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Background: Whole genome sequencing (WGS) of Streptococcus pyogenes linked to
invasive disease has been used to identify and investigate outbreaks. The clinical appli-
cation of WGS in real-time for outbreak control is seldom employed.
Aims: A fatal case of bacteraemia at a national orthopaedic hospital prompted an
outbreak investigation to identify carriers and halt transmission using real-time
WGS.
Methods: Retrospective surveillance was conducted to identify patients with Strepto-
coccus pyogenes infections in the last year. Upon contact tracing, four patients and 179
staff were screened for Streptococcus pyogenes carriage. All isolates identified were emm-
typed. WGS was performed in real-time on a subset of isolates.
Findings: Twelve isolates of Streptococcus pyogenes from the index case, two patients
and eight staff were identified. Six isolates were emm 1.0, including the index case and
five staff isolates. The remaining isolates belonged to distinct emm types. WGS analysis
was undertaken on the six emm 1.0 isolates. Five were indistinguishable by single
nucleotide polymorphism (SNP) analysis, with 0 SNP distance, and one had one SNP dif-
ference, supporting the hypothesis of recent local transmission. All screen-positive
healthcare workers were offered treatment with penicillin or clindamycin. No further
cases were identified.
Conclusion: The increased molecular discrimination of WGS confirmed the clustering of
these cases and the outbreak was contained. This demonstrates the clinical utility of WGS
in managing outbreaks of invasive Streptococcus pyogenes in real-time and we recommend
its implementation as a routine clinical service.
ª 2019 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

Streptococcus pyogenes (Lancefield Group A streptococcus;
GAS) is a potentially lethal bacterium with many clinical
manifestations, ranging from tonsillitis to toxic shock syndrome
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and necrotizing fasciitis. The current global burden of serious
GAS disease (including acute and chronic GAS-associated con-
ditions) is estimated at 18.1 million cases with an annual inci-
dence of 1.78 million cases worldwide and 3.33 per 100,000
population in the UK [1,2].

Outbreaks of invasive GAS (iGAS) have been reported in
hospital settings, especially in surgical, maternity, and long-
term care facilities [3]. Historically, outbreaks have been
defined by conventional descriptive epidemiological methods;
with two or more cases of GAS related by place or person
occurring within a year of one another and sharing the same
molecular lineage, determined by sequencing the GAS M pro-
tein gene, the emm gene. However, the methodology is unable
to further differentiate strains of the same emm subtype. To
support medical interventions, whole genome sequencing
(WGS) of GAS isolates linked to invasive or severe disease is
being used more frequently to identify and investigate out-
breaks, allowing differentiation of strains recovered from
cases, household contacts, and healthcare workers in the
context of epidemiologically and geographically distinct iso-
lates [4e7]. However, there are few reports of the clinical
application of this technique in real-time to control an
outbreak.

We describe an outbreak of iGAS infection linked to a fatal
case at a UK specialist orthopaedic hospital and the application
of WGS in real-time to contain the outbreak.
Case report

A 69-year-old female with neurofibromatosis was admitted
to hospital on the day prior to the elective excision of two
nerve sheath tumours of the left sciatic nerve. Following
an uneventful procedure, she was transferred to a single
room on the ward. Fourteen hours later the wound began to
ooze with pain surrounding the incision and she developed
severe abdominal pain associated with diarrhoea. She
deteriorated further with hypotension, hypoxia and lactic
acidosis, requiring transfer to the intensive care unit (ICU) 27
h postoperatively with suspected cardiogenic shock, secon-
dary to pulmonary embolism, ischaemic bowel, and refrac-
tory sepsis. She responded poorly to broad-spectrum
antibiotics, ventilatory and inotropic support, and died from
cardiac arrest 41 h postoperatively. Blood cultures were
positive with Gram-positive cocci in chains several hours after
death and Streptococcus pyogenes was identified on culture
24 h later.
Outbreak meeting

On notification of death of the patient from iGAS, an out-
break meeting was convened within 48 h of fatality consisting
of the infection control team, director of infection prevention
and control, director of nursing, the operating surgeon, local
public health representatives, occupational health practi-
tioner, cleaning manager, and communications team. The pri-
orities of the team were to conduct retrospective and
enhanced prospective surveillance; initiate environmental
control measures; identify potentially exposed patients and
staff to arrange screening, and offer prophylaxis or treatment
where appropriate.
Retrospective surveillance

Six patients with GAS infections over the preceding 12
months were identified from the hospital pathology database.
Four patients were not linked epidemiologically to the index
case and were not examined further. Two patients had been
inpatients on the same ward as the index case, patient 1 and
patient 2. Patient 1 had suffered from an episode of GAS bac-
teraemia at another hospital secondary to a peripherally
inserted central catheter line infection seven months prior to
the index case’s admission at this hospital and had been diag-
nosed with an iGAS infection of the shoulder at this hospital five
months prior to the index case’s admission. She had received
multiple prolonged courses of antimicrobial therapy and GAS
had not subsequently been isolated. Patient 1 had been an
inpatient for three months in the same single room into which
the index case was later admitted following patient 1’s dis-
charge. The single room, furniture, and equipment were
cleaned with detergent and water followed by hypochlorite
1000 ppm between patient 1’s discharge the index case’s
admission. However, this raised the concern of a transmission
event of GAS from patient 1 to the index case. Patient 2 had
been diagnosed with an iGAS infection of the hip two months
prior to the index case’s admission. He had been receiving
antimicrobial treatment since diagnosis and GAS had not been
subsequently isolated. He was a current inpatient on the same
ward as the index case in an open bay.

Patients 1 and 2 were isolated using standard contact pre-
cautions according to national guidelines, with the use of a
single room with appropriate isolation poster for guidance if
they were considered clinically safe, and with the use of per-
sonal protective equipment by healthcare workers including
disposable gloves and aprons when in contact with the patient,
their equipment or immediate surroundings and adherence to
strict hand hygiene; washing with soap and water or decon-
tamination with alcohol hand rub before and after contact with
the patient or their environment [8].

Screening

Four patients and 45 clinical members of staff, including
staff from the ward, ICU, theatre and surgical team members,
who had had direct contact with the index case, were screened
initially with throat, wound, or skin lesion swabs as indicated
for culture.

None of the four patients screened was colonized with GAS.
Eight of the 45 (17.8%) staff who were screened were found to
have oropharyngeal GAS colonization only; all isolates were
susceptible to penicillin and clindamycin (Table I). Four of
these eight staff contacts were from the same ward as the
index case, three were members of the intensive care team
and one was the operating surgeon. Due to the high GAS colo-
nization rate, screening was extended to cover all 134 staff in
these areas. No further GAS colonization was identified on
extended screening.

Management of staff

Two members of staff who were not confirmed as colonized
with GAS but had undertaken intubation were offered pro-
phylaxis with penicillin V or clindamycin in case of penicillin
allergy, for three days according to current guidelines [8]. Six



Table I

Outbreak isolates for emm typing

Case Genome accession

ERS number

Sample date Type Pen Cli Ery Tet Van emm type

Index patient ERS2868880 24/06/2017 Blood S S S S S 1.0
Patient 1 N/A 26/01/2017 Tissue S R R R S 77.0
Patient 1 N/A 25/11/2016 Blooda S R e e e 89.0
Patient 2 N/A 26/04/2017 Fluid S S S S S 12.37
Ward nurse ERS2868879 28/06/2017 Throat swab S S S S S 1.0
Ward nurse ERS2868869 29/06/2017 Throat swab S S S S S 1.0
Ward nurse N/A 29/06/2017 Throat swab S S S R S 5.100
Ward student nurse N/A 28/06/2017 Throat swab S S S S S 12.0
ICU/HDU nurse ERS2868885 29/06/2017 Throat swab S S S S S 1.0
ICU/HDU nurse ERS2868863 29/06/2017 Throat swab S S S S S 1.0
ICU/HDU nurse N/A 29/06/2017 Throat swab S S S S S 252.0
Surgeon ERS2868875 30/06/2017 Throat swab S S S S S 1.0

Pen, penicillin; Cli, clindamycin; Ery, erythromycin; Tet, tetracycline; Van, vancomycin; ICU, intensive care unit; HDU, high dependency unit; S,
susceptible; R, resistant.
Genomes were accessioned as detailed in the text; N/A not applicable, the genomes of non-emm 1.0 isolates were not sequenced.
a Full antimicrobial susceptibilities for blood culture not available.
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of the eight (75%) GAS colonized staff reported symptoms of
pharyngitis at the time of screening, but none had had any such
symptoms at the time of surgery of the index case. All eight
GAS-colonized staff were offered treatment with penicillin V or
clindamycin for 10 days and were advised to refrain from work
until they had completed 24 h of treatment and were asymp-
tomatic [8]. Other staff members were advised to refrain from
work if any symptoms developed until their symptoms had
resolved.

Follow-up screening of GAS-colonized staff contacts was
undertaken at weeks 1, 3, 6, and 12 after completing treat-
ment. All staff showed initial clearance of GAS; however, two
ward staff were found to be recolonized at 12 weeks, by which
time they had left the organization and were lost to follow-up.

Enhanced prospective surveillance

No further cases or colonization were identified during a
period of enhanced prospective surveillance lasting 30 days
from the first outbreak meeting.

General measures

The index case’s room was closed to new admissions. As a
further precaution against new cases, the single room, ward,
ICU room, and operating theatre underwent cleaning of the
floor, fixtures, and all furniture using detergent and water
followed by 0.1% sodium hypochlorite (1000 ppm available
chlorine) and steam cleaning. Disposable curtains were
changed. In addition, the index case’s single room as well as all
the common areas of the ward were decontaminated using
ultraviolet light. Environmental screening was not conducted.

Methods

Cases and contacts

The outbreak investigation was conducted between June
2016 and July 2017. iGAS was defined as isolation of GAS from a
sterile site. Contacts were determined by epidemiological
linkage to the index case and screened by throat or wound or
skin swabs as indicated.

Bacterial culture and antibiotic susceptibility testing

Swabs were plated on to Columbia Blood Agar and cultured
overnight at 37�C in 5% CO2. Isolates were confirmed as GAS by
matrix-assisted laser desorption/ionization time-of-flight mass
spectroscopy (Bruker, Bremen, Germany). Antibiotic suscepti-
bilities were determined by disc diffusion and interpreted in
accordance with European Committee on Antimicrobial Sus-
ceptibility Testing guidelines (http://www.eucast.org).

Emm typing

The Public Health England (PHE) National Streptococcal
Reference Laboratory (National Infection Services) performed
emm gene sequence typing on referred isolates obtained as
previously described using a crude DNA extract for polymerase
chain reaction (PCR) and Sanger sequencing [9,10]. In brief, the
emm types were determined according to the protocol and
guidelines available on the CDC website (https://www.cdc.
gov/streplab/protocol-emm-type.html). When PCR amplicons
obtained using the Centers for Disease Control and Prevention-
recommended primers generated ambiguous sequence, alter-
native primers (MF1, 50-ATAAGGAGCATAAAAATGGCT-30; and
MR1, 50-AGCTTAGTTTTCTTCTTTGCG-30) (SigmaeAldrich, St
Louis, MO, USA) were used for the amplification of the emm
gene.

Genomic sequencing

Sequencing and trimming were undertaken as previously
described [11]. Reads were mapped to reference strain
NC_018936 (https://www.ncbi.nlm.nih.gov/assembly/GCF_
000307535.1/) using bwa (version 0.7.12) [12]. Variants were
called using GATK 2.6.5 [13]. Variants were parsed to retain
high-quality SNPs (conditions: depth of coverage �5, AD ratio

http://www.eucast.org
https://www.cdc.gov/streplab/protocol-emm-type.html
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(ratio between variant base and alternative bases) �0.8,
Mapping Quality �30, ratio of reads with MQ0 to total number
of reads �0.05). Positions that fulfilled the filtering criteria in
>0.9 of the samples were joined to produce a multiple fasta
format file where the sequence for each strain consists of the
concatenated variants. The FASTQ files for the isolates
described in this study were submitted to the European
Nucleotide Archive (ENA) study number ID PRJEB29459. Areas
of recombination were identified and removed using Gubbins
(version 2.0.0), and distances were calculated using the
reduced fasta produced [14]. The phylogenetic tree was gen-
erated using RAxML (version 8.1.17) and visualized using ggtree
[15,16].
Results

Emm typing

Eleven GAS isolates from the hospital were referred to the
reference laboratory for typing; one from the index case, eight
from colonized staff members, and two from epidemiologically
linked patients 1 and 2. Additionally, the historical iGAS bac-
teraemia isolate from patient 1 from a different hospital had
also been sent to the reference laboratory, making a total of 12
isolates available for typing (Table I).
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Figure 1. Phylogenetic tree of incident and contemporaneous isola
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Six isolates were emm 1.0, including the index case and five
healthcare workers, including the operating surgeon. All these
healthcare workers reported pharyngitis following surgery on
the index patient, including two staff members who were
subsequently recolonized. Interestingly, patient 1 had been
infected with two different emm-type iGAS isolates within the
space of two months, one isolated from blood culture on entry
to the emergency department at a local hospital and the sec-
ond from a shoulder wound; both were distinct from the index
isolate (Table I).

Whole genome sequencing

Whole genome sequencing was undertaken on the six emm
1.0 isolates and compared with WGS data from 18 emm 1.0
contemporaneous sporadic iGAS isolates from the same geo-
graphical region one week after the emm typing results were
available and while screening of staff members was still being
conducted. Phylogenetic analysis revealed that the six epi-
demiologically linked emm 1.0 isolates co-located in one phy-
logenetic cluster, separate from the remaining sporadic
isolates. Five isolates were indistinguishable by genomic SNP
analysis, with 0 SNP distance, and one isolate had one SNP
difference. Thus, zero to one SNP were identified for the iso-
lates referred from the cluster under examination and an
average distance of 48 SNPs was observed between the
sporadic contemporaneous isolates (Figure 1).
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Antimicrobial susceptibility

All emm 1.0 isolates from the investigation site referred to
PHE had the same susceptibility profile and were susceptibility
to penicillin, clindamycin, erythromycin, tetracycline, and
vancomycin. One isolate was resistant to erythromycin and
tetracycline and two isolates were resistant to clindamycin
(Table I).
Discussion

We describe a rapidly fatal case of iGAS emm 1.0 in a patient
that occurred postoperatively. GAS isolates of the same emm
type were isolated from five healthcare workers including one
surgeon. WGS data available during the outbreak investigation
demonstrated the close clustering and low SNP variation among
the outbreak isolates and supported the hypothesis of recent
local transmission, and a common exposure could not be
excluded. However, the directionality of infection could not be
inferred, limited by low potential transmission and exposure
period.

Healthcare-associated GAS infection is defined as a GAS
infection that is neither present nor incubating at the time of
admission, but is considered to have been acquired following
admission to hospital, or as a result of healthcare interventions
[8]. In 2017/18 Streptococcus spp. caused just under 5% of all
types of surgical site infections reported to PHE [17].

GAS is transmitted by inhalation or contact with large
droplet secretions. In hospitals, healthcare workers, other
patients, contaminated equipment, or the environment can be
sources of the infection. Thus, in any healthcare-associated
GAS infection it is vital to screen, treat, and offer prophylaxis
to patients and healthcare workers to prevent the spread of
infection.

A number of postoperative outbreaks of iGAS, most com-
monly associated with wound infections, have been reported
and linked epidemiologically to the operating surgical team
with documented colonization of their hands, oropharynx, or
rectum [18e20]. In this outbreak, a wound swab from the
operative incision following surgery from the index case was
not sent for microbiological culture. The patient in the room
before the index case (patient 1) was infected five and seven
months before the index case with two iGAS strains of different
emm types (89.0 and 77.0) to the index case. Currently, there
are no recommendations that patients with a previously diag-
nosed iGAS infection should be screened and isolated for GAS
carriage [8].

There has been an increased incidence of GAS over the past
three decades and PHE now conducts active surveillance of
scarlet fever and iGAS infection. In 2017/18 the number of
laboratory notifications of iGAS was almost 73% higher than
average for the previous five years and remains elevated in the
current 2018/19 season [21,22]. Upsurges in iGAS are usually
associated with the emergence of new virulent strains [23,24].
GAS emm type 1.0 is the most common strain of iGAS currently
circulating in the UK and accounted for 24% of all iGAS typed
between January and December 2017 and 22% between
January and February 2019 [21,22]. GAS emm 1.0 strains
are associated with severe infections, necrotizing fasciitis,
streptococcal toxic shock syndrome and a high mortality rate
due to the carriage of virulence genes such as sdaD2, speA2,
nga, and slo that encode streptodornase, the superantigen
speA, NADþ-glycohydrolase, and streptolysin O [25e27]. The
finding of GAS emm type 1.0 bacteraemia in this patient was in
keeping with the rapid fatality of her illness. Indeed, the five
other healthcare workers that were colonized with the same
strain as the index case all suffered with pharyngitis, illus-
trating the pathogenicity and virulence of emm type 1.0 iso-
lates. It is important to note that staff reported pharyngitis
after the death of the patient and were off duty while symp-
tomatic. This highlights that detection and action regarding
outbreaks with this emm type is vital to prevent secondary
cases.

In this outbreak the timely intervention of the outbreak
management team may have halted the development of sec-
ondary cases. By following published guidelines for the control
of GAS in healthcare settings on notification of the positive
culture, a retrospective investigation of all iGAS infections over
the past year was conducted and patients and staff who had
contact with the index case were screened [8]. This led to the
identification of colonized and exposed healthcare workers
who were offered timely treatment or prophylaxis and retested
to ensure eradication of carriage and prevent further spread.
No further cases were detected on enhanced prospective
surveillance.

There are only a few reports of the use of WGS in the man-
agement of GAS outbreaks and the majority of these clusters
were small, although some indicated multiple healthcare
worker or environmental involvement [3e5,7,28]. Thus, com-
parableWGS data on GAS that may indicate transmission events,
transmissibility, or virulence in outbreak settings are lacking, as
is WGS data on community carriage isolates. Such information
may give early indications in the evolution of both community
and healthcare outbreaks for early intervention measures.
Indeed, a recent retrospective analysis of 93 referred clinical
GAS isolates byWGS from a single region in the UK revealed both
highly diverse and closely related isolates, with clusters of emm
types 1.0 and 3.1 with no obvious epidemiological linkage on
clinical analysis, suggesting cryptic community transmission
[26]. Conversely, the genomic discrimination provided by WGS
can sanction the inclusion or exclusion of epidemiologically
linked isolates [3].

The increased discrimination provided by WGS in this out-
break helped to delineate the cluster involved and to establish
the timing of the transmission event and differentiate this
cluster from other concurrent isolates. The limitation of WGS in
this setting, however, is causality, due to the short time-frame
of this outbreak and the small numbers involved. In addition,
screening for GAS is rarely undertaken outside of an outbreak
setting, making pathways of transmission often difficult to
determine. Nevertheless, the versatility of WGS and the
abundance of data provided in such settings are far superior to
that provided by conventional emm-typing alone, especially
for commonly identified types by providing finer typing reso-
lution. WGS-based emm-typing for GAS has shown good corre-
lation with conventional typing methods, so we recommend
implementation as a routine service [6].

In conclusion, this case provides a demonstration of the
successful containment of an outbreak of iGAS using WGS to
aid epidemiological investigations, emphasizing the robust
clinical relevance and applicability of this technology that
should be implemented as a routine service. It also reminds us
of the severity of this infection and the continuous need for
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maintaining high standards of infection prevention and control
with ongoing surveillance.

Acknowledgements

The authors would like to acknowledge R. Daniel and C.
Brown for their contribution to this study.

Conflict of interest statement
None declared.

Funding sources
None.

References

[1] World Health Organization. The current evidence for the burden
of Group A streptococcal diseases. Geneva: WHO; 2005.

[2] Lamagni TL, Neal S, Keshishian C, Alhaddad N, George R,
Duckworth G, et al. Severe Streptococcus pyogenes infections,
United Kingdom, 2003e2004. Emerg Infect Dis 2008;14:202e9.

[3] Coelho JM, Kapatai G, Jironkin A, Al-Shahib A, Daniel R, Dhami C,
et al. Genomic sequence investigation Streptococcus pyogenes
clusters in England (2010e2015). Clin Microbiol Infect
2019;25:96e101.

[4] Chalker VJ, Smith A, Al-Shahib A, Botchway S, Macdonald E,
Daniel R, et al. Integration of genomic and other epidemiologic
data to investigate and control a cross-institutional outbreak of
Streptococcus pyogenes. Emerg Infect Dis 2016;22:973e80.

[5] Turner CE, Dryden M, Holden MT, Davies FJ, Lawrenson RA,
Farzaneh L, et al. Molecular analysis of an outbreak of lethal
postpartum sepsis caused by Streptococcus pyogenes. J Clin
Microbiol 2013;51:2089e95.

[6] Kapatai G, Coelho J, Platt S, Chalker VJ. Whole genome
sequencing of group A streptococcus: development and evalua-
tion of an automated pipeline for emmgene typing. PeerJ
2017;5:e3226.

[7] Bergin SM, Periaswamy B, Barkham T, Chua HC, Mok YM,
Fung DSS, et al. An Outbreak of Streptococcus pyogenes in a
mental health facility: advantage of well-timed whole-genome
sequencing over emm typing. Infect Control Hosp Epidemiol
2018;39:852e60.

[8] Steer JA, Lamagni T, Healy B, Morgan M, Dryden M, Rao B, et al.
Guidelines for prevention and control of group A streptococcal
infection in acute healthcare and maternity settings in the UK.
J Infect 2012;64:1e18.

[9] Podbielski A, Melzer B, Lutticken R. Application of the polymerase
chain reaction to study the M protein(-like) gene family in beta-
hemolytic streptococci. Med Microbiol Immunol
1991;180:213e27.

[10] Beall B, Facklam R, Thompson T. Sequencing emm-specific PCR
products for routine and accurate typing of group A streptococci.
J Clin Microbiol 1996;34:953e8.

[11] Chalker VJ, Jironkin A, Coelho J, Al-Shahib A, Platt S, Kapatai G.
Genome analysis following a national increase in scarlet fever in
England 2014. BMC Genomics 2017;18:4e13.

[12] Li H, Durbin R. Fast and accurate short read alignment with
BurrowseWheeler transform. Bioinformatics 2009;25:1754e60.

[13] McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K,
Kernytsky A. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data.
Genome Res 2010;20:1297e303.

[14] Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA,
Bentley SD, et al. Rapid phylogenetic analysis of large samples of
recombinant bacterial whole genome sequences using Gubbins.
Nucleic Acids Res 2015;43:e15.

[15] Stamatakis A. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics
2014;30:1312e3.

[16] Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: an r package
for visualization and annotation of phylogenetic trees with their
covariates and other associated data. Methods Ecol Evol
2017;8:28e36.

[17] Public Health England. Surveillance of surgical site infections in
NHS hospitals in England. 2017 to 2018. Available at: https://
assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/765967/SSI_annual_report_NHS_
hospitals_2017_18.pdf [last accessed July 2019].

[18] Mastro TD, Farley TA, Elliott JA, Facklam RR, Perks JR, Hadler JL,
et al. An outbreak of surgical-wound infections due to
group A streptococcus carried on the scalp. N Engl J Med
1990;323:968e72.

[19] Qing-Zeng C, Yun-Bo S, Shi-Hai L, Li-Min L, Li-Juan R, Ying-Juan S,
et al. Outbreak of infections caused by Group A Streptococcus
after modified radical mastectomy. Surg Infect 2013;14:385e8.

[20] Kolmos HJ, Svendsen RN, Nielsen SV. The surgical team as a
source of postoperative wound infections caused by Strepto-
coccus pyogenes. J Hosp Infect 1997;35:207e14.

[21] Public Health England. Group A streptococcal infections: seasonal
activity, 2017/18: second report. 2018. Available from: https://
www.gov.uk/government/uploads/system/uploads/attachment_
data/file/687260/hpr0918_sf-gas-scnd.pdf [last accessed July
2019].

[22] Public Health England. Group A streptococcal infections: first
report of seasonal activity, 2018/19. 2019. Available from:
https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/782182/hpr0819_sf-gas.
pdf [last accessed July 2019].

[23] Eriksson BK, Andersson J, Holm SE, Norgren M. Epidemiological
and clinical aspects of invasive group A streptococcal infections
and the streptococcal toxic shock syndrome. Clin Infect Dis
1998;27:1428e36.

[24] Lamagni TL, Darenberg J, Luca-Harari B, Siljander T, Efstratiou A,
Henriques-Normark B, et al. Epidemiology of severe
Streptococcus pyogenes disease in Europe. J Clin Microbiol
2008;46:2359e67.

[25] Luca-Harari B, Darenberg J, Neal S, Siljander T, Strakova L,
Tanna A, et al. Clinical and microbiological characteristics of
severe Streptococcus pyogenes disease in Europe. J Clin Microbiol
2009;47:1155e65.

[26] Turner CE, Bedford L, Brown NM, Judge K, Torok ME, Parkhill J,
et al. Community outbreaks of group A streptococcus revealed by
genome sequencing. Scient Rep 2017;7:8554.

[27] Nasser W, Beres SB, Olsen RJ, Dean MA, Rice KA, Long SW, et al.
Evolutionary pathway to increased virulence and epidemic group
A streptococcus disease derived from 3,615 genome sequences.
Proc Natl Acad Sci USA 2014;111:E1768e76.

[28] Galloway-Pena J, Clement ME, Sharma Kuinkel BK, Ruffin F,
Flores AR, Levinson H, et al. Application of whole-genome
sequencing to an unusual outbreak of invasive group A strepto-
coccal disease. Open Forum Infect Dis 2016;3:ofw042.

http://refhub.elsevier.com/S0195-6701(19)30281-6/sref1
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref1
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref2
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref2
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref2
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref2
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref2
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref3
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref4
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref4
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref4
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref4
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref4
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref5
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref5
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref5
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref5
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref5
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref6
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref6
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref6
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref6
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref7
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref8
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref8
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref8
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref8
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref8
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref9
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref9
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref9
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref9
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref9
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref10
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref10
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref10
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref10
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref11
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref11
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref11
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref11
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref12
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref12
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref12
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref12
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref13
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref13
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref13
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref13
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref13
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref14
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref14
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref14
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref14
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref15
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref15
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref15
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref15
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref16
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref16
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref16
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref16
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref16
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765967/SSI_annual_report_NHS_hospitals_2017_18.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765967/SSI_annual_report_NHS_hospitals_2017_18.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765967/SSI_annual_report_NHS_hospitals_2017_18.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765967/SSI_annual_report_NHS_hospitals_2017_18.pdf
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref18
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref18
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref18
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref18
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref18
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref19
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref19
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref19
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref19
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref20
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref20
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref20
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref20
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/687260/hpr0918_sf-gas-scnd.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/687260/hpr0918_sf-gas-scnd.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/687260/hpr0918_sf-gas-scnd.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/782182/hpr0819_sf-gas.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/782182/hpr0819_sf-gas.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/782182/hpr0819_sf-gas.pdf
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref23
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref23
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref23
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref23
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref23
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref24
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref24
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref24
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref24
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref24
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref25
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref25
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref25
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref25
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref25
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref26
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref26
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref26
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref27
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref27
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref27
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref27
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref27
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref28
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref28
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref28
http://refhub.elsevier.com/S0195-6701(19)30281-6/sref28

	Real-time whole genome sequencing to control a Streptococcus pyogenes outbreak at a national orthopaedic hospital
	Introduction
	Case report
	Outbreak meeting
	Retrospective surveillance
	Screening
	Management of staff
	Enhanced prospective surveillance
	General measures

	Methods
	Cases and contacts
	Bacterial culture and antibiotic susceptibility testing
	Emm typing
	Genomic sequencing

	Results
	Emm typing
	Whole genome sequencing
	Antimicrobial susceptibility

	Discussion
	Acknowledgements
	Conflict of interest statement
	Funding sources
	References


