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Objectives: To investigate the lineages and genomic antimicrobial resistance (AMR) determinants of the 10
most common pneumococcal serotypes identified in Canada during the five most recent years of the SAVE
study, in the context of the 10-year post-PCV13 period in Canada.

Methods: The 10 most common invasive Streptococcus pneumoniae serotypes collected by the SAVE study from
2016 to 2020 were 3, 22F, 9N, 8, 4, 12F, 19A, 33F, 23A and 15A. A random sample comprising ~5% of each of
these serotypes collected during each year of the full SAVE study (2011-2020) were selected for whole-genome
sequencing (WGS) using the Illumina NextSeq platform. Phylogenomic analysis was performed using the
SNVPhyl pipeline. WGS data were used to identify virulence genes of interest, sequence types, global pneumo-
coccal sequence clusters (GPSC) and AMR determinants.

Results: Of the 10 serotypes analysed in this study, six increased significantly in prevalence from 2011 to 2020:
3,4,8,9N, 23Aand 33F (P<0.0201). Serotypes 12F and 15A remained stable in prevalence over time, while sero-
type 19A decreased in prevalence (P<0.0001). The investigated serotypes represented four of the most preva-
lent international lineages causing non-vaccine serotype pneumococcal disease in the PCV13 era: GPSC3
(serotypes 8/33F), GPSC19 (22F), GPSC5 (23A) and GPSC26 (12F). Of these lineages, GPSC5 isolates were found
to consistently possess the most AMR determinants. Commonly collected vaccine serotypes 3 and 4 were asso-
ciated with GPSC12 and GPSC27, respectively. However, a more recently collected lineage of serotype 4
(GPSC192) was highly clonal and possessed AMR determinants.

Conclusions: Continued genomic surveillance of S. pneumoniae in Canada is essential to monitor for the appear-
ance of new and evolving lineages, including antimicrobial-resistant GPSC5 and GPSC162.
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Introduction

Pneumococcal conjugate vaccines (PCVs) have been effective at
reducing the incidence of invasive pneumococcal disease (IPD) in
Canada.! Beginning in mid-2010, PCV13 (serotypes 1, 3, 4, 5, 6A,
6B, 7F,9 V, 14, 18C, 19A, 19F and 23F) became the recommended
vaccine in Canada for routine childhood immunization.? Since the
introduction of this vaccine, the distribution of serotypes across
Canada has shifted in favour of non-vaccine serotypes such as
8, 22F and 33F>* The annual Streptococcus pneumoniae
Serotyping and Antimicrobial Susceptibility: Assessment for
Vaccine Effectiveness in Canada (SAVE) study began in 2011,
with the goal of assessing S. pneumoniae serotypes and their
antimicrobial susceptibility patterns in Canada after the introduc-
tion of the PCV13 vaccine. In 2018, we published data on the first
5 years of the SAVE study, encompassing 2011 to 2015.7® Over
this time period, the 10 most commonly collected serotypes
were, in order, 7F, 19A, 22F, 3, 12F, 11A, 9N, 8, 33F and 15A.
Molecular and phylogenetic analyses identified many of these
serotypes to have high within-serotype diversity, including 19A,
15A, 9N and 33F, of which many clones were antimicrobial-
resistgnt; other serotypes of interest were clonal (7F, 22F and
11A).

Since the publication of this previous genomic study, a new
typing scheme has been created for S. pneumoniae; the Global
Pneumococcal Sequencing Cluster (GPSC) framework is the first
international scheme for clustering pneumococcal isolates on
the basis of whole-genome sequences (including both core and
accessory genome data).” This tool is freely and easily accessible
on Pathogenwatch (https:/pathogen.watch), an online genomic
surveillance platform. As the distribution of pneumococcal sero-
types in Canada shifts due to antimicrobial and vaccine use, this
tool might prove to be valuable in quickly determining changes in
the circulating lineages within serotypes.

The purpose of this study was to use whole-genome sequen-
cing (WGS) to investigate the lineages and genomic antimicrobial
resistance (AMR) determinants of the 10 pneumococcal sero-
types most commonly collected in Canada during the five most
recent years of the SAVE study (2016-2020), in the context of
the 10-year post-PCV13 period in Canada.

Materials and methods
Bacterial isolates

From January 2011 to December 2020, participating Canadian provincial
public health and hospital laboratories forwarded isolates of S. pneumo-
niae from sterile body sites to the Public Health Agency of
Canada-National Microbiology Laboratory (PHAC-NML) in Winnipeg,
Canada. As part of an ongoing collaboration between the Canadian
Antimicrobial Resistance Alliance (CARA) and PHAC-NML, PHAC-NML for-
warded their collection of invasive isolates of S. pneumoniae isolates
from eight Canadian provincial laboratories (Saskatchewan, Manitoba,
Ontario, Quebec, Nova Scotia, Prince Edward Island, Newfoundland and
Labrador, and a portion of isolates collected from New Brunswick) to
CARA for antimicrobial susceptibility testing. For the SAVE study, regional
analyses were conducted as Western Canada (Saskatchewan and
Manitoba), Central Canada (Ontario and Quebec) and Eastern Canada
(New Brunswick, Nova Scotia, Prince Edward Island, and Newfoundland
and Labrador).

Serotyping

Serotyping was performed using the Quellung reaction® using pool,
group, type and factor commercial antisera (SSI Diagnostica; Statens
Serum Institut, Copenhagen, Denmark). Isolates for which a serotype
was not determined by a Quellung reaction were confirmed as S. pneu-
moniae by rpoB gene sequencing.’

WGS isolate selection and analysis

The 10 most common S. pneumoniae serotypes collected by the SAVE
study in the most recent 5-year period (2016-2020) were 3, 22F, 9N, 8,
4, 12F, 19A, 33F, 23A and 15A. A random sample of ~5% of the total of
each of these serotypes collected each study year (2011-2020) were se-
lected for WGS. Overall, 345 isolates were sequenced by the PHAC-NML
DNA Core Facility using the Illumina NextSeq platform. Quality control
was assessed using the FastQC tool (https:/www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and contigs were assembled using
Shovill (https:/github.com/tseemann/shovill#readme; Galaxy v.1.0.4+
galaxy).® Sequencing generated an average of 993 715 reads per gen-
ome and average genome coverage of 92 times. De novo assembly
yielded average contig and N50 lengths of 51 730 and 139 418 bp,
respectively.

Phylogenomic analysis was performed using the PHAC-NML built
SNVPhy! pipeline to identify core single nucleotide variants (SNVs).! For
each serotype cohort, the isolate with the oldest collection date was se-
lected as the internal reference for the pipeline. Trees generated through
the SNVPhyl pipeline were visualized using FigTree v.1.4.4 (http://tree.bio.
ed.ac.uk/software/figtree/) and in-house developed R Shiny scripts. Trees
were rooted on the oldest common outlier. If SNV differences for major
clusters are not noted in the text, they can be found in the provided
figures.

WGS data were used to identify the presence of pneumococcal pilus
genes (PI-1, PI-2), as well as genes encoding resistance to: macrolides
(ermB, mefA/E), tetracyclines (tetM), trimethoprim/sulfamethoxazole
(folA, folP), B-lactams (pbpla, pbp2b, pbp2x) and fluoroquinolones
(gyrA, parC).**"1* Predicted resistance phenotypes for these genes and al-
terations can be found in Table S1 (available as Supplementary data at
JAC Online). Pneumococcal surface protein A (pspA) families for serotype
3 were identified using the EMBOSS ‘primersearch’ function (up to 10%
mismatch) and previously described primers.'>1¢

MLST alleles and sequence types (ST) were identified in silico and quer-
ied against the PUbMLST S. pneumoniae MLST database (http:/pubmilst.
org/spneumoniae/). Isolates were considered part of a clonal cluster
(CQ) if they shared >5 of 7 MLST alleles in common. Additionally, the gen-
omic surveillance platform Pathogenwatch (https:/pathogen.watch) was
used to assign isolates to a GPSC.” GPSCs that were commonly identified
in this study, as well as associated serotypes, MLST STs/CCs and collection
year, are listed in Table S2.

Statistical analysis

Trends in serotype distribution over the 2011 to 2020 time period were
assessed for statistical significance using the Cochran-Armitage test for
trend, with a P value of <0.05 considered significant.

Nucleotide sequence accession numbers

The whole-genome data reported in this study have been deposited in
the NCBI Sequence Read Archive as part of BioProject PRINA510562.

Results

In total, 14,138 invasive isolates of S. pneumoniae collected as
part of SAVE study between 2011 and 2020 were forwarded to
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the CARA for antimicrobial susceptibility testing. Biological sex
and age information was available for 13 475 (95.3%) and 13
893 (98.2%) of the isolates, respectively. The annual numbers
of isolates were: 1379 isolates from 2011, 1285 from 2012,
1160 from 2013, 1274 from 2014, 1262 from 2015, 1284 from
2016, 1598 from 2017, 1930 from 2018, 1893 from 2019 and
1073 from 2020.

The annual prevalence from 2011 to 2020 of the 10 serotypes
analysed by WGS in this study is presented in Table 1.

PCV13 serotypes—3, 4, 19A

Of the 62 serotype 3 isolates analysed in this study, 57 belonged
to GPSC12/CC180. This lineage was identified from across Canada
in all study years (Figure 1, Table S1). Despite being the same
GPSC and MLST clone, these samples fell into three distinct phylo-
genetic clades (Figure 1). The first and largest cluster represents
the previously described ‘clade I’ lineage,” which was temporally
and geographically distributed, possessed only sporadic AMR de-
terminants and was associated with pspA family 2 variants.
Isolates within this clade were highly related, demonstrating
an average of only 26.2 SNVs difference. The second cluster re-
presented the internationally recognized ‘clade II' lineage,’
which varied from clade Iin that isolates had increased presence
of AMR determinants and were associated with pspA family 1
variants. Almost half (45%) of clade II isolates possessed ermB,
tetM, cat and alterations in pbp2x (Table 2). Isolates were slightly
more variable within this clade, averaging 45.0 SNVs difference.
While the third cluster demonstrated similar characteristics to
clade 1, it was significantly different enough (>500 SNVs) to be
considered unrelated.

PCV13 vaccine serotype 4 increased significantly over the
study period, representing <2.2% of collected isolates from
2011 to 2016 before steadily increasing up to 12.6% in 2020
(Table 1). Serotype 4 isolates were most commonly part of
GPSC27 (18/27), representing two distinct MLST clusters: CC205
and CC244 (nine each). GPSC27/CC205 isolates, labelled cluster
1in Figure 2, were geographically diverse and differed by an aver-
age of ~30 SNVs. GPSC27/CC244 isolates were predominantly
collected from western Canada and separated into two subclus-
ters. Cluster 2A was collected from 2019 and 2020, while cluster
2B was collected from 2013-2017; these clusters differed by an
average of only 3.4 and 7.5 SNVs, respectively. GPSC27 isolates
did not possess AMR determinants (Table 2), however, they did
possess PI-1. In contrast, three isolates of serotype 4/GPSC162/
ST2759 possessed ermB, tetM and cat (cluster 3). These isolates
were all collected from central Canada in 2020 and were highly
clonal (3.1 SNVs difference).

In contrast, PCV13 serotype 19A decreased substantially in
prevalence from 13.0% of isolates collected in 2011 to 3.4% in
2020 (Table 1). Serotype 19A isolates in this study belonged to
three main lineages: GPSC27/CC695 (13/43), GPSC1/CC320 (12/
43) and GPSC4/CC199 (10/43), each with very different AMR char-
acteristics (Table 2, Figure S1). GPSC4/CC199 isolates were geo-
graphically spread, predominantly isolated from 2015 or prior
and generally possessed a combination of alterations in pbp2b
and pbp2x that were predicted to confer a penicillin-intermediate
phenotype. GPSC27/CC695 were collected from central and east-
ern Canada and were temporally distributed, although many of

the more recently collected serotype 19A isolates fell into this lin-
eage. This cluster was highly clonal, demonstrating an average of
only 7.1 SNVs difference between isolates. Most possessed mefA/
E (8/13) and all had PI-1. Comparatively, GPSC1/CC320 isolates
possessed almost all AMR determinants: mefA/E, ermB, tetM,
folA T100L, folPinsertions and alterations in key motifs of all three
PBPs (Table 2); this was also the only lineage in the current study
that possessed both PI-1 and PI-2. GPSC1/CC320 isolates were
geographically spread, generally from the earlier years of the
SAVE study (9/12 were from 2015 and prior) and were also highly
related, with an average of 10.4 SNVs difference between isolates
(Figure S1).

Other vaccine serotypes—8, 9N, 12F, 22F, 33F

Serotypes 8, 9N and 33F all significantly increased in prevalence
from 2011 to 2020 (Table 1). Serotype 8 isolates predominantly
belonged to GPSC98/CC1268 in this study (22/30). This lineage
was geographically diverse across Canada, predominantly col-
lected from 2016 and later. A smaller number of serotype 8 iso-
lates were part of GPSC3/CC53 (7/30); most of these isolates were
collected prior to 2016. Serotype 8 isolates were only sporadically
associated with AMR determinants (Table 2, Figure S2). Serotype
33F was also part of GPSC3, with isolates commonly falling into
one of two subclusters: CC100 or CC717 (Figure S3). CC100 iso-
lates commonly possessed mefA/E (11/15) and folP alterations
(15/15), while CC717 isolates all possessed ermB and tetM
(Table 2). GPSC3/CC100 were temporally and geographically di-
verse, while GPSC3/CC717 were generally collected from central
Canada in 2011-2015. Serotype 9N isolates were either part of
GPSC16/CC66 (25/32) or GPSC32/CC405 (7/32). GPSC16/CC66
was geographically and temporally diverse but demonstrated
significant variability within the cluster (Figure S4). GPSC32/
CC405, was also geographically diverse but was collected only
from 2015 onwards. Both lineages only demonstrated sporadic
presence of AMR determinants (Table 2).

The prevalence of serotype 12F remained stable over the
study period (Table 1). Isolates fell predominantly into either
GPSC26/CC989 (6/30) or GPSC32/CC218 (22/30). GPSC26/CCI89
isolates were collected from central Canada from 2015 onwards.
These samples all possessed tetM and folP alterations, with some
also possessing cat (3/6) or folA 1100L (5/6) (Table 2). GPSC32/
CC218 divided further into two subclusters: the first predomin-
antly contained older isolates collected from western Canada
that possessed no resistance genes. The second cluster con-
tained temporally diverse isolates collected from western
Canada that possessed mefA/E. These two clusters demon-
strated an average SNV difference of 29 and 6.7 SNVs, respective-
ly (Figure S5).

Serotype 22F isolates appeared quite clonal, with 56/60 iso-
lates falling into GPSC19/CC433, a lineage that is broadly spread
across Canada. Despite this, isolates in this cluster varied from
each other by an average of 178 SNVs (Figure S6). A small sub-
cluster of these isolates possessed mefA/E, predominantly col-
lected from central Canada in 2015 or later. Notably, serotype
22F isolates that were unrelated to GPSC19/CC433 possessed al-
terations in pbp2b and pbp2x; two of these were part of GPSC9/
CC63 and contained alterations in the QRDR regions of gyrA
and parC (Table 2).
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Table 1. Trends in the prevalence of the 10 serotypes analysed in this study

Prevalence, % (n)

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 P value Trend

Serotype

Increasing
Increasing
Increasing
Increasing
Decreasing
Increasing
Increasing

0.0079
<0.0001
0.0162
0.0201

<0.0001

<0.0001
NS
NS

<0.0001
NS¢

115)
13

10.7
12.6
8.1

214)
118
111
135

— T o=

11.3
6.2

237)
66
111
109

—_—_ T o=

NI S R S P SIS P

9N

12F
15A
19A
22F
23A
33F

893 1073

1

930

1285 1160 1274 1262 1284 1598 1

1379

Total

NS, not significant.

op

0.0519, borderline decreasing.

Non-vaccine serotypes—15A, 23A

The prevalence of serotype 15A remained stable over the study
period (Table 1). The largest proportion of isolates belonged to
GPSC9/CC63 (16/22); these isolates were geographically and
temporally diverse and also diverse within their phylogenetic
cluster (~124 SNVs difference) (Figure S7). All GPSC9/CC63 iso-
lates possessed ermB and tetM, as well as numerous alterations
in PBPs (Table 2). A small cluster demonstrated alterations in key
motifs of all three PBPs and were predicted to possess full resist-
ance to penicillin (5/16). The remainder possessed alterations in
only pbp2b and pbp2x and were predicted to demonstrate a
penicillin-intermediate phenotype. Four serotype 15A isolates
collected more recently (2018-2020) were GPSC6/ST3811.
These isolates were very different from GPSC9/CC63 in that
they possessed no AMR determinants.

Overall, serotype 23A increased significantly over the study
period, from 2.2% in 2011 to 4.2% in 2019 (although prevalence
did drop back to 2.7% in 2020) (Table 1). This serotype was split
between GPSC7/CC42 (11/20) and GPSC5/CC338 (9/20). Isolates
within GPSC7/CC42 were geographically and temporally spread,
highly variable within their cluster (203 SNVs difference) and
only possessed sporadic AMR determinants (Figure 3). GPSC5/
CC338 isolates were collected from 2015-2020 in central
Canada. Six of these isolates possessed ermB, tetM, alterations
in all PBPs, and were closely related (average of 26.6 SNVs). The
remainder possessed the I100L alteration in folA and alterations
in pbp2x only.

Discussion

This study investigated the genomic lineages and AMR determi-
nants of the 10 most commonly identified pneumococcal sero-
types in Canada during the five most recent years of the SAVE
study (2016-2020). Despite only five additional years elapsing
since our previous characterization, the 10 most common sero-
types collected have changed.” In 2011-2015, the 10 most com-
mon serotypes were, in order, 7F, 19A, 22F, 3, 12F, 11A,9N, 8, 33F
and 15A.> Comparing this to the 10 most common types from the
five most recent years (3, 22F, 9N, 8, 4, 12F, 19A, 33F, 23A and
15A), 7F is no longer a common type and 19A has dropped in
ranking, probably due to PCV13 use. Non-PCV13 serotypes 8
and 9N have also increased in rank order. PCV13 serotype 3 be-
came the most common serotype over the 5-year timespan
while serotype 4 has suddenly become common. Even these
small changes underscore how variable the distribution of
pneumococcal serotypes can be under the pressure of antimicro-
bial and conjugate vaccine use.

In arecent study of international pneumococcal genomics, Lo
et al. noted that the 10 most prevalent international lineages
causing non-vaccine serotype IPD in the PCV13 era were GPSC3,
19, 11, 5, 38, 26, 36, 48, 9 and 7.'® The serotypes analysed in
our current study represent four of these GPSCs: GPSC3 (serotypes
8 and 33F), GPSC19 (serotype 22F), GPSC5 (serotype 23A) and
GPSC26 (serotype 12F). GPSC3/serotype 8 is associated with
CC53, a lineage that was uncommonly identified in this study
(eight of 30 sequenced isolates, predominantly from earlier
years). In contrast, GPSC98 represented two-thirds of serotype
8 isolates in this study. Although defined as a GPSC of
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26.2 SNVs

45.0 SNVs
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0.08

Figure 1. Maximum likelihood core SNV phylogenetic tree of S. pneumoniae serotype 3 isolates collected from across Canada, 2011-2020. * A total of
3,335 sites were used in the phylogeny, including 86.2% of the core genome. SC11-1155-P was used as a mapping reference. SNV density filtering was
set to remove regions with >5 SNVs per 500 base pairs. + pbp2x alterations 337-SAMK/505-KAA are not predicted to confer penicillin resistance. #

Clades previously described by Azarian et al.*’

of JAC.

‘intermediate’ prevalence by Gladstone et al.,” GPSC98 isolates
have been deposited to Pathogenwatch by nine other countries
on five continents. Based on the isolates analysed in this study,
it can be postulated that the increased prevalence of serotype
8 over time in Canada is due to GPSC98 and not the globally
prevalent lineage GPSC3, although further study is required. Our
study is in contrast to European studies of serotype 8, that
have demonstrated GPSC3/CC53 to be the most prevalent and in-
creasing lineage.'®?° However, Lo et al. noted that major
lineages can be associated with different serotypes in different
countries; the apt example given was that GPSC3 was associated
with serotype 8 in South Africa but serotype 33F in the USA.'® As
Canada shares a border with the USA and, therefore, often de-
monstrates similar pneumococcal serotype trends, it is logical
that GPSC3 in Canada is also more commonly associated with
serotype 33F.

In Canada, extensive characterization of serotype 22F has
been performed in the post-PCV13 era.?!~?° The serotype has re-
mained highly clonal over several years, with a consistent >90%
of isolates belonging to GPSC19/CC433. The current study was no
different, but did note a subcluster of GPSC19/CC433 possessing

This figure appears in colour in the online version of JAC and in black and white in the print version

mefA/E, predominantly collected from 2015 onwards; the expan-
sion of this specific clone in Canada has previously been identified
by Demczuk et al.?* and Duvvuri et al.>? As the SAVE study has re-
cently noted a significant increase in macrolide-resistant sero-
type 22F,%° it is likely that this clone has continued to expand
since these initial studies.

The fourth most common GPSC associated with non-vaccine
type IPD in the Lo et al. paper was GPSC5.*® This study noted
that GPSC5 was associated with significant resistance; 93% of
isolates were penicillin-resistant and 86% were non-susceptible
to two or more classes of antimicrobials. The study also noted
that GPSC5 was associated with two common penicillin-resistant
serotypes, 35B/D in Malawi and South Africa and serotype 19Ain
Israel.'® Pathogenwatch has GPSC5 records for 16 different sero-
types; recent genomic studies in Brazil and Argentina also noted
a plethora of serotypes associated with GPSC5.2%?” In our current
study, GPSC5 was associated with serotype 23A. Like GPSC5 iso-
lates in the literature, GPSC5/serotype 23A collected from the
SAVE study were antimicrobial-resistant, possessing ermB, tetM
and alterations in multiple PBPs (although not predicted to
demonstrate full penicillin resistance by CLSI oral penicillin
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Figure 2. Maximum likelihood core SNV phylogenetic tree of S. pneumoniae serotype 4 isolates collected from across Canada, 2011-2020. *A total of
2779 sites were used in the phylogeny, including 80.4% of the core genome. SC11-4519-P was used as a mapping reference. SNV density filtering was
set to remove regions with >5 SNVs per 500 base pairs. This figure appears in colour in the online version of JAC and in black and white in the print

version of JAC.

breakpoints). These isolates were collected beginning in 2015,
suggesting that this lineage has contributed to the increasing
prevalence of serotype 23A in Canada over time. Numerous stud-
ies from other countries such as South Koreaq, Greece, Japan and
the USA have also noted increases in serotype 23A over time, %732
some describing penicillin resistance and MDR in their co-
horts.?®3? Comprehensive WGS studies of serotype 23A have
not been performed in Canada. It will be important to investigate
serotype 23Ain the future to monitor the expansion of this com-
monly penicillin-resistant lineage.

A final non-vaccine type lineage noted in our study was
GPSC26, which has been described as the majority global lineage
of serotype 12F.® GPSC26/serotype 12F isolates have been noted
for their non-susceptibility to chloramphenicol, tetracycline and
trimethoprim/sulfamethoxazole.’®%® Although some serotype
12F isolates in Canada belonged to this lineage and demon-
strated the characteristic resistance pattern, most serotype 12F
isolates were GPSC32/CC218. In North America, serotype 12F
has been associated with outbreaks and disease in disadvan-
taged populations. For example, in a recent study of disease clus-
ters  disproportionately  affecting persons  experiencing
homelessness (PEH), Beall et al. identified serotype 12F as the
most common serotype causing IPD in PEH in western USA.*?
In the current study, two separate clades of GPSC32/CC218
were identified, one with and one without the characteristic

presence of mefA/E. This resistant clade was originally identified
in a 2010 outbreak of IPD that affected PEH and people with sub-
stance use disorders in Manitoba, Canada.***° The lineage has
successfully expanded in western and central Canada as it has
continued to be collected throughout the SAVE study. After inves-
tigating the Pathogenwatch public database, it has become more
evident that this lineage may be restricted to Canada and the
USA, as the only publicly available GPSC32/CC218 isolates dem-
onstrating macrolide resistance were from the USA.

Although non-vaccine type lineages are important to monitor
to determine the future landscape of pneumococcal disease, it is
also important to discuss serotypes 3 and 4. These PCV13 sero-
types have increased in prevalence in Canada since 2011. It is
known that the PCV13-generated immune response to serotype
3isreduced, probably due to abundant capsular production over-
whelming the protective capacity of vaccine-generated anti-
bodies.*® This has contributed to the steady presence of
serotype 3 in Canada since PCV13 introduction, in comparison
to the sharp decreases in prevalence seen with some other
PCV13 serotypes (e.g. 6A, 7F, 19A).>” Serotype 3 isolates in
Canada have consistently been part of the international global
MLST clone CC180 (GPSC12); however, MLST alone cannot differ-
entiate between the recognized clades of GPSC12/CC180 circu-
lating worldwide. Initially, CC180 isolates were shown to belong
to a single, rarely recombining clade.*® More recently, an
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Table 2. Antimicrobial resistance gene profiles of common pneumococcal serotypes, as well as their various global pneumococcal sequencing clusters

and STs
Serotype (n) GPSC (n)  MLST CC/ST (n) Antimicrobial resistance gene profile(s) (n)°P
3(62) 12 (57) (CC180 (57) ermB—tetM (4);
ermB—tetM—cat (2);
ermB—tetM—cat—pbp2x SAMK/WT/KAA/WT (4);
ermB—tetM—cat—pbp2x SAMK/WT/KAA/WT—parC D83N (1);
WT (46)
83 (4)  ST1220(1) WT (1)
ST1377 (3) WT (3)
NA (1)  ST6934 (1) WT (1)
4 (23) 27 (18) ST205 (9) WT (9)
ST244 (9) WT (9)
70 (1)  ST1221 (1) WT (1)
162 (4)  ST2759 (3) ermB—tetM—cat (3)
ST7776 (1) WT (1)
8 (30) 3(6) CC53(6) tetM (1);
WT (5)
98 (22) (CC1268 (22) WT (22)
224 (1)  ST13705 (1) pbpla WT/WT/WT/TSQY—pbp2b WT/YSSN/QQLQP/GKT (1)
NA (1)  NA (1) WT (1)
9N (32) 16 (25) (CC66 (25) gyrA S81F (1);
ermB—tetM (2);
folP INS_RP[60] (1);
mefAE (2);
parC S79F (2);
WT (17)
32 (7) CC405 (7) WT (7)
12F (30) 26 (6 ST989 (6) mefAE—tetM—cat—folA 1100L—folP INS_SY[64] (1);
tetM—cat—folA 1100L—folP INS_R[61] (2);
tetM—folA 1100L—folP INS_R[61] (2);
tetM—folP INS_R[61] (1);
WT (1)
32 (22) (CC218(22) mefAE (12);
WT (10)
334 (2)  CC6945 (2) ermB—tetM (1);
ermB—tetM—pbp2x WT/WT/WT/IKSG (1)
15A (22) 6 (4) ST3811 (4) WT (4)
9 (16) CC63(16) ermB—tetM—pbpla SAMK/WT/WT/NTGY—pbp2b WT/SSNA/WT/WT—pbp2x SAMK/WT/KEA/VKSG (5);
ermB—tetM—pbp2b WT/SSNA/WT/WT—pbp2x SAMK/WT/KEA/VKSG (1);
ermB—tetM—pbp2b WT/SSNA/WT/WT—pbp2x WT/WT/KEA/WT (10)
11 (1)  ST5139(1) WT (1)
140 (1)  ST58 (1) WT (1)
19A (43) 1(12) ST320(12) ermB—mefAE—tetM—folA 1100L—folP INS_EI[67]—pbpla SSMK/WT/WT/NTGY—pbp2b WT/SSNA/
AIDTK/WT—pbp2x SAMK/WT/EDT/VKSG (12)
4 (10) CC199 (10) folP INS_EI[67]—pbp2b WT/SSNA/WT/WT—pbp2x SAMK/WT/WT/WT (2);
mefAE—folA 1100L—folP INS_SS[63]—pbpla SSMK/WT/WT/NTGY—pbp2b WT/SSNA/WT/WT—
pbp2x SAMK/WT/KEA/VKSG (1);
pbp2b WT/SSNA/WT/WT—pbp2x SAMK/WT/WT/WT (5);
WT (2)
9(2) (CC63(2) ermB—tetM—pbpla WT/WT/WT/NTGY—pbp2b WT/SSNA/WT/WT (1);
ermB—tetM—pbp2b WT/SSNA/WT/WT—pbp2x WT/WT/KEA/WT (1)
10(2) CC276(2) ermB—tetM—folA 1100L—folP INS_SY[64]—pbpla WT/WT/WT/NTGY—pbp2b WT/YSSN/QQLQP/GKT—

pbp2x WT/WT/WT/VKSG (1);
ermB—tetM—folP INS_SY[64]—pbpla SAMK/WT/WT/NTGY—pbp2b WT/SSNA/WT/WT—pbp2x
SAMK/WT/KEA/VKSG (1)

Continued
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Table 2. Continued

Serotype (n) GPSC (n) MLST CC/ST (n)  Antimicrobial resistance gene profile(s) (n)*®
11(1 ST193 (1) WT (1)
1 ST17183 (1) mefAE—tetM—folP INS_PG[61]—pbpla SAMK/WT/WT/NTGY—pbp2b WT/SSNA/WT/WT (1)

)

)

) ST1201 (1) WT (1)
3

1
CC695 (13)

ermB—pbpla WT/WT/WT/NTGY—pbp2x SAMK/WT/WT/WT (1);

mefAE—pbpla WT/WT/WT/NTGY—pbp2x SAMK/WT/WT/WT (8);
pbpla WT/WT/WT/NTGY—pbp2x SAMK/WT/WT/WT (4)

ermB—tetM—pbp2b WT/SSNA/WT/WT—gyrA S81L—parC S79F (2)

ermB—tetM—pbp2b WT/SSNA/WT/WT—pbp2x WT/WT/KAA/WT (2)
ermB—tetM—pbpla WT/WT/WT/NTGY—pbp2b WT/SSNA/SVESK/WT (1);

ermB—tetM—pbpla WT/WT/WT/NTGY—pbp2b WT/SSNA/SVESK/WT—pbp2x WT/WT/EDA/VKSG (5);

324 (1)  ST292 (1) WT (1)
22F (60) 9(2) ST9352(2)
19 (56) (CC433 (56) ermB—mefAE (1);
ermB—tetM (2);
mefAE (17);
parC S79Y (1);
WT (35)
215(2)  ST6541 (2)
23A (20) 5(9) (CC338(9)
folA 1100L—pbp2b WT/SSNA/SVESK/WT (3)
7(11) CC42(11) ermB (1);
folA 1100L—folP INS_CS[63] (1);
WT (9)
33F (23) 3(23) ST60 (1) WT (1)
CC100 (14) folA T100L—folP INS_VE[66] (1);
folP INS_VE[66] (2);
mefAE—folA 1100L—folP INS_VE[66] (2);
mefAE—folP INS_VE[66] (9)
CC673 (3) ermB—tetM—folP INS R[61] (1);
WT (2)
CC717 (4) ermB—tetM (4)
ST9348 (1) ermB—tetM (1)

GPSC, global pneumococcal sequencing cluster; ST, sequence type; CC, clonal cluster; NA, not assigned; WT, wild-type. Predicted resistance phenotypes

for these genes and alterations can be found in Table S1.

9PBPs only listed in the table if there is an alteration of interest in one or more motifs. Wild-type amino acid motifs are as follows: pbpla: 370-STMK/

466-SSN/557-KTG/574-TSQF;
pbp2b: 386-SSVK/443-SSNT/565-QLQPT/615-KTG;
pbp2x: 337-STMK/395-SSN/505-KDA/546-LKSG.

Amino acid insertions in folP noted in the 58-RPGSSYVEI-66 region. The table lists the extra amino acids and [estimated point of insertion].

important secondary clade was identified that diverged from
pre-PCV13 isolates. These isolates were found to be more highly
recombinant and also commonly antimicrobial-resistant due to
the presence of ermB, tetM and cat.!” Approximately 20% of
the GPSC12/CC180 isolates in our current study were determined
to be part of clade II and 45% of those possessed AMR determi-
nants. While the resistance profile matched that of isolates in
other studies, the prevalence of clade II in Canada is lower
than these previous studies describe. A study from England and
Wales described clade II as expanding to represent half of the
serotype 3 isolates collected since 2014.%° Similarly, Azarian
et al. observed that clade II made up more than half of the
post-PCV13 serotype 3 CC180 population in North America.'’
We did not see this level of clade II in Canada in the present
study; however, significantly more sequencing of recent serotype
3 isolates is required to confidently conclude whether CC180

clade II is increasing in Canada over time as it is in other
countries.

In contrast to the consistent presence of serotype 3 in the
pneumococcal landscape, serotype 4 has just recently started
to increase again as a cause of IPD in Canada. The full 2020 sur-
veillance report of pneumococcal disease (all Canadian provinces
and territories) noted that serotype 4 only rose past serotype 3 in
2020 to become the most common type associated with IPD.?’
This increase may be partially attributed to outbreaks of disease.
Beall et al. identified serotype 4 as the second most common
serotype causing IPD in PEH in western USA.>* Another recent
study identified serotype 4/CC244 (GPSC27) as the cause of sig-
nificant IPD in PEH and persons with substance use disorders in
Alberta, Canada.“° This study also noted that CC244 was more
common in Alberta, with CC205 common nationally. In our cur-
rent study, we noted similarly that serotype 4/CC205 was
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Figure 3. Maximum likelihood core SNV phylogenetic tree of S. pneumoniae serotype 23A isolates collected from across Canada, 2011-2020. * A total
of 2544 sites were used in the phylogeny, including 84.8% of the core genome. SC11-4141-P was used as a mapping reference. SNV density filtering
was set to remove regions with >5 SNVs per 500 base pairs. + The various combinations of pbp alterations present in this serotype were predicted to
confer penicillin-intermediate phenotype. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

geographically diverse. Although Alberta is not part of the SAVE
study, the geographic specificity of CC244 to Alberta confirms
our finding that CC244 is a western Canadian clone. Of particular
interest in our current study is the presence of GPSC162/ST2759,
isolates that possessed ermB, tetM and cat and were highly clonal
(3.1 SNVs). GPSC162 was defined as an ‘intermediate’ GPSC by
Gladstone et al’ and Pathogenwatch records for this lineage
were generally associated with Asia. A recent genomic investiga-
tion of pneumococcal disease in Russia listed all collected sero-
type 4 isolates as belonging to GPSC162, however, no
resistance information was provided.*! As our study only se-
quenced a small percentage of each serotype collected each
study year and does not receive any epidemiological information,
it is possible these isolates were part of an outbreak related to
travel. It will be important to monitor this lineage closely, as an
outbreak-associated serotype with known drug resistance could
pose significant problems.

This study is limited by the participation of only eight out of 10
Canadian provinces. Alberta and British Columbia, Canada’s two
most westerly provinces, do not submit isolates to the SAVE
study, therefore, regional analyses may underrepresent western
Canada. Only a select number of isolates were included for WGS
analysis in this study, which is a small proportion of the isolates
collected by the SAVE study in any given year. By only including

a small sampling, it is possible that outbreaks or regional sero-
type variations may have been missed in our analysis. Last, the
total number of isolates received as part of SAVE 2020 was
much lower than usual, probably due to the intervention strat-
egies put in place to cope with the COVID-19 pandemic. The pre-
liminary incidence rate of IPD in Canada for 2020 was 5.9 cases
per 100 000 population,®’ representing a sharp decreased from
the 10.1 cases per 100 000 population reported in 2019. Only
time will tell whether this decrease had a marked effect on the
pneumococcal serotype distribution in Canada.

In conclusion, the landscape of pneumococcal serotypes in
Canada has shifted since the last genomic investigation of the
SAVE study. Commonly collected pneumococcal serotypes from
across Canada in 2016 to 2020 (8, 12F, 22F, 23A, 33F) represent
some of the most prevalent international lineages associated
with non-vaccine serotype IPD. PCV13 serotype 3/GPSC12 con-
tinues to be responsible for a significant amount of pneumococ-
cal disease in Canada, separating into two distinct clades on the
basis of rate of recombination. Serotype 4 also increased in
prevalence, and was predominantly associated with GPSC27.
Two specific lineages of note were serotype 4/GPSC162/ST2759
and serotype 23A/GPSC5/CC338. Both lineages have been more
recently collected in Canada and were associated with increased
AMR determinants in comparison to other clones of the same
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serotype. Continued genomic surveillance is required to monitor
new and evolving lineages of S. pneumoniae in Canada.
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