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Abstract

Introduction

There are at least 98 known pneumococcal serotypes; however, the majority of disease is caused
by approximately 20 serotypes. The pneumococcal conjugate vaccine (PCV) significantly
decreased pneumococcal disease however following its introduction some countries reported
increases in non-PCV serotypes. Cases of capsular switching have been reported however, in
most cases increases were driven by pre-existing clones that were circulating prior to PCV
introduction. The 7-valent pneumococcal conjugate vaccine (PCV7) was introduced in South
Africa in 2009 and was replaced with the higher valency PCV13 in 2011. Pneumococcal disease
is usually caused by a single serotype and disease by more than one serotype is rarely reported.
Some pneumococci do not react with commercially available antisera used for serotyping and
are thus regarded as non-serotypeable (NT). NT pneumococci are commonly isolated during

carriage studies and very rarely cause invasive disease.

Materials and methods

Patient information and bacterial isolates were obtained through the national, laboratory-based
surveillance for invasive pneumococcal disease (IPD) in South Africa, coordinated by the
Group for Enteric, Respiratory and Meningeal Disease Surveillance in South Africa (GERMS-
SA). Genotypes (sequence types) of isolates that caused IPD in 2005 through 2013 prior and
during routine use of PCV7 and PCV13 were compared. Sequence type diversity by serotype
was assessed using Simpson’s index of diversity. For dual serotype IPD (co-infection with two

serotypes) cases identified in 2005 through 2014, factors associated with dual serotype IPD
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were assess and genomes of isolate pairs from co-infected individuals were sequenced. In two
cases of IPD where a non-serotypeable and a serotypeable isolate were co-detected during

routine serotyping, genomes of isolate pairs were compared.

Results

From 2005 through 2013, 36,267 IPD cases were reported to GERMS-SA of which 70%
(25,508/36,267) had viable isolates available for further characterization. The average incidence
of PCV serotypes declined 49% (95% confidence interval (Cl), -44% to -54%) from
18.6/100,000 to 4.0/100,000 population during the pre-PCV (2005-2008) and PCV13 period
(2011-3013), among infants and young children (<5 years old). For this age group, while no
change occurred among all non-PCV serotypes combined, average 35B incidence increased
76% (95% CI, 26% to 94%) from 0.078/100,000 population in the pre-PCV period to
0.32/100,000 population in the PCV13 period. Among older children and adults (>5 years old),
declines occurred in average incidences of PCV serotypes from 7.2/100,000 to 2.1/100,000
population and in non-PCV serotypes from 3.0/100,000 to 1.5/100,000 population between the
pre-PCV and PCV13 period. Similar genotypes circulated among isolates from infants and
young children and among older children and adults. For most serotypes, sequence type
diversity and predominant genotypes did not change between the pre-PCV and PCV13 period.
While globally disseminated clones were common among some serotypes (e.g., serotype 1
[clonal complex (CC) 217] and 14 [CC230]), some were represented mainly by clonal
complexes rarely reported elsewhere (e.g., serotype 3 [CC458, 60%] and 19A [CC2062, 83%]).
Increase in non-PCV serotypes appeared to be due to expansion of pre-existing clones. For

example, CC172, a genotype previously common among multiresistant serotypes 6A, 19A, 19F
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and 23F, was represented by 13% (1/8) and 56% (9/16) of 35B isolates from infants and young
children during the pre-PCV and PCV13 period, respectively.

IPD co-infection with two serotypes was identified in 33 IPD patients in 2005-2014. For 30
(91%) of the 33 patients, one or both isolates was a PCV13 serotype. Dual serotype IPD was
associated with infants and young children <5 years of age [adjusted odds ratio (aOR), 4.7, 95%
Cl, 1.8-11.7], underlying illness (other than HIV) (aOR, 2.8; Cl, 1.1-6.6) and death (aOR, 2.5;
Cl, 1.08-6.09). For each co-infecting pair, isolates were genotypically unrelated and their
genotypes were common among isolates of the same serotype in South Africa. Of 701 accessory
genes identified among dual serotype IPD isolates, four were common between isolate pairs.
A serotype 1 (isolate not available for further characterization) and 18C isolate were each co-
detected with a non-serotypeable (NT) isolate in 2009 (case A) and 2010 (case B). Comparison
of a non-serotypeable case A isolate with a serotype 1 genome (isolate of the same genotype as
the NT case A isolate) revealed only the presence of four genes (rmlA, B, C and D) in the
capsular locus, all other capsular genes were absent. Nonetheless it had a ST associated with
serotype 1 (ST217 and ribosomal ST3462) and its core genome clustered with other ST217
isolates. The case B non-serotypeable isolate had all serotype 18C capsular genes except for
variation in two of the capsular genes (wchA and wze), compared to the 18C isolate. Both case

B isolates were ST9817 and their core genomes were identical.

Conclusions
In this study, genotypes circulating in South Africa before and during PCV use did not differ.
Genotypes rarely reported in other parts of the world but common among some of our serotypes

highlight the importance of these data. Genome comparison of 35B isolates belonging to CC172
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and CC172 isolates expressing other capsular types may provide some information on the origin
and evolution of the 35B/CC172 clone, which appears to have increased during the PCV era in
South Africa. The association of dual serotypes with death warrants increased awareness of IPD
co-infection caused by two or more serotypes. Although IPD due to non-serotypeable
pneumococci is currently rare and there is no reported evidence of adaption from PCV serotypes
to non-serotypeable pneumococci thus far, the ability of pneumococci to alter capsule

production is a concern and therefore non-serotypeable pneumococci should be monitored.
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Chapter 1
Introduction

1 Chapter One

Introduction

1.1 Microbiology of the pneumococcus

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive, alpha-hemolytic
diplococcus bacterium. In almost every clinical isolate, the pneumococcal cell wall is
surrounded by a polysaccharide capsule which plays an important role in the pathogenesis of
the pneumococcus as it provides protection against complement-mediated phagocytosis. It is
also immunogenic and can be detected by specific antisera, and hence forms the basis for

serotyping. Ninety-eight pneumococcal serotypes has been identified to date (1).

Some pneumococci do not react with commercially available sera used for serotyping and are
thus regarded as non-serotypeable (NT). With the exception of serotype 37, genes responsible
for production of the polysaccharide capsule are located in the capsular polysaccharide (cps)
region in a single locus flanked by the dexB and aliA genes (2). The first four cps genes (cpsA,
cpsB, cpsC and cpsD — also known as wzg, wzh, wzd and wze, respectively) are conserved
among all serotypes and are involved in the regulation and processing of the capsule (2). Non-
serotypability is due to partial or complete loss of the cps gene cluster (3), replacement of cps
genes with other genes (3-5), sequence duplication (6) or single point mutations, commonly

within the wchA (also known as cpsk) gene (7;8).
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1.2 Epidemiology of the pneumococcus

The pneumococcus is commonly carried asymptomatically in the human nasopharynx.
Occasionally it evades the immune system, crosses the mucous membranes and is an important
cause of invasive disease such as meningitis and bacteremia and non-invasive disease such as
acute otitis media (9). The burden of the disease is higher among young children and elderly
adults (10;11). In South Africa, a country with a high prevalence of HIV infection, the burden
of the disease is also higher among adults 25-45 years old (11;12). In 2012, the rate of invasive
pneumococcal disease (IPD) among South African children <2 years of age and adults 25-45

years, was estimated to be 17/100,000 cases and 7.8/100,000 cases, respectively (11).

The majority of pneumococcal disease is caused by approximately 20 serotypes which are
incorporated into different vaccine formulations (13-15). Disease is usually caused by a single
serotype and only a few cases of disease caused by more than one serotype have been reported
so far (16-18). The frequency of carriage and disease caused by individual serotypes varies by
age, season and geographic area. For example, seven serotypes that are included in PCV7
caused approximately 80% of IPD in children less than 5 years of age living in the USA prior
to the routine use of PCV7 (19). These serotypes are also associated with carriage and

antimicrobial resistance (20).

1.3 Pneumococcal polysaccharide vaccines

Due to its immunologic effect, the polysaccharide capsule forms the basis for current vaccines
against pneumococcal disease. The 23-valent polysaccharide vaccine was developed in the

1960’s. It is composed of purified proteins of 23 pneumococcal serotypes (1, 2, 3, 4, 5, 6B, 7F,
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8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, 33F) that commonly
cause disease. Due to the poor immunogenicity of purified polysaccharide in infants, this
vaccine is used in adults and immuno-compromised children over the age of two years. Newer
generations of vaccines are conjugated to a carrier protein which renders them the ability to
induce T-cell-dependent immune response and are thus immunogenic in children younger than
two years. Conjugated vaccines also reduce nasopharyngeal carriage of serotypes included in
vaccines. Four formulations of pneumococcal conjugate vaccines (PCV) have been developed.
PCV7 contains capsular polysaccharide from serotypes 4, 6B, 9V, 14, 18C, 19F and 23F that
commonly caused IPD in young children prior to its introduction. Serotypes included in the
remaining three vaccines are as follows: PCV10 (PCV7 plus 1, 5 and 7F), PCV13 (PCV10 plus
3, 6A and 19A) and PCV15 (PCV13 plus 22F and 33F). PCV7 was first introduced into a routine
childhood immunization program by the USA in 2000 and was replaced by PCV13 in February
2010 (21). In South Africa, PCV7 was registered in 2005 but was initially only available in the
private health-care sector (22). It was introduced into the childhood immunization program in
April 2009 administered ina novel 2 + 1 schedule at 6, 14 and 40 weeks of age and was replaced

by PCV13 in 2011 (22).

PCV significantly reduced vaccine-serotype IPD among vaccinated children in countries where
it has been introduced (23-25). Reduction of disease in unvaccinated children and adults because
of herd effect was also reported in those countries (24). Despite the benefits, increase in disease
due to non-vaccine serotypes was reported in some countries where the vaccine was used
routinely (23-27). Most countries reported serotype 19A as the dominant non-PCV serotype that

increased post PCV7 introduction (28;29). The 19A increase was driven mainly by expansion
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of the pre-existing susceptible clonal complex (CC) 199 (30;31) however, emergence of clones
(e.g., CC172, CC81, CC236) associated with vaccine (PCV7) serotypes and antimicrobial
resistance was reported (32;33). PCV7 replacement with PCV13, which include serotype 19A,
resulted in reduction in 19A disease and more reports on other increasing non-PCV serotypes
(12F, 35B, 15A, 22F, 24F ) (28;33;34).While these increases were mainly due to expansion of
pre-existing clones (e.g. CC63) (33;34) emergence of clones (e.g. CC156) previously associated

with PCV serotypes were also reported (32;33).

Changes not associated with vaccine pressure have been reported in some countries. In Korea
and lIsrael, serotype 19A increased prior to PCV introduction due to high antimicrobial use
(35;36). Demark and Scotland, both of which had limited antibiotic and PCV use at the time of
their studies, reported natural fluctuations in some pneumococcal serotypes indicating that
changes may occur in the absence of any known pressures (37;38). An increase in the proportion
of serotype 19A disease was reported in Denmark while an increase in serotype 1, associated

with sequence type (ST) 306, was reported in Scotland (37;38).

1.4 Molecular characterization of the pneumococcus

Multilocus sequence typing (MLST) is a sequence-based method commonly used for analyzing
genetic population structures of pneumococci and other infectious microorganisms (39).
Isolates are characterized based on DNA sequences of seven housekeeping genes. With the
exception of ddl, which is in close proximity to pbp2b, these genes are relatively resistant to
mutations as they are not under any selective pressure and these characteristics make MLST

appropriate for global and long-term epidemiology studies of isolates collected from different
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time periods and geographic regions. Sequence types are assigned based on the combination of
seven alleles derived from sequences of the seven genes. The eBURST algorithm is used for
analysis of MLST data and groups related MLST genotypes (STs) together into clonal

complexes and can also predict the founder (ancestor) of each group (40).

Capsular switching is a process whereby a recipient pneumococcal strain acquires capsular
genes from a donor strain (with a different capsular type) resulting in the expression of the donor
serotype by the recipient strain (41-43). Although not always the case, isolates with the same
ST or CC are usually of the same serotype (40). An unusual serotype-ST/CC combination is
therefore often an indication of capsular switching. Although genes can be acquired naturally,
pressures such as high use of antibiotics and the use of serotype-specific vaccines such as PCV
can drive pneumococci to switch genes. Using MLST, some studies have identified potential
capsular switch events through the detection of unusual serotype/ST combinations (44).
Through analysis of the capsular locus, Brueggemann and colleagues demonstrate that serotype
19A ST695 isolates, detected in the USA only after PCV introduction, resulted from capsular

switch between serotype 19A and serotype 4 (41).

Whole genome sequencing (WGS) and the continuous development of bioinformatics software
for analysis of such data enables an in-depth analysis of genomes. Since the entire genome is
sequenced, more information can be extracted from WGS data than from MLST. These data
include identification of resistance genes and changes within virulence genes such as the
capsular loci, which could result from recombination events. The significance of WGS in

characterizing pneumococci has been demonstrated by several studies including one by
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Croucher and colleagues who analyzed 240 pneumococcal strains collected between 1984 and
2008 in 22 countries, including South Africa (45). All strains belonged to the Spain?*" ST81
multidrug-resistant clone and significant genetic diversity was found amongst them. A number
of recombination events were detected between strains, including serotype switching. More
recently Metcalf and colleagues explored the utility of WGS data in predicting pneumococcal

antimicrobial resistance phenotypes (46).

1.5 Aim of this study

The main aim of this study was to determine the molecular epidemiology of S. pneumoniae
causing invasive disease before and after PCV introduction in South Africa. In addition, isolate
pairs collected from IPD patients co-infected with more than one pneumococcal serotype (dual-
serotype IPD) were compared and characteristics of these patients and factors associated with
dual-serotype IPD were defined. Genomes of isolate pairs from cases of IPD where a non-

serotypeable and a serotypeable isolate were co-detected were also compared.
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2 Chapter Two

Material and methods

2.1 Bacterial strains

Isolates and patient data were collected as part of the GERMS-SA (Group for Enteric, Respiratory
and Meningeal Disease Surveillance) national, laboratory-based surveillance for IPD in South
Africa, initiated in 1999 (47). In 2003, national surveillance was enhanced to include additional
data such as patient outcome and HIV serological status from approximately 30 sentinel sites in
all nine provinces. Surveillance reporting increased from 2003 onwards, and stabilized by 2005
(48). Isolates and patient data were submitted to the National Institute for Communicable Diseases
(NICD) from approximately 200 participating laboratories across all nine provinces. A case of IPD
was defined as the isolation of S. pneumoniae from a normally sterile-site specimen (e.g., blood,
cerebrospinal fluid [CSF], pleural fluid, joint fluid). Isolates were transported on Dorset media
(Diagnostic Media Products [DMP], Johannesburg, South Africa) and sub-cultured on arrival at
the NICD, on 5% horse blood agar plates (DMP) in the presence of an optochin disc (Mast
Diagnostics, Virginia, USA). Pure cultures were stored in 10% skim milk (DMP) at -70°C. In
addition, cases included patients with normally sterile-site specimens testing positive by PCR, or
bacterial latex antigen supported by Gram stain microscopy (49). Laboratory-confirmed but
unreported cases identified through audits of databases in participating laboratories were also

included.
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2.2 Serotyping and antimicrobial susceptibility testing

Serotypes were determined by the Quellung method using serotype-specific antisera (Statens
Serum Institute, Copenhagen, Denmark) (50). Antimicrobial susceptibility testing was performed
by agar dilution (for penicillin and ceftriaxone) or Etest (amoxicillin, erythromycin, clindamycin,
chloramphenicol, tetracycline, rifampicin, cotrimoxazole, ofloxacin, linezolid and vancomycin)
(AB Biodisk, Solna, Sweden) from 2005 through 2008 and by the broth microdilution method
using commercially prepared Sensititre-SASP2 panels (Trek Diagnostics Inc., Cleveland, OH)
from 2009 onwards. Results were interpreted according to the Clinical and Laboratory Standards
Institute guidelines and breakpoints (51). Isolates were considered non-susceptible to penicillin at
MICs >0.12mg/L using the oral penicillin meningitis breakpoints. For other antimicrobials,
isolates were defined as non-susceptible if they were intermediately or fully resistant to the agent
tested. Isolates were considered to be multidrug resistant if they were non-susceptible to beta-

lactams and at least two other classes of antimicrobials.

2.3 DNA extraction [conventional multilocus sequence typing (MLST)]

For conventional MLST, DNA was extracted directly from 100pl of stored culture in 10% skim
milk using a MagNA Pure LC 2.0 instrument with the MagNA Pure LC DNA Isolation kit 111
(Roche, Mannheim, Germany) according to the manufacturer’s instructions. Extracted DNA was
eluted into 100ul of elution buffer and stored at -20°C. If poor quality sequencing results were
obtained, DNA was re-extracted by boiling pure overnight cultures suspended in 100ul of sterile

deionized water for 10 minutes at 95°C.
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2.4 Conventional MLST

Conventional MLST was performed as previously described (40), using primer pairs described by
the Centers for Diseases Control and Prevention, Atlanta, USA
(http://www.cdc.gov/ncidod/biotech/strep/alt-MLST-primers.htm) or primers listed on the MLST
website (http://spneumoniae.mist.net/). MLST genes were sequenced in one direction using the
Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems [ABI], Foster City, CA, USA),
and products were analyzed using the ABI 3500 genetic analyzer. Sequences were aligned and
analyzed using Lasergene software v9 (DNASTAR, Wisconsin, USA) and compared with
sequences on the global MLST database (http://spneumoniae.mist.net/) to assign allele numbers
and ST. For new alleles, amplicons were sequenced in both directions and trace files were
submitted to the MLST database curator. New profiles arising as a result of new alleles were also

submitted to the curator for assignment of a sequence type.

2.5 DNA extraction [whole genome sequencing (WGS)]

Overnight fresh cultures were inoculated into brain heart infusion broth (DMP) and incubated
overnight at 37°C in 5% COa. Cells were pre-lysed at 37°C for 1 hour in 10 mg/ml of lysozyme
(Sigma-Aldrich, St. Louis, MO) and DNA was extracted using the QlAamp DNA mini kit (Qiagen,
Venlo, Netherlands), following the manufacturer’s instructions. DNA extracts were quantified

using the Qubit instrument and dsSDNA BR Assay kit (Life Technologies, Carlsbad, CA, USA).
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2.6 Whole genome sequencing and MLST

Multiplexed paired-end libraries were prepared using the Nextera XT DNA sample preparation kit
(Mumina, San Diego, CA, USA). Genome sequencing was carried out on an Illumina MiSeq
platform at the NICD core sequencing facility or Sanger Institute in the UK. Paired-end reads were
checked for quality, trimmed and de novo assembled using the CLC Genomics Workbench version
8 (CLC Inc., Aarhus, Denmark). The resultant contiguous sequences were ordered using Mauve
(52) and S. pneumoniae ATCC 700669 as a reference [GenBank: FM211187], and annotated using

Prokka version 1.11 (53).

Sequences of the 7 MLST genes were extracted from the assembled genomes and allele numbers

and sequence types were assigned using scripts available at http://search.cpan.org/dist/Bio-MLST-

Check/lib/Bio/MLST/Check.pm or https://github.com/sanger-pathogen/mlst_check.

2.7 MLST data analysis

The eBURST v3 algorithm available on the MLST website was used to determine relationships
between sequence types (ST) and to generate population snapshots (54). The minimum number of
identical loci was set at 0 for group definition. Single- (SLV) and double-locus (DLV) variants
were defined as ST’s differing from each other by one and two alleles, respectively. The default
bootstrap (1 000) was used to assign the group founder ST. A clonal complex was defined as a
group of ST’s sharing at least 6 of 7 identical alleles with another ST in the group. Clonal
complexes were named after the group founder ST as predicted by eBURST using data from the

current study.
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Sequence type diversity was assessed using Simpson’s index of diversity (D). The value of D
ranges from 0 to 1 and the greater the value the greater the sample diversity. Analysis was
performed through an online tool for diversity and partition congruency calculations

(http://darwin.phyloviz.net/ComparingPartitions/index.php?link=Tool).

2.8 Ethics consideration

The surveillance study and molecular characterization of isolates were approved by the Human
Research Ethics Committee, University of the Witwatersrand, South Africa (protocol numbers:

MO081117 and M111008, respectively). Ethics for GERMS-SA surveillance is approved annually.
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3 Chapter Three

Population snapshot of Streptococcus pneumoniae causing invasive disease in South Africa prior

to introduction of pneumococcal conjugate vaccines

3.1 Introduction

The incidence of pneumococcal disease due to PCV7 serotypes decreased significantly among
South African children less than 2 years of age in 2012 compared to the pre-PCV period (11).
However, a non-significant increase in the incidence of disease caused by non-vaccine serotypes
8 and 15B was noted in this age group in 2012 compared to the pre-PCV period. Among South
African adults aged 25 to 45 years, non-significant increases in some non-PCV serotype (7C, 9N,

10A, 12F, 22F and 34) was observed in 2012 compared to the pre-PCV period (11).

Natural fluctuations in circulating genotypes in the absence of any known interventions have been
shown to occur (55) and factors other than vaccine pressure can result in proliferation of
pneumococcal strains. This was demonstrated by an increase in antibiotic-resistant serotype 19A
in Spain, Korea and Israel before routine use of PCV7 (56-58). Baseline data describing the genetic
structure of pneumococci prior to the introduction of new interventions such as conjugate vaccines

are therefore required to detect genotype changes potentially resulting from such interventions.
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In this study multilocus sequence typing was used to investigate the clonal composition of invasive

pneumococci prior to routine use of pneumococcal conjugate vaccines in South Africa.

3.2 Materials and Methods

3.2.1 Strain selection

Isolates were selected from IPD cases reported in 2007, a stable, pre-vaccine year. PCV serotypes
(1, 3, 4,5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and 23F) and 6C were grouped by patient age
category (infants and young children <5 years [n=927] and older individuals >5 years [n=1,510]).
Sampling was conducted as follows: for serotypes represented by <100 isolates per serotype, per
age category, all isolates were included for characterization. Due to the large numbers of isolates
available for certain serotypes (4, 6A, 6B, 14, 19F, 23F) sampling was rationalized by selecting
50% where numbers exceeded 100 (per serotype and per age category). Isolates were sorted by
collection date and every second isolate was selected. In addition, all non-PCV serotype isolates

that caused disease in 2007 among children <2 years of age were analyzed (n=134).

3.2.2 Multilocus sequence typing

DNA extraction and conventional MLST was performed as described in chapter 2. Relationships
between sequence types and diversity by serotype and age category (infants and young children
<5 years of age and individuals >5 years) were respectively assessed using the eBURST algorithm

and Simpson’s index of diversity as described in chapter 2.

13



Chapter 3
Population snapshot of S. pneumoniae prior to PCV use

3.3 Results

3.3.1 National surveillance

A total of 4,733 cases of IPD were reported from January through December 2007, of which, 70%
(3,329/4,733) had viable isolates available for further characterization. The majority of cases with
viable isolates were diagnosed from positive blood cultures (1,879/3,329, 56%), followed by CSF
(1,005/3,329, 30%). In addition, isolates were recovered from both blood and CSF (247/3,329,

7%), pleural fluid (144/3,329, 4%) or other normally sterile-site specimens (54/3,329, 2%).

Among cases with known gender (97% [3,241/3,329]), females and males were equally
represented (1,638/3,241, 51% and 1,603/3,241, 49%, respectively). Age was known for 96%
(3,194/3,329) of cases with viable isolates, and of these, 34% (1,084/3,194) were infants and young
children <5 years, 10% (333/3,194) were older children 5-17 years and 56% (1,777/3,194) were
adults >18 years. Overall, PCV serotypes were responsible for 86% (927/1,084), 82% (273/333)
and 69% (1,235/1,777) of IPD in infants and young children, older children 5-17 years and adults
>18 years, respectively. Serotypes 14, 6B and 6A were the most prevalent serotypes among infants
and young children accounting for 41% (446/1,084), while 1, 14 and 6B were the most common
serotypes among older children 5-17 years (135/333, 41%) and 1, 19A and 4 were prevalent
among individuals >18 years (505/1,777, 28%) (Figure 3.1). Among infants and young children
<2 years, serotype 15B/C and 8 were the most common serotypes among non-PCV serotypes, and
represented 16% (22/134) and 15% (20/134) of the isolates, respectively. The remaining isolates
(69%, 92/134) belonged to 32 serotypes. Non-susceptibility to penicillin was detected in 43%

(1,429/3,329), of which 39% (562/1,429) were multidrug resistant. HIV status was known for 32%
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(1,064/3,329) of cases with viable isolates, the majority of whom were HIV infected (816/1,064,
77%). Overall, PCV serotypes were responsible for 77% (633/816) and 81% (186/231) of IPD in

HIV infected and uninfected individuals, respectively (p=0.002).

3.3.2 Multilocus sequence typing

A total of 1,461 isolates representing PCV serotypes and 6C (1,461/2 437, 60%) were selected for
MLST, of which complete results were available for 73% (1,064/1 461). Poor sequence data or
PCR amplification failure for some of the genes resulted in incomplete MLST results for some
isolates, 43% (169/397) of which were from infants and young children <5 years. MLST results
were available for 33% (269/816) of isolates from HIV infected and 37% (85/231) of isolates from
HIV uninfected individuals. All 134 isolates representing non-PCV serotypes, from children <2
years of age were selected for characterization and complete results were obtained for 55%

(74/134) of these isolates.

3.3.3 MLST genotypes

MLST data are summarized in Table 3.1. For PCV serotypes, similar clonal complexes were found
among isolates from infants and young children and among isolates from older individuals and
there were no differences in sequence type diversities between the two age groups (data not
shown). Simpson’s diversity indices were therefore calculated for each serotype using combined
sequence type data from isolates of children and adults (Figure 3.2). The majority of serotypes
were heterogeneous, however, serotypes 1 and 5 were the least diverse (D=0.38 and 0.55,

respectively) while 6A, 6B, 18C and 23F were the most diverse serotypes, with D ranging from
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0.97 for 18C and 23F to 0.98 for 6A and 6B. The majority of serotype 1 isolates were CC217
(143/146, 98%). CC458, which was the largest clonal complex among serotype 3 isolates,
represented 60% (56/93) of the serotype 3 isolates. The main clonal complex among serotype 4
isolates was CC32 (31/81, 38%). All serotype 5 isolates were CC289. For serotype 6A, three
common clonal complexes were identified, of which the most prevalent, CC473, represented 39%
(37/95) of the isolates. Several complexes were identified among serotype 6B isolates, of which
CC2421 (26/113, 23%) and CC156 (26/113, 23%) were the most common. CC2185 represented
majority of serotype 6C isolates (9/11, 82%). CC218 represented 72% (21/29) of serotype 7F
isolates. The major clonal complex (CC4881) among serotype 9V isolates represented 57% (40/70)
of the isolates. Of the clonal complexes identified among serotype 14 isolates, CC230 was the
largest and represented 43% (49/115) of the isolates. Serotype 18C isolates were differentiated
into 4 main clonal complexes. The largest clonal complex among serotype 18C isolates (CC1016)
represented 30% (17/57) of the isolates. The majority of serotype 19A isolates were CC2062
(109/131, 83%). CC320 was the most prevalent clonal complex among serotype 19F isolates
(23/46, 50%). For serotype 23F, CC242 (25/59, 42%) and CC156 (12/59, 20%) were the major
clonal complexes. For non-PCV serotypes, ST7052 which belongs to CC346, was predominant
(7/12, 58%) among serotype 15B/C isolates, while ST53 was prevalent (9/14, 64%) among

serotype 8 isolates (Table 3.2).

3.3.4 Antimicrobial susceptibility

For those PCV isolates with complete MLST profiles, 640 belonged to clonal
complexes/singletons representing at least one penicillin non-susceptible isolate (Table 3.3).

Reduced susceptibility to penicillin was detected in 481 of those 640 isolates, of which 192 were
16
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multidrug resistant. Serotype 14, 19A and 19F had the largest proportion of isolates that were non-
susceptible to penicillin (95% [109/115], 91% [119/131] and 89% [41/46], respectively) (Table
3.1 and 3.3). Non-susceptible isolates were common among serotype 14 and 19F isolates
belonging to multiple clonal complexes. Except for one serotype 6B isolate, all other isolates
belonging to CC230 (n=49 for serotype 14 and 1 each for 19F and 23F) were multidrug resistant.
All isolates belonging to CC320 were also multidrug resistant (n=23 and 1 isolate for serotype 19F

and 23F, respectively).

Of the 134 non-PCV serotype isolates recovered from children <2 years, 16% (21/134) were non-
susceptible to penicillin and, of these, 19% (4/21) were multidrug resistant. The majority (14/21,
67%) of penicillin non-susceptible non-PCV isolates belonged to serotype 15B/C and were also
non-susceptible to trimethoprim/sulphamethoxazole (13/14, 93%) but none were multidrug
resistant. Of the 74 isolates with MLST results, 9 were non-susceptible to penicillin, 8 of which
belonged to serotype 15B/C (Table 3.2). A non-serotypeable ST344 isolate, extremely rare in IPD,

was multidrug resistant.
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Figure 3.1 Distribution of pneumococcal serotypes causing invasive disease in South Africa, by age group, 2007 (n = 3,194).

‘Other’ indicates serotypes not included in pneumococcal conjugate vaccines (PCV13 and 6C).
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Figure 3.2 Diversity of sequence types within serotypes.
Simpson’s index of diversity was used to assess diversity of isolates that caused invasive pneumococcal disease in 2007 among individuals of all

ages, South Africa.
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Table 3.1 Clonal complex and sequence type distribution of pneumococcal conjugate vaccine serotype isolates causing invasive

pneumococcal disease in South Africa, 2007 (n=1,064)

Serotype

(No. of isolates) (No. of isolates)

Clonal complex

Sequence type

(No. of isolates)

1 (146)

3(93)

4 (81)

5 (18)

217 (143)
other (3)
458 (56)
180 (14)
378 (11)
Other (12)

32 (31)

Other (50)

289 (18)

217 (111), 612 (31), 3577 (1)

611 (3)

458 (44), 6366 (1), 7348 (1), 7349 (1), 7350 (6), 7353 (3)

180 (6), 3842 (1), 4118 (2), 7356 (1), 7357 (4)

378 (1), 7362 (1), 7363 (1), 7364 (1), 7365 (1), 7367 (1), 7368 (1), 7369 (3), 7366 (1)
700 (1), 1765 (1), 2837 (5), 7347 (1), 7351 (1), 7352 (1), 7378 (1), 7997 (1)

5410 (16), 5655 (4), 6367 (1), 6368 (1), 7370 (4), 7372 (1), 7373 (1), 7374 (1), 7375 (1),
7376 (1)

63 (1), 205 (3), 271 (1), 1221 (25), 1222 (6), 2213 (1), 2290 (5), 6369 (1), 7354 (1), 7355
(2), 7358 (1), 7359 (1), 7371 (1), 7727 (1)

289 (3), 5659 (12), 6370 (1), 7377 (1), 7745 (1)

20



BA (95)

6B (113)

473 (37)

156 (23)

1094 (19)

Other (16)

2421 (26)

156 (26)

473 (12)

1094 (8)

242 (6)
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1096 (1), 2285 (10), 2295 (2), 4087 (3), 5073 (4), 6372 (2), 6373 (1), 6374 (1), 6380 (1), (1),
6381 (1), 6382 (1), 6385 (1), 6388 (1), 6390 (1), 7298 (1), 7300 (1), 7301 (1), 7310 (1), 7735
7736 (1), 7744 (1)

138 (2), 185 (5), 1447 (1), 2987 (1), 3207 (1), 6375 (1), 6376 (1), 6379 (2), 6389 (3), 7304
(1), 7307 (1), 7309 (1), 7313 (1), 7740 (1), 7741 (1)

1094 (5), 2289 (7), 4941 (2), 6371 (1), 6383 (1), 6384 (2), 6387 (1)

2283 (1), 2909 (1), 5251 (1), 5412 (1), 6377 (1), 6378 (1), 6386 (1), 6391 (1), 7084 (1), 7299
(1), 7306 (1), 7308 (1), 7312 (1), 7721 (1), 7732 (1), 7743 (1)

2421 (12), 2909 (2), 4929 (2), 6290 (1), 6291 (1), 6299 (1), 6307 (1), 6309 (2), 7305
(1),7724 (1), 7731 (1), 8231 (1)

138 (1), 185 (7), 1447 (1), 3473 (1), 6235 (1), 6259 (1), 6293 (3), 6296 (1), 6297 (5), 6304
(1), 6526 (1), 6529 (1), 7302 (1), 7738 (1)

2285 (2), 4087 (4), 5073 (1), 6308 (2), 6289 (1), 7303 (1), 7311 (1)

1094 (4), 2289 (1), 6292 (1), 4941 (1), 6298 (1)

242 (2), 6279 (1), 6288 (1), 6303 (1), 6305 (1)
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6C (11)

7F (29)

9V (70)

14 (115)

1381 (4)
230 (4)

Other (27)

2185 (9)
Other (2)
218 (21)
Other (8)
4881 (40)
156 (19)

Other (11)

230 (49)
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6239 (2), 6243 (2)

230 (2), 6231 (1), 6234 (1)

193 (1), 439 (1), 2185 (1), 3594 (1), 6230 (1), 6232 (1), 6233 (1), 6236 (2), 6245 (1), 6251
(2), 6276 (1), 6278 (1), 6294 (2), 6295 (1), 6300 (1), 6301 (1), 6302 (1), 6306 (2), 6310 (1),
6393 (1), 6525 (1), 7084 (1), 7733 (1)

2185 (3), 2283 (1), 6310 (3), 6311 (1), 7345 (1)

6297 (1), 7344 (1)

218 (8), 3544 (9), 6838 (2), 7884 (1), 7886 (1)

2416 (1), 7048 (1), 7360 (1), 7361 (1), 7379 (1), 7883 (1), 7885 (1), 7887 (1)

3454 (14), 4881 (22), 6314 (1), 6316 (1), 6530 (1), 7889 (1)

156 (6), 162 (4), 557 (1), 609 (5), 644 (1), 2280 (1), 7891 (1)

53 (1), 473 (1), 706 (1), 3983 (1), 5408 (1),6312 (1), 6313 (1), 6315 (1), 6531 (1), 7888 (1),
7890 (1)

230 (25), 1701 (1), 2707 (4), 3980 (1), 6227 (1), 6228 (1), 6229 (1), 6231 (2), 6234 (7), 6532

(1), 7267 (2), 7283 (1), 7291 (2)
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18C (57)

19A (131)

15 (30)

63 (25)

Other (11)

1016 (17)
1381 (13)
193 (12)

6236 (10)
Other (5)

2062 (109)

156 (9)
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1492 (11), 2652 (7), 7282 (2), 7271 (1), 7276 (1), 7278 (1), 7280 (1), 7284 (1), 7287 (1)
7288 (1), 7726 (1), 7728 (1), 7729 (1)

63 (7), 861 (2), 2414 (6), 5004 (1), 5187 (1), 7270 (1), 7277 (1), 7279 (1), 7281 (1), 7293
(1), 7722 (1), 4902 (2)

124 (1), 2421 (1), 6226 (1), 6393 (1), 6533 (1), 7266 (1), 7269 (1), 7273 (1), 7292 (1), 7295
(1), 8233 (1)

102 (4), 1016 (3), 6245 (2), 6247 (1), 7262 (2), 7265 (2), 7290 (1), 7297 (1), 7730 (1)

6239 (5), 7272 (2), 7274 (1), 7275 (3), 7289 (1), 6240 (1)

4893 (1), 6241 (1), 6242 (4), 6246 (1), 6248 (1), 7268 (1), 7723 (1), 6237 (1), 7263 (1)
6236 (6), 7264 (1), 7286 (1), 7296 (1), 7742 (1)

6238 (1), 6244 (1), 6250 (1), 7294 (1), 7346 (1)

2062 (76), 4872 (1), 6121 (5), 6253 (1), 6254 (1), 6255 (3), 6256 (2), 6258 (1), 6260 (1),
6261 (1), 6262 (2), 6263 (1), 6264 (1), 6266(1), 6268 (1), 7716 (1), 7718 (1), 7720 (1), 7894
(1), 7895 (1), 7897 (2), 7898 (1), 7899 (1), 7903 (1), 8230 (1)

75 (1), , 6265 (1), 7734 (L), 7737 (1), 7861 (1)
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19F (46)

23F (59)

Other (17)

320 (23)
347 (6)
420 (5)

Other (12)

242 (25)

156 (12)

Other (22)
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172 (4)1381 (1), 2416 (1), 2421 (1), 6257 (1), 6267 (1), 7715 (1), 7717 (1), 7739 (1), 7896
(1), 7901 (1), 7902 (1), 7904 (1)

271 (16), 1467 (1), 6270 (4), 6275 (1), 7725 (1)

347 (6)

420 (2), 3217 (1), 7857 (1), 7858 (1)

81 (1), 230 (1), 2067 (2), 6271 (1), 6272 (1), 6273 (1), 6278 (1), 6281 (1), 7131 (1), 7719
(1), 7860 (1)

2059 (5), 5653 (5), 6279 (5), 6285 (2), 242 (1), 362 (1), 6280 (1), 6284 (1), 7862 (1), 7868
(1), 8232 (1), 8233 (1)

172 (5), 361 (1), 1535 (1), 6281 (1), 6287 (2), 7861 (1), 7882 (1)

81 (4), 193 (1), 230 (1), 320 (1), 439 (2), 802 (2), 4087 (1), 63 (1), 6286 (1), 6389 (1), 7863

(1), 7865 (1), 7866 (1), 8032 (1), 8033 (1), 8034 (1), 8035 (1)
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Table 3.2 Sequence type distribution among pneumococcal non-conjugate vaccine

serotype pneumococci causing invasive disease in South African children <2 years (n=74),

2007
Serotype  Sequence type (no. of isolates) Sequence type
(other serotypes listed in the
MLST database)'
15B/C (12) 411 (1),4693 (1), 5808 (1), 7052 (7), 8687 4693 (19A), 8687 (6A)
(1), 8820 (1)
8 (14) 53 (9), 1480 (1), 3847 (2), 7888 (1), 8831 (1) 7888 (9V)
9N (6) 66 (2), 3983 (2), 5624 (2) 66 (4, 14. 19A, 19F, 23F)
16 (4) 4088 (2), 8827 (1), 8834 (1) none
10A (4) 2068 (1), 8821 (1), 8825(1), 8839 (1) none
29 (4) 5483 (1), 8826 (3) none
13(3) 5647 (3) none
12F (3) 989 (1), 2416 (1), 8828 (1) 2416 (7F, 19A)
34 (2) 8818 (1), 8822 (1) none
17F (2) 8829 (1), 8835 (1) none
7C (2) 8838 (2) none
23A(2) 2319 (1), 5080 (1) 5080 (23F)
33D (1) 8714 (1) 8714 (6A)
33F (1) 8837 (1) none
35B (1) 8830 (1) none
9L (1) 8833 (1) none
NT (1) 344 (1) 344 (6A, 19F and 35B)
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10F (1)
20 (1)

28 (1)

38 (1)

11A (1)
11C (1)
18B (1)
18F (1)
23B (1)
33B (1)

35F (1)

8841 (1)
8824 (1)
8823 (1)
393 (1)
8836 (1)
8836 (1)
6239 (1)
8840 (1)
2911 (1)
4084 (1)

8832 (1)
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none

none

none

393 (25A)

none

none

ST6239 (18C)
none

2911 (23F)

4084 (3, 10A, NT)

none

10Other serotypes associated with this sequence type (as listed in the MLST global database

(59)) but not identified in this study, are within parantheses.

Sequence types representing isolates with reduced susceptibility to penicillin are in bold

typeface.
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Table 3.3 Serotype and clonal complex distribution of penicillin non-susceptible (PNS)
and multidrug-resistant (MDR) isolates causing invasive pneumococcal disease in South

Africa, 2007

Serotype Clonal complex*  No. of isolatess  No. of PNS isolates  No. of MDR isolates

(%)? (%)°
4 32 32 32 (100) 2 (6)
63 1 1 (100) 1 (100)
6A 473 37 2 (5) 0
1094 19 14 (74) 2 (11)
156 23 8 (35) 1(4)
7084 2 1 0
Singletons 8 3 0
6B 2421 26 19 (73) 4 (15)
156 27 20 (74) 4 (15)
473 12 9 (75) 2 (17)
1094 8 6 (75) 0
230 4 3(75) 0
242 7 6 (86) 4 (57)
6236 2 2 (100) 0
1381 5 3 (60) 0
6393 2 2 (100) 0
2185 2 1 (50) 0
193 1 1 (100) 0
439 1 1 (100) 0
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1016
3594
Singletons
9V 4881
156
473
706
14 230
63
15
156
242
2421
6393
Singletons
19A 2062
156
1381
2416
2421
Singletons
19F 320
347

420
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15

40

19

49

25

30

10

23

1 (100)
1 (100)
10
14 (35)
13 (68)
1 (100)
1 (100)
49 (100)
22 (88)
29 (97)
1 (100)
1 (100)
1 (100)
1 (100)
5
100 (92)
9 (100)
1 (100)
1 (100)
1 (100)
7
23 (100)
6 (100)

4 (80)

1(3)
0
1 (100)
0
49 (100)
20 (80)
29 (97)
1 (100)
1 (100)
1
1
4
7(6)

1(11)

1
23 (100)
1(17)

0
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2067 2 1 (50) 0
81 1 1 (100) 0
230 1 1 (100) 1 (100)
Singletons 6 5 3
23F 242 25 16 (64) 16 (64)
156 12 8 (67) 1(8)
81 4 4 (100) 4 (100)
230 1 1 (100) 1 (100)
63 1 1 0
320 1 1 (100) 1 (100)
473 1 1 (100) 1 (100)
Singletons 8 5 3
Total 640 481 192

1Only clonal complexes/singletons with at least one penicillin non-susceptible (PNS) isolate
are reflected in the table; Percentage of isolates that are penicillin non-susceptible within
the specified clonal complex, 3Percentage of isolates that are multi-drug resistant (MDR)

within the specified clonal complex.
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3.4 Discussion

Serotypes with low carriage detection rates such as serotype 1 are normally less diverse while
the opposite is true for serotypes that are associated with carriage. Consistent with the literature,
our serotype 1 and 5 isolates were the least diverse while the remaining PCV serotypes were
more heterogeneous. Several globally disseminated clones described by the pneumococcal
molecular epidemiology network (PMEN) (60), were identified among our isolates. Sweden?-
27 (CC217) represented nearly all (98%) of our serotype 1 isolates. We have previously shown
the sustained circulation of this clone among our serotype 1 isolates (61). South Africa®®-8
(ST185), which was identified among our serotype 6B isolates recovered in the 1990’s (62),
continues to circulate. Denmark!4-32 (CC230) was the most prevalent clone among serotype
14 isolates. ST271, which is a single-locus variant of the multidrug resistant Taiwan*F-14

(ST236), was prevalent among our serotype 19F isolates.

Some serotypes were represented mainly by clonal complexes that appear to be uncommon in
other parts of the world. CC458 was the most common genotype among serotype 3 isolates,
while Netherlands3-31 (CC180) only represented 15% of our isolates. Our earlier study on a
random selection of South African serotype 3 isolates, collected from 2000 through 2005 (63)
also showed the predominance of CC458 which accounted for 54% (84/155) of serotype 3
isolates tested, while CC180 represented only 12% (18/155) of the isolates. CC458 has also
been documented among serotype 3 isolates from Ghana, Egypt, Israel, Costa Rica and
Lithuania (64-66). ST5410 (CC32), which represented the majority of our serotype 4 isolates,
has only been reported in Mozambique (67). Interestingly, the majority (83%) of our serotype
19A isolates were CC2062, which, to our knowledge, has only been reported in Ireland, as an

emerging serotype 19A clone post PCV introduction (68). In our earlier study, CC2062 was a
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novel genotype identified among 20% (5/25) of multidrug resistant serotype 19A isolates that
caused IPD from 1998 through 2004 (unpublished data). Other than CC156, which represented
only 7% (9/131) of our serotype 19A isolates, no other common serotype 19A genotype
including CC199 (predominant in the US), CC230 (common in Spain and Kenya) and CC320
(common in Spain, Asia and France and the US), was identified among our serotype 19A

isolates (32;69-71).

We identified clonal complexes among our PCV serotypes that were represented by more than
one capsular type. Although some of these clonal complexes have previously been reported in
more than one serotype, we identified new serotype-ST combinations. CC156 has been
identified among isolates belonging to multiple serotypes including 6A, 6B, 6C, 19A, 19F and
23F (67). Similarly, CC156 was represented among our isolates belonging to multiple
serotypes but was more common among serotype 6A and 23F isolates. The majority of our
serotype 7F isolates were CC218, which is mainly associated with serotype 12F (67). This
clonal complex has been rarely identified among 7F isolates from other parts of the world
(30;67). Although ST63 is a globally disseminated serotype 15A clone, it has also been
identified among other serotypes including serotype 14 (67;72-74). It is therefore not surprising
that more than 20% of our serotype 14 isolates were CC63. We also identified clonal complexes
that are normally associated with PCV serotypes among some of our non-PCV isolates. A
limitation of this study is that data only includes isolates collected over one year; hence we
were unable to determine the sustainability of unusual serotype-clonal complex combinations
have been circulating in South Africa. This is addressed in chapter 4, where isolates recovered

over a longer period were analyzed.
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PMEN was initially established for surveillance of globally disseminated pneumococcal clones
that are antibiotic resistant. The majority of South African non-susceptible isolates were related
to PMEN clones. All serotype 14 and 23F isolates related to Denmark#-32 were multidrug
resistant. All serotype 19F and 23F isolates belonging to CC320, which also represent
Taiwan'®"-14 (ST236), were also multidrug resistant. The majority (80%) of serotype 14
isolates related to Sweden®™”-25 (CC63) were multidrug resistant. The majority (73%) of
serotype 6B isolates related to South Africa®®-8 [ST185 (CC156)] were non-susceptible to

penicillin.

In this study, serotype 15B/C was the most common serotype among non-PCV isolates from
children <2 years and had the highest proportion of isolates that were non-susceptible to
penicillin. Serotype 15B was among the top 20 serotypes that caused IPD among South African
children in 2003 through 2008, prior to the introduction of PCV (48), and may therefore be

poised to fill the niche vacated by PCV serotypes.
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4  Chapter Four

Population snapshot of Streptococcus pneumoniae isolates causing invasive disease before

and after introduction of pneumococcal conjugate vaccines in South Africa

4.1 Introduction

Increases in IPD rates due to non-PCV serotypes have been observed in some countries
following routine use of the PCV (23-27). These increases have been attributed to expansion of
pre-existing clones; however, capsule switching has also been reported (30-33). Predominant
sequence types circulating in South Africa before PCV introduction among some serotypes (3,
4 and 19A) differed from predominant sequence types identified in other parts of the world (75).
In this study genotypes were compared among isolates causing IPD prior to and following

routine PCV7 and PCV13 use in South Africa.

4.2 Materials and methods

4.2.1 Incidence rates

Average incidence for the periods 2005-2008 (pre-PCV period), 2009-2010 (PCV7 period) and
2011-2013 (PCV13 period) was calculated by dividing the number of cases by mid-year
population estimates data from Statistics South Africa (76) and multiplying the quotient by

100,000.
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4.2.2 Selection of isolates for genetic characterization

Isolates from cases reported from 2005 through 2013 were used in this study. Isolates were
selected for two separate projects with different sample selection criteria. In the first project all
viable PCV13 serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and 23F) and serotype
6C isolates from infants and young children (<5 years of age) were selected for characterization.
Serotype 6C was included due to cross-protection from 6A and 6B. Due to the high numbers of
isolates for older individuals (=5 years of age), 50% of all viable PCV 13 serotypes were selected
for characterization. PCV13 isolates were stratified by collection date and every second isolate

was selected.

For the second project, 300 isolates per year representing all serotypes collected from 2005
through 2013 were sampled. Isolate selection was stratified as follows: 150 isolates from
children aged 0 to 2 years, 75 isolates from children aged 3 to 5 years and 75 isolates from

individuals who were >5 years of age.

4.2.3 Genetic characterization

Isolates selected for the first project from isolates collected in 2007 and 2011 were characterized
by conventional MLST as described in chapter 2. For the remaining isolates from the first
project and for isolates selected for the second project, MLST genotypes were obtained through
whole-genome sequencing as described in chapter 2. Relationships between sequence types and

diversity by serotype were assessed as described in chapter 2.
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4.3 Results

4.3.1 IPD cases (all ages)

From 2005 through 2013, 36,267 IPD cases were reported of which 70% (25,508/36,267) had
viable isolates available for further characterization. Infants and young children aged <5 years

represented 29% (7,279/25,508) of IPD cases with viable isolates.

4.3.2 IPD ininfants and young children (<5 years)

During the pre-PCV period (2005-2008), PCV7 period (2009-2010) and PCV13 period 5,928,
2,246 and 1,703 cases of IPD were reported of which 76% (4,480/5,928), 74% (1,659/2,246)
and 69% (1,140/1,703) had viable isolates. Serotypes 14, 6B, 6A, 23F and 19F were the most
prevalent serotypes during the pre-PCV period accounting for 10-16% of the 4,480 isolates
each, while 19A, 1, 6A, 8 and 23F were the most common serotypes during the PCV13 period
accounting for 7-9% of the 1,140 isolates. Overall PCV13 serotypes and 6C caused 85%
(3,816/4,480), 83% (1,385/1,659) and 55% (625/1,140) of IPD during the pre-PCV, PCV7 and
PCV13 period, respectively. The average incidence of PCV (PCV13 and 6C) serotype-disease
declined 79% (95% ClI, -82% to -75%) from 18.6/100,000 population in the pre-PCV period to
4.0/100,000 population in the PCV13 period (Figure 4.1a). The percentage of non-PCV
serotypes increased from 15% (664/4,480) during the pre-PCV period to 45% (515/1,140)
during the PCV13 period however, the average incidence for non-PCV serotypes remained the
same during the pre-PCV and PCV13 period (3.3/100,000 population vs. 3.3/100,000
population) (Figure 4.1a). Incidence rates increased among some non-PCV serotypes (8, 12F,
16F, 15A, 17F and 35B) however 35B was the only serotype that increased significantly.
Serotype 35B increased 76% (95% ClI, 26% to 94%) from 0.078/100,000 population in the pre-
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PCV period to 0.32/100,000 population in the PCV13 period (Figure 4.2a). Serotype 8 increased
25% (95% CI, -41% to 61%) from 0.37/100,000 during the pre-PCV period to 0.49/100,000
population during the PCV13 period. Serotype 12F incidence increased 25% (95% ClI, -60% to
67%) from 0.25/100,000 population in the pre-PCV period to 0.34/100,000 population in the
PCV13 period. Serotype 16F incidence increased 37% (95% CI, -64% to 77%) from
0.16/100,000 population in the pre-PCV period to 0.25/100,000 population in the PCV13

period.

4.3.3 IPD in older children and adults (=5 vears)

Among older children and adults, 12,410, 6,412 and 7,576 IPD cases were reported during the
pre-PCV, PCV7 and PCV13 period, respectively. Viable isolates were available for 70%
(8,679/12,410), 69% (4,403/6,412) and 68% (5,147/7,576) of cases from the three periods,
respectively. Serotypes 1, 19A, 4, 6A and 14 were the most prevalent serotypes during the pre-
PCV period each accounting for 6-14% of the 8,679 isolates, while 1, 19A, 12F, 4, 3, 6A, and
8 were the most common serotypes during the PCV13 period each accounting for 5-14% of the
5,147 isolates. PCV serotypes were responsible for 70% (6,108/8,679), 71% (3,132/4,403) and
58% (2,990/5,147) of IPD during the three periods, respectively. The average incidence of PCV
serotype-disease declined 70% (95% Cl, -72% to -68%) from 7.2/100,000 population in the pre-
PCV period to 2.1/100,000 population in the PCV13 period (Figure 4.1b). Non-PCV serotypes
were responsible for 30% (2,571/8,679), 29% (1,271/4,403) and 42% (2,175/5,147) of IPD
during the pre-PCV, PCV7 and PCV13 period, respectively. Average incidence for non-PCV
serotypes declined 49% (95% Cl, -54% to -54%) from 3.0/100,000 population during the pre-

PCV period to 1.5/100,000 population PCV13 period (Figure 4.2b).
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4.3.4 Genotypes and population structure

Sequence types were available for 17% (2,203/13,159), 8% (511/6,062) and 37% (2,324/6,287)
of isolates obtained during the pre-PCV, PCV7 and PCV13 periods, respectively (appendix A).
Sequence types and clonal complexes are listed in appendix B and C and eBURST population

snapshots are depicted in figures 4.3 and 4.4.

4.3.41 PCV serotypes

Serotype 1: Pneumococcal Molecular Epidemiology Network (PMEN) clone Sweden!-1
(ST217) and SLVs, represented >90% of serotype 1 isolates during the pre-PCV and PCV13
periods for infants and young children and for older children and adults (appendix B and C,

figure 4.3).

Serotype 3: CC458 was the main genotype among serotype 3 isolates and represented 53% to
79% of isolates from infants and young children and 47% to 55% from older children and adults
dung each of the three periods (appendix B and C, figure 4.3). CC180 (Netherlands®-33 (ST180)
and SLVs) accounted for 7% to 21% of isolates from infants and young children and 16% to
22% from older children and adults during each period. CC230 (all of which belong to ST700)
was common (18%) among isolates from older children and adults during the PCV13 period
but was not detected in the pre-PCV period. A non-significant increase in sequence type
diversity was observed for isolates from infants and young children during the pre-PCV period

compared to the PCV13 period (appendix F).
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Serotype 4: CC5410 and CC1221 were the main genotypes among serotype 4 isolates during
the three periods. The two respectively accounted for 33% to 68% and 21% to 50% among
isolates from infants and young children and 9% to 38% and 14% to 64% among isolates from
older children and adults (appendix B and C, figure 4.3). Sweden?-38 (ST205) was detected
during the pre-PCV period (n=4) and PCV13 period (n=9). A significant decline occurred in ST
diversity for isolates from older children and adults during the PCV13 compared to the pre-PCV
period (appendix G).

Serotype 5: During each of the three periods, over 90% of serotype 5 isolates from both age
groups belonged to CC5659 (Columbia®-19 (ST289) and SLV’s) (appendix B and C, figure

4.3).

Serotype 6A: For both age groups, CC2285 was the most common genotype among 6A isolates,
accounting for 39% to 47% of isolates during each of the three periods (appendix B and C,

figure 4.3). S. Africa®®-8 (ST185) was detected during the pre-PCV (n=5) period.

Serotype 6B: CC2421 was common among serotype 6B isolates, accounting for 19% to 33%
for isolates from infants and young children and 22% to 38% for older children and adults,
during each of the three periods. South Africa®®-8 (ST185) and SLVs were also common during
all three periods and represented 10% to 44% of isolates from infants and young children and

17% to 26% from older children and adults.
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Serotype 7F: CC3544/218 (Netherlands'?F-24 (ST218) and SLVs) was prevalent among
serotype 7F isolates from both age groups, representing 67% to 100% of isolates during each

period.

Serotype 9V: CC4881 represented the majority of 9V isolates, accounting for 58% to 72% for
isolates from infants and young children and 54% to 67% for older children and adults during
each period. CC156 (Spain®v-3 (ST156) and SLVs) represented 10% to 17% of isolates from
infants and young children and 23% to 33% of isolates from older children and adults during
each period.

Serotype 14: CC230 (Denmark!4-32 (ST230) and SLVs) was predominant among serotype 14
isolates, accounting for 29% to 52% of isolates for both age groups during each period. For both
age groups, Sweden™®-25 (ST63) and SLVs were also common during each of the three

periods.

Serotype 18C: The majority of 18C isolates belonged to three genotypes (CC6239, CC6245 and
CC4893). During each period and for both age groups, together the three represented 12% to

41% of isolates.

Serotype 19A:

CC2062 was the most common 19A genotype, accounting for >80% of isolates during each

period for both age groups.
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Serotype 19F: CC347, CC271 and CC420 were the most predominant genotypes during each

period and each represented 10% to 35% of isolates for both age groups.

Serotype 23F: CC6279/242 (Taiwan®F-15 and SLVs) was common among 23F isolates,
accounting for 54% to 85% of isolates from infants and young children and 36% to 93% from
older children and adults during each period. For both age groups, CC172 was more common
during the pre-PCV7 period (representing 27% of isolates from infants and young children and
28% from older children and adults) than during the PCV13 period (1% and 5% of isolates for
the two age groups, respectively). Spain®3¥-1 (ST81) was detected among isolates from both age

groups [pre-PCV (n=5) and PCV13 (n=3)].

4.3.4.2 Non-PCV serotypes.

Serotype 8: Netherland®-33 (ST53) and SLVs were common among serotype 8 isolates during
each of the three periods and accounted for 93% to 100% of isolates from infants and young

children and 79% to 96% from older children and adults (appendix B and C, figure 4.4).

Serotype 12F: Two genotypes (CC5026/989 and CC2416) were predominant among serotype
12F isolates. Together the two represented 39% to 56% and 37% to 63% of 12F isolates for the
two age groups respectively during each period. Isolates belonging to Netherland®-33 (ST53)

were detected during the pre-PCV period (Table 4.1).

Serotype 15A: For both age groups, the majority of 15A isolates belonged to unrelated STs.

CC10588 accounted for 33% and 44% and Sweden®A-25 (ST63) for 18% and 11% of isolates
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from infants and young children and from older children and adults, respectively (appendix B

and C, figure 4.4).

Serotype 15B/C: During the pre-PCV period the majority (60%) of 15B/C isolates from infants

and young children belonged to ST7052, while ST8687 (50%) and ST7052 (27%) were
common during the PCV13 period (appendix B). For the older age group, during the pre-PCV
period, isolates belonged to CC199 (50%, 3/6), ST7052 (n=2) and ST8687 (n=1). ST7052 (n=2)
and ST8687 (n=2) were the only genotypes identified among isolates from older children and
adults during the PCV13 period (appendix C). A significant decline in ST diversity occurred
between the pre-PCV and PCV13 period among 15B/C isolates from older children and adults
(appendix G).

Serotype 35B: For both age groups, majority (>70%) of 35B isolates belonged to singletons
during the pre-PCV period, while CC172 was common during the PCV13 period [56% for
infants and young children and 67% for older children and adults] (appendix B and C). During
the pre-PCV period CC172 represented 13% of isolates from infants and young children and

8% from older children and adults.

4.3.4.3 Genotypes represented by two or more serotypes

The most common genotype among serotype 23F (CC6279) was also detected among 6B
isolates throughout the study period [5% for each of the two age groups] (Table 4.2). CC172, a
common genotype among serotype 23F isolates, was also common among 6A, 19A and 35B
isolates and was identified among a few 6B isolates (Table 4.2). For these four serotypes, CC172

was detected throughout all periods. CC445 was detected among serotype 33F and 22F isolates
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from both age groups during each period. The main 19A genotype (CC2062) was identified
among serotype 19F isolates during the pre-PCV and PCV13 period. The most common 7F
genotype (CC3544/218) was detected among 12F isolates during the pre-PCV period (6% for

infants and young children and 15% for older children and adults).

4.3.4.4 Antimicrobial susceptibility

Reduced susceptibility to penicillin was detected in 53% (2,390/4,480), 62% (1,035/1659) and
39% (448/1140) of isolates from infants and young children during the pre-PCV, PCV7 and
PCV13 period, respectively. For the older age group, reduced susceptibility to penicillin was
detected in 27% (2,373/8,679), 36% (1574/4403) and 29% (1502/5147) of isolates during the
three periods, respectively. For infants and young children, penicillin non-susceptible isolates
were predominantly serotype 14, 6B and 19F during both the pre-PCV (89% [625/700], 72%
[438/607], and 83% [365/440], respectively) and the PCV13 period (100% [43/43], 80% [45/56]
and 97% [57/59], respectively). For the older age group serotype 14 and 19F had high
proportions of penicillin non-susceptible isolates during both the pre-PCV [86% (450/524) and
80% (307/382), respectively] and the PCV13 period [96% (110/106), and 94% (146/154),
respectively]. For both age groups penicillin non-susceptible isolates were common among
serotype 14 belonging to CC63, CC230 and CC2652 and 19F isolates belonging to CC271,
CC347 and CC420 (appendix D and E). The proportion of penicillin non-susceptible 19A
isolates increased between the pre-PCV and PCV13 period [68% (238/351) to 99% (102/103)
(P<0.0001) for infants and young children and 63% (475/750) to 96% (522/542) (P<0.0001) for
the older age group. Among non-PCV serotypes, the proportion of penicillin non-susceptible

35B isolates increased between the pre-PCV and PCV13 period [(18% (3/17) to 56% (28/50)
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(p=0.02)] for infants and young children and [8% (2/44) to 50% (32/64) (p<0.0001)] for older
children and adults. Penicillin non-susceptible 35B isolates were predominantly CC172
(appendix D and E). Increases in proportions of serotype 15A penicillin non-susceptible isolates
occurred between the pre-PCV and PCV13 period [13% (2/16) to 42% (13/31) (p=0.05) for
infants and young children and 9% (6/70) to 40% (48/120) (p<0.0001) for older children and

adults].

Multidrug resistance was detected in 21% (941/4,480), 24% (412/1,659) and 13% (143/1140)
of isolates from infants and young children and in 9% (799/8679), 13% (553/4403) and 9%
(468/5147) of isolates from the older age group during the pre-PCV, PCV7 and PCV13 period,
respectively. Multidrug resistance was common among serotype 14 isolates during both the pre-
PCV and the PCV13 period [83% (579/7000) and 85% (39/46) in infants and young children
and 80% (420/524) and 81% (101/114) in the older age group]. Multidrug resistance was
common among serotype 14 isolates belonging to CC63, CC230 and CC2652 (appendix D and
E). The proportion of multidrug resistant serotype 15A isolates increased between the pre-PCV
and PCV13 period [6% (1/16) to 23% (7/31) (p=0.2) and 3% (2/70) to 18% (22/120) (p=0.03)
for the two age groups respectively]. Multidrug resistant 15A isolates belonging to CC63 and
ST11766 were detected (appendix D and E). Overall serotype 3 isolates were susceptible to
tested antimicrobial agents however nearly all serotype 3 isolates belonging to CC230 were

multidrug resistant (appendix D and E).
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Figure 4.1 Average incidence rates of invasive pneumococcal disease in South Africa.

Rates were calculated by period [2005-2008 (pre-PCV), 2009-2010 (PCV7) and 2011-2013

(PCV13)] and serotype; (a) children <5 years old, (b) individuals >5 years old.
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Figure 4.2 Average incidence rates of invasive pneumococcal disease caused by common non-
PCV serotypes in South Africa.

Rates were calculated by period [2005-2008 (pre-PCV), 2009-2010 (PCV7) and 2011-2013

(PCV13)] and serotype; (a) children <5 years old, (b) individuals >5 years old.
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Figure 4.3 Population snapshot depicting relationship between PCV serotypes causing invasive

pneumococcal disease in South Africa.

(a) children <5 years old [pre-PCV (2005-2008) (n=953) and PCV13 period (2011-2013) (n=512)],
(b) older individuals [pre-PCV (n=905) and PCV13 period (n=1584)]. Related STs differing by
one allele are connected by a line. STs found only during the pre-PCV period are depicted in black,
STs found during the PCV13 period are in green and STs found during both periods are in pink.
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Figure 4.4 Population snapshot depicting relationship between non-PCV serotype isolates

causing invasive pneumococcal disease in South Africa.

(a) children <5 years old [pre-PCV (2005-2008) (n=120) and the PCV13 period (2011-2013)
(n=167)], (b) older individuals [pre-PCV (n=274) and the PCV13 period (n=107)]. Each circle
represents a sequence type (ST) and the size is proportional to the number isolates for the ST.
Related STs differing by one allele are connected by a line. STs found during the pre-PCV era are
depicted in black, STs found during the PCV13 era are in green and STs found during both periods
are in pink. Common serotypes are indicated.

47



Chapter 4
Population snapshot of S. pneumoniae before and during PCV use

Table 4.1 Pneumococcal molecular epidemiology network (PMEN) clones identified among
isolates causing invasive pneumococcal disease in South Africa during the pre-PCV (2005-

2008), PCV7 (2009-2010) and PCV13 period (2011-2013)

Serotype (no. of isolates)

PMEN clone pre-PCV period PCV7 period PCV13 period
Spain?¥F-1 (ST81) 23F (5) - 23F (2), 6A (3)
Spain®8-2 (ST90) - 6B (1) 6B (1)
Spain®V-3 (ST156) 9V (8) vV (2) 9V (8)

S. Africal®-7 (ST75) 19A (1) - -
S. Africa®®-8 (ST185) 6A (4), 6B (22) 6B (3) 6B (27)

Taiwan®F-15 (ST242)

23F (10), 6B (4)

23F (3), 6B (1)

23F (11), 6B (1)

Columbia®-19 (ST289) 5(2) - 5(3)
Netherlands'?"-24 (ST218)  7F (9), 12F (6) 7F (2) 7F (12)
Sweden®®A-25 (ST63) 14 (2) - 14 (3)
Sweden'-27 (ST217) 1 (204) 1(54) 1 (185)
Sweden*-28 (ST306) 1(1) - 1(5)
USAL-29 (ST615) 1(1) - 1(1)
Creece?’-30 (ST193) 21 (4) - 21 (2)
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Netherlands®-31 (ST180)

Demark!4-32 (ST230)

Netherland8-33 (ST53)

Netherlands'4-35 (ST124)

Netherlands'®8-37 (ST199)

Netherlands’"-39 (ST191)

Sweden*-38 (ST205)
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3(9) 3(2) 3(38)

14 (78),18C (1), 23F (1) 14 (34) 14 (61), 19F (2)
8 (80) 8(7) 8 (40)

14 (2) - -

19A (1) - 15B/C (1)

- - 7F (3)

4(4) - 4.(9)
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Table 4.2 Clonal complexes detected in two or more pneumococcal serotypes of isolates

causing invasive disease in South Africa, 2005-2013.

No. of isolates (%): pre-PCV/PCV7/PCV13 period

Clonal complex  Serotype children <5 years of age individuals >5 years of age
172 6A 4 (47 (12)/4 (74) 1 (1)/0/24 (16)
19A 3(3)/3(8)/1 (1) 7(8)1 (7)/5 (3)
23F 27 (26)/8 (21)/1 (1) 17 (25)/0/8 (5)
35B 0/1 (50)/9 (53) 1 (7)/0/4 (67)
230 3 1 (7)/0/0 0/1 (25)/82 (47)
14 77 (50)/22 (44)/19 (48) 30 (41)/2 (29)/45 (49)
445 22F 3 (100)/0/5 (71) 2 (100)/1 (100)/2 (67)
33F 0/0/1 (50) 1 (100)/1 (100)/2 (100)
6279 6B 8 (6)/0/1 (3) 2 (3)/1 (25)/5 (5)
23F 54 (52)/26 (67)/57 (84) 22 (32)/14 (88)/134 (83)
2062 19A 97 (86)/32 (84)/77 (91) 68 (81)/12 (80)/168 (90)
19F 3 (4)/0/1 (2) 3 (5)/0/3 (3)
3544/218 7F 2 (67)/3 (75)/2 (67) 20 (63)/1 (100)/61 (75)
12F 1 (6)/0/0 15 (15%)/0/0
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15B/C 0/0/4 (13) 3 (43)/0/0

16F 0/0/1 (5) 0/0/0

26 1 (100)0/0 0/0/0

14 25 (16)/8 (16)/5 (13) 20 (27)/0/11 (12)
15A 0/0/2 (18) 1 (8)/0/0

23F 1 (17)/0/0 0/0/0
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4.4  Discussion

In this study, sequence types of isolates from South African patients with IPD from 2005
through 2013 are described. During this period, PCV7 and PCV13 were introduced in 2009 and
2011, respectively. For both infants and young children aged <5 years and older individuals,
incidence of PCV serotype disease declined during the PCV13 period compared to the pre-PCV
period. For infants and young children, overall incidence of non-PCV serotype disease did not
change between the two periods; however, increases occurred among some serotypes (8, 12F,
16F, 15A, 17F and 35B). For the older age group, incidence of non-PCV serotype disease
declined. For most serotypes sequence type diversity and predominant sequence types did not
change between the pre-PCV and PCV13 period and in most instances, isolates from infants
and young children and those from older individuals consisted of the same genotypes. Similar
to the baseline data presented in chapter 3, serotypes 1, 5, 6B, 7F, 8, 9V, 12F, 19F, 14 and 23F
were predominantly globally disseminated clones, while serotypes 3, 4, 18C, 19A were mainly

represented by genotypes rarely identified elsewhere.

The observed decrease in incidence of disease due to PCV serotypes during the PCV13 period
is in agreement with reduction in incidence of disease due to PCV7 serotypes previously
reported for 2012 compared to the pre-vaccine period, among South African children less than
2 years and adults 25-44 years age, (11). An increase in the proportions and number of non-
PCV IPD cases, including serotype 12F, 15A and 35B, following routine vaccination with PCV
has been reported by others (33;72;77-79). In this study, serotype 35B increased significantly
among infants and young children while non-significant increases occurred in serotype 8, 12F,

15A, 16F and 17F. For older individuals a non-significant increase occurred in serotype 15A.
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Since sequence type diversity for each of the serotypes did not change, increases appear to be
due to expansion of genotypes that existed in the pre-PCV period. Olarte and co-authors (44)
reported an increase in serotype 35B due to expansion of a pre-existing clone (CC558), in
addition to emergence of CC156, previously associated with PCV serotypes. Later, Chochua et
al. (80) described capsular switching between a PCV13-9V/CC156 donor strain and a
35B/CC558 recipient strain, resulting in 35B/CC156 progeny. In this study, the serotype 35B
increase appears to be driven by expansion of CC172 which accounted for 13% and 56% of
35B isolates from infants and young children during the pre-PCV and PCV13 period,
respectively. To our knowledge, the serotype 35B/CC172 combination is rare with Malawi
being the only other country to have described this combination in two isolates (44;67). Like
CC156, CC172 is associated with a number of PCV serotypes (1, 6A, 6B, 23F and 19A) (67).
Among isolates in this study, CC172 was also common among several PCV serotypes (6A,
19A, 19F and 23F). For serotype 15A, two sequence types were detected in the PCV13 period
that were not detected prior to PCV use. We cannot confirm the contribution of these genotypes
to the 15A increase due to the limited number of serotype 15A isolates that were analyzed in
this study. The decline in incidence of non-PCV serotype-disease among older individuals may

be due to improved care for HIV-infected individuals in South Africa (81).

Similar to the findings of our baseline genetic study (75), PMEN clones were predominant
among some serotypes. Sweden!-217 (ST217), a major serotype 1 clone in Africa and Israel
(82-84), represented the majority of our serotype 1 isolates. Among serotype 5 isolates, the
widely distributed Columbia®-19 clone (67;72;74;85) and associated single-locus variants was

prevalent. The South African 6B PMEN clone [S. Africa®®-8 (ST185)], rarely detected
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elsewhere (30;67), was common among serotype 6B isolates. A few of serotype 6A isolates
(n=5) isolates during the pre-PCV period were ST185. To our knowledge ST185 has not been
described among 6A isolates (67). Two PMEN clones [Demark!4-32 (ST230) and Sweden'>A-
25 (ST63)] were common among serotype 14 isolates. Demark4-32 is commonly associated
with serotype 14 (67) and Sweden'"-25 with serotype 15A but has been detected among
serotype 14 isolates (67;72-74). Other PMEN clones detected include Netherlands®-31 (ST180)
which represents the main serotype 3 clone in most parts of the world but is not the main clone
in Africa (30;34;67;72;73). Netherlands®-33 (ST53), a common serotype 8 clone in most places
(73;85;86), was common among serotype 8 isolates. Spain®V-3 (ST156) was the second most
common genotype among serotype 9V isolates. Among serotype 23F isolates, Spain®F-1
(ST81) and Taiwan?*F-15 (ST242) were common. ST81 and ST242 were also detected in low
frequencies among our 6A and 6B isolates, respectively. Both these PMEN clones are
commonly detected among serotype 23F isolates but have also been detected among serotype
6A and 6B (34;67;73;87). Denmark!?-34 (ST218) was prevalent among our serotype 7F
isolates. This serotype/ST combination has been rarely reported elsewhere with one or two
isolates reported from the USA, Germany, Iceland and Saudi Arabia (30;67). Among our
serotype 12F isolates, Denmark!?"-34 was detected in low frequency only in the pre-PCV
period. Like most genotypes detected in more than one serotype in this study, CC218 circulated
among serotype 7F isolates prior to routine PCV use and in the PCV13 period, it is therefore

unlikely that the 7F/CC218 combination in our study is a consequence of vaccine pressure.

Similar to the baseline data presented in chapter 3, some serotypes were predominately

represented by sequence types that are rare in other parts of the world. The majority of the
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serotype 3 isolates during each of the three period belonged to CC458 which is rare in other
parts of the world (34;67;73). The third most common serotype 3 clonal complex was CC230.
All serotype 3 isolates belonging to this clonal complex were ST700, a double locus variant of
Denmark 432 (ST230). ST700 has been reported exclusively in serotype 3 but only from Africa
and Asia (30;34;67;73;84). In agreement with data presented in chapter 3, during each period

the majority of 19A isolates were CC2062 (at least 80% during each period).

Capsular switching between serotype 19A and 19F has previously been documented (32). We
identified CC2062, acommon serotype 19A clone in South Africa, among our 19F isolates from
the pre-PCV and the PCV13 period. Since CC2062 has been circulating within our serotype
19A isolates for nearly two decades (unpublished data); we believe serotype 19A may be the
likely ancestral serotype. However, we cannot confirm if this is true since we did not genotype

serotype 19F isolates obtained prior to 2005.
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5 Chapter Five

Invasive disease caused simultaneously by dual serotypes of Streptococcus pneumoniae,

South Africa

5.1 Introduction

Pneumococcal disease caused by more than one serotype is rarely reported (16-18). The
Quellung reaction remains the gold standard method for pneumococcal serotyping but is reliant
on bacterial isolation and requires serotyping of multiple colonies to detect multiple serotypes
in a specimen. Molecular techniques, such as real-time PCR and microarray determine serotype
directly from a clinical specimen and therefore have increased sensitivity to detect multiple

serotypes present in a specimen (88-90).

Apart from Hiller et al. (42) who analysed six isolates belonging to two distinct pneumococcal
strains obtained over seven months from a patient with chronic pneumococcal infection, we are
aware of only two other studies that characterized pneumococcal isolates obtained
simultaneously from the same disease episode (16;17). Using pulsed-field gel electrophoresis,

both studies showed that the isolates had different serotypes and genotypes.

Through laboratory-based surveillance for IPD in South Africa from 2005 — 2014, we identified
individuals co-infected with more than one pneumococcal serotype. In this study, we describe

characteristics of these patients and identify factors associated with dual-serotype IPD. We
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sequenced genomes of isolate pairs collected from these individuals to determine their

molecular characteristics.
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5.2 Material and methods

5.2.1 Identification of patients co-infected with more than one serotype (dual serotype IPD)

Cases reported for IPD surveillance from 2005 through 2014 were reviewed. A mixed culture
was defined as the simultaneous identification of at least two serotypes (including non-
serotypeable isolates) either from the same normally sterile-site specimen of an IPD patient or
from two or more normally sterile-site specimens obtained from an IPD patient within 21 days
of each other. Serotypes of serotypeable isolates and mixed cultures where isolates of different

serotypes could not be separated were confirmed using real-time PCR (91).

5.2.2 Epidemiological data analysis

Univariate and multivariable analysis were performed with Stata version 14 (StataCorp Limited,
College Station, United States). We assessed factors associated with dual serotype infection
among patients with IPD from enhanced sites, where additional information such as HIV status
was available, using unconditional logistic regression. Factors significant at p<0.1 on univariate
analysis were evaluated for model inclusion and non-significant factors at p>0.05 were dropped
from the multivariable model using stepwise forward selection. All two-way interactions in the
final multivariable additive model were evaluated. Two-sided p-values <0.05 were considered

significant throughout.

5.2.3 Genome sequencing and analysis

Paired-end reads quality checks, trimming, assembly, annotations of contiguous sequences and

MLST were performed as described in chapter 2. Using phylogenetic similarity analysis,
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genomes of paired isolates were compared to at least two selected genomes of invasive isolates
from South Africa with corresponding serotype and sequence type, collected during the same
period (2005-2014). Phylogenetic similarity analysis, based on the core genomes, was
performed using the Rapid large-scale prokaryote pan genome analysis (Roary) (92) and the
maximum likelihood trees were generated using RaxML version 8 (93). Furthermore, for each
co-infecting pair of isolates, Roary was performed using these IPD isolate sequences (of the

same serotype and sequence type) (94) to identify core and accessory genes.
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5.3 Results

5.3.1 National surveillance

A total of 40,205 cases of IPD were reported from 2005 through 2014, of which 70%
(28,213/40,205) had viable isolates. Serotype 1 (n=3,340), 19A (n=2,541), 6A (n=2,030), 14
(n=1,898), 23F (n=1,891), 6B (n=1,681), 4 (n=1,494), 19F (n=1,470), 12F (n=1,387) and 8
(n=1,109) were the most common serotypes identified. IPD co-infection with more than one
serotype was identified in 35 (0.1%) patients with available viable isolates. In two of the
patients, infections were caused by isogenic strains described in chapter 6. In this chapter we

describe the remaining 33 cases and corresponding isolates.

5.3.2 Characteristics of patients and isolates causing dual serotype IPD

Two serotypes were identified in each of the 33 patients (Table 5.1) and in 31 patients both
isolates (of different serotypes) were obtained from the same specimen. For the remaining two
patients different serotypes were identified from two different specimen types (Table 5.1).
Isolates were predominantly recovered from blood (20/33, 61%) followed by CSF (13/33, 39%).
Serotype 6B (n=10), 14 (n=8), 6A (n=7), 19A (n=5), 19F (n=5) and 1 (n=4) were the most
common serotypes identified. For 30 (91%) of the 33 patients at least one of the detected
serotype in each pair was a PCV13 serotype (serotype 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A,
19F or 23F). For 21 (62%) patients both isolates were PCV13 serotypes, 9 (32%) patients had
infection with one PCV13 and one non-PCV13 serotype, and for 3 (9%) patients both isolates
were non-PCV13 serotypes. Serotype 6B/14 (n=3), 6A/14 (n=2) and 6A/19F (n=2)

combinations were detected more than once, whereas all other cases (n=27) had unique serotype
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pairs (Table 5.1). For the majority of patients (24/33, 73%), the co-infecting isolates had
different antibiotic susceptibility profiles (Table 5.1). For the remaining nine patients the pairs
had the same antibiograms, including a patient where the pair was susceptible to all tested
antimicrobial agents, one patient where both isolates were non-susceptible to cotrimoxazole
only and seven patients where the pairs of isolates were non-susceptible to penicillin and

cotrimoxazole.

5.3.3 Factors associated with dual serotype IPD infection

IPD patients from enhanced sites, where additional clinical data were collected, represented
41% (11,701/28,213) of patients with viable isolates. Dual serotypes were identified in 0.2%
(21/11,701) of patients from enhanced sites (Table 5.2). On multivariable analysis, dual
serotype was associated with patients less than 5 years of age (adjusted odds ratio (aOR), 4.7;
95% CI, 1.8-11.7, underlying illness other than HIV (aOR, 2.8; 95% CI, 1.1-6.6) and death

(aOR, 2.5;95% CI, 1.08-6.09) (Table 5.2).

5.3.4 Genotypic characteristics of dual serotype IPD isolates

Paired isolates were available for whole genome sequencing in 20 of the 33 cases (n=40
isolates). For 13 patients one (n=10) or both isolates (n=3) isolates were no longer viable on
subculture from long term storage. The genome coverage for the isolates ranged from 31X to
607X and assemblies contained contiguous sequences with total lengths ranging from 1.9 to 2.5

million base pairs.
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Among each pair of isolates from the same patient none were identical by MLST (Table 5.1).
No predominant genotype was identified among serotype 14 isolates (n=7 unrelated STs),
however CC1094, CC185, CC2062 and CC347 were common among 6A (5/5), 6B (2/6), 19A
(3/5) and 19F (4/6) isolates, respectively. Core genomes of all 40 isolates clustered with

corresponding isolates of the same serotype and sequence type (Figure 5.1).

Among the 40 dual serotype isolates, 1,794 accessory genes were identified. A total of 701
(39%) of the 1,794 genes coded for known proteins and the remaining 1,093 coded for
hypothetical proteins. QueT and infC (coding for queuosine precursor transporter QueT and
translation initiation factor IF-3 respectively) were identified among 39 and 40 co-infecting
isolates respectively, and were not found in other invasive isolates. Beside queT and infC, only
two other genes (ald 2 and serB) were identified among pairs of isolates from the same patient.
Ald 2 shared by the 6A and 12F pair (patient 25 in Table 5.1) was also identified among other
6A isolates (n=4) from IPD patients with dual serotypes. SerB was shared by a serotype 22F/33F
pair from the same patient (patient 28 in Table 5.1). CHY zinc finger, streptococcal histidine
triad protein and DNA alkylation repair enzyme (each encoded by more than one accessory

gene) were common proteins, distributed among at least ten serotypes, respectively.
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Table 5.1 Characteristics of patients and isolates causing invasive pneumococcal dual serotypes disease, South Africa, 2005-2014

Patient  Age HIV In hospital Source Year Serotypel Antibiograml ST(CC)1  Serotype2 Antibiogram?2 ST(CC) 2
(years) status outcome specimen (s)
1094
1 1 unknown unknown blood 2005 6A P,COT 14 P,COT 7270
(1094)
. 1094
2 1 negative recovered blood 2005 6A P,COT (1004) 19F P,COT 347 (347)
3 1 positive recovered blood and CSF 2005 14 P,ECD,T NV 18C S NV
. 2062
4 29 positive recovered CSF 2005 14 COoT 10237 19A P
(2062)
o ) 10536
5 1 positive died blood and CSF 2006 6B P,COT 7738 19F P,COT (347)
6 1 unknown unknown blood 2006 15B P,COT 7052 19F P,COT 6277
7 4 unknown unknown blood 2006 22 COoT 5577 23F CcoT 36
8 35 positive recovered blood 2006 9N CoT NV 18A NV NV
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16

17

18

19

85

50

34

28

unknown

unknown

positive

unknown

negative

unknown

unknown

positive

unknown

positive

negative

died

recovered

recovered

died

recovered

unknown

unknown

died

unknown

recovered

died

CSF

blood

blood

blood and CSF

blood

CSF

blood

CSF

CSF

blood and CSF

CSF

2007

2007

2007

2007

2007

2008

2008

2008

2008

2008

2009

6A

6A

6A

6B

6B

9V

19A

P.E.CD,T,COT

P,COT

P,T,COT

COoT

P,COT

P,COT

NV

1094
(1094)

1094
(1094)

NV

NV

458 (458)

10537

138

3454

2062
(2062)

NV

35B

14

19F

23F

23F

19A

14

14

15A

22

22A
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unknown
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unknown

unknown
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blood
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CSF

blood

CSF

CSF

blood
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blood and CSF

blood

2009

2009

2009

2009

2010

2010

2010

2010

2010

2011

2011

6A

6B

6B

Y

22F

P.E,COT

P.E, T,COT

P,COT

P,COT

P,COT
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NV

6285
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NV
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6261
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31 20 unknown died blood 2011 3 S NV 6B P.ECD,T NV
blood and
32 49 unknown unknown ] 2011 6B P,COT NV 23F P,E, T,COT NV
pleural fluid
33 1 negative died blood 2012 16F CoT NV 34 S NV

'Enhanced surveillance sentinel sites are hospitals located in all nine provinces where additional information, including HIV status and outcome
are collected. ST, Sequence type, CC, clonal complex, CSF, cerebrospinal fluid; BPS, brain pus swab; NT, non-serotypeable; C, chloramphenicol;
CD, clindamycin; COT, cotrimoxazole; E, Erythromycin; P, penicillin; T, tetracycline; S, susceptible to all tested antibiotics; NV, non-viable (for

13 cases isolates were non-viable on subculture for both isolates or one of the co-detected isolates).
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Table 5.2 Univariate and multivariable analysis of factors associated with dual serotype infection among patients with invasive pneumococcal

disease at enhanced sites, South Africa, 2005 — 2014

No.(%) of cases Univariate analysis Multivariable analysis
Cases with single Cases with dual Odds ratio Adjusted odds ratio %p-value

Characteristic Total serotype serotypes (95% CI) %p-value (95% CI)
Year N=11701 N=11680 N=21

2005 1583 1580 (14) 3 (14) Reference -

2006 1521 1519 (13) 2 (10) 0.6 (0.1-4.1) 0.6

2007 1416 1411 (12) 5 (24) 1.86 (0.4-7.8) 0.3

2008 1418 1416 (12) 2 (10) 0.7 (0.7-0.1) 0.7

2009 1458 1453 (12) 5 (24) 1.8 (0.4-7.5) 0.4

2010 1173 1172 (10) 1(5) 0.4 (0.04-4.3) 0.4

2011 997 (9) 995 (9) 2 (10) 1.05 (0.1-6.3) 0.9

2012 804 (7) 803 (7) 1(5) 0.6 (0.06-6.3) 0.7

2013 732 (6) 732 (6) 0

2014 599 (5) 599 (5) 0
Gender N=11690 N=11669 N=21

Male 5760 5746 (49) 14 (67) Reference

Female 5930 5923 (51) 7 (33) 0.5(0.1-1.2) 0.1
Age group (years) N=11691 N=11670 N=21

>5 7976 7969(68) 7 (33) Reference - Reference -

<5 3715 3701 (32) 14 (67) 4.3 (1.7-10.6) 0.002 4.7 (1.8-11.7) 0.001

67



HIV status
Negative
Positive
®Underlying illness other than HIV
No
Yes
Outcome
Recovered
Died
Specimen type
Cerebrospinal fluid
Blood
Other
‘Serotype
non-PCV13
PCV13
dpenicillin susceptibility
Susceptible
Non-susceptible
IMultidrug resistance
No
Yes

N=9006
2472
6534
N=11701
7942
3759
N=11470
8115
3355
N=11701
3384
7645
672 (5)
N=11701
3585
8116
N=11701
7333
4368
N=11701
9501
2200

N=8990
2466 (27)
6524 (73)
N=11680
7966 (68)
3747 (32)
N=11449
8104 (70)
3345 (29)
N=11680
3376 (29)
7632 (65)
672 (6)

N=11680
3583 (31)
8097 (69)
N=11680
7326 (63)
4354 (37)
N=11680
9487 (81)
2193 (19)

N=16
6 (38)
10 (63)
N=21
9 (43)
12 (57)
N=21
11 (52)
10 (48)
N=21
8 (38)
13 (62)
0
N=21
2 (10)
19 (90)
N=21
7 (33)
14 (67)
N=21
14 (67)
7 (33)

Reference
0.6 (0.2-1.7)

Reference
2.8 (1.1-6.7)

Reference
2.2 (0.95.1)

Reference
0.7 (0.2-1.7)

Reference
4.2 (0.9-18.05)

Reference
3.3(1.3-8.3)

Reference
2.1 (0.8-5.3)
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0.3

- Reference
0.01 2.8 (1.1-6.6)

- Reference
0.07 2.5 (1.08-6.09)
0.46

0.05

0.009

0.09

0.01

0.03

#Significant p values (p<0.05) are in bold type
®Underlying illness includes: asthma, chronic lung disease, cirrhosis/liver failure, chronic renal failure, heart failure, heart failure, valvular heart disease,
coronary heart disease, immunosuppressive therapy, splenectomy, diabetes, burns, kwashiorkor/marasmus, nephrotic syndrome, spinal cord injury, seizure
disorder and emphysema or cancer.
‘For individuals with dual serotypes the pair was classified as PCV13 if at least one of the isolates was a PCV13 serotype (serotype 1, 3, 4, 5, 6A, 6B, 7F, 9V,
14, 18C, 19A, 19F or 23F) or non-PCV13 if both isolates were serotypes other than PCV13. ®For individuals with dual serotypes, the pair was classified as
penicillin non-susceptible and/or multidrug resistant if at least one of the isolates was penicillin non-susceptible and/or multidrug resistant.
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Serotype

Serotype 1
Serotype 12B
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Figure 5.1 Phylogenetic comparison of core genomes of 40 isolates from South African

patients with invasive pneumococcal disease caused by dual serotypes.

Genomes of isolates (n=59) expressing the same serotype and with the same sequence

type (ST) as each of the 40 isolates, 2005-2014 are included for comparison. Colour

coding is according to serotype. Only isolates from dual infections (DI) are labelled on

the tree. The label includes Dl/patient number, serotype and ST of the isolate,

respectively.
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5.4 Discussion

Cases of invasive pneumococcal disease caused simultaneously by two different serotypes have
been reported previously by others, mainly in immuno-compromised patients or in young
children (16-18). Similarly, in our study children <5 years of age and patients with underlying
illness other than HIV were more likely to have dual serotype infection compared to older
individuals and those without underlying illness, respectively. We identified increased odds of
death among patients with dual serotype infections compared to those with single infections.
The association between infection with dual serotypes and young children is probably a
reflection of underdeveloped immune systems and the higher carriage rates of the
pneumococcus in children, with increased chances of invasive disease by more than one

serotype in children carrying multiple serotypes (95).

This study has some limitations. Dual serotypes were not verified from original clinical
specimens as primary isolation is carried out at the diagnostic laboratories, following which,
isolates are submitted to the NICD for surveillance purposes. However, given the rarity of dual
serotypes in IPD, such cases were investigated carefully and several measures were taken to
rule out laboratory error. The detection of multiple serotypes from the same clinical specimen
has been shown to be improved by detecting directly from specimens rather than from culture
plates (96). As such, some cases may have been missed because serotype was not identified
directly from specimens. Additionally, serotypes (particularly those present in low copy
numbers in original specimens), may have been missed because more sensitive methods such

as molecular techniques were not used for serotyping.

70



Chapter 5
IPD caused simultaneously by dual serotypes

The most common serotypes identified among patients with dual infection were serotypes
included in PCV13 (1, 6A, 6B, 14, 19A and19F). This is in line with the overall IPD serotype
prevalence prior to routine use of PCV13 in South Africa (11;12;97) during which the majority
of these cases occurred, where over 80% of IPD cases were due to PCV13 serotypes (11). It is
however interesting that the majority of co-infecting serotypes (6A, 6B, 19F) identified in our
study are known to have low invasive disease potential (98). The significant association between
dual infection and underlying illness could explain the vulnerability of these patients to invasive

disease with two serotypes.

Similar to dual serotype IPD cases reported previously where co-infecting isolates from the
same patient were genotypically unrelated (16;17), the majority of our isolate pairs were
different strains as indicated by unrelated sequence types. The core genome of each isolate
clustered with genomes of other South African IPD isolates of the same serotype and sequence
type. Genotypes identified were common genotypes among those serotypes circulating in South

Africa prior to routine use of PCV (75).

A study in The Gambia (99), with a high prevalence (19%) of multiple serotype carriage,
reported evidence of recombination in 34% (49/144) of single serotype and co-carried
pneumococcal isolates. Two accessory genes identified in all genomes (queT and infC) and two
from genomes of two individual pairs (ald2 and serB) were the only accessory genes common
between pairs of isolates from the same IPD cases. The lack of sequence similarity between the
majority of accessory genes is evidence that during each episode of invasive disease in this

study, there was little or no genetic exchange between co-infecting pairs of isolates. For these
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patients, the isolates could have invaded too soon after acquisition, giving limited time for co-

carriage and recombination.
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6 Chapter Six

Two cases of serotypeable and non-serotypeable variants of Streptococcus pneumoniae

detected simultaneously during invasive disease

6.1 Introduction

Reduced levels of capsule expression are required for effective attachment to epithelial cells
and colonization (100). Thus NT pneumococci are commonly isolated during carriage studies

and very rarely cause invasive disease (16;17).

While reviewing national surveillance data to identify episodes of mixed IPD caused by two or
more serotypes (described in chapter 5), we identified two cases (subsequently referred to as
case A and case B) whereby one of the co-detected isolates was non-serotypeable. In each of
the two cases, the serotypeable and the NT variant was identified from a culture recovered from
the same specimen (cerebrospinal fluid for case A and blood for case B). Given the rarity of NT
isolates in causing IPD we hypothesized that these NT isolates were variants of their co-detected
serotypeable isolates. We therefore compared the genomes of these co-detected NT and

serotypeable isolates to determine their relationships.
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6.2 Materials and methods

6.2.1 Identification of cases with mixed cultures of a non-serotypeable and a serotypeable

isolate
We reviewed cases and used isolates collected for IPD surveillance in South Africa from 2005
through 2014. A case was defined and identified as described in chapter 5. In this chapter,
isolates from cases where at least one of the co-detected isolates was non-serotypeable were
characterized. Such cases were detected during routine serotyping by Quellung if an isolate
reacted partially with a specific antiserum pool. In such cases, the stored isolate and Dorset
transport medium were sub-cultured for single colonies on 5% horse blood agar plates (DMP).
Following 24 hour incubation at 37°C in 5% COg, the plates were examined for differences in
colony morphology and the Quellung reaction was repeated on different colony types. The
colonies were sub-cultured, re-identified and serotyped to determine if they were true mixtures.
Real-time PCR, targeting the IytA gene, was used to confirm non-serotypeable isolates as S.
pneumoniae (49). Non-serotypeable isolates were defined as pneumococcal isolates confirmed

by IytA real-time PCR and for which a serotype could not be assigned by the Quellung method.

6.2.2 Transmission electron microscopy (TEM)

TEM was conducted to visualize the presence of capsular material. Isolates from overnight
cultures were fixed in situ on agar plates, and processed according to the protocol developed by
Hammerschmidt et al. with ruthenium red and L-lysine acetate fixation (101). In addition, three
clinical isolates with confirmed serotyping results (one serotype 1 and two NT) were selected

from the GERMS-SA collection and were included as controls for TEM analysis.
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6.2.3 Genome analysis

Whole genome sequencing was performed at the NICD core sequencing facility as described in
chapter 2. Paired-end reads quality checks, trimming, assembly, and annotations of contiguous
sequences were performed as described in chapter 2. In addition, sequenced reads were mapped
against references [GenBank: CR931632 and CR931673] for capsular regions of co-detected

serotypes.

Variations within the capsular polysaccharide biosynthesis genes were detected using the fixed
ploidy variant detection tool within the CLC Genomics Workbench. This model detects the
variants whose representation in the reads is in accordance with the assumed ploidy, discards
variants whose representation in the reads is likely due to sequencing errors or mapping artifacts
and then reports on positions where there may be single nucleotide variation (SNV) including
insertions, deletions and substitutions. Identified variations were further investigated using CLC
Genomic workbench to identify amino acid changes.

MLST analysis of bacterial genomes was performed as described in chapter 2. Furthermore,
contiguous sequences were uploaded to the S. pneumoniae PUbMLST isolates database (94),
which runs the Bacterial Isolate Genome Sequence database (BIGSdb) platform to facilitate the
ribosomal MLST (rMLST) analysis (102).

Core genome maximum likelihood trees were generated as described in chapter 5. The genomes
of case A and case B isolates were compared to serotype 1 (n=54) and 18C (n=58) genomes
randomly selected from sequences available on S. pneumoniae PubMLST database (67). The
selected sequences were of serotype 1 and 18C isolates that caused IPD in South Africa from

1989 to 2013 and 2005 to 2013, respectively. For the analysis, core genomes consisted of genes
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that were present as single copies in at least 90% of isolates being analyzed and, in addition,
had the same sequence length in every isolate. The BLAST Ring Image Generator (BRIG) was

used to visualize similarities between genomes of mixed culture isolates (103).

6.3 Results

In two of the 35 cases of mixed cultures with more than one serotype detected (described in
chapter 5), one of the co-detected isolates was NT. These cases were reported in 2009 (case A)
and 2010 (case B), respectively and the age range for both was 10-14 year-old (Table 6.1).
These two mixed culture cases were identified during routine serotyping of cultures recovered
from cerebrospinal fluid (case A) and blood (case B). Case A was diagnosed with meningitis

and clinical information was not available for case B to confirm diagnosis.

For case A, serotype 1 and NT S. pneumoniae were identified from the same culture, with the
NT isolate representing approximately 98% of the culture (using the Quellung reaction). The
case B isolates were identified as NT and 18C. In each of the two cases, the same results were
obtained by two different laboratory staff performing the Quellung reaction on fresh overnight
cultures grown from the original transport medium. After several attempts to separate the two
variants, only the NT isolate could be obtained for case A, however, real-time PCR confirmed
the presence of the serotype 1 wzy gene in the mixed culture. For case B, pure cultures were
obtained for both the 18C and the NT isolate. The three isolates were susceptible to all tested

antimicrobial agents.
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TEM confirmed the absence of capsular material for the case A non-serotypeable isolate (Figure
6.1). For case B, 50 to 120 nm thick capsular material was observed around cells of the serotype

18C isolate, while there was no capsular material identified for the NT isolate (Figure 6.1).

The genome coverage for the case A NT isolate was 320X and assemblies contained 33
contiguous sequences with a total length of 2,023,465 bp. For the case B NT isolate, the
coverage was 355X and assemblies contained 91 contiguous sequences with a total length of
2,110,682 bp. The case B serotype 18C isolate genome coverage was 310X and assemblies

contained 78 contiguous sequences with total length of 2,115,055 bp.

Sequence analysis of the capsular locus of the case A NT isolate revealed the absence of all but
four capsular genes [rhamnose biosynthesis genes (rmlA, B, C and D)] (Figure 6.2). The isolate
was identified as ST217 and rST3462. Because we did not obtain a pure culture for the case A
serotype 1 isolate, we compared the case A NT genome sequence to genomes (n=54) of ST217
serotype 1 isolates that caused invasive disease in South Africa, available on S. pneumoniae
PubMLST database (94) to further confirm that this NT isolate was indeed a serotype 1 variant.
Except for the absence of genes in the capsular region; the NT core genome was 100% similar
(in 100% of the bootstrap replications) to sequences of a serotype 1 isolate with the same rMLST
profile (rST3462). It also clustered with ST217 clinical isolates collected from 1989 through

2013 (Figure 6.3).

For case B, the NT and 18C isolates shared the same new ST (ST9817) and rMLST profile. The

NT isolate had all serotype 18C capsule-specific genes (2), however variations were identified
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in the capsular locus compared to the co-detected 18C isolate and three other genotypically
related invasive 18C isolates from South Africa. A nucleotide insertion (472_473 insG) that
resulted in a translational frame shift, introducing a stop codon in the wchA gene, was identified.
A substitution (149C—A) in the wze gene resulted in an amino acid change (T50K). Genome
sequence comparison of the case B isolates revealed high similarity between the two genomes

with 100% identity between their core genomes.
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Table 6.1 Characteristics of two patients (case A and B) with invasive Streptococcus

pneumoniae serotypeable and non-serotypeable co-disease, South Africa

Case A Case B
Age range in years 10-14 10-14
Gender male male
HIV status unknown unknown
Specimen cerebrospinal fluid blood
Year identified 2009 2010
Diagnosis meningitis unknown
Co-detected serotypes non-serotypeable and serotype 1  non-serotypeable and serotype 18C
Isolated serotypes ! non-serotypeable non-serotypeable and 18C

L Pure culture for serotype 1 could not be obtained due to its low representation in the mixed

culture (see results for more information).
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T—

Figure 6.1 Visualization of pneumococcal isolates using transmission electron microscopy
(TEM).

Capsular materials of non-serotypeable pneumococcal isolates causing mixed infections in
two patients in South Africa were compared to capsular materials of serotypeable isolates.
The two cases were reported in 2009 (case A) and 2010 (case B). For case A non-
serotypeable and a serotype 1 isolate were identified and for case B a non-serotypeable and
18C isolates were identified. TEM of the case A non-serotypeable isolate is shown ina, TEM
of serotype 1 clinical isolate used as a control in b, TEMs of two non-serotypeable clinical
isolates used as a controls in ¢ and f, TEM of case B serotype 18C isolate in d, and case B

non-serotypeable isolate in e. Scale bar = 175 nm.
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Figure 6.2 Schematic diagram representing capsular polysaccharide loci of a pneumococcal non-serotypeable and serotype 1 isolate.

The schematic diagram represents comparison between the capsular polysaccharide (cps) locus of a non-serotypeable isolate (B) co-detected with
a serotype 1 isolate during an invasive disease episode in South Africa, 2009, and the cps locus of an invasive serotype 1 clinical isolate from

South Africa (A). Transposases are indicated by grey arrows and flanking repeated sequences by lines within the arrow delimitation.
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Figure 6.3 Core genome phylogenetic tree of Case A non-serotypeable isolate and serotype 1

isolates from South Africa.

The tree represents phylogenetic comparison of the core genome of a non-serotypeable co-
detected with a serotype 1 isolate in 2009 in South Africa and genomes of serotype 1 isolates
(n=54) that caused invasive disease in South Africa from 1989 to 2013. This maximum
likelihood tree was built using core gene sequences which were concatenated and aligned, using
MUSCLE (EMBL-EBI). The numbers at the nodes indicate RAXML bootstrap values. Branch
lengths are proportional to the number of substitutions per site (see the scale bars). The color
coding is according to sequence type (ST).
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6.4 Discussion

The polysaccharide capsule is an important component of the pneumococcus that aids in
evading the immune system. Hence un-encapsulated (non-serotypeable) pneumococci rarely
cause invasive disease. Nevertheless, we describe two cases of invasive pneumococcal disease
caused simultaneously by what appears to be serotypeable and non-serotypeable variants of the
same strain. The hypothesis, that the NT isolates were variants of their encapsulated
counterparts that either lost their capsules or had reduced levels of capsular expression during
the infection, is supported by the lack of capsule for both NT isolates from the two cases. Both
NT isolates were sequence types of major clones circulating among encapsulated isolates in
South Africa (75). One NT isolate was ST217, the dominant serotype 1 clone in South Africa
(75). The second isolate was a new sequence type (ST9817) that belonged to the ST1016 clonal

complex, a predominant clonal complex among serotype 18C isolates in South Africa (75).

Since the NT isolates from both cases were sequence types commonly associated with serotype
1 and 18C, we aligned their cps sequences to that of serotype 1 and 18C, respectively. The non-
serotypability of the ST217 isolate appears to be caused by the deletion of genes within the cps
region. This mechanism is common among NT isolates with a serotype 1 genetic background.
Scott et al. (104), analyzed 28 NT isolates from IPD patients and identified eight isolates with
partial deletion of the capsular locus. Four of the eight isolates were a sequence type associated
with serotype 1 (ST227) and, similar to our ST217 isolate, only had the rhamnose biosynthesis
genes (rmlA, B, C and D) in their capsular region. Similarly, four IPD NT isolates analyzed by
Salter et al. (105) that were ST227 only had rmlA, B, C and D present in their capsular locus.

Five additional ST217 NT isolates that were identified among our collection of IPD surveillance
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isolates and were analyzed as part of another study also had only the four rhamnose biosynthesis
genes present in the capsular locus (106). The deletion of the cps genes in our ST217 non-
serotypeable isolate could be transposon mediated as the deleted serotype 1 genes are flanked
by transposase genes (IS1167). We were unable to isolate the encapsulated variant (serotype 1)
from this case due to its low representation (approximately 2%) in the mixed culture.
Nevertheless, detection of the serotype 1 wzy gene (absent in the genome sequence of the NT
isolate) in the mixed culture by real-time PCR supports the presence of serotype 1 in that culture.
Our genotypic results also confirm that the NT isolate is a serotype 1 variant as both the
sequence type and ribosomal MLST profile are exclusively associated with serotype 1 (ST217
and rST3462). In addition, phylogenetic analysis showed that its core genome clustered with
those of other invasive ST217 serotype 1 isolates circulating in South Africa during the same

period.

In the second case, the NT isolate had an intact cps locus with all serotype 18C capsular genes
with the exception of two capsular genes that were variable, compared to the serotype 18C
isolate from the same patient. Variation in the wze gene resulted in an amino acid change within
the protein. Together with wzd, wze encodes proteins responsible for the export of the mature
polysaccharide to the cell surface (2). The wze gene encodes an auto-phosphorylating protein-
tyrosine kinase which is inhibited by aerobic microenvironments, and is thought to be one of
the factors causing decreased capsular expression in host environments with higher oxygen
levels such as the nasopharynx (100;107). Previous studies have demonstrated that mutations
in the wze gene can inhibit capsule production (100;107;108). An insertion that introduced a

premature stop codon in the wchA gene was identified in our NT isolate. We suspect that this
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insertion may be responsible for the loss of capsule expression in our isolate as wchA encodes
the initial transferase that catalyzes the transfer of glucose-phosphate to the lipid carrier during
capsular polysaccharide biosynthesis (109). Melchior et al (110) described two mutations in the
wchA gene (a nucleotide deletion at position 910 and a substitution at position 1081) in two
invasive non-serotypeable isolates with serotype 7F capsular genes both of which introduced
premature stop codons in the wchA gene. Although the positions of these mutations differed
from that of our isolate, both resulted in a premature stop codon. In another study, Schaffner et
al. (7) recovered a NT isolate, with serotype 18C capsular locus, from the nasopharynx of a
child with otitis media. The variations identified in our NT isolate with serotype 18C capsular

genes differ from the wchA single base substitution (C1135G) described in the Schaffner study.

Repeated sub-culturing in the laboratory may lead to a change in phenotype (111) or the cultures
may have become mixed as a result of laboratory error. It is unlikely that this occurred in this
instance given the rarity of these cases in our laboratory and the correlating genotypic data
between the case B variants. It is favorable for the pneumococcus to have reduced levels of
capsule for effective attachment to epithelial cells in the nasopharynx however the capsule is
required for survival of the pneumococcus during invasive disease as it provides protection
against complement-mediated phagocytosis (100). We therefore suspect that both variants may
have been present in the nasopharynx and invaded simultaneously. Unfortunately we don’t have
corresponding nasopharyngeal isolates from these patients to confirm this hypothesis. Another
possibility is that the serotypeable variant could have invaded and mutated in the host to lose
the capsule. Survival of the NT isolates in the blood and meninges without protection of the

capsule is highly irregular but may be related to host factors such as suppressed immune status
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due to underlying diseases such as HIV infection (112). Unfortunately we did not have all the

relevant patient information to assess if this was true.
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Conclusion

Epidemiological studies of pneumococcal disease are necessary to determine the impact of
routine use of serotype-specific vaccines such as PCV7 and PCV13. Additionally, strain
characterization gives an indication of how the pneumococcal population may be affected by
such an intervention, and whether the intervention creates a niche for other serotypes and
genotypes to emerge. Following introduction of the pneumococcal conjugate vaccine, some
countries reported increases in non-PCV serotypes. Although cases of capsular switching have
been reported, in most cases increases were driven by pre-existing clones that were circulating

prior to PCV introduction.

Although a lot of research has been done on molecular epidemiology of the pneumococcus in
Europe and the USA, little is known about pneumococcal genotypes circulating in South Africa
and other African countries in the era of pneumococcal conjugate vaccines. From the limited
data available, it appears as if some predominant sequence types circulating among isolates
from the African countries are different to major sequence types circulating in other parts of the
world (72;84). In this study, predominant genotypes that appear to be unique to South Africa
were identified. This study provides additional data on these unique genotypes of the
pneumococcus and adds new information on the spread of these genotypes. In addition, unique
genotypes that have also been reported in other African countries (e.g. ST700) were identified.

The uniqueness of our isolates emphasizes the need to characterize isolates from South Africa
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and other African countries as the impact of PCV on the molecular epidemiology may be
different to what has been experienced elsewhere. Some of the serotypes in this study were
predominantly represented by globally disseminated clones. As expected, the majority of these

PMEN clones were non-susceptible to penicillin or were multidrug resistant.

Pneumococcal disease incidence is usually higher in children compared to adults and disease is
usually transmitted from children to adults. It is therefore not surprising that in this study,
genotypes circulating among isolates from children and adults did not differ. For most
serotypes, predominant genotypes circulating before and during PCV use did not differ. It is
possible that our PCV13 period (2011-2013) was too soon after PCV13 introduction (2011) for
changes to be detected. Additionally, due to high numbers, we could not characterize all isolates,
particularly non-PCV isolates where vaccine escape variants are likely to occur. Nonetheless
our data strongly suggest that the post PCV genotype distribution is predictable based on the

pre-PCV genotypes circulating in South Africa.

In this study, we identified MLST genotypes that were shared by more than one serotype,
indicating possible capsular switching between some isolates. Similar to findings from
elsewhere, these capsular switches were identified before PCV was routinely used in South
Africa, suggesting that PCV pressure did not initiate capsular switching events in these isolates.
Nevertheless, vaccine pressure could favor capsular switches to non-PCV serotypes and hence
may contribute to increases of these strains. This may have been the case with penicillin non-
susceptible serotype 35B, which significantly increased during the PCV13 period compared to

the pre-PCV period in South Africa. The increase in our serotype 35B isolates appears to be due
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to expansion of CC172, usually associated with antimicrobial non-susceptible PCV serotypes
6A, 6B, 19A and 23F. Genome comparison of 35B and CC172 isolates expressing other
capsular types may provide some information on the origin and evolution of the 35B/CC172

combination.

We identified co-infecting dual serotypes of predominantly vaccine serotype isolates that were
not genetically related. The findings of this study suggest that IPD due to dual serotypes is
rare at least when using conventional culture for detection. Nevertheless, it is important to
monitor such infections as they are more likely to occur in children probably because of their
immature immunity and in patients with underlying illness because of impaired immune
response. Additionally, compared to patients with a single serotype, these patients were more
likely to die; the presence of two serotypes potentially exacerbated the disease. If IPD cases
with more than one serotype become more important or prevalent in the future, more sensitive

methods should be used routinely in laboratories to increase the ability to detect such cases.

In this study whole genome data allowed a more detailed analysis of the relationship between
co-infecting isolates. Two different vaccine-serotype isolates that appear to have lost their
capsules during two separate episodes of invasive disease were identified. Non-serotypeable
pneumococci are not targeted by current pneumococcal vaccines and thus present a potential
mechanism whereby the organism could escape vaccine pressure. Unencapsulated isolates have
higher recombination efficiency than encapsulated pneumococci and therefore provide a
reservoir of antibiotic resistance genes for genetic exchange (113). Antibiotics coupled with

routine PCV use may drive the selection of non-serotypeable variants and thus prevalence and
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genotypes of such pneumococci should be monitored to identify capsular switching or other

genetic exchange that may occur under vaccine pressure.

The biggest limitation of PCV is its inability to protect against pneumococcal disease caused by
non-vaccine serotypes and hence the possibility of replacement disease. Alternative
pneumococcal vaccines that provide broad protection against as many serotypes as possible are
needed. Pneumococcal components that are being considered as vaccine candidates include
protein antigens (including IgA binding proteins, factor H inhibitor of complement and
pneumolysin), whole-cell (killed cells of unencapsulated pneumococci) and DNA vaccines
(114). Nonetheless, polysaccharide conjugate vaccines are currently the only licenced
pneumococcal vaccines in children and their use has resulted in significant reductions in disease
not only in vaccinated children, but also in unvaccinated children and adults through herd
protection. Their use may however result in the emergence of new, or more often, according to

our data, the expansion of existing clones.
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Appendix A

Invasive pneumococcal disease isolates with genotyping, by year of specimen collection and age group, isolates were obtained during

the Pre-PCV period, PCV7 period and PCV13 period in South Africa

Number of cases [all ages]
Viable isolates [all ages], n/N (%)

Number of viable isolates [children <5 years]

Isolates with genotypic results [children <5 years], n/N
(%)

Number of viable isolates [individuals >5 years], N

Isolates with genotypic results [individuals >5 years],
n/N (%)

Total isolates with genotypic results [all ages], n/N (%)

Pre-PCV period PCV7 period PCV13 period  2005-2013
(2005-2008) (2009-2010) (2011-2013)
18330 8659 9279 36267

13159/18330 (72)

4480

1048/4480 (23)

8679

1155/8679 (13)

2203/13159 (17)

6062/8659 (70)

1659

339/1659 (20)

4403

172/4403 (4)

511/6062 (8)

6287/9279 (68)

1140

674/1140 (59)

5147

1650/5147 (32)

232416287 (37)

25508/36267 (70)

7279

2061/7279 (28)

18229

2977/18229 (16)

5038/25508 (20)
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Clonal complex and sequence type (ST) distribution of pneumococcal isolates causing invasive disease among infants and children <5 years of age in

South Africa during pre-PCV period (2005-2008), PCV7 period (2009-2010) and PCV13 period (2011-2013)

Serotype  No. of isolates: pre- No. with genotypic  Clonal complex (ST) pre-PCV period PCV7 period PCV13 period
PCV/PCV7/PCV13 results: pre-
n/N (%) n/N (%) n/N (%)
period PCV/PCV7/PCV13
period
1 218/105/86 90/30/59 217 (217, 612, 8314) 90/90 (100) 30/30 (100) 57/59 (97)
0 0 2/59 (3)
Singleton (306)
11/14 (79) 2/3 (67) 10/19 (53)
3 47/21/26 14/3/19 458 (458, 8772)
1/14 (7) 1/3 (33) 4/19 (21)
180 (180)
2/14 (14) 0 1/19 (5)
230 (700), 271, 378
Singletons (1116, 1220, 0 0 4/19 (21)
1765)
4 91/39/13 28/12/12 5410 (5410, 5655, 6367, 19/28 (68) 5/12 (42) 4/12 (33)
6367, 6368, 6369)
6/28 (21) 6/12 (50) 8/12 (67)

1221
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5

6A

6B

54/30/36

147/204/84

607/204/55

13/3/31

105/47/64

136/29/32

Singletons (10757, 2290,
7727)

5659 (289, 5659, 7050, 7745)

Singleton (8719)

2285 (n=15 STs)
2289 (1094, 2289, 6371,
6383, 6387)

1094 (4941)

172 (1447, 6379)
6389 (6376, 6389, 7740,
7741)

473 (471, 473)

81, 185

Singletons (5412, 7313,
10582, 10713, 10755, 6384,
6391, 7131, 7313, 7743,
8714, 8718, 8776)

2421 (2421, 2907, 4929,
6290, 6290, 7724, 7731
8391, 8768)

185 (185, 6235, 6293, 6296,
6297, 6526, 6529, 7730)
6389 (6376, 6389, 7740,
7741)

3/28 (11)
13/13 (100)
0

441105 (42)
31/105 (30)
10/105 (10)
5/105 (5)
8/105(8)
2/105 (2)
1/105 (1)

4105 (4)

45/136 (33)

34/136 (25)

8/136 (6)

1/12 (8)
3/3 (100)
0

14/47 (30)
16/47 (34)
4147 (9)
6/47 (12)
3/47 (6)
1/47 (2)

0

3/47 (6)

6/29 (21)

3/29 (10)

2/29 (10)

Appendix B

0

30/31 (97)
1/31 (3)
30/64 (47)
12/64 (19)
4164 (6)
4164 (6)
1/64 (2)
6/64 (9)
1/64 (2)

6/64 (9)

6/32 (19)

14/32 (44)

1/32 (3)
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6C

7F

12/2/3

10/5/5

3/1/3

3/4/3

7084

6279 (6279, 6288, 6303,
6305)

2285 (2285, 6289)

2289 (2289, 1094, 6298)
6393 (6301, 6393, 8767)
6239, 172, 230

Singletons (386, 7733, 8713,
8776, 10720, 10726, 10742,
10743, 10751, 10760, 10770,
10772, 10791, 10815, 2156,
3207, 3473, 386, 4368, 6292,
6294, 6295, 6300, 6302,
6308, 6525, 7313, 8715, 90,
9600, 9923)

2185 (6310)

2283 (6311)

Singletons (1092)

3544 (218, 3544)

4956 (8838)

Singletons (10792, 5027)

41136 (3)
8/136 (6)
4/136 (3)
4/136 (3)
1/136 (1)
41136 (4)

24/136 (18)

213 (77)
1/3 (33)
0
213 (67)
0

1/3 (33)

4129 (14)
0

0

0

2/29 (7)
0

8/29 (30)

1/1 (100)
0

0

3/4 (75)
0

1/4 (25)

Appendix B

0
1/32 (3)
1/32 (3)
2/32 (9)
2/32 (6)

0

7132 (22)

1/3 (33)
1/3 (33)
1/3 (33)
213 (67)
1/3 (33)

0
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9V

14

18C

140/40/13

700/223/43

125/35/26

39/12/12

150/50/39

50/7/17

4881 (3454, 4881, 6314,
6316, 6530, 7889)
156 (162, 559, 644)

5408 (5408, 6313)
4084, 4902

Singletons (10753, 10797,
2280, 6317)

230 (1701, 230, 2707, 6229,
6234)

2652 (1492, 2652, 6230,
7726, 7728, 7729, 8370
8785)

63 (2414, 5004, 5187, 63)

156, 271, 2062, 4902, 6279,
10588

Singletons (6741, 8374,
9901, 10714, 124, 6226
6228, 6533, 8371, 9901)
6239 (6239, 6243, 6249,
8372)

6245 (1016, 102, 6245)

4893 (4893, 6241, 6242,
6246, 7723)
6236 (6236)

28/39 (72)
4/39 (10)
3/39 (7)
2/39 (5)
2/40 (5)
77/150 (51)

39/150 (25)

25/150 (17)
3/150 (2)

6/150 (4)

13/50 (26)
13/50 (26)
12/50 (24)

5/50 (10)

7/12 (58)
2/12 (17)
1/12 (8)

0

2/12 (17)
22/50 (44)

17/50 (34)

8/50 (16)
2/50 (4)

3/150 (6)

3/7 (43)
0
217 (29)

217 (29)

Appendix B

7/12 (58)
2/12 (17)
2/12 (17)
1/12 (8)

0

19/39 (49)

8/39 (21)

5/39 (13)
3/39 (8)

4/39 (10)

7/17 (41)
6/17 (35)
4117 (24)

0
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19A

19F

23F

350/153/103

440/155/59

503/171/76

111/35/80

79/36/36

101/37/68

Singletons (10783, 6238,
6244, 6250, 6251, 6252,
8840)

2062 (n=17 STs)

172 (6265, 7737)
199, 230, 271

Singletons (416, 10690,
10703, 10744, 10790, 6095,
6257, 6267, 7734, 7739,
9913)

347 (347)

271 (1467, 271, 6270, 8670)
420 (420)

2067 (2067, 10716, 10823)
2062, 172, 6279

Singletons (10619, 10683,
10709, 10740, 10784, 10795,
10817, 10827, 1203, 2834,
5179, 6271, 6272, 6273,
6274, 7131, 7719, 7725,
8326, 8328, 8332, 87, 9927,
9928, 9937)

6279 (n=12 STs)

7/50 (13)

97/111 (87)
3/111 (3)
2/111 (2)

9/111 (8)

25/79 (32)
18/79 (22)
9/79 (11)
5/79 (6)
1/79 (1)

21/79 (27)

54/101 (54)

32/35 (91)
3/35 (6)
0

1/35 (3)

12/36 (33)
6/36 (17)
7/36 (19)
2/36 (6)
1/36 (3)

8/36 (22)

26/37 (70)

Appendix B

77/80 (96)
1/80 (1)
1/80 (1)

1/80 (1)

8/36 (22)
11/36 (28)
10/41 (24)
1/36 (2)
3/36 (8)

3/36 (8)

58/68 (85)
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7C

9N

11A

26/11/15

76/38/77

38/16/12

11/4/11

3/3/4

27/3/34

4/0/5

3/0/3

172 (172, 6281, 6287)

81 (81)

802 (802)

63, 445, 4084, 4881, 10684
Singletons (10828, 10712,
10728, 10754, 2290, 2651,
2714, 353, 36, 4090, 507,
6286, 7865)

2289

4956

7053

Singletons (10639, 1535)
53 (53, 3847)

3406 (10852, 3406, 2680)
Singleton (1480)

6239

Singletons (10642, 3983,

5624)
8817

27/101 (27)
2/101 (2)
1/101 (1)
5/101 (5)

12/101 (12)

1/3 (33)
1/3 (33)
1/3 (33)

0

25/27 (93)
1/27 (4)
1/27 (4)

0

4/4 (100)

213 (67)

8/37 (22)
1/37 (3)
0

0

2/37 (5)

0
2/3 (67)
0

1/3 (33)
3/3 (100)
0

0

Appendix B

1/68 (1)
2168 (3)
2/68 (3)
2/68 (3)

2/68 (3)

0
2/4 (50)

0

2/4 (50)
32/34 (94)
2/34 (6)

0

1/5 (20)
415 (80)

3/3 (100)
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12F

13

15A

15B/C

50/22/55

30/8/18

16/11/31

69/25/64

18/2/25

5/1/7

3/0/11

15/5/31

Singletons (10694, 5537)
989 (989, 5026)

2416 (1178, 2416)

218 (10663, 218)
Singletons (3775, 7110)
5647

10849

Singleton (10702)

63

10588

Singletons (10550, 10761,
10861, 11732, 11766, 4965)
199

2421

10588

Singletons (10617, 1262,

361, 3669, 4209, 5808, 7052,
8687, 8820)

1/3 (33)
7/18 (39)
7/18 (39)
1/18 (6)
3/18 (17)
415 (80)
0

1/5 (20)
0

1/3 (33)
2/3 (67)
0

0

1/15 (7)

14/15 (93)

0
0
2/2 (100)
0
0
1/1 (100)
0

0

0
0

5/5 (100)

Appendix B

0

14/25 (56)
10/25 (40)
1/25 (4)

0

6/7 (86)
1/7 (14)

0

2/11 (18)
0

9/11 (82)
4/31 (13)
1/31 (3)

0

26/31 (84)
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16

16F

17F

18A

17/0/0

32/15/39

17/9/19

8/3/2

3/0/0

5/4/19

1/4/12

3/0/1

4088

5326

3450

4088

10667

5326

30

199

5659

Singletons (10543, 10862,
11723, 310)

8835

392

Singletons (10623, 10647,
10867, 10872)

185

Singletons (1232, 241)

213 (67)

1/3 (33)

0
0

0

1/5 (20)
2/5 (40)
0

0

2/5 (40)
0

1/1 (100)
0

1/3 (33)

213 (67)

0
1/4 (25)
1/4 (25)
1/4 (25)
0
0
0
1/4 (25)
2/4 (50)
1/4 (25)
1/4 (25)
0

0

Appendix B

5/19 (26)
4/19 (21)
3/21 (16)
2/19 (11)
1/19 (5)
1/19 (5)
1/19 (5)
2/19 (11)
5/12 (42)
4/12 (33)
3/12 (25)
0

1/1 (100)
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18B

20

21

22A

22F

23A

23B

26

5/1/1

4/4/3

8/6/10

4/2/0

11/6/13

11/4/6

11/2/5

1/0/0

0/1/0

1/0/2

1/0/4

1/0/1

31217

4/1/4

3/1/2

1/0/0

6239

8817

Singleton (8824)

1221

Singletons (1233, 193)
445

6279

445

6275

Singletons (10819, 433)
53

2319

Singletons (5080)

2289

Singletons (10719, 2911,

4423)
199

0
0

1/1 (100)
0

1/1 (100)
1/1 (100)
0

3/3 (100)
0

0

0

3/4 (75)
1/4 (25)
1/3 (33)
213 (67)

1/1 (100)

1/1 (100)
0

0

2/2 (100)
0
1/1 (100)
0
0
1/1 (100)

0

Appendix B

0

2/2 (100)
0

1/4 (25)
3/4 (75)
0

1/1 (100)
5/7 (71)
1/7 (14)
1/7 (14)
1/4 (25)
2/4 (50)
1/4 (25)
0

2/2 (100)

0
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29

31

33D

33F

34

35B

27/5/5

4/0/0

11/11/8

71316

28/12/12

17/16/50

4/1/3

4/0/0

1/1/1

0/1/2

5/1/5

8/2/16

217

Singletons (10826, 5483,
558)

3548

4084

10588

445

Singletons (100, 10068)
7067

Singletons (10544, 10863,
10865, 1884, 8822)

172 (172, 361)

4084 (8774)

Singletons (10957, 373,
5396, 5483, 9813)

0
4/4 (100)
2/4 (50)
1/1 (100)
2/4 (50)
0

0

415 (80)
1/5 (20)
1/8 (13)
0

718 (87)

0
1/1 (100)
0

1/1 (100)
0

0

1/1 (100)
0

1/1 (100)
1/2 (50)
1/2 (50)

0

Appendix B

1/3 (33)
213 (67)
0

1/1 (100)
0

1/2 (50)
1/2 (50)
2/5 (40)
3/5 (60)
9/16 (56)
1/16 (6)

6/16 (38)
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Appendix C
Clonal complex and sequence type (ST) distribution of pneumococcal isolates causing invasive disease among older children >5 years of age in

South Africa during pre-PCV period (2005-2008), PCV7 period (2009-2010) and PCV13 period (2011-2013)

Serotype  No. of isolate: pre-  No. with genotypic ~ Clonal complex (ST) pre-PCV period PCV7 period PCV13 period
PCV/PCV7/PCV13 results: pre-
n/N (%) n/N (%) n/N (%)
period PCV/PCV7/PCV13
period
1 1288/711/696 177/38/208 217 (217, 612, 9067, 2839, 170/177 (96) 38/38 (100) 202/208 (97)
8313, 8314, 8315, 8319, 8321,
8385)
2289, 2652, 3544 3/177 (2) 0 1/208 (1)
Singletons (611, 618, 306, 615,
8684) 41177 (2) 0 6/208 (2)
3 408/179/275 94/4/173 458 (458, 7348, 7349, 7350, 55/94 (55) 1/4 (25) 82/173 (47)
7353, 8386)
180 (180,181, 3842, 4118, 15/94 (16) 1/4 (25) 38/173 (22)
7356, 7357, 8388)
230 (700) 0 1/4 (25) 32/173 (18)
378 (7369, 233, 378, 7362, 10/94 (11) 0 71173 (4)
7364, 7365,7367, 7368, 7369)
445, 1221, 2289, 2416, 2421, 2194 (2) 0 71173 (4)

4084, 5026, 5410
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6A

603/298/311

93/69/52

552/286/264

84/11/175

10/5/24

82/7/146

Singletons (1220, 1765, 2021,
2837, 6193, 7347, 7351, 7352
7366)

1221 (1221, 7370, 7354,7355)
5410 (5410, 7370, 5655, 7372,
7373, 7374, 7375, 7376)

271, 5026, 5659, 6279

Singletons (1222, 2290, 10612,
205, 2213, 2712, 2941, 7358,
7359, 7371, 853, 8762, 9197,
9408, 9554)

5659 (289, 5659, 7050, 8370)

2285 (n=23 STs)

2289 (1094, 2289, 7312, 7721,
10656, 4941, 8690, 8788)

172 (1447, 8689)

6389 (138, 6389, 7304, 7309)
473 (471, 473, 7298, 8695)
185 (185, 8307)

81, 180, 1221, 2283, 2421,
4084, 6279, 7084

Singletons (2987, 10550,
10582, 10681, 10692, 10701,
10704, 10773, 2987, 3207,
3821, 4957, 5251, 5412, 7299,

12/94 (13)

32/84 (38)
25/84 (30)

1/84 (1)
26/84 (31)

10/10 (100)

32/82 (39)
15/82 (18)

1/82 (1)
8/82 (10)
1/82 (1)
5/82 (6)
7/82 (9)

13/82 (16)

1/4 (25)

7/11 (64)
1/11 (9)

0
3/11 (27)

5/5 (100)

2/7 (29)
2/7 (28)

0
0
0
0
2/7 (29)

1/7 (14)
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71173 (4)

119/175 (68)
25/175 (14)

3/175 (2)
28/175 (16)

24/24 (100)

61/146 (42)
23/146 (16)

24/146 (16)
5/146 (3)
9/146 (6)

0

71146 (5)

17/146 (12)
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6B

6C

7F

410/183/121

43/14/20

117/58/99

58/3/90

7/3/13

28/1/81

7313, 8687, 8688, 8692, 8694,
8700, 9496)

2421 (n=STs)

185 (185, 7738, 10845, 10871,
6293, 7302, 7307, 7738, 8381)
2285 (2285, 4087, 5073, 7303)

6389 (138, 6389, 7304, 7309)
6279 (6305, 242, 6219, 6305)
7084

2289, 2185, 172, 230, 1094,
4893, 6393

Singletons (1518, 2040, 2156,
3207, 3473, 4250, 6232, 6251,
6282, 6294, 7311, 7733, 8383,
8387, 8713, 90, 9600)

2185 (2185, 6310, 7345, 7346
8382)
2283 (2283)

Singletons (1669, 1692, 398,
4879, 7344)

3544/218 (218, 3544, 1176,
6838, 7884, 7886, 8679)
2416

4956

13/58 (22)
10/58 (17)

9/58 (16)
4158 (7)
2/58 (3)
2/58 (3)
11/58 (19)

8/58 (14)

5/7 (71)
1/7 (14)

1/7 (14)

20/28 (71)

3/28 (11)
0

0
0
0
1/3 (33)
1/3 (33)
0
0

1/3 (33)

3/3 (100)

0
0

1/1 (100)
0

0
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34/90 (38)
23/90 (26)

4/90 (4)
4/90 (4)
4/90 (4)
5/90 (6)
9/90 (3)

12/90 (13)

10/13 (69)

0
4/13 (31)

61/81 (75)

9/81 (11)
1/81 (1)
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9V

14

18C

287/129/84

524/212/114

171/94/76

53/3/61

73/7/87

43/2/53

Singletons (191, 5027, 7048,
7360, 7361, 7883, 7887, 8669,
8679)

4881 (3454, 4881, 6314, 6530,
7889, 8760, 8763)
156 (156, 162, 557, 644, 7891)

5408, 4902, 53, 458, 2285,
8817, 10667

Singletons (2280, 280, 3983,
609, 6317, 8761)

230 (230, 2707, 3980, 6227,
6231, 62314, 6267, 7283, 7291
8750)

2652 (n=17 STs)

63 (63, 10707, 2414, 7270,
7277, 7279, 7722, 861, 7293)
156, 217, 2062, 4902 and 6279

Singletons (124, 1262, 143,
7266, 7273, 7292, 782)

6245 (102, 1016, 6245, 7262,
7265, 7297, 7730, 8650)

6239 (6239, 7272, 7274, 7275,
7289, 8316, 8820)

4893 (1221, 7370, 7354, 7355)

6236 (8317, 6236, 6264, 7286,
7296, 7742, 8317, 8318, 8381)

5/28 (22)

31/53 (58)

12/53 (23)
4/53 (8)

6/53 (11)

30/73 (41)

17/73 (23)
20/73 (27)

2173 (3)
4173 (5)

14/43 (33)
12/43 (28)

5/43 (12)
8/43 (19)

2/3 (67)

1/3 (33)
0

0

217 (29)

5/7 (71)
0

0
0

1/2 (50)
0

1/2 (50)
0
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10/81 (12)

33/61 (54)

16/61 (26)
6/61 (10)

6/61 (10)

45/87 (52)

24/87 (28)
11/87 (13)

4/87 (5)
3/87 (3)

14/53 (26)
13/53 (25)

11/53 (21)
8/53 (15)
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19A

19F

23F

750/453/542

382/165/154

518/291/202

84/15/180

37/9/94

61/15/161

217, 230 and 6279

Singletons (1381, 5483, 7263,
7290, 7294, 8311, 8682, 8840)

2062 (n=25 STs)
172 (172, 2218, 7861, 8300)

347, 2416, 4088, 6239

Singletons (2345, 306, 3111,
75, 7896, 7900, 7901, 7902,
7904, 8309, 9913)

271 (271, 10825, 2706, 6270
6271, 8678)
347 (347, 6277)

420 (3217, 420, 7857, 7858)
2067 (2067, 7859, 8373)
2062 (2062, 6121, 7897)
6279, 230, 172, 6389

Singletons (10762, 1203, 179,
2345, 5179, 6278, 7131, 7860,
8236, 8326, 8328, 8331, 8332,
8333, 8665, 8670, 8673, 8676,
8677)

6279 (n=23 STs)

1/43 (2)
3/43 (7)

69/84 (82)
7/84 (8)

1/84 (1)
7/84 (8)

16/37 (43)

5/37 (14)
4137 (11)
3/37 (8)
2/37 (5)
2/37 (5)
5/37 (14)

22/61 (36)

12/15 (80)
1/15 (7)

2/15 (13)
0

219 (22)
219 (22)
219 (22)
0

0

1/9 (22)
2/9 (22)

14/15 (93)
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2/53 (4)
5/53 (9)
168/180 (93)
4/180 (2)
2/180 (1)
6/180 (6)

33/94 (35)

17/94 (18)
9/94 (10)
5/94 (5)
3/94 (5)
7194 (7)
20/94 (25)

134/161 (83)
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7C

9N

10A

10F

77/4373

364/146/253

128/85/129
100/47/83

26/11/17

3/3/4

69/5/19

4/5/1

/117

1/0/0

172 (172, 6287, 7861,7866,
7882)
802 (802, 6120)

81 (81, 83, 7867)

230, 271, 1221, 2285, 3450,
4881 and 4956

Singletons (8330, 10732, 1535,
193, 2651, 2714, 353, 36, 4884,
507, 66, 7863, 7865, 8330,
8667, 8668, 8675, 9518)

4956
7053

Singleton (1535)

53 (53, 3847)
3406

Singletons (10868, 1480, 2234,
4216)

Singletons (3983, 66)

5026
Singletons (10824, 10864,
2068, 8821, 8825, 97)

Singleton (5422)

17/61 (28)
2/61 (3)
4161 (7)
4/61 (7)

12/61 (24)

3/3 (100)
0

0

66/69 (96)
1/69 (1)

2/69 (3)

414 (100)

0
1/1 (100)

1/15 (7)

213 (67)
0

1/3 (33)

4/5 (80)
1/5 (20)

0

5/5 (100)

0
1/1 (100)
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8/161 (5)
5/161 (3)
2/161 (1)
3/161 (2)

9/161 (6)

3/4 (75)
1/4 (75)

0

15/19 (79)
0

419 (21)
1/1 (100)

1/7 (14)
6/7 (85)
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11A

11B
12F

13

15A

15B/C

16

53/30/39

14/3/6
344/232/424

108/58/112

70/26/120

133/58/111

179/99/146

4/3/2

1/0/1
99/10/16

6/2/3

9/0/3

8/4/5

10/4/15

8817
6279

Singleton (10734,
10771)

Singletons (10850, 5969)

5026/989 (989, 5026)
2416 (2416)

3544/218 (218, 10663)
Singletons (3775, 7062, 7110)
5647

172 and 3544

Singleton (70)

10588

63

Singletons (10550, 10605,
11766, 2420, 4965, new ST)

199
Singletons (4209, 7052, 8687,
1262)

4088

2/4 (50)
0

214 (50)

1

37/99 (37)
40/99 (44)

15/99 (15)
7/99 (7)
3/6 (50)
2/6 (33)
1/6 (17)
419 (44)
1/9 (11)
419 (44)

4/8 (50)
4/8 (50)

5/10 (50)

2/3 (67)
1/3 (33)

0

5/10 (50)
5/10 (50)

0
0
2/2 (100)
0
0

o o

0
4/4 (100)

1/4 (25)
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2/2 (100)
0

0

1/1 (100)

10/16 (63)
6/16 (38)

0
0

3/3 (100)
0

0

1/3 (33)
0

213 (67)

0
5/5 (100)

5/15 (33)
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17F

18A

18F

20

21

22A

22F

23A

87/55/93

52/17/16

23/6/6

15/7/13

11/7/9

17/6/6

104/69/110

38/26/41

2/1/2

7/1/1

1/0/1

0/0/1

4/0/1

1/0/0

2/1/3

3/1/4

3450
30, 5326 and 10667

Singletons (10543,
10730)

392
Singletons (10564, 10623,
10689)

185
Singletons (10715, 10848,
1232, 241)

10588

8840

8817

Singletons (10854, 193, 7068)
10588

Singleton (5266)

445
Singleton (10851)

2319
2652

1/9 (11)
3/9 (33)
1/9 (11)

1/2 (50)
1/2 (50)

1/7 (14)
6/7 (86)

1/1 (100)
0

0
414 (100)
1/1 (100)
0

2/2 (100)
0

3/3 (100)
0

0
2/4. (50)
1/4 (25)

0
1/1 (100)

0
1/1 (100)

o O

o o

1/1 (100)
0

o o
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4/15 (27)
4/15 (27)
2/15 (13)

1/2 (100)
1/2 (100)

0
1/1 (100)

0
1/1 (100)

1/1 (100)

1/1 (100)
0
0

2/3 (67)
1/3 (33)

0
1/4 (25)
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23B
25
28
28A
29

31

33D

33F

34

35A

35B

23/10/14
79/0/0
15/1/0
0/2/0

50/12/5

2719127

35/13/13

3212/18

71/44/63

0/1/5

48/20/64

1/0/0
1/0/0
2/0/0
0/1/0

2/1/1

1/1/2

3/0/1

1/1/2

1/4/1

0/0/1

12/0/6

Singleton (5080)

Singleton (2911)
Singleton (105)
Singleton (494)
Singleton (494)

1221
Singletons (5178, 5483)

445
3548

4084
Singletons (7062, 8714)

445

7067

Singletons (10544, 1884, 8822)

217

172 (361)
2289 (1094)

0

0
2/2 (100)

1/1 (100)
0

2/3 (67)
1/3 (33)
1/1 (100)
0
1/1 (100)
0

1/12 (8)
1/12 (8)

1/1 (100)

0
0
0
1/1 (100)

0
1/1 (100)

1/1 (100)
0

o O

1/1 (100)

214 (50)
2/4 (50)

o O
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3/4 (75)

0
0
0
0

1/1 (100)
0

1/2 (50)
1/2 (50)

0

1/1 (100)
2/2 (100)
1/1 (100)
0

1/1 (100)
416 (67)
0

110



35F
38
39

47/18/1
1/1/1

2/0/0
3/0/0
0/0/1

2416 (2416)

Singletons (10957, 10989,
9813)

Singletons (10699, 9408)
Singletons (310, 393)
Singleton (10873)

1/12 (8)
9/12 (75)

2
3/3 (100)
0
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0
2/6 (33)

0
0
1/1 (100)
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Appendix D

Appendix D

Serotype and clonal complex distribution of penicillin non-susceptible (PNS) and multidrug-resistant (MDR) isolates

causing invasive pneumococcal disease among infants and children <5 years of age in South Africa during the pre-PCV (2005-2008), PCV7

(2009-2010) and PCV13 period (2011-2013)

pre-PCV PCV7 PCV13
No. (%) of No. (%) No. (%) of  No. (%) of No. (%) of  No. (%) of
Clonal No.of PNS of MDR No.of PNS MDR No.of PNS MDR
Serotype complex! isolates isolates isolates isolates isolates isolates isolates isolates isolates
1 217 90 0 0 30 0 0 57 2 (4) 2 (4)
3 230 2 1 (50) 1 (50) 0 0 0 1 0 0
4 5410 19 17 (89) 0 5 5 (100) 1 (20) 4 4 (100) 0
5 5659 13 1(8) 0 3 0 0 30 3(10) 0
6A 81 0 0 0 0 0 0 0 1 1 (100)
172 5 5 (100) 0 6 6 (100) 0 4 4 (100) 0
185 1 1 (100) 0 0 0 0 0 0 0
473 2 2 (100) 0 1 0 0 6 3 (50) 0
2285 44 1(3) 0 14 0 0 30 1(3) 0
2289 41 27 (66) 3(7) 20 20 (100) 2 (10) 16 16 (100) 0
6389 8 1(13) 0 3 0 0 1 0 0
other 4 2 (50) 0 3 1(33) 0 5 (83) 0
6B 185 34 34(100) O 3 3 (100) 14 4 (100) 0
230 1 1 (100) 0 0 0 0 0 0 0
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Qv

14

15A
18C
19A

19F

2285
2289
2421
6239
6279
6389
6393
7084
other
156
4881
other
63
230
2652
other
63
6239
172
230
271
2062
other
172
271

97

18

1 (25)
3 (75)
32 (71)
1 (50)
2 (25)
0

1 (100)
0

12 (50)
2 (50)
9 (32)
2 (100)
17 (68)
77 (100)
38 (97)
5 (83)
0
1(8)
3 (100)
0

0

79 (81)
6 (67)
0

18 (100)

(63)

O O U1 O O O O

3 (75)
3 (13)
0

0

0

15 (60)
77 (100)
37 (95)
3 (50)
0

0
1(33)
1 (100)
0
1(1)
1(11)
0

10 (56)

0
3 (100)
6 (100)
0

0

1(33)

2 (100)
1(25
1(13)

1 (50)
1(14)

1 (50)

8 (100)
22 (100)
17 (100)
1(33)

0

0

2 (67)

0

0

32 (100)
0

1 (100)
6 (100)

O O O O o o o

3 (75)
5 (63)
0

0

0

7 (88)
22 (100)
16 (94)

0
6 (100)

O O N NN N O NP P OO O B

N 0 B
(o]

11

0
0

6 (100)
0

1 (100)
1 (100)
2 (100)

3 (43)
1 (50)
1(14)
0

5 (100)
19 (100)
8 (100)
4 (100)
2 (100)
0

1 (100)
0

0

77 (100)
0

1 (100)
11 (100)
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O O O O OO O o o o o

0
5 (100)
19 (100)
7 (88)
3 (75)
2 (100)
0

0

0

1 (100)

0
0
11 (100)
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Appendix D

347 25 25 (100) 1 (4) 12 12 (100) 0 8 8 (100) 0

420 9 9(100)  8(89) 7 7 (100) 0 10 10(100) O

2062 1 0 0 0 0 0 1 1 (100) 0

other 21 14 (67) 3 (14) 8 7 (88) 0 3 3 (100) 1(33)
23F 63 1 1(100) 1 (100) 0 0 0 0 0 0

81 2 2(100) 2 (100) 1 1 (100) 1 (100) 2 2 (100) 2 (100)

172 27 23(85)  1(4) 8 8 (100) 2 (25) 1 1 (100) 0

802 1 0 0 0 0 0 2 0 1

6279 54 31(57) 30 (56) 26 23 (88) 23 (88) 58 52 (90) 49 (84)

10684 3 3(100) 0 0 0 0 0 0 0

other 12 6 (50) 1(8) 2 1 (50) 0 2 1 (50) 1 (50)
35B 172 1 0 0 1 1 (100) 0 9 9 (100) 0

other 7 2 (29) 1(14) 0 0 0 6 1(17) 0

Other: singletons/ unrelated sequence types
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Appendix E

Appendix E

Serotype and clonal complex distribution of penicillin non-susceptible (PNS) and multidrug-resistant (MDR) isolates

causing invasive pneumococcal disease among children and adults >5 years of age in South Africa during the pre-PCV (2005-2008), PCV7

(2009-2010) and PCV13 period (2011-2013).

pre-PCV PCV7 PCV13
No. (%) of  No. (%) of No. (%) No. (%) of No. (%) of  No. (%) of
Clonal No.of  PNS MDR No. of  of PNS MDR PNS MDR
Serotype  complex* isolates isolates isolates isolates isolates isolates N isolates isolates
1 217 178 1(0.5) 0 38 0 0 202 3(2) 0
3 230 0 0 0 1 0 1 (100) 32 32 (100) 32 (100)
458 55 0 0 1 0 0 82 3(4) 0
2416 1 1 (100) 0 0 0 0 1 0 0
5410 0 0 0 0 0 0 1 (100) 0
other 12 5 (42) 5 (42) 1 0 0 17 1(17) 0
4 1221 32 0 0 7 0 0 119 2 (6) 0
5410 25 24 (96) 1(4) 1 1 (100) 0 25 25 (100) 0
other 26 0 0 3 0 0 28 2 (7) 0
6A 81 0 0 0 0 0 0 3 3 (100) 3 (100)
172 1 1 (100) 0 0 0 0 24 24 (100) 0
185 5 3 (60) 0 0 0 0 0 0 0
473 1 1 (100) 0 0 0 0 9 7 (78) 0
2285 32 2 (6) 1(3) 2 0 0 61 2(3) 0
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6B

6C

Qv

14

2289
2421
6279
other
172
185
230
1094
2285
2289
2421
4893
6279
6389
6393
7084
other
other
53
156
2285
4881
other
63
156

15

13

10

9 (60)
3 (75)
0

3 (23)
1 (100)
8 (80)
1 (50)
1 (100)
5 (56)
2 (67)
7 (54)
1 (100)
2 (100)
1 (25)
2 (100)
2 (100)
6 (75)
0
1(2)
7 (58)
1 (100)
12 (39)
5 (83)
17 (85)
1 (100)

1 (33)
1(8)
0

2 (100)
0

0

1 (50)

O O O O o o

16 (80)
1 (100)
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3 (100)

(100)

(100)

(100)

(50)
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1(33)

(100)

(100)

O O O O O O OO FrPr OO0 O PFrPr OO OO O OoOOoOo o o o

17

23

23 (23)
0
1 (100)
4 (24)
0
22 (96)
0
0
1 (25)
1 (100)
31 (91)

4 (100)
0

2 (100)
5 (100)
11 (92)
1 (25)
0

11 (69)
0

9 (27)
4 (67)
11 (100)
2 (100)
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0
0

1 (100)
1 (6)

0
11 (100)
2 (100)
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15B/C
16F
18C

19A

19F

23F

230
2652
other
other
other
6245
6279
172
347
2062
2416
4088
other
172
230
271
347
420
2062
2067
6279
6389
other
81
172

A 01 O O W NN B~ O

-
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30 (100)
16 (94)
2 (50)
2 (67)
0

0

0

6 (86)
0

58 (84)
1 (100)
0

5 (71)
0

1 (100)
16 (100)
3 (60)
3 (75)
1 (50)
1(33)
0

0

3 (60)
4 (100)
14 (82)

30 (100)
13 (76)
1 (25)

0

(1)
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0
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2 (67)

2 (50)

2 (100)
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1 (100)
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1 (100)
163 (97)
0

0

5 (83)

2 (100)
2 (100)
33 (100)
17 (100)
9 (100)
3 (100)
4 (80)

3 (100)
0

19 (95)
2 (100)
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44 (98)
2 (8)
1(33)
0

0

0

1 (100)
0

0
1(97)
0

0

2 (33)
0

1 (50)
32 (67)
0

0

0

0

3 (100)
0

2 (10)
2 (100)
0
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230 2 2 (100) 1 (50) 0 0 0 1 1 (50) 0

271 1 1 (50) 0 0 0 0 0 0 0

802 2 0 0 0 0 0 5 2 (40) 2 (40)

1221 0 0 0 0 0 0 1 1 (100) 1 (100)

6279 22 16 (73) 16 (73) 1 11(79) 11 (79) 134 122(91) 122 (91)

other 12 7 (58) 3 (25) 1 1(100) 0 9 5 (55) 4 (44)
35B 172 1 1 (100) 0 0 0 0 4 4 (100) 0

2289 1 1 (100) 0 0 0 0 0 0 0

2416 1 1 (100) 0 0 0 0 0 0 0

Other: singletons/ unrelated sequence types
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Diversity of sequence types within serotypes of isolates causing invasive pneumococcal

disease among infants and children <5 years of age in South Africa during the pre-PCV

(2005-2008) and PCV13 (2011-2013) periods.
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Simpson’s index of diversity (95% CI)
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Diversity of sequence types within serotypes of isolates causing invasive pneumococcal
disease among older children and adults >5 years of age in South Africa during the pre-PCV

(2005-2008) and PCV13 (2011-2013) periods.
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