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An outbreak of type emm59 invasive group A Streptococcus (iGAS) disease was declared in 2008 in Thunder Bay District, North-
western Ontario, 2 years after a countrywide emm59 epidemic was recognized in Canada. Despite a declining number of emm59
infections since 2010, numerous cases of iGAS disease continue to be reported in the area. We collected clinical information on
all iGAS cases recorded in Thunder Bay District from 2008 to 2013. We also emm typed and sequenced the genomes of all avail-
able strains isolated from 2011 to 2013 from iGAS infections and from severe cases of soft tissue infections. We used whole-ge-
nome sequencing data to investigate the population structure of GAS strains of the most frequently isolated emm types. We re-
port an increased incidence of iGAS in Thunder Bay compared to the metropolitan area of Toronto/Peel and the province of
Ontario. Illicit drug use, alcohol abuse, homelessness, and hepatitis C infection were underlying diseases or conditions that
might have predisposed patients to iGAS disease. Most cases were caused by clonal strains of skin or generalist emm types (i.e.,
emm82, emm87, emml101, emm4, emm83, and emm114) uncommonly seen in other areas of the province. We observed rapid
waxing and waning of emm types causing disease and their replacement by other emm types associated with the same tissue tropisms.
Thus, iGAS disease in Thunder Bay District predominantly affects a select population of disadvantaged persons and is caused by clon-

ally related strains of a few skin and generalist emm types less commonly associated with iGAS in other areas of Ontario.

G roup A Streptococcus (GAS) causes a wide variety of diseases
ranging in severity from uncomplicated pharyngitis to life-
threatening necrotizing fasciitis and streptococcal toxic shock
syndrome (1). More than 240 GAS emm types are recognized
based on the sequence of the hypervariable 5" end of gene emm,
encoding M protein, a major GAS virulence factor with anti-
phagocytic properties (2—4). Beginning in 2006, Canada experi-
enced an epidemic of invasive GAS (iGAS) infections caused by
strains of the previously rare emm59 type (5). A hypervirulent
clone, which later disseminated to several areas of the United
States, was shown to be responsible for hundreds of cases coun-
trywide (6-10). Invasive type emmb59 strains were frequently iso-
lated from soft tissue infections and were recovered in higher per-
centages from patients with distinctive risk factors, including
alcohol abuse, homelessness, hepatitis C virus (HCV) infection,
and intravenous drug use (IVDU) (5, 6). In the province of On-
tario, most emm59 iGAS infections occurred in Thunder Bay, the
most populous municipality in the Northwestern area of the prov-
ince (population, approximately 110,000), and the regional center
of the Thunder Bay District (TBD), which extends over an area of
103,720 square kilometers.

The number of emm59 iGAS cases in Canada, particularly in
Ontario, has been in continuous decline since 2010 (8). However,
TBD public health authorities continue to observe rates of iGAS
disease incidence that are approximately 2 to 4 times the provin-
cial average. Associations between strains of specific emm types
and tropism for different tissues have long been described (11—
13). Markers of niche specificity defining skin, throat, and gener-
alist (i.e., those commonly isolated from both skin and throat infec-
tions) GAS strains have been proposed based on the arrangement of
the emm and emm-like chromosomal region and on the presence of
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different variants of the mga, rofA, or nra loci (encoding standalone
transcriptional regulators), the pilus-encoding FCT loci, and the sof
gene (encoding a serum opacity factor) (13).

To understand in more detail the sustained high incidence of
iGAS disease in Thunder Bay, we evaluated available clinical and ep-
idemiological data. We also used genomics to investigate the popula-
tion structure of GAS strains causing disease in the area. We report
that, for the period from 2011 to 2013, most iGAS cases occurred in a
specific, vulnerable population and were mostly caused by clonally
related strains of a few skin and generalist emm types which were
infrequently identified in other areas of the province.

MATERIALS AND METHODS
Clinical data collection. Clinical data were collected for the period from

2001 to 2013. Mandatory reporting by the diagnosing laboratories and
chart reviews of suspected cases presenting at Thunder Bay Regional
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FIG 1 Reported incidence rates of invasive group A streptococcal disease per 100,000 population in Thunder Bay, in the metropolitan region of Toronto/Peel,
and in the province of Ontario, from 2001 to 2013. The incidence of iGAS disease in Thunder Bay sharply increased in 2007, and it peaked in 2008 coincidentally
with the declaration of a local outbreak of emm59 invasive disease. An extensive chart review revealed incidence rates of iGAS disease in Thunder Bay that were
3 to 6 times those in Toronto/Peel and the provincial average between 2010 and 2013, years in which the isolation of emm59 strains was minimal.

Health Sciences Centre identified iGAS disease cases in the TBD. Com-
municable disease control staff of the Thunder Bay District Health Unit
(TBDHU) conducted follow-up chart reviews on all cases. In the spring of
2008, the TBDHU noticed an increase in the number of iGAS cases and
implemented an enhanced surveillance protocol (at the district level, no
enhanced surveillance protocol was implemented in the province of On-
tario), which is still ongoing and which included periodic chart reviews, to
identify cases missed through the routine mandatory reporting system, as
well as additional data collection on identified cases. The clinical and
public health information collected included the patient’s name, age and
place of residence, disease presentation, and underlying diseases or con-
ditions that might have predisposed patients to invasive disease (alcohol
abuse; chronic underlying organ system disease, e.g., chronic lung, heart,
or renal disease; diabetes mellitus; HCV infection; HIV infection; home-
lessness; history of illicit drug use; immunocompromised status; post-
partum infection; surgical and nonsurgical wound infections; or none
identified, unknown, and other). The iGAS incidence rates for the met-
ropolitan region of Toronto/Peel were provided by the Toronto Invasive
Bacterial Diseases Network, an active surveillance program for iGAS dis-
ease (population under surveillance, approximately 5.5 million; sensitiv-
ity of the active surveillance is estimated to be 95%; an annual audit is
performed in all participant laboratories to identify any cases that may
have been missed through the regular reporting process). The iGAS inci-
dence rates for the province of Ontario take into account all iGAS cases
identified in Thunder Bay and Toronto/Peel, and the rates were calculated
by Public Health Ontario. iGAS disease is reportable in Ontario. Provin-
cial iGAS surveillance is passive, and the population under surveillance is
approximately 13.3 million. We received only aggregated data and did not
have access to individual patient clinical data for either Toronto/Peel or
the province of Ontario. Irrespective of geographical area, iGAS disease
cases met the following criteria: (i) acute illness in association with isola-
tion of GAS from a normally sterile site or (ii) isolation of GAS from a
nonsterile site (e.g., skin, sputum) in the presence of confirmed or prob-
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able streptococcal toxic-shock syndrome and/or soft tissue necrosis (in-
cluding necrotizing fasciitis), meningitis, or death (14). Normally sterile
sites included blood; cerebrospinal, pleural, peritoneal, pericardial, or
joint fluid (including bursa); deep aspirates; tissue specimens; or swabs
obtained during surgery. We also recorded in a separate database all lab-
oratory-confirmed cases of GAS soft tissue infection (including wounds
and cellulitis, but not superficial skin samples) occurring in Thunder Bay
(most of which required hospitalization) that did not meet the definition
for iGAS.

Strain collection, culture conditions, DNA preparation, and emm
typing. Isolates available to the study were collected during 2011 to 2013,
a period during which the TBDHU recorded 66 iGAS disease cases and 64
additional GAS cases of laboratory-confirmed soft tissue infections, most
of which required hospitalization, that did not meet the definition for
invasive disease. Public Health Ontario laboratories received one isolate
for each of the 66 iGAS strains and one isolate for 54 of the 64 additional
GAS cases. Of these 120 strains, 50 iGAS strains and 52 GAS strains from
severe soft tissue infection were available to this study. Available strain
metadata were limited to geographic location descriptors, date of collec-
tion, and anatomical source of the isolate (see Table S1 in the supplemen-
tal material). Strains were cultured at 37°C with 5% CO, on Columbia
blood agar plates containing 5% sheep blood or in Todd-Hewitt broth
supplemented with 0.2% yeast extract. GAS species was confirmed by
beta-hemolysis on sheep blood agar, grouping of carbohydrate antigen,
large colony size, and bacitracin susceptibility (15). DNA was prepared
from overnight cultures using the QIAamp DNA mini kit (Qiagen, To-
ronto, ON, Canada). emm typing was performed by PCR and sequencing,
as previously described (16).

Whole-genome sequencing (WGS), closure of reference genomes,
bioinformatics, and phylogenetic analysis. One strain of each of the emm
types most frequently recovered in Thunder Bay (emm82, emm83,
emm87, emm101, and emm114) was randomly chosen, and its genome
sequenced to closure using single-molecule real-time sequencing (Pacific
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TABLE 1 Clinical characteristics of invasive GAS disease, Thunder Bay
District Health Unit, 2008-2013

Group A Streptococcus Disease in Thunder Bay, Ontario

TABLE 2 Number of GAS isolates recovered from cases of invasive
disease, Thunder Bay District Health Unit, 2008-2013

No. (%) of patients by

year Significant differences
2008-2010  2011-2013  between time periods”

Condition/comorbidity”  (n = 61) (n = 66) (P)

First Nations 27 (44) 27 (41) No (0.60)

IVDU* 15 (25) 9 (14) No (0.29)

Hepatitis C 11 (18) 6(9) Yes (0.01)

Homeless 8 (11) 6 (13) No (0.52)

Alcohol abuse 19 (31) 25 (38) No (0.07)

@ Conditions and comorbidities are not mutually exclusive.
b Chi-square test.
¢IVDU, intravenous drug usage.

Biosciences, Menlo Park, CA, USA), Illumina sequencing (Illumina, San
Diego, CA, USA), and optical mapping (OpGen Technologies, Madison,
WI, USA). The genomes of the remaining 97 GAS strains were sequenced
using Illumina technology. Sequence read archive accession numbers are
provided in Table S1 in the supplemental material. Multilocus sequence-
typing (MLST) and the presence of genes potentially conferring antibiotic
resistance were determined directly from the WGS data using SRST2 (17).
Single-nucleotide polymorphisms (SNPs) and short insertion/deletions
were identified against reference genomes using VAAL (18). Whole-ge-
nome SNPs were used to construct neighbor-joining phylogenetic trees
using SplitsTree4 (19). Genome visualizations were created using BRIG
(20) and edited using Adobe Illustrator. Detailed methods are presented
in the supplemental material.

Nucleotide sequence accession numbers. New genome sequences
have been deposited in GenBank under accession numbers CP007561,
CP007562, CP007560, CP010450, and CP010449.

RESULTS

The incidence of iGAS disease is higher in Thunder Bay than in
the metropolitan region of Toronto/Peel and the province of
Ontario. While the incidence of iGAS disease in Thunder Bay had
been comparable to that observed in the metropolitan region of
Toronto/Peel and similar to the Ontario provincial average pre-
2006, retrospective investigations revealed an ongoing increase in
iGAS incidence in Thunder Bay since early 2007 (Fig. 1). A com-
munity outbreak of emm59iGAS disease was declared in Thunder
Bay in May 2008. It lasted until July 2009, at which time the num-
ber of emm59 invasive cases significantly decreased. The increased
surveillance implemented during the emm59 outbreak permitted
the prospective evaluation of all iGAS cases recovered since 2008.
Extensive chart reviews revealed levels of iGAS disease well above
those observed in Toronto/Peel and also higher than the average
for the province of Ontario continuing to 2013 (Fig. 1).

In the period from 2008 to 2013, 14%, 21%, 37%, and 28% of
iGAS cases in Thunder Bay occurred in individuals aged 0 to 19, 20
to 39, 40 to 59, and =60 years, respectively. Males accounted for
60% of the cases. A substantial number of the cases (41%) oc-
curred among First Nations populations, which make up 8.2% of
the total Thunder Bay population according to the Statistics Can-
ada 2006 census. Most cases occurred in a specific population
(Table 1). Common identified underlying diseases or conditions
that might have predisposed patients to invasive disease included
IVDU and/or polysubstance abuse (opiates, inhalation drugs,
nonpotable intoxicant substances), HCV infection, underhous-
ing/homelessness, and alcohol abuse. During the emm59 outbreak

January 2016 Volume 54 Number 1

Journal of Clinical Microbiology

No. of isol
o. of isolates by year Total

2013 no.

emm
type
1

3

4

6

11
12
18
22
28
41
4
49
53
59
68
73
75
77
80
82
83
87
89
101
114
115
118
NT®

2008 2009 2010 2011 2012

—
'S

OOOOOOOOOOOOO'—‘:Nb—‘l\)b—‘OOOb—‘OOOb—‘kﬂ
OO = H OO ODODOHFOHFHFOWHFOOOOOOOO OO OoONN
O = Wk = OO0 000D OO0 OO0 OO W
O = O N = Ok AN OO —= OO0, OO HFHNH=HFOOOOOI™N
O OO = WO Ok PO~ OOOOOOOoOOoOoO oo o NNMOoO oo
== O NN OO O~ NOOOWOOOOO—OONKRONOR

Total 25

—
o
—
'S
S}
v
—_
N
e}
v

117

“NT, nontypeable.

and its immediate aftermath, a larger proportion of cases were
IVDU patients or those infected with HCV than in the period
from 2011 to 2013 (Table 1).

Unusual emm types were responsible for the majority of
iGAS disease in Thunder Bay in 2011 to 2013. In 2008 to 2009,
type emmb59 strains were the most frequently identified strains
among iGAS cases in Thunder Bay (37.8%), followed by type
emml strains (18.9%) (Table 2), after which time type emm59
strains essentially disappeared from the area (1 case in 2011). Dur-
ing the years 2011 to 2013, the six most prevalent emm types in
Thunder Bay among iGAS disease cases were emm87, emm82,
emml, emml01, emm83, and emmll4 (12.3%, 10.8%, 9.2%,
9.2%, 9.2%, and 7.7%, respectively) (Fig. 2A). In contrast, the
emm types isolated from iGAS disease cases in metropolitan To-
ronto/Peel were significantly different (chi-square test, P <
0.001). The most frequently isolated emm type in Toronto/Peel
and in the rest of Ontario was emm]l (26.3% and 20.6%, respec-
tively), followed by emm89 (12.2% and 13.3%, respectively),
emm3 (10.3% and 12.3%, respectively), emmI12 (9.2%, and 7.3%,
respectively), and emm28 (4.6% and 6.9%, respectively). In all
three geographical areas, iGAS strains were most often isolated
from blood. However, we observed decreased isolation from
blood and increased isolation from synovial fluid in Thunder Bay
in comparison to Toronto/Peel and the rest of Ontario (Fig. 2B).
Interestingly, most strains causing iGAS disease in Thunder Bay
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belonged to either the skin (i.e., emm83 and emm101) or generalist
(i.e., emm82, emm87, and emm114) groups, with a relatively small
percentage of strains with tropism for throat (Fig. 2C).

Overabundance of soft tissue infections in Thunder Bay cor-
related with circulating strains belonging to skin and generalist
emm types. Figure 3A shows that the emm type distribution of
strains recovered from cases of severe GAS tissue infections that
did not meet the definition for iGAS disease was, overall, similar to
the distribution observed among iGAS disease cases during the
period from 2011 to 2013. Most of these strains also belonged to
either the skin or generalist groups. When isolates recovered from
iGAS disease and cases of severe soft tissue in Thunder Bay were
taken together, the most frequently identified types in 2011 were
emm82 (23.1%), emm83 (20.5%), and emm87 (10.3%). In 2012,
the most frequently identified types were emm87, emm82, and
emmIO0I (25%, 22.2%, and 16.7%, respectively). Strains of types
emm4, emml, and emm101 predominated in 2013 (18.2%, 15.9%,
and 13.6%, respectively). Thus, for the period from 2011 to 2013,
we observed a similar emm type distribution among strains in this
extended collection compared to the collection of iGAS organ-
isms, with the exception of type emm4 strains, which were mostly
associated with severe soft tissue infections not meeting the defi-
nition of iGAS disease (Fig. 2A and 3B).

DNA sequence analysis of reference genomes. We first se-
quenced to closure the genomes of one arbitrarily chosen strain
each of emm82, emm83, emm87, emm101, and emm114. The ge-
nomes were circular chromosomes of 1,791,306 bp (NGAS596,
emm82), 1,702,054 bp (NGAS327, emm83), 1,915,554 bp
(NGAS743, emm87), 1,791,401 bp (NGAS638, emm101), and
1,950,469 bp (NGAS322, emml14) (Fig. 4A through E, respec-
tively). The differences in genome size were mainly explained by
the number of prophages and other mobile genetic elements, such
as integrative-conjugative elements present in each genome (Fig.
4A through E and Fig. S1 in the supplemental material). Whole-
genome SNP-based phylogenies of newly sequenced genomes and
all complete GAS genomes available in GenBank revealed that
strains of emm82, emm87, and emm114 types were not closely
related to any other sequenced GAS strains (Fig. 4F). However,
strains of types emm83 and emml101 were found in a discrete
branch of the phylogenetic tree that also contains emm53 strain
Alab49 and emmi4 strain HSC5 (Fig. 4F) (13, 21, 22). Type
emmd83 strain NGAS327 clustered tightly with emm83 strain

FIG 2 (A) emm type distribution of isolates causing iGAS disease in Thunder
Bay, in metropolitan Toronto/Peel, and in the rest of Ontario during the pe-
riod of 2011 to 2013. Strains of emm1I GAS were among the top 6 emm types
responsible for iGAS disease in all geographical areas. The other top 5 emm
types (emm82, emm83, emm87, emml101, and emm114) associated with iGAS
disease in Thunder Bay were not observed among the top 6 emm types causing
disease in the metropolitan region of Toronto/Peel or in the rest of Ontario.
There were significant differences in the emm type distribution between Thun-
der Bay and Toronto/Peel (chi-square test, P < 0.0001). (B) Source of isolation
of iGAS strains from Thunder Bay, Toronto/Peel, and the rest of Ontario. Most
strains were isolated from blood in all three geographical areas. However,
proportionally fewer strains were isolated from blood, and more were isolated
from synovial fluid (SF), in Thunder Bay. CSF, cerebrospinal fluid; other,
other sources included pleural fluid and undetermined autopsy tissue. (C)
Tissue tropism of iGAS strains isolated from 2011 to 2013 in Thunder Bay,
Toronto/Peel, and the rest of Ontario. Significant differences were observed
for skin, throat, and generalist groups (defined according to references 11-13)
between Thunder Bay and Toronto/Peel plus the rest of Ontario (chi-square
test, P < 0.05). Unknown, nontypeable strains.
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FIG 3 (A) emm distribution of strains isolated in Thunder Bay from severe skin and soft tissue infections that did not meet the criteria for iGAS disease during
2011 to 2013. The emm type distribution closely resembles the overall distribution of emm types associated with iGAS disease in Thunder Bay during the period.
(B) emm type distribution of an extended GAS collection comprising strains causing invasive disease and severe skin and soft tissue infections that did not meet
the criteria for iGAS disease during 2011 to 2013. In 2011, the 4 most frequently identified emm types in Thunder Bay were emm82 (23.1%), emm83 (20.5%),
emm87 (10.3%), and emm114 (7.7%). In 2012, the most frequently identified emm types were emm87, emm82, emm101, and emm89 (25%, 22.2%, 16.7%, and
8.3%, respectively). Strains of emm4, emm1, emm101, and emm11 predominated in 2013 (18.2%, 15.9%, 13.6%, and 11.4%, respectively). When the 3 years are
taken together, the most frequently isolated emm types were emm82 (16%), emm101 (10.9%), emm87 (9.2%), emm1 (7.6%), emm4 (6.7%), emm114 (5.9%), and

emm83 (5%).

STAB1101, whose genome was published while this article was in
preparation (23). Some of the newly sequenced strains had large
rearrangements which occurred at repetitive elements, such as
prophages and rRNA operons (see Fig. S2 in the supplemental
material). Symmetrical inversions in bacterial organisms have
been suggested to correlate with enhanced bacterial fitness, as they
occur most frequently in clinical isolates (24, 25). Due to the pres-
ence of bacteriophages, though, some of the GAS genomes se-
quenced here have asymmetrical inversions around the origin of
replication (Fig. 4A through E and Fig. S2 in the supplemental
material). The biological role of these inversions, if any, remains to
be investigated.

Population structure of the most common GAS emm types
causing disease in Thunder Bay, 2011 to 2013. We next se-
quenced the genomes of 96 GAS strains isolated in Thunder Bay
during 2011 to 2013 representing 22 different emm types. Only
one MLST sequence type (ST) was found among strains of the
same emm type, with the exception of emm83 strains which be-
longed to two STs (see Table S1 in the supplemental material).
Antibiotic resistance gene profiles were consistent among strains
of the same serotype, with the exception of type emm83, for which
antibiotic resistance gene patterns differed between the different
MLST STs (see Table S2 in the supplemental material). We next
performed whole-genome SNP analysis of emm59, emm82,
emm83, emm87, emm101, emml14, and emm4 strains, which to-
gether represented 62% of the total GAS strains isolated in Thun-
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der Bay during 2011 to 2013. Only 16 core genome SNPs, on
average, separated the three emm59 strains (one from an iGAS
case, and two from severe soft tissue infections) from the arche-
typical emm59 Canadian epidemic strain MGAS15252, indicating
that these newer emmb59 strains are bona fide members of the
emm59 epidemic clone that caused numerous cases of iGAS dis-
ease in Canada since 2006 (6). Thunder Bay emm59 strains dif-
fered between themselves by, on average, 13 SNPs. Limited diver-
sity was also observed among emm82 isolates, which, on average,
differed from each other by only 9 core genome SNPs (Fig. 5A).
On the other hand, emm83 strains differed from each other, on
average, by 123 core genome SNPs. Two clearly differentiated
clades matching MLST ST's were identified by phylogenetic anal-
ysis. However, intraclade variation was minimal (Fig. 5B). Strains
of the other emm types also had minimal diversity (Fig. 5C
through E): emm87 strains differed from one another by 11 core
genome SNPs, on average, while emmI01 strains were separated
by, on average, 6 core genome SNPs. On average, 3 core genome
SNPs separated emmll14 strains from one another. Finally, on
average, Thunder Bay emm4 strains differed from the emm4
MGAS10750 reference strain (26) by 175 core genome SNPs.
However, Thunder Bay emm4 strains were very closely related,
differing from each other by an average of only 2 SNPs (Fig. 5F).
We did not find evidence of recombination events between strains
of the same emm type in this data set. Thus, excepting emm83
strains, for which two clearly distinct clones were identified, we
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(B), NGAS743 (erm87) (C), NGAS638 (emm101) (D), and NGAS322 (emm114) (E). Data from innermost to outermost circles in the atlases are described in the figure
itself, with the exception of the outermost circle, which depicts genome landmarks such as prophages, genes used on the GAS multilocus-sequence typing scheme, and
other genes of interest. RD322.1 is an integrative-conjugative element. GC (guanine-cytosine) skew, or (G—C)/(G+C), averaged over a moving window of 10,000 bp.
(F) Neighbor-joining tree constructed using 68,511 single-nucleotide polymorphisms identified among all closed GAS genomes available in GenBank against the
genome of emmb59 reference strain MGAS15252. CDS, coding DNA sequence.
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conclude that strains of the most frequently identified skin and
generalist emm types causing disease in Thunder Bay have each
descended from single progenitor organisms that were introduced
into the community.

DISCUSSION

In 2008, Thunder Bay experienced a marked increase in iGAS
notifications, followed by the declaration of a local outbreak of
emm59 iGAS that was inscribed in the context of a large Canadian
emm59 epidemic characterized by a high rate of skin and soft
tissue infections (5, 6, 8). Retrospective analysis found that the
incidence of iGAS disease in Thunder Bay had been greater than
the provincial average since 2007, while in previous years it had
been comparable to that observed in the metropolitan region of
Toronto/Peel and in line with rates for the province of Ontario.
High rates of skin and soft tissue infections were also observed in
2008 to 2009 among local emm59 cases. Alcohol abuse, homeless-
ness, HCV infection, and illicit drug use were found to be under-
lying diseases or conditions that might have predisposed patients
to invasive disease, suggesting that the increased incidence of
iGAS was and continues to be focused on a very specific popula-
tion.

GAS skin and soft tissue infections can be consequential and
even disabling in adults who live under poor environmental and
hygienic conditions or who share certain lifestyles, such as those
observed for the population at risk in Thunder Bay (27). For ex-
ample, pioneering studies in Australia’s Northern Territory iden-
tified higher incidences of invasive, skin and soft tissue infections
among Aboriginal compared to non-Aboriginal patients (28).
However, non-Aboriginal people with GAS bacteremia were as
likely as Aboriginal people to have risk factors for infection (28).
Similarly, as reported in Arizona, Native Americans were at in-
creased risk for iGAS infections, although risks factors were, over-
all, similar among the different populations studied (29). Prospec-
tive surveillance in Thunder Bay demonstrated that the incidence
of iGAS disease remained high in the area after the emm59 local
outbreak subsided. In addition to iGAS disease, we continued to
observe a striking overabundance of skin and soft tissue infections
that did not meet the definition of iGAS disease but which were
severe and, for the most part, required hospitalization. Interest-
ingly, most of these soft tissue-related GAS infection cases in
Thunder Bay were detected through enhanced chart reviews. We
believe it is likely that hospitals in Ontario might be failing to
recognize a considerable proportion of these severe GAS cases,
thus underreporting the true burden of GAS illness provincewide.
In addition to soft tissue infections, we also observed (within the
TBDHU) several cases of extensive peritonsillar deep abscesses
and deep pharyngeal abscesses. Since, historically, these types of
infections have not merited documentation in reportable disease

FIG 5 Inferred phylogenetic relationship among GAS strains recovered in
Thunder Bay from invasive disease cases and from cases of severe soft tissue
infection. Neighbor-joining phylogenetic trees for each of emm82 (A), emm83
(B), emm87 (C), emm101 (D), emml114 (E), and emm4 (F) strains were con-
structed using nonredundant, whole-genome single-nucleotide polymor-
phism (SNP) loci (emm82, 56 SNPs; emm83, 259 SNPs; emm87, 59 SNPs;
emml01, 29 SNPs; emm114, 12 SNPs; emm4, 7 SNPs) identified against their
corresponding reference genomes. Strains from 2011 are depicted in orange,
those from 2012, in purple, and those from 2013, in gray. See the supplemental
material for details about methods.
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registries, we have excluded them from our analysis. Thus, the
incidence of GAS disease in Thunder Bay is likely higher than
reported here.

The association of certain GAS emm types with particular tis-
sue tropisms has long been described (13, 22). Here, we show that
the majority of skin and soft tissue infections in TBD since 2011
were caused by GAS strains of a few skin and generalist emm types
(Fig. 3B). Similar results were observed among Australian remote
Aboriginal communities (30) and in Ethiopia (31). Thorough
comparisons (underway in our laboratories) of the newly gener-
ated genomes for 3 generalist and 2 skin emm types to genomes
available in public databases hold the promise of enhancing our
understanding of GAS tissue tropism and its role in the different
diseases caused by this organism. In Australia, it was suggested
that a major risk factor for GAS bacteremia in Aboriginal people in
the Northern Territory was high levels of exposure to a wide array
of GAS (28). Our data for 2011 to 2013 do not show such a broad
diversity of emm types but suggest that clonal replacement is a key
factor associated with continuing high GAS incidence in Thunder
Bay. Although waxing and waning of GAS clones causing disease
are well-recognized events (32), the driving mechanisms are
poorly understood. Some of the possible reasons for a decrease in
the reported incidence of a particular clone include a decrease in
virulence, an increase in host defense (herd immunity), and/or
serotype replacement by a more fit clone (33, 34). It has been
suggested that at least one of the at-risk groups of patients identi-
fied here (IVDU patients) may benefit from a greater natural im-
munity due to repeated infection with GAS over time, rendering
the individuals more immunologically primed to respond to such
infections (35). It may be possible that, as host immunity against a
particular offending emm type increases among the population at
risk, introduction of strains of potentially more fit emm types by
colonized individual(s) leads to their clonal expansion in the com-
munity.

Seminal studies of Army recruits have found that nasal/throat
carriage is critical to the ability of an individual to spread GAS
(36,37). Amodel in which iGAS strains originate from the local
nasal/throat carriage strains has been proposed, in which cycli-
cal outbreaks of invasive infection coincide or follow recent
outbreaks of pharyngitis (38-40). Because nasal/throat cul-
tures were not obtained in Thunder Bay, we cannot relate our
results to the extent of nasal/throat carriage. However, one of
the frequently identified emm types identified here, emm87,
commonly causes pharyngitis in market economy countries (http:
/Iwww.cdc.gov/streplab/emmtype-proportions.html41).  Type
emm82 and type emm114 strains have also been identified among
pharyngitis cases (42). However, it is unlikely that throat carriage
is the only reservoir. For example, characterization of GAS strains
associated with mixed skin and soft tissue infections in Northern
Saskatchewan showed that invasive cases of emm82 and emm101
greatly exceeded the number of pharyngeal isolates in the area
(http://www.narp.ca/pdf/publications/ MCDONALD.pdf43). More-
over, during the Canadian emm59 epidemic, pharyngeal emm59
strains were identified (in very low numbers) only in 2009, 3 years
after the sudden increase in invasive emm59 cases (6, 40). Similar
results of low incidence of pharyngitis have been observed in Aus-
tralia among Aboriginal communities with skin and soft tissue
infections (28, 44). GAS carriage in throat and skin in Thunder
Bay needs to be further studied in order to elucidate infection
sources and local transmission patterns.
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The diversity of emm types present in Thunder Bay suggests
that an effective emm-based component vaccine against GAS in-
fections would need to be modifiable and allow emm substitutions
to be implemented as required. In this regard, a new 30-valent
M-protein-based vaccine has been shown in preliminary trials to
offer cross-protection against most of the emm types reported
here in Thunder Bay (45). However, the rapid fluctuations in the
prevalence of the different emm types (for example, our unpub-
lished observations show emergence of invasive emm53, an emm
type for which cross-protection offered by the new vaccine was
minimal [45], in 2015 in Thunder Bay) suggests that vaccine sub-
stitutions may not be achievable in relevant time frames in all
cases. Given the severity and rapid progression of iGAS disease,
prompt detection and rapid medical intervention remain the most
effective control measures available to reduce morbidity and mor-
tality. Continued monitoring of iGAS in Thunder Bay to identify
further resurgences of infection in this vulnerable population is
warranted.
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