,
Robert W Baird, Katherine Bond, Benjamin P Howden, Tony M Korman, Bart | Currie, Mark R Davies*, Steven Y C Tong*

Summary

Background Streptococcus dysgalactiae subspecies equisimilis (SDSE) is closely related to Streptococcus pyogenes, with
overlapping disease manifestations. We compared the clinical and genomic epidemiology of invasive SDSE with
invasive S pyogenes across different settings in Australia and phylogenetically contextualised the SDSE sequences
within a global cohort of genomes.

Methods In this retrospective clinical and genomic epidemiology study, cases of invasive SDSE isolated from
normally sterile sites were identified and whole-genome sequenced across five hospital networks in temperate
southeast Australia (Melbourne and Sydney) and the tropical Top End of the Northern Territory. SDSE disease
incidence, case demographics, clinical outcomes, and longitudinal lineage dynamics were compared between
southeast Australia and the Top End and to co-collected invasive S pyogenes cases in each region. SDSE genomes
and lineages were also contextualised within 1166 global SDSE sequences. Genomic transmission clusters
(not necessarily direct transmission) were inferred between isolates from different individuals by single-linkage
clustering at a single nucleotide polymorphism threshold of less than or equal to seven for SDSE and less than
or equal to five for S pyogenes based on previous transmission analyses.

Findings Between Jan 1, 2011, and Feb 28, 2023, there were 693 invasive SDSE cases and 995 invasive S pyogenes
cases. Invasive SDSE occurred almost exclusively in adults. The overall invasive SDSE incidence in southeast
Australia was similar to invasive S pyogenes (incidence rate ratio [IRR] 1-15, 95% CI 0-91-1-46; p=0-26) and increased
over the study period (IRR 1-06 per year, 95% CI 1-05-1-08; p<0-0001) from 1-30 cases per 10000 admissions in
2011 to 3-72 cases per 10000 admissions in the first 2 months of 2023 (95% CI 2-13-6-07). In southeast
Australia, where stringent COVID-19 non-pharmaceutical interventions (NPIs) were implemented between
2020 and 2021, the SDSE incidence plateaued during 2020-21 but did not significantly decline
(IRR 1-09 compared with 2017-19, 95% CI 0-88-1-35; p=0-47). By contrast, S pyogenes incidence substantially
declined in 2020-21 in southeast Australia (IRR 0-35 compared to 2017-19, 95% CI 0-22-0-52; p=0-017). In the
Top End, SDSE incidence was lower than S pyogenes (IRR 0-24, 95% CI 0-19-0-31; p<0-0001). However, crude
incidence remained higher than southeast Australia (crude IRR 1.24, 95% CI 1.07-1-42; p=0-0037) and
disproportionately affected First Nations Australians in the Top End compared with non-First Nations individuals
(IRR 3:36, 95% CI 2-33-4-85; p<0-0001). Comparing 2020-21 with 2017-19, there was no decline in SDSE
(IRR 1-27, 95% CI 0-73-2-24; p=0-45) or S pyogenes (IRR 0-97, 95% CI 0-80-1-18; p=0-81) incidence in the Top
End, which did not implement prolonged stringent COVID-19 NPIs. Analysing the available genomes of invasive
cases and in lineages for which more than or equal to five invasive cases occurred, only 24 (6%) of 384 SDSE
cases were assigned to genomic transmission clusters, compared with 271 (52%) of 524 S pyogenes cases. An
stG62647 lineage encompassed 113 (26%) of 436 sequenced SDSE genomes. Analysis of available SDSE
sequences from Australia, western Europe, and North America inferred concurrent international expansion of the
stG62647 lineage in all three regions between 1990 and 2005.

Interpretation We identified a substantial burden of invasive SDSE, dominated by the emergent stG62647 lineage.
The contrasting epidemiology between species in the different Australian regions, during COVID-19 NPIs, and
genomic infection patterns indicates transmission dynamic, pathogen population, and host-pathogen interaction

differences between SDSE and S pyogenes and indicates implications for disease control measures.
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Introduction
Streptococcus dysgalactiae subspecies equisimilis (SDSE) is
increasingly recognised as a cause of serious human dis-
ease and is closely related to the more well-studied patho-
gen, Streptococcus pyogenes (group A streptococcus).! SDSE
causes a similar spectrum of disease to S pyogenes.! Both
pathogens share ecological niches in the human throat and
skin, although rates of gastrointestinal or genital carriage
can differ, and are thought to transmit by the respiratory
route or direct contact.'* Examining the clinical and gen-
omic epidemiology of SDSE compared with S pyogenes
might provide insights into evolutionary patterns, biology,
and burden of disease, and inform disease control
measures.

In high-income regions, the incidence of invasive SDSE
disease in adults is similar to, and in some countries
exceeds, invasive S pyogenes incidence.** However, there is

Research in context

Evidence before this study

Streptococcus dysgalactiae subspecies equisimilis (SDSE) is closely
related to Streptococcus pyogenes (group A streptococcus) and
shares many disease manifestations and virulence mechanisms.
Invasive SDSE infection mostly affects adults and often occurs in
those with comorbidities, such as immunocompromise, medical
implants, obesity, and diabetes. Examination of SDSE clinical,
epidemiological, and genomic dynamics in comparison to

S pyogenes could shed light on cross-species biology. We searched
PubMed from database inception to June 14, 2024, using the
search terms “Streptococcus” AND “dysgalactiae” AND “equisimilis”
AND “genome”. We repeated the search using (“group G” OR
“group Q) in place of “equisimilis”. Limited to studies with at least
ten genomes, we found ten studies examining SDSE
epidemiology in humans at whole-genome resolution. Most
studies described only emm-type, which discriminates lineages
poorly for SDSE, examined restricted longitudinal or geographical
diversity, or were limited to specific disease manifestations,
antimicrobial resistant strains, or individual lineages. No studies
described the combined clinical and genomic epidemiology of
invasive SDSE in socioeconomically disadvantaged regions, which
have a high burden of streptococcal disease.

Added value of this study

By undertaking a cross-species clinical and genomic
epidemiological comparison, we show a substantial but
contrasting burden of invasive SDSE incidence between disparate
regions in Australia—the sparsely populated tropical Top End of
the Northern Territory of Australia and more densely populated
urban southeast Australia. The incidence of invasive SDSE in
adults was similar to S pyogenes in southeast Australia. In the Top
End, where S pyogenes is hyperendemic, SDSE incidence was four-
times lower than S pyogenes, but crude incidence remained higher

a paucity of data on the epidemiology of SDSE in socio-
economically disadvantaged regions. In tropical northern
Australia, remote First Nations communities have a dis-
proportionate burden of S pyogenes disease, driven by
underlying inequities in social determinants of health.” It is
unclear whether there is a similar burden of SDSE disease
in this region.

Multiple high-income countries have recently reported
the emergence of an SDSE stG62647 emm-type population,
which anecdotally has been associated with more severe
disease than other emm-type lineages.**> However, the
same emm-type can be found across distant lineages in
SDSE, and few whole-genome resolution studies have
tracked global SDSE evolution and epidemiology.®

We aimed to compare the clinical and genomic epi-
demiology of invasive SDSE between 2011 and 2023 in
Australia across high and low streptococcal disease burden

than southeast Australia and disproportionately affected First
Nations people. Genomically, we show that few invasive SDSE
cases were inferred to be part of genomic transmission clusters
compared with S pyogenes. In individuals with multiple episodes
of invasive SDSE infection, subsequent episodes were frequently
caused by near-identical strains compared with the index episode.
Geographically, more SDSE and S pyogenes cases in the Top End
were part of transmission clusters compared with southeast
Australia. When combined with epidemiological observations,
these findings show transmission and host-pathogen differences
leading to invasive disease across species and disease settings. Ata
pathogen population level, SDSE disease in Australia was
dominated by a lineage predominantly carrying the stG62647
emm-type (stG62647 lineage), which we inferred to have
expanded largely concurrently across Australia, western Europe,
and North America between 1990 and 2005.

Implications of all the available evidence

There is a considerable burden of SDSE disease, including in an
Australian setting hyperendemic for S pyogenes disease, which
highlights the need for expanded SDSE disease surveillance and
ongoing measures to address health and socioeconomic
inequities associated with disproportionate streptococcal disease
in disadvantaged settings. The observed SDSE incidence and
genomic infection patterns build upon existing epidemiological
reports and indicate transmission differences compared with

S pyogenes, and suggest that disease control measures, such as
close contact antimicrobial prophylaxis to prevent secondary
invasive cases, might have different effects across these species.
Further studies are needed to understand SDSE carriage and
immunity in susceptible populations and molecular drivers of
emergent SDSE lineages to address the growing burden of
disease.
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settings, and concomitantly collected invasive S pyogenes
cases in each region." A detailed analysis of the invasive
S pyogenes data is described separately."” We also aimed to
place SDSE epidemiology within the context of a global
SDSE population genomic framework, with an emphasis on
the emergence of a lineage carrying the stG62647 emm-type.

Methods

Study design and isolates

In this retrospective clinical and genomic epidemiology
study, invasive SDSE cases were identified between Jan 1,
2011, and Feb 28, 2023, at five tertiary or quaternary health
networks in geographically diverse regions across Australia
(figure 1A). One network covered the tropical Top End of
the Northern Territory, a largely remote region of approxi-
mately 475 000 km?, and two networks each in Melbourne
and Sydney represented high-resourced urban regions in
temperate southeast Australia. Three networks admitted
adults and children, and one network in each of Melbourne
and Sydney admitted only adults. Invasive S pyogenes cases
at the same networks were identified and data were
collected using identical case report forms." Between
2020 and 2021, Melbourne and Sydney implemented
stringent non-pharmaceutical interventions (NPIs),
including prolonged stay-at-home orders, in response to
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Melbourne
Southeast

(Figure 1 continues on next page)

the COVID-19 pandemic. By contrast, the Top End of the
Northern Territory did not implement prolonged stay-at-
home orders, but border access and travel to remote com-
munities were restricted. Further details of the hospital
networks are described in appendix 1 (pp 1-2). See Online for appendix 1

Invasive SDSE was defined as culture of presumed
Streptococcus dysgalactiae from a normally sterile site
(eg, blood, synovial fluid, or cerebrospinal fluid) and iden-
tified by matrix-assisted laser desorption/ionisation-time of
flight mass spectrometry (Bruker Daltonics; Bremen,
Germany) or phenotypic testing (appendix 1 p 2). Whole-
genome sequencing confirmation of subspecies was done
for isolates retrieved from —80°C storage (appendix 1 p 3).
Only cases that were culture-positive and from the blood-
stream were included in Melbourne and Sydney, whereas
all sterile sites were included from the Top End to mirror
the previous S pyogenes study design.'! Isolation of SDSE or
S pyogenes from the same individual within 14 days was
considered the same episode. Episodes after 14 days were
considered new subsequent episodes (encompassing
relapse or reinfection).

This study was approved by the Royal Melbourne Hos-
pital Human Research Ethics Committee (HREC/80105/
MH-2021) and the Human Research Ethics Committee of
the Northern Territory Department of Health and Menzies


mailto:steven.tong@unimelb.edu.au
www.thelancet.com/microbe

Articles

B C
10-0 4 [ Spyogenes o 50
[ SDSE 7
— | | 40
754 |
5 = a
% 30 N 5\
N o
o 04 e
& >0 ] E_ o
© o
2 2041 S
s o g 8
& oD o [SEN
10 3 =)
i |_|_| i
0 0 L Al Lem |
T T T 1 T o T o ° < T > I%C) T N Ié T & T ° T T c\ T . 1
DD D DD R D DO ® P L P F S & D S & S
N ¢ ¢ / / S S g 7 &R e D &K N PN NG
A S R R A A FELF L TE FEFS P
F O LS ® N & S
Age (years) 6‘& O&\L} qu, é\b & < N {\\00) &,\Q & é‘b
' & .
R A
Disease manifestation
D Southeast Australia E Top end
32 8 — Spyogenes 5 — Spyogenes 48
74 — SDSE — SDSE
28 - | - — Hospital incidence - 42
~~~~~ Population incidence
o 24+ - -36 o
kel §
£ 20 . A
E 5
8 16- . F24 5
o o
- h=]
g 12 A 1 18 .g
5
S 8- — 12 g
44 -6
0 0
Year Year

Figure 1: Geographical sampling, incidence, and clinical characteristics of invasive SDSE compared with Streptococcus pyogenes disease

(A) Geographical distribution of all cases from the tropical Top End of the Northern Territory and four hospital networks across temperate Melbourne and Sydney in the
southeast of Australia from January, 2011, to February, 2023. The geographical area covering the Top End is highlighted in orange. (B) Age distribution of cases of
bloodstream invasive SDSE and S pyogenes disease in the Top End and southeast Australia. (C) Disease manifestations associated with bloodstream invasive SDSE and
S pyogenes infection in the Top End and southeast Australia. Each case could have more than one disease manifestation. For individuals with more than one episode of
infection, only the first case was included. Bonferroni-corrected p values are indicated above for comparisons with p<0-05. Yearly incidence of invasive SDSE compared
with S pyogenes in southeast Australia (D; inset graph is rescaled incidence plot) and the Top End (E). Only bloodstream cases are included. Incidence reported as cases per
10 000 acute hospital admissions per year (hospital incidence). Incidence in the Top End also reported as cases per 100 000 population per year (population incidence).
Population incidence was not calculated for sites in southeast Australia, as two hospitals served as statewide referral centres and an accurate catchment population could
not be estimated. Error bars represent 95% Cls for hospital incidence. As data were only collected until February, 2023, incidence in 2023 represents only the first

2 months of the year. The blue shaded period from 2020 to 2021 approximates the interval of the most stringent non-pharmaceutical interventions during the COVID-19
pandemic. HEENT=head, eye, ear, nose, and throat. SDSE=Streptococcus dysgalactiae subspecies equisimilis. STSS=streptococcal toxic shock syndrome. *Endovascular does
not include infective endocarditis.

School of Health Research (2021-4181). Individual par-
ticipant consent was waived, as all data were available from
routine clinical care.

Clinical data and outcomes

Clinical data were collected from medical records including
demographics, self-reported First Nations identification, and
clinician-determined disease manifestation(s) (appendix 1
p 3). Outcomes included intensive care unit (ICU)

admission, length of stay, in-hospital mortality, and 30-day
mortality. Streptococcal toxic shock syndrome was classified
per the 2010 US National Notifiable Diseases Surveillance
System definition but with isolation of SDSE." Puerperal
sepsis was defined as infection within 28 days postpartum.

Genomic sequencing and analysis
Bacterial isolates were whole-genome sequenced using the
NextSeq 550 platform (Illumina; San Diego, CA, USA) to
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generate 150-base pair paired-end reads. Further microbiological
methods are described in appendix 1 (p 2).

A standardised framework was used to quality control
sequences, assemble genomes, and infer emm-type, mul-
tilocus sequence type, and Lancefield group carbohydrate
(appendix 1 pp 3-4)."° A maximum likelihood phylogeny
was inferred from a single nucleotide polymorphism (SNP)
alignment (Snippy version 4.6.0) against reference
GGS_124 (NC_012891.1) using IQ-tree (version 2.2.2.7;
appendix 1 p 4).”

Global genomic sequence clusters were assigned by
PopPUNK (version 2.6.0) using a previously described
model."** Genomic sequence clusters were highly con-
cordant with the phylogeny and are henceforth referred to
as lineages. Sublineages were assigned using PopPIPE
(version 1.0.0; appendix 1 pp 4-5). Genomic analyses
included all cases with available genomes (including non-
bloodstream cases from the Top End) except for temporal
analyses, which excluded isolates from Sydney as these
were only available from August, 2020.

Reference-independent SNP distances between isolates
were calculated using SKA (version 1.0). Genomic trans-
mission clusters (not necessarily direct transmission) were
inferred between isolates from different individuals by
single-linkage clustering at an SNP threshold ofless than or
equal to seven for SDSE and less than or equal to five for
S pyogenes based on previous transmission analyses.>™
Only genomes from well sampled lineages with at least five
representatives were included. For clustering analyses,
cases or isolates from the same sublineage were merged
within individuals. A sensitivity analysis was done with
clustering within each region separately to account for
geographical variation.

Complete genomes were generated for ten SDSE isolates
representative of major lineages in this study using Oxford
Nanopore long-read sequencing with R10.4.1 flow cells
(Oxford, UK; appendix 1 p 5). Assembly was done using
Trycycler (version 0.5.4; appendix 1 p 5).'

Global genomic analysis

A global database of SDSE genomes (n=1166 from
19 countries) was generated from all publicly available
sequences from the National Center for Biotechnology
Information Sequence Read Archive as of Jan 15, 2024, and
building on a previously published SDSE global genomic
diversity dataset (appendix 3).> Genomes isolated from
animal hosts were excluded, and all sequences were
quality controlled using the same criteria as newly
sequenced genomes from this study (appendix 1 pp 3—4).
A global phylogeny was inferred using the same methods
as above."

To infer the population trajectory of the stG62647 lineage,
genomes that formed a monophyletic group with ST20-
stG62647 (appendix 2) sequences were included.® The
evolutionary timescale of the global stG62647 lineage was
inferred using BEAST (version 1.10.4; appendix 1 pp 5-6).
The ancestral trajectory in the effective population size
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(@ measure of genetic diversity, with increasing values
indicating a growing number of infections) was estimated
using a Bayesian coalescent skyline model (appendix 1 p 6)."”

Carriage and gene truncations in the sil two-component
regulatory locus were investigated by mapping against
reference MMC404 (CP160427) and BLAST-based search
(appendix 1 pp 6-7). Mobile genetic element and accessory
gene gain or loss was determined using Panaroo (version
1.3.3) and a previously described mobile genetic element
pipeline (appendix 1 pp 7-8).1021

Statistical analysis

Only bloodstream cases were included for incidence ana-
lyses to allow equal comparison across regions. Clinical and
demographic analyses were further limited to bloodstream
cases with complete clinical data and only the first episode
for individuals with multiple infections. All comparisons
were made between SDSE and S pyogenes unless otherwise
stated.

We used the Wilcoxon rank-sum test to compare con-
tinuous demographic variables and Fisher’s exact test for
categorical demographic variables and disease manifes-
tations at an a of 0-05. Bonferroni correction was applied to
disease manifestations for multiple testing. Odds ratios
(ORs) and 95% ClIs of ICU admissions, in-hospital mor-
tality, and 30-day mortality were estimated using logistic
regression. Length of stay was compared by quasi-Poisson
regression for overdispersion (rate ratio, 95% CI). Outcome
comparisons were adjusted (adjusted OR, 95% CI), with
age as a continuous variable and sex, self-identified First
Nations status, region, and year as covariates. The associ-
ation between the stG62647 lineage and severe disease
(composite of ICU admission and in-hospital mortality)
was assessed by logistic regression compared with all other
lineages (OR, 95% CI). A supplementary analysis com-
paring SDSE disease in the Top End to southeast Australia
was done using the same methods.

Disease incidence was calculated from bloodstream cases
per 10000 acute hospital admissions per year. Population
incidence was also calculated for the Top End, which was
served by a single hospital network. The population
denominator was extracted from Australian Bureau of
Statistics (ABS) mid-year statistics and from the nearest
ABS census year for the First Nations population.” Popu-
lation incidence was not calculated for southeast Australia,
as an accurate catchment population could not be calcu-
lated. Temporal trends were estimated by quasi-Poisson
regression using the natural log of yearly admissions as
an offset, except for incidence affecting First Nations people
and sensitivity analyses in the Top End where population
was used (incidence rate ratio [IRR], 95% CI). Crude IRR
(95% CI) comparing the Top End and southeast Australia,
and across species within each region, was estimated using
quasi-Poisson regression with year as a covariate.

The Morisita index as implemented in vegan (version 2.6)
was used to quantify geographical lineage composition
dissimilarity, where zero indicates identical populations

For more on Snippy see https://
github.com/tseemann/snippy

For more on PopPIPE see
https://github.com/bacpop/
PopPIPE

See Online for appendix 3

See Online for appendix 2
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SDSE Streptococcus Unadjusted Unadjusted Adjusted Adjusted
(n=569) pyogenes (n=800) p value OR or RR (95% Cl) p value OR or RR (95% Cl)
Age, years 69 (55-81) 53 (36-67) <0-0001
Age (excluding adult only sites) 70 (57-81); 365 52 (33-66); 631 <0-0001
Sex 0-0006
Female 220 (39%) 384 (48%)
Male 349 (61%) 416 (52%)
First Nations™*
Top End 49/89 (55%) 250/383 (65%)
Southeast 6/480 (1%) 5/417 (1%) .- . . .-
Length of stay, days 9 (5-20) 8 (5-17) 0-46 0-95 (0-82-1-09) 0-61 1-04 (0-89-1-22)
In-hospital mortality 59 (10%) 80 (10%) 0-67 0-96 (0-67-1-37) <0-0001 2-06 (1-38-3-09)
30-day mortality 63 (11%) 79 (10%) 0-47 0-88 (0-62-1-25) 0-0044 1-78 (1-20-2-65)
Intensive care admission 94 (17%) 190 (24%) 0-0012 1-57 (1-20-2-08) <0-0001 1-95 (1-44-2-66)
Data are median (IQR), median (IQR); n, n (%), or n/N (%). Unadjusted OR and adjusted OR for in-hospital mortality, 30-day mortality, and intensive care admission and RR for
length of stay were calculated with SDSE as a reference. OR=odds ratio. RR=risk ratio. SDSE=Streptococcus dysgalactiae subspecies equisimilis. *p value not calculated due to different
underlying populations.
Table: Demographics and outcomes of individuals with invasive SDSE infection compared with invasive Streptococcus pyogenes infection

and one indicates completely different populations.?* Statistical
analyses were done in R (version 4.3.1).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Between Jan 1, 2011, and Feb 28, 2023, there were
569 invasive SDSE cases from 545 individuals in southeast
Australia and 124 invasive SDSE cases from 117 individuals
in the Top End of the Northern Territory (figure 1A;
appendix 1 pp 9-10; appendix 2A). In the Top End,
12 (10%) of 124 invasive SDSE cases were isolated without
concurrent positive blood cultures. Over the same period,
there were 495 invasive S pyogenes cases from 491 individ-
uals in southeast Australia and 500 cases from 444 indi-
viduals in the Top End (appendix 2C). Invasive S pyogenes
cases are described in detail separately."

Complete clinical data were available for 569 (87%)
of 651 individuals with bloodstream SDSE infection.
563 (99%) of 569 individuals were older than 18 years. By
contrast, there was a bimodal age distribution for S pyogenes
(figure 1B). The crude 30-day mortality of SDSE was 11%
(63 of 569 individuals) and was similar between both spe-
cies (table). However, after adjustment for covariates,
S pyogenes cases were associated with significantly greater
30-day mortality, in-hospital mortality, and ICU admission
(appendix 1 p 22). The spectrum of manifestations over-
lapped Dbetween pathogens, but frequencies varied
(figure 1C; appendix 1 p 23). SDSE comparisons between
southeast Australia and the Top End are presented in
appendix 1 (pp 24-26). Individuals with invasive SDSE
were significantly older in southeast Australia (median age
69 years, IQR 57-82) than in the Top End (61 years, 48-76;
p=0-0026), but length of stay, 30-day mortality, in-hospital

mortality, and ICU admission did not significantly differ
Dby region, even after adjusting for demographics.

The relative incidence of bloodstream invasive SDSE
compared with S pyogenes varied between regions. The
overall incidence of invasive SDSE in southeast Australia
was similar to invasive S pyogenes (IRR 1-15, 95% CI
0-91-1-46; p=0-26; figure 1D, appendix 1 pp 11, 27) and
increased (IRR 1-06 per year, 95% CI 1-05-1-08; p<0-0001)
during the study period from 1-30 cases per 10000
admissions in 2011 to 3-72 cases per 10 000 admissions in
the first 2 months 0f 2023 (95% CI 2-13-6-07). Although the
increasing trend in SDSE incidence plateaued in 2020-21
during COVID-19 NPIs, there was no significant decline in
2020-21 (IRR 1.09 compared with 2017-19, 95% CI
0-88-1-35; p=0-47) compared with a substantial reduction
in S pyogenes incidence in southeast Australia over the same
period (IRR 0-35 for 2020-21 compared with 2017-19,
95% CI 0-22-0-52; p=0-017). By contrast, in the Top End
where S pyogenesis hyperendemic, the incidence of invasive
SDSE was lower than S pyogenes (crude IRR 0-24, 95% CI
0-19-0-31; p<0-0001; figure 1E). However, the invasive
SDSE crude incidence in the Top End remained greater
than southeast Australia (IRR 1-24, 95% CI 1-07-1-42;
p=0-0037) and disproportionately affected First Nations
individuals (IRR 3-36 compared with non-First
Nations individuals in the Top End, 95% CI 2-33—4-85;
p<0-0001; appendix 1 p 12). Comparing 2020-21 with
2017-19, there was no decline in the incidence of SDSE
(IRR 1-27, 95% CI 0-73-2-24; p=0-45) or S pyogenes
(IRR0-97,95% CI 0-80-1-18; p=0-81) in the Top End. In the
Top End, where population-based incidence was available,
findings were similar when comparing 2020-21 with
2017-19 using population-based incidence (SDSE IRR
1-32,95% CI 0-81-2-15; p=0-35; S pyogenes 0-99, 0-86-1-13;
p=0-85).

Examining individuals with multiple SDSE infections,
most were from southeast Australia (23 [82%] of
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28 individuals), whereas those with multiple S pyogenes
infections were mostly from the Top End (33 [89%] of
37 individuals). Subsequent SDSE infections occurred up
to 84 months after the index episode (median 7 months,
IQR 3-19; figure 2A; appendix 1 p 13). Of 31 subsequent
SDSE isolations in 28 individuals, ten (77%) of 13 individ-
uals with sequences available were infected by an isolate
from the same sublineage during a subsequent episode,
differing by a median of four SNPs (IQR 2-26). By contrast,
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60 subsequent isolations of S pyogenes occurred in 37 indi-
viduals (median 7 months, IQR 4-15). For 25 individuals
with subsequent S pyogenes isolates sequenced, only six
(24%) had isolates of the same sublineage (figure 2B).
From all available genomes, 395 (91%) of 436 SDSE
genomes and 530 (83%) of 642 S pyogenes genomes were
assigned to lineages with five or more representatives and
were included in genomic transmission cluster analyses.
Of these, 11 (3%) of 395 SDSE genomes and six (1%) of


www.thelancet.com/microbe

Articles

530 S pyogenes genomes from subsequent infections were
merged with index cases to form a total of 384 SDSE and
524 S pyogenes cases for transmission clustering. Inference
of genomic transmission clusters found 24 (6%) of
384 SDSE cases were assigned to ten clusters compared
with 271 (52%) of 524 S pyogenes cases in 72 clusters
(figure 3A, B). No SDSE and only five S pyogenes clusters
were shared across the Top End and southeast. Within
clusters, the median time between cases was 130 days for
SDSE (IQR 12-214) and 99 days (29-221) for S pyogenes
(appendix 1 p 13). Sensitivity analyses by region were con-
sistent, although a higher proportion of SDSE and
S pyogenes cases in the Top End were assigned to trans-
mission clusters compared with southeast Australia
(figure 3C-F). In the Top End sensitivity analysis,
12 (15%) of 78 SDSE cases and 180 (66%) of 271 S pyogenes
cases were assigned to genomic transmission clusters. In
the southeast Australia sensitivity analysis, 12 (4%) of
306 SDSE cases and 85 (34%) of 253 S pyogenes cases were
assigned to genomic transmission clusters.

Examining the sequenced SDSE pathogen population
(436 [63%)] of 693 bloodstream and non-bloodstream cases),
there were 35 lineages encompassing 96 sublineages,
33 emm-types, 64 emm-subtypes, and 88 sequence types
(figure 4A). Cases with available genome sequences were
similar to those without sequences except with regard to
deep soft tissue infection (40 [16%)] 244 of missing cases vs
14 [3%] of 409 cases with available sequences; appendix 1
pp 28-29). Sublineages were generally well separated by
SNP distance (appendix 1 pp 15-16). emm-type poorly
aligned with lineages, with 17 emm-types found in more
than one lineage (appendix 1 p 17). In contrast to S pyogenes,
where lineage composition in the Top End was distinct
from those in southeast Australia (Morisita distance 0-80),
SDSE lineages overlapped between the regions (Morisita
distance 0-33; figure 4A)."

A sublineage in this study, corresponding to the previ-
ously described stG62647 lineage, was dominant and
comprised 113 (26%) of 436 sequenced SDSE genomes, of
which 97 (86%) were index bloodstream cases with com-
plete clinical data (figure 4B).® Three stG62647 lineage
genomes were emm-type stG6 due to recombination. The
stG62647 lineage was not associated with severe clinical
outcomes (30 cases with severe outcomes and 67 cases with
non-severe outcomes) when compared with all other line-
ages (69 severe outcomes and 187 non-severe outcomes;
OR 1-21, 95% CI 0-72-2-01; p=0-406).

Compared with S pyogenes, for which there was serial
lineage replacement over time in the Top End, the SDSE
composition showed long-term maintenance of lineages,
except for the emergence of an stGLP1 sublineage in place
of the stG62647 lineage and a lineage associated with
the stGM220 emm-type since 2019 in the Top End
(appendix 1 pp 18-19)."" Prevalence of antimicrobial
resistance genes and virulence factors in SDSE genomes
are presented in appendix 2. When placed in a global

Region
® Melbourne @ Sydney @ Top End
A SDSE B S pyogenes

Top End

Southeast

Figure 3: Genomic transmission clusters of cases from January, 2011, to
February, 2023

Invasive SDSE (A) and invasive Streptococcus pyogenes (B). All sequenced invasive
cases, regardless of anatomical site of isolation, were included. SDSE (C) and

S pyogenes (D) sensitivity analysis clustering cases from only the Top End.
SDSE (E) and S pyogenes (F) sensitivity analysis clustering cases from only
southeast Australia. Genomic transmission clusters are inferred as recent
community transmission networks and not necessarily direct transmission links.
Only genomes from lineages with at least five isolates were included. Isolates
from the same sublineage in individuals with multiple episodes of infection are
merged into a single case. Each node in the graph represents a case coloured by
region, with Melbourne and Sydney in southeast Australia distinguished
separately to provide greater resolution. Each link denotes a pairwise single
nucleotide polymorphism distance less than the species-specific clustering
threshold. SDSE=Streptococcus dysgalactiae subspecies equisimilis.

context, SDSE genomes from this study were representative
of most major global lineages (appendix 1 p 20).
Examining 236 stG62647 lineage genomes from seven
countries and three continents collected between 2003 and
2022, we found evidence of local expansions with clustering
of genomes by continent and international transmissions,
with intermixing of regions at the tips of the tree (figure 5A).
No representatives were found in genomes from east Asia
(n=159), South America (n=3), or Africa (n=3). The
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stG62647 lineage was estimated to have emerged around
1956 (95% highest posterior density [HPD] 1942 to 1967).
The mean molecular clock rate was 5-80x 10~ nucleotide
substitutions per site per year (95% HPD 4-91x107
to —6-67x107). There was a rapid increase in effective
population size between 1990 and 2005, a finding also
recovered within each geographical region (figure 5B, C).
There were no non-mobile genetic element-associated
accessory genes or mobile genetic element gain or loss
events unique to the stG62647 lineage. All genomes within
the lineage had a previously described disrupted negative
regulator silB gene, with insertion of an 1S1548 element
after nucleotide position 243 indicative of ancestral acqui-
sition.® sil B was not disrupted in the nearest non-stG62647
lineage genome (MMC234, ~500 recombination-masked
SNPs distant; appendix 1 p 21).

Discussion

In this study, we identify an under-recognised burden of
invasive SDSE disease in Australia, particularly in remote
tropical northern Australia and First Nations populations,
without a substantial decline during COVID-19 NPIs; we
show that genomically, few SDSE cases were assigned to
genomic transmission clusters compared with S pyogenes
and subsequent SDSE infections in individuals with mul-
tiple infections were frequently caused by near-identical
isolates; and we portray the multi-continent emergence of
a dominant SDSE stG62647 lineage.

The incidence of invasive SDSE was similar to S pyogenes
in urban southeast Australia, except during COVID-19
NPIs in 2020-21. By contrast, SDSE incidence was four-
times lower than S pyogenes in the largely remote Top End
of the Northern Territory, yet crude SDSE incidence in the
Top End remained higher than in southeast Australia. Like
S pyogenes, invasive SDSE disease disproportionately
affected First Nations Australians in the Top End, where
remote First Nations communities have a disproportionate
burden of poor health driven by social determinants such as
household overcrowding, poor sanitation and water supply,
and restricted access to health care.” These disparities are
consistent with a previous data-linkage study from the state
of Western Australia.’

Cross-species differences in incidence during COVID-19
NPIs in southeast Australia, genomic transmission clus-
ters, and tendency for near-identical SDSE strains to cause
multiple episodes of infection in individuals suggest there
might be SDSE and S pyogenes transmission and host—
pathogen differences leading to invasive disease. In
southeast Australia, like international reports, COVID-19

coloured by bootstrap support. The scale bar represents substitutions per site.
(B) Longitudinal population dynamics until the end of 2022 from hospital
networks in Melbourne and the Top End combined and coloured by lineage.
Isolates from the first 2 months of 2023 are not included to preserve scale. Isolates
not available for sequencing are shaded grey. The blue shading in 2020-21
approximates the interval of most stringent non-pharmaceutical interventions
during the COVID-19 pandemic. CHO=Lancefield group carbohydrate. NA=not
available. SDSE=Streptococcus dysgalactiae subspecies equisimilis.
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Figure 4: Genomic population structure and temporal dynamics of invasive SDSE

(A) Maximum likelihood phylogenetic tree of 436 SDSE genomes from Melbourne, Sydney, and the Top End of the
Northern Territory inferred under a GTR+F+G4 model. Distinct lineages are highlighted by alternating blue and grey
shades from internal nodes. From inner to outer rings, CHO predicted from the carbohydrate synthesis locus, highly
represented lineages, and geographical region of isolation are labelled. A dominant sublineage carrying the
stG62647 emm-type is labelled at the tips of the tree, including three stG6 recombinant genomes. Lineages are
labelled by the most frequent emm-type present within the lineage in brackets. Branches of the phylogeny are
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Figure 5: Time-scaled phylogeny of global stG62647-lineage genomes and estimated effective population size
(A) Maximum clade credibility time-scaled phylogeny of 236 globally disseminated stG62647 lineage genomes with
mean inferred root date 1956. (B) Median inferred effective population size of global stG62647 lineage genomes
with shading representing 95% highest posterior density. The effective population size is a measure of diversity, with
increasing values indicating a growing pathogen population. (C) Median inferred effective population size of
stG62647-lineage genomes isolated from Australia (n=115), western Europe (n=96), and North America (n=25).
Shading represents 95% highest posterior density in each region. The alignment was subset and effective population
size inferred independently using genomes from each region for the region-specific analysis and thus represents the
pathogen population captured from strains circulating in each region. The effective population size is estimated
from inferred coalescent events to the time of most recent sample, resulting in different time ranges between the
regions. Comparisons between regions should be interpreted with caution due to different sampling strategies and
numbers of isolates.

NPIs interrupted S pyogenes transmission with historically
low incidence in 2020-21, followed by a surge after lifting of
NPIs."?2 Although the increasing trend in invasive SDSE
incidence in southeast Australia plateaued during 2020-21,
there was no substantial decline, which could be due to
cross-species differences in carriage duration (whereby
prolonged carriage would be less affected by transmission
interruption) or differential cross-species impacts of NPIs
on transmission. A similar incidence trend has been noted

10

inwestern Europe.** There was no change in invasive SDSE
or S pyogenes incidence in 2020-21 in the Top End, where
prolonged stringent NPIs such as stay-at-home orders were
not implemented.

Genomic transmission clustering showed that very few
SDSE cases were closely related compared with S pyogenes.
Geographically, more SDSE and S pyogenes cases were
clustered in the Top End compared with southeast
Australia, suggesting an interaction with host demography
and disease burden. Based on published transmission
models and given similar molecular evolutionary rates for
SDSE and S pyogenes found in this study and previous
studies, pairwise SNP distance and clustering would be
expected to correlate with time between sampled genomes,
number of intermediate hosts, and within-host evolution
from carriage.”** Therefore, these observations could be
consistent with more unsampled intermediate hosts with-
out invasive disease for SDSE or prolonged carriage with a
lower transmission rate. Clinically, these findings suggest
that close contact antimicrobial prophylaxis, which is used
for invasive S pyogenes to prevent secondary cases and
implies close or direct transmission between cases, is less
likely to be beneficial for invasive SDSE. Accordingly, reports
of secondary invasive SDSE disease in close contacts are rare.”

Examining individuals with multiple episodes of invasive
disease, SDSE cases were frequently caused by near-
identical isolates, indicating relapse associated with pro-
longed carriage or reinfection with or reacquisition of the
same strain. This finding is concordant with published case
series.””?® Data on the duration of carriage for SDSE are
scarce, but carriage might be more than 12 months in some
individuals.? Invasive SDSE disease occurs almost exclu-
sively in older individuals and those with comorbidities
who might have poorer immune responses to infection."
Data from a small uncontrolled study suggest individuals
with comorbidities might not generate strain-specific
opsonising immune responses after SDSE bacteraemia,
which could contribute to prolonged carriage or recurrent
disease with the same strain.”® Taken together, our com-
bined epidemiological and genomic observations suggest
that invasive SDSE infection might arise from long-term
carriage rather than after acute transmission events
associated with clusters of invasive disease.

Invasive SDSE disease in this study was dominated by a
previously described stG62647 lineage, which we inferred
to have expanded across multiple continents between
1990 and 2005, likely facilitated by multi-continent inter-
national dissemination.® Molecular events, such as dis-
ruption of the negative regulator gene silB, have been
hypothesised to convey a selective advantage.* However, the
lack of stG62647 lineage genomes before the inferred
expansion prohibited identification of evolutionary sig-
natures associated with emergence and enhanced fitness of
contemporary strains. In contrast to a previous report of 19
5tG62647 lineage cases and data from a mouse necrotising
myositis model, we did not find an association between
stG62647 lineage infection and severe clinical outcomes.®®
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This study has limitations. We were unable to age-adjust
incidence, as population-based incidence could not be
estimated for sites in southeast Australia. Given the
younger age profile of the Top End and First Nations pop-
ulations and the higher incidence of SDSE in older people,
our comparisons likely underestimate the IRR in the Top
End compared with southeast Australia and in First
Nations individuals. Additionally, population-based sur-
veillance would improve point estimates of incidence,
particularly during COVID-19 NPIs, when there were
fluctuations in total acute hospitalisations. However, these
fluctuations in overall acute hospitalisations during
COVID-19 in our study were small and unlikely to have
masked incidence trends. Larger case numbers with
inclusion of additional clinical data, such as comorbidities,
would improve the precision and power of cross-species
and population comparisons and allow statistical testing
for incidence trend changes with the introduction of
COVID-19 NPIs. SDSE whole-genome sequencing is con-
strained in many regions and biased towards invasive dis-
ease. As such, global lineage diversity, including stG62647
lineage dynamics, could not be inferred for the continents
of Africa, Asia, and South America.

In conclusion, through comparison of co-collected SDSE
and S pyogenes datasets in different epidemiological set-
tings, we highlight the elevated burden and disparities of
invasive SDSE disease in Australia and the multi-continent
expansion of the stG62647 lineage. Primordial disease
prevention measures remain crucial to addressing the
disproportionate burden of streptococcal disease in sus-
ceptible populations. Complementarily, increased global
genomic surveillance and targeted carriage and immuno-
logical profiling of susceptible populations are required to
provide a more comprehensive understanding of SDSE
disease and confirm disease and transmission patterns
raised by this study. These findings could inform disease
control measures to combat streptococcal disease, includ-
ing consideration of possible disparate effects of these
measures across pathogens.
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