
Streptococcus pneumoniae causes both invasive 
and noninvasive disease. Since the introduc-

tion of 7-valent and 13-valent protein-polysaccha-
ride conjugated pneumococcal vaccines (PCV7 and 
PCV13, respectively) for children, vaccine serotype

disease has been nearly eliminated among children 
and reduced indirectly among adults through herd 
effect (1–4). PCV7, administered as a 3-dose prima-
ry series plus a booster (3+1 dosing schedule) was 
introduced in Alberta, Canada, in 2002, followed 
in 2010 by PCV13 (2+1 dosing schedule); both vac-
cines include serotype 4. In Alberta Province and 
throughout Canada, invasive pneumococcal dis-
ease (IPD) has continued to decline in children <5 
years of age since 2010, after PCV13 vaccine intro-
duction, but among older age groups, IPD incidence 
has remained steady (5,6). No pediatric cases of IPD 
caused by S. pneumoniae serotype 4 have been diag-
nosed in Calgary, Alberta, Canada, since 2007 (3), al-
though recent data from Calgary showed low levels 
of serotype 4 carriage in children identifi ed by using 
PCR but not by using conventional culture (7). 

In 2011, IPD caused by S. pneumoniae serotype 4 
began to increase in adults in the province of Alber-
ta, particularly among persons who were homeless. 
A previous outbreak in Alberta in 2005–2007 includ-
ed serotypes 5 and 8, primarily in persons experienc-
ing homelessness and those using illicit drugs (8). 
Homelessness is overrepresented as a factor in adult 
IPD cases: 18.8% of adults with IPD are homeless, 
despite only 0.2% of adults in Calgary being home-
less (9). We conducted this study to examine clinical 
and demographic factors associated with serotype 4 
IPD and to conduct molecular characterization and 
phylogenetic analysis from whole-genome sequenc-
ing (WGS) data on the serotype 4 isolates collected 
during the outbreak. Our goal was to clarify the dy-
namics of an outbreak of serotype 4 IPD in a post-
vaccine community setting where serotype 4 had 
previously been uncommon. 
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After	 the	 introduction	 of	 pneumococcal	 conjugate	 vac-
cines	for	children,	invasive	pneumococcal	disease	caused	
by	 Streptococcus pneumoniae	 serotype	 4	 declined	 in	
all	 ages	 in	Alberta,	Canada,	 but	 it	 has	 reemerged	 and	
spread	in	adults	in	Calgary,	primarily	among	persons	who	
are	experiencing	homelessness	or	who	use	illicit	drugs.	
We	conducted	clinical	and	molecular	analyses	to	exam-
ine	 the	cases	and	 isolates.	Whole-genome	sequencing	
analysis	 indicated	 relatively	 high	 genetic	 variability	 of	
serotype	 4	 isolates.	 Phylogenetic	 analysis	 identifi	ed	 1	
emergent	sequence	type	(ST)	244	lineage	primarily	as-
sociated	within	Alberta	and	nationally	distributed	clades	
ST205	 and	 ST695.	 Isolates	 from	 6	 subclades	 of	 the	
ST244	 lineage	 clustered	 regionally,	 temporally,	 and	 by	
homeless	status.	In	multivariable	logistic	regression,	fac-
tors	associated	with	serotype	4	 invasive	pneumococcal	
disease	were	being	male,	being	<65	years	of	age,	experi-
encing	homelessness,	having	a	diagnosis	of	pneumonia	
or	empyema,	or	using	illicit	drugs.
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Methods

Population
An inception cohort including all adult case-patients 
with serotype 4 IPD was identified through population-
based surveillance during 2010–2018 in Calgary (2018 
population 1,648,385) and Edmonton, Alberta (2018 
population 1,393,380). Epidemic curves were generated 
for Calgary and Edmonton from the number of cases 
of serotype 4 IPD reported each year during 2000–2018 
(Figure 1). We performed WGS to analyze isolates from 
all patients. We included all adults (≥18 years of age) 
with IPD reported in the Calgary S. pneumoniae Epide-
miology Research (CASPER) (4) study during 2010–
2018 in the clinical analysis.

Data Collection and Ethics
IPD is a reportable disease to the Ministry of Health 
in Alberta; therefore, all culture-confirmed cases of 
serotype 4 IPD in Calgary and Edmonton were iden-
tified. All pneumococcal isolates identified by diag-
nostic microbiology laboratories in Alberta must be 
submitted to Alberta Precision Laboratories–Public 
Health for pneumococcal serotyping. Serotyping was 
performed by quellung reaction (10). Clinical infor-
mation was obtained from chart reviews in Calgary 
as part of the CASPER study. Ethics approval was 
provided for the clinical study by the Conjoint Health 
Research Ethics Board of the University of Calgary. 

Analysis of Clinical Factors
We collected clinical data on all pneumococcal dis-
ease cases in Calgary identified through the CASPER 
study. Clinical data were not available for cases from 
Edmonton, so we included only cases from Calgary 
in the clinical analysis. We used tests of proportions 

to compare serotype 4 IPD with non–serotype 4 IPD 
in a univariable analysis to determine clinical and 
demographic factors and outcomes. We used the Stu-
dent 2-tailed t-test to compare risk by age as a con-
tinuous variable. We chose clinical, demographic, 
and outcome factors a priori on the basis of biologic 
plausibility and clinical relevance. For underlying 
health conditions we sorted patients into 3 groups: 
those having no underlying conditions increas-
ing risk for IPD; those with underlying conditions 
but immunocompetent; and those with underlying 
conditions and immunocompromised, according to 
Public Health Agency of Canada recommendations 
for immunization (11). For factors with multiple 
possible responses (e.g., disease manifestation, un-
derlying conditions), which were therefore not pos-
sible to collapse into 2 groups, we ran a Fisher χ2 
test to determine p value. However, although p<0.05 
indicates a significant difference between >2 groups, 
it does not provide information on where the differ-
ence occurs.

We used stepwise multivariable logistic regres-
sion to analyze clinical and demographic factors and 
determine adjusted odds ratios and 95% CIs for fac-
tors associated with infection from IPD serotype 4 
compared with IPD from all other serotypes. We 
included age as a dichotomous variable: <65 or ≥65 
years of age. We did not include indigenous back-
ground, intensive care unit (ICU) admission, death, 
or hospitalization as variables in the model: indige-
nous status because it is a difficult factor to determine 
from chart reviews, which are often missing large 
amounts of data, but its effect was not significant in 
univariable analysis; ICU admission, death, and hos-
pitalization because they are outcomes and we were 
interested in clinical factors associated with serotype 
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Figure 1. Epidemic	curve	for Streptococcus pneumoniae	serotype	4	versus	non–serotype	4	causing	invasive	pneumococcal	disease,	
among	adults	>18	years	of	age,	Alberta,	Canada,	2010–2018.	A)	Calgary	zone	of	Alberta	Health	Services;	B)	capital	health	zone	
(Edmonton)	of	Alberta	Health	Services.
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4 IPD. We removed smoking status because of non-
significance and a large amount of missing data.

Bacterial Identification
We screened isolates using optochin disk suscepti-
bility (Oxoid, http://www.oxoid.com) and tube bile 
solubility analyses (12,13). We performed serotyping 
by quellung reaction using commercial antiserum 
(Statens Serum Institut, https://en.ssi.dk; SSI Diag-
nostica, https://www.ssidiagnostica.com) (10). We 
used PCR to test isolates for the presence of the cpsA 
gene if a quellung reaction was not observed (14); we 
verified species identification using rpoB (β subunit of 
RNA polymerase gene) sequence typing (15,16). 

We determined antimicrobial susceptibilities us-
ing Sensititer STP6F (Trek Diagnostics, http://www.
trekds.com) broth microdilution panels according to 
Clinical and Laboratory Standards Institute guidelines 
(17,18). We used meningitis resistance breakpoints for 
nonsusceptibility to penicillin (≥0.12 μg/mL), ceftriax-
one and cefotaxime (≥2 μg/mL), and parenteral resis-
tance breakpoints for cefuroxime (≥2 μg/mL). 

Whole Genome Sequencing Analyses
We conducted WGS analyses on S. pneumoniae sero-
type 4 isolates from Calgary and Edmonton as well as 
background serotype 4 isolates collected from other 
provinces in Canada at the National Microbiology 
Laboratory in Winnipeg, Manitoba, as described else-
where (19). We prepared DNA samples using Epicen-
ter MasterPure Complete DNA and RNA Extraction 
Kit (Mandel Scientific, https://www.mandel.ca) and 
created libraries using Nextera sample preparation 
kits (Illumina, https://www.illumina.com) with 300 
bp (n = 140) and 150 bp (n = 50) paired-end indexed 
reads generated on the Illumina NextSeq platform. 
We submitted read data for all S. pneumoniae sero-
type 4 isolates from Alberta to the National Center 
for Biotechnology Information Short Read Archive 
(BioProject accession no. PRJNA693536). We assessed 
the quality of the reads using FastQC version 0.11.4 
(20) and assembled using Shovill (Galaxy version 
1.0.4+galaxy0) programs (21).

We conducted core single-nucleotide variant 
(SNV) phylogenetic analysis by using a custom Gal-
axy version SNVPhyl version 1.0.1b Paired-End (22) 
phylogenomics workflow with minimum cover-
age = 7, minimum mean mapping quality = 30, and 
alternative allele ratio = 0.75; we removed highly re-
combinant regions containing >5 SNVs/500 bp. We 
visualized phylogenetic trees using FigTree version 
1.4.3 (23). We determined phylogenetic clades by 
cluster analysis using ClusterPicker (24) with these 

settings: initial and main support thresholds = 0.9, ge-
netic distance threshold = 0.045, and the large cluster 
threshold = 10. We used WGS data to identify the pres-
ence of macrolide (ermB, ermTR, mefA/E), tetracycline 
(tetM, tetO), chloramphenicol (cat), trimethoprim/
sulfamethoxazole (folA, folP), penicillin (pbp1a, pbp2b, 
pbp2x), and fluoroquinolone (gyrA S81, parC S79/
D83/N91) molecular antimicrobial resistance mark-
ers (8–12). We queried virulence factors including 
pspA (pneumococcal surface protein A), ply (pneumo-
lysin), pavA and pavB (pneumococcal adhesion and 
virulence A and B), lytA, lytB and lytC (autolysins A, 
B and C), nanA and nanB (neuraminidase A and B), 
rrgA (pilus-1), sipA (pilus-2), cbpA, cbpD, cbpG, and pce 
(choline binding proteins A, D, G and E), hasA (hyal-
uronate lyase), and zmpC (immunoglobulin A1 prote-
ase) (13,14). We determined the presence or absence 
of molecular marker genes in the isolates by query-
ing reference nucleotide sequences against assembled 
contig files using BLAST (15) with the E-value cutoff 
option set to 10e-100. We used the SNVPhyl workflow 
program to determine the number of 23S rRNA allele 
mutations, using an allele of S. pneumoniae R6 (locus 
tag sprr02) as a mapping reference and interrogating 
the allele counts at nucleotide position 2061 from the 
resultant variant call files (.vcf). We determined mul-
tilocus sequence type (MLST) allelic profiles in silico 
and queried them using the open-access PubMLST S. 
pneumoniae database (25) located at the University of 
Oxford to determine sequence types (ST).

Results

Populations
We identified 190 IPD serotype 4 cases in adults (96 
from Calgary, 94 from Edmonton) during 2010–2018 
and used WGS to analyze isolates obtained from 
those patients. A total of 1,008 adults sought treat-
ment at Calgary hospitals with IPD during 2010–2018; 
of these, 100 (10%) cases involved serotype 4 IPD. For 
clinical analysis, we completed chart reviews for 97% 
of the 1,008 IPD cases. For cases without full chart re-
views, we collected basic demographic information 
from notifiable disease reports and laboratory reports 
and included the information in the analysis when 
possible. Of the 30 cases without a full chart review, 
57% were because of patient refusal to participate in 
the study. Twelve percent of chart reviews were miss-
ing large amounts of information because smoking 
status was not consistently reported; 56% of reviews 
lacked clear indication of indigenous status. We in-
cluded the 967 patients with full information avail-
able in the multivariable analysis. 
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Epidemic Curves
In Calgary, after PCV7 introduction, serotype 4 had 
almost disappeared by 2009–2010. The outbreak 
among adults peaked in 2015–2016 (Figure 1, panel 
A). The number of cases of serotype 4 decreased and 
no cases occurred after July 2018, suggesting resolu-
tion of the outbreak. In Edmonton, the decline of sero-
type 4 after PCV7 introduction was less pronounced 
and the outbreak had 2 peaks, a smaller one in 2011 
and a larger one in 2016–2017 (Figure 1). Serotype 4, 
which was originally prevalent, declined in the initial 
period after PCV7 introduction but then increased in 
2011 after PCV13 was introduced.

Clinical Analysis
Homelessness, illicit drug use, alcohol abuse, and 
smoking were overrepresented as risk factors among 
patients with cases of serotype 4 IPD in data from the 
univariable analysis (Table 1). Persons with underly-
ing conditions who were immunocompromised were 
underrepresented among those with serotype 4 IPD 
(Table 1). People with serotype 4 IPD were also young-
er (mean age 47.0 years, 95% CI 44.2–49.8 years) than 
those with non–serotype 4 IPD (mean age 58.4 years, 
95% CI 57.2–59.5 years) during 2010–2018 (t-test p val-
ue <0.001). The most common diagnosis for serotype 
4 IPD was bacteremic pneumonia (82%). All serotype 
4 IPD cases that occurred during 2010–2018 were sus-
ceptible to penicillin, ceftriaxone, and erythromycin. 

In results from multivariable logistic regression, we 
found that being male, being <65 years of age, experi-
encing homelessness, having a diagnosis of pneumo-
nia or empyema, or using illicit drugs were associated 
with serotype 4 IPD (Table 2). Alcohol abuse was not 
significantly associated with serotype 4 IPD in the mul-
tivariable logistic regression, indicating that the asso-
ciation seen in the univariable analysis was because of 
confounding by another factor (Table 2).

WGS
We conducted WGS analyses on 96 S. pneumoniae se-
rotype 4 isolates from Calgary, 94 from Edmonton, 
and 37 background serotype 4 isolates from the Na-
tional Microbiology Laboratory, collected from other 
provinces in Canada (19). Illumina MiSeq sequencing 
yielded an average 817,775 reads/genome, and aver-
age genome coverage was 91X. De novo assembly re-
sulted in an average contig length of 45,875 nt and an 
N50 length of 85,135 nt.

The 190 S. pneumoniae serotype 4 genomes from 
Alberta clustered into 3 major phylogenetic clades 
(Figure 2); each clade was associated with an MLST. 
The largest number 93.7% (n = 159) of isolates were 
located in clade A and were MLST type ST244. Iso-
lates in clade A were geographically relatively evenly 
distributed between Calgary (n = 69) and Edmonton 
(n = 90) and temporally after 2010 (n = 4); ≈19 iso-
lates per year were found during 2011–2019. Clade B 
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Table 1. Results	of	univariable	tests	of	proportions	of	patient	demographics	and	clinical	characteristics	of	Streptococcus pneumoniae 
serotype	4	versus	non–serotype	4	causing	IPD,	Calgary,	Alberta,	Canada,	2010–2018* 

Characteristics 
Serotype	4,	 
no.	(%) 

Non–serotype	4,	
no.	(%) %	Difference	(95%	CI) p	value 

Total	cases,	n	=	990 100 890 NA	 NA 
Age ≥65 y 7	(7.5) 311	(34.9) 27.9	(22.0–33.8) <0.001 
Homelessness 47	(47.5) 129	(14.8) 32.6	(22.5–42.8) <0.001 
Illicit	drug	use 47	(58.0) 156	(22.5) 35.6	(24.4–46.8) <0.001 
Alcohol	abuse 50	(61.7) 238	(34.2) 27.5	(16.3–38.6) <0.001 
Indigenous 13	(40.6) 105	(29.4) 11.2	(–6.4	to	28.9) 0.1862 
Current	or	former	smoker 85	(89.5) 579	(74.1) 15.3	(8.4–22.2) 0.001 
Severity 
 Death ≤30 d 7	(7.0) 114	(12.9) 5.9	(0.5–11.4) 0.09† 
 Hospitalization 88	(88.0) 775	(88.1) 0.1	(–6.6	to	6.8) 0.9 
 ICU	admission 29	(29.6) 224	(25.9) 3.7	(–5.8	to	13.2) 0.4 
Underlying condition an indication for pneumococcal vaccination‡ (11)   <0.001§ 
 No	underlying	condition	 46	(46.5) 279	(31.9) NA NA 
 Underlying	condition,	but	immunocompetent 44	(44.4) 356	(40.7) NA NA 
 Underlying	condition,	immunocompromised 9	(9.1) 237	(27.4) NA NA 
Primary	diagnosis     0.02§ 
 Bacteremia 1	(1.0) 89	(10.0) NA NA 
 Other	IPD 1	(1.0) 38	(4.3) NA NA 
 Bacteremic	pneumonia 82	(82.0) 613	(68.9) NA NA 
 Empyema 11	(11.0) 86	(9.7) NA NA 
 Pericarditis 7	(0.79) 1	(1.0) NA NA 
 Meningitis 4	(4.0) 56	(6.3) NA NA 
*IPD,	invasive	pneumococcal	disease;	NA,	not	applicable. 
†p value >0.05 but 95% CI does not cross 0, therefore significant. 
‡Underlying conditions exclude alcohol and drug abuse. 
§p	value	from	2 test;	overall	comparison	made	between	groups	but	not	for	each	level	within	groups	because	of	multiple	levels. 
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included 2 isolates from Edmonton, collected in 2010 
and 2012, and 1 from Calgary, collected in 2018, that 
were ST695, a triple-locus variant of ST244 and an-
cestor of newly emergent serotype 19A/ST695 clone 
(26). Clade C was associated with ST205 (n = 23) and 
ST15531 (n = 2), a single-locus variant of ST205. Twen-
ty-three of the 24 isolates in clade C were collected 
from the Calgary region. Although another ST205 iso-
late from Edmonton and the TIGR4 reference strain 
(National Center for Biotechnology Information ac-
cession no. NC_003028.3) were proximal to clade C 
in the phylogenetic tree, ClusterPicker excluded them 
from the clade based on the clustering thresholds 
used. A further 2 isolates from Calgary and a third 
from Edmonton were distant phylogenetic outliers 
of ST2213, ST7776, and ST11662. Most national back-
ground isolates collected from other provinces (n = 
36) clustered within the ST205 clade C lineage (n = 
23), but the ST244 clade A lineage was predominantly 
associated with Alberta, with fewer national isolates 
present (n = 10) (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/27/7/20-4403-App1.pdf).

Further phylogenetic analysis of the ST244 iso-
lates from Alberta identified 6 major clades with 
isolates clustered by city (Figure 3). Isolates from Ed-
monton mainly comprised clades A1 (19 of 21) and 
A2 (8 of 8), but isolates from the Calgary area com-
prised clades A3 (9 of 10), A4 (21 of 25), A5 (19 of 19), 
and A6 (5 of 5). Clade A1 emerged in Edmonton in 
2011, and clade A2 followed 4 years later in 2015; in 
Calgary, clade A6 was first seen in 2011, followed by 
clades A4 in 2013, and A3 and A5 in 2014, with A5 
expanding in 2015 (Appendix Figure 2).

Additional information about homelessness, 
death, ICU admittance, and risk factors was available 
for case-patients from Calgary. Clade A1 had the high-
est proportion of isolates associated with homelessness 

(7 of 9 isolates), whereas clade A4 had the lowest (7 of 
21 isolates; Figure 3). There was also a relatively high 
number of isolates (3 of 5) in clade A6 and from the 
miscellaneous nonclustered strains from Calgary (10 
of 14) associated with homelessness. Although only 
about half of the isolates in clade A5 were associated 
with homelessness (10 of 19), a subgroup of 7 highly 
related isolates associated with homelessness were 
identical to each other (no SNV difference). Among the 
ST205 isolates, 6 of the 23 Calgary isolates were associ-
ated with homelessness. We observed no clustering of 
isolates associated with the other background informa-
tion (death, risk factors, or ICU admittance). 

WGS Antimicrobial Susceptibility
Using in silico molecular characterization we found 
antimicrobial resistance determinants in 7 of the 190 S. 
pneumoniae serotype 4 isolates including single ParC 
D83 aa substitution (n = 2), ermB and tetM determi-
nants (n = 1), sole folA I100L (n = 2), folA I100L, a folP 
amino acid insertion, and tetM (n = 1), and a SAMK 
motif in pbp2x and the folA I100L and folP insert (n 
= 1). All virulence factors we analyzed were present 
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Table 2. Results	of	multivariable	logistic	regressions	of	clinical	and	demographic	factors	associated	with	Streptococcus pneumoniae 
serotype	4	versus	non–serotype	4	causing	IPD,	Calgary,	Alberta,	Canada,	2010–2018	(n	=	967)* 
Factors associated with serotype 4† Odds	ratio	(95%	CI) p	value 
Male	sex 2.1 (1.2–3.7) 0.007 
Age ≥65 y 0.3 (0.1–0.7) 0.003 
Homelessness 2.4 (1.4–4.1) 0.001 
Illicit	drug	use 2.3 (1.4–3.8) 0.001 
Alcohol	abuse 0.9 (0.5–1.5) 0.698 
Underlying	condition	an	indication	for	pneumococcal	vaccination	(11) 
 No	underlying	condition	increasing	risk	for	IPD Referent Referent 
 Underlying	condition,	but	immunocompetent 0.9 (0.6–1.5) 0.731 
 Underlying	condition,	immunocompromised 0.3 (0.1–0.7) 0.003 
Primary	diagnosis 
 Bacteremia or other invasive condition‡ Referent  Referent 
 Pneumonia	or	empyema 3.6 (1.1–12.0) 0.034 
 Meningitis 2.8 (0.6–13.4) 0.202 
*IPD,	invasive	pneumococcal	disease. 
†Smoking status included in initial model but	result	was	not	significant	and	a	large	amount	of	data	was	missing,	so	it	was	removed	from	final	model.	 
‡For example, pericarditis, peritonitis, abscess, endophthalmitis. 

 

Figure 2.	Maximum-likelihood	core	SNV	unrooted	phylogenetic	
tree	of	190	Streptococcus pneumoniae	serotype	4	isolates	
collected	from	patients	in	Alberta,	Canada,	2010–2018.	A	total	
of	3,097	sites	were	used	in	the	phylogeny,	and	80.7%	of	the	
core	genome	was	included.	S. pneumoniae	TIGR4	(arrow;	
National	Center	for	Biotechnology	Information	accession	number	
NC_003028.3)	was	used	as	a	mapping	reference.	Cluster	analysis	
did	not	group	1	ST205	isolate	and	TIGR4	with	the	other	clade	C	
strains.	SNV,	single	nucleotide	variant;	ST,	sequence	type.
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Figure 3.	Maximum-likelihood	core	SNV	phylogenetic	
tree	of	159	Streptococcus pneumoniae	serotype	4	
ST244	isolates	collected	in	Alberta,	Canada,	2010–
2018.	A	total	of	615	sites	were	used	in	the	phylogeny,	
and	97.4%	of	the	core	genome	was	included.	An	
internal	isolate	SC19-3744-P	(oldest	outlier)	was	used	
as	a	mapping	reference	and	root.	Red	nodes	indicate	
isolates	from	the	Calgary	region,	blue	nodes	those	
from	Edmonton;	triangles	indicate	association	with	
homelessness.	Scale	bar	indicates	genetic	distance.	
SNV,	single	nucleotide	variant;	ST,	sequence	type.
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in the isolates except cbpA and sipA (pilus-2), which 
were absent in all strains; rrgA (pilus-1) or zmpC were 
absent in the phylogenetic outliers (n = 3).

Discussion
Outbreaks of IPD have been described most often in vul-
nerable populations and groups living in crowded con-
ditions, but only a few serotypes have been described 
in association with outbreaks (27). Outbreaks of disease 
can be characterized as a temporal increase of disease 
from epidemiologically linked cases. The temporal re-
lation can vary depending on the causative organism. 
Pneumococcal outbreaks may occur over a period of 
several years. In this study, phylogenetic analyses were 
used to support epidemiologic information linking a 
susceptible population with a particular serotype.

In Calgary we have observed 2 large outbreaks 
of IPD that particularly affected homeless persons. 
The one during 2005–2007 was largely caused by 
serotype 5, although an increase in serotype 8 was 
also observed (8). In the more recent outbreak dur-
ing 2010–2018, the incidence of serotype 4 increased. 
Phylogenetic analysis indicated relatively high ge-
netic variability among the serotype 4 isolates col-
lected over this period. Previously, we conducted 
WGS on a small sample of serotype 5 cases associ-
ated with the 2005–2007 outbreak; results indicated 
that all isolates were from the same genetic clone 
(8). In our analysis of the predominant serotype 4 
ST244 clone in Alberta, we observed higher diver-
sity with some clustering regionally in Calgary and 
Edmonton, as well as some temporal clustering and 
clustering in homeless persons during 2014–2016. 
There were also some genetically diverse isolates 
of S. pneumoniae serotype 4 broadly disseminated 
throughout the community, including among per-
sons who were not homeless. No clustering was 
observed by age group, gender, site of bacterial iso-
lation, or disease severity, which may indicate that 
the rise in disease was not because of the emergence 
of a single, more transmissible clone of serotype 4. 
Because of the longer temporal period over which 
pneumococcal outbreaks occur, some degree of ge-
netic drift is expected, with strains being disseminat-
ed among the susceptible population and sublineag-
es emerging more acutely in pockets that facilitate 
transmission, forming diversified subclades within 
the overall outbreak. The relative diversity among 
subclades can be thought of as smaller outbreaks of 
more clonal strains within the overarching dissemi-
nation of the original strain.

From a genetic perspective, the phylogeny repre-
senting the nationwide breadth of serotype 4 strains 

had a maximum 1,472 SNVs and an average 192 SNVs 
between strains (Appendix Figure 1), in contrast with 
the larger overall outbreak lineage (clade A) with a 
maximum 148 SNVs and average 22 SNVs. Further 
clonality can be seen among the subclades with each 
having ≈5 SNVs difference within and ≈10 SNVs be-
tween subclades (Appendix Table). A recent report of 
an outbreak of serotype 5 IPD in British Columbia, 
Canada stated that its strains differed by only ≈10 
SNVs over a 3.5-year period (28).

The rise of serotype 4 IPD cases occurred during 
a period of widespread PCV13 use in children, raising 
questions about the reservoirs of this strain. Before 
that period, during the period of PCV7 use in children, 
serotype 4 was largely controlled at all ages, reflect-
ing direct immunity in vaccine recipients and indirect 
immunity in unvaccinated adults. The reemergence 
of serotype 4 cases, primarily among adults, suggests 
reduced herd immunity. When Alberta switched 
from PCV7 to PCV13 in 2010, there was also a switch 
from a 4-dose schedule of PCV7 to a 3-dose PCV13 
schedule for children. This change raises a question 
about whether the reduced-dose schedule in children, 
although still providing direct protection, might be 
less effective in reducing nasopharyngeal carriage, 
leading to asymptomatic transmission and reduced 
herd immunity. A study of pneumococcal carriage 
among children in Calgary has previously shown the 
near elimination of serotype 4 carriage after the in-
troduction of PCV7, supporting this possible expla-
nation (29). More recent studies in children in 2016 
and 2018, well after the introduction of PCV13, found 
that serotype 4 IPD was not identified in any sample 
tested by conventional culture but was identified in 
3.5% of children by using PCR (7). It is also possible 
that PCV13 may not reduce nasopharyngeal carriage 
and asymptomatic carriage of all vaccine serotypes as 
effectively as PCV7 did, regardless of the change in 
number of doses. In support of this possibility, PCV13 
has known limited effectiveness to reduce serotype 
3 IPD and possibly nasopharyngeal carriage, as de-
scribed in a 2019 review (30).

Serotype 4 IPD was associated with being male or 
a current user of illicit drugs or experiencing homeless-
ness. Serotype 4 IPD case-patients had lower odds of 
having an immunocompromising illness, which may be 
partially associated with being younger, although the as-
sociation remained when we adjusted for age. We previ-
ously reported that IPD is significantly overrepresented 
in homeless persons compared with the general popu-
lation, regardless of season (9). Although the 23-valent 
pneumococcal polysaccharide vaccine is recommended 
for homeless persons in Canada, among those for whom 
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we were able to obtain records, vaccination rates were  
very low (9,11).

The main limitation of this study is that we had 
complete clinical data only from Calgary. In addi-
tion, the total population of the surveillance area was 
3,041,765 and for a relatively rare disease like IPD, lo-
cal random variation in prevalent serotypes may limit 
the generalizability of our results.

Similar to serotype 5 during the 2005–2007 out-
break, serotype 4 also migrated across a large geo-
graphic area in western Canada and was seen in Victo-
ria, British Columbia (31,32). Pneumococcal outbreaks 
have been reported in overcrowded jails, homeless 
shelters, and care homes (8,31,33–36). One study found 
recurrent infections were 5-fold higher among persons 
who were homeless than those who were not (37). An-
other study found most outbreaks of pneumococcal 
disease occurred in crowded settings (38). It is clear that 
homelessness and drug use are risk factors for illness 
and should be considered indicators for vaccination. 
Although we acknowledge the challenge of delivering 
vaccines to homeless persons, on the basis of these re-
sults, we recommended a public health initiative, cur-
rently under consideration by public health officials in 
Alberta, to target the homeless population of Calgary 
for publicly funded vaccination with both PCV13 and 
23-valent pneumococcal polysaccharide vaccine. 
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Appendix Table. Number of single nucleotide variants in the core genome within and between the major phylogenomic clades of 
Streptococcus pneumoniae serotype 4 ST244 isolates collected in Alberta (Figure 3) 

Clade 
No. 

isolates 
Avg. SNVs  
within clade 

Max. SNVs  
within clade 

Avg. SNVs  
from next clade† 

Min. SNVs  
from next clade† 

Max. SNVs  
from next clade† 

A1 21 4 12 12 6 23 
A2 8 6 14 9 6 20 
A3 10 2 10 15 6 29 
A4 25 12 27 44 32 62 
A5 19 4 19 38 30 52 
A6 5 5 12 15‡ 4‡ 22‡ 
*Avg, average; Max, maximum; Min, minimum; SNV, single nucleotide variants 
†Number of SNVs compared to the following closest ancestral clade in the phylogeny.  
‡Number of SNVs compared to clade A in the phylogeny. 
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Appendix Figure 1. Maximum likelihood core SNV phylogenetic tree of S. pneumoniae serotype 4 

isolates collected in Alberta (red nodes, n = 190) during 2010–2018, and other provinces (grey nodes, n = 

37). All isolates from other provinces were collected in 2019 except 1 ST205 isolate from 2011 and 1 from 

2012. We used a total of 3,075 sites in the phylogeny and included 77.2% of the core genome; we used 

isolate SC16-4549-P (the oldest outlier isolate) as the tree root and S. pneumoniae TIGR4 (NCBI 

accession number NC_003028.3) as a mapping reference.  
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Appendix Figure 2. Temporal distribution of isolates (n=159) collected in Alberta in the maximum 

likelihood core SNV phylogenetic tree of S. pneumoniae serotype 4 ST44 isolates during 2010–2018. We 

used a total of 615 sites in the phylogeny and 97.4% of the core genome was included. An internal isolate 

SC19-3744-P (oldest outlier) was used as a mapping reference and root. Isolates from the Calgary region 

are indicated with red circles, from Edmonton with blue circles. 


