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ABSTRACT 

Streptococcus pneumoniae colonises the nasopharynx and is also a significant pathogen 

causing diseases such as meningitis and pneumonia. The capsular polysaccharide is an 

important virulence determinant and a target for current pneumococcal vaccines. However, 

pneumococci showing no serological evidence of capsule expression (nontypeable 

pneumococci [NTPn]) have been identified, mainly in carriage studies and rarely in invasive 

disease. NTPn are not targeted by current vaccines and are believed to play an important role 

in the evolution of Streptococcus species. Limited data exist which describe NTPn and their 

population structure, especially from the African continent. Our aim was to describe, 

characterise and compare invasive and carriage NTPn isolates from South Africa. 

 

Invasive NTPn were detected through national, laboratory-based surveillance for invasive 

pneumococcal disease in South Africa between 2003 and 2013. Carriage NTPn were obtained 

from cross-sectional studies assessing the impact of pneumococcal conjugate vaccine (PCV) 

on nasopharyngeal colonisation in South Africa between 2009 and 2012. Isolates were 

characterised by capsular locus sequence analysis, multilocus sequence typing and whole 

genome phylogenetic analysis. Antimicrobial non-susceptibility patterns and potentially 

inactivating capsule mutations were determined. We also performed comparative genomic 

analysis of invasive and carriage NTPn isolates. 

 

The prevalence of invasive and carriage NTPn was 0.1% (39/32,824) and 3.7% (137/3721) (P 

<0.01), respectively. Carriage NTPn increased from 3.0% (60/2015) to 4.5% (77/1706) (P = 

0.02), post-PCV7. Five percent (2/39) and 24.0% (33/137) (P <0.01) of invasive and carriage 

NTPn were co-infected and co-colonised with encapsulated pneumococci, respectively. Non-

susceptibility to cotrimoxazole [84.0% (112/133) vs. 44.0% (17/39)], penicillin [77.0% 
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(102/133) vs. 36.0% (14/39)], erythromycin [53.0% (70/133) vs. 31.0% (12/39)] and 

clindamycin [36.0% (48/133) vs. 18.0% (7/39)] were significantly higher (P ≤0.03) among 

carriage than invasive NTPn. 

 

Fifty-six percent (22/39) of invasive and 9.0% (13/137) of carriage NTPn isolates (P <0.01) 

had at least partial capsule genes (Group I). The remaining invasive (17/39, 44.0%) and 

carriage (124/137, 91.0%) (P <0.01) NTPn had complete deletion of the capsular locus (Group 

II). We identified a variety of potentially inactivating capsule mutations in Group I invasive 

and carriage NTPn. Invasive NTPn were more diverse (Simpson’s diversity index [D] = 0.97 

[95.0% CI: 0.947 - 0.996]) than carriage NTPn (D = 0.92 [95.0% CI: 0.899 - 0.945]). Seventy-

nine percent (31/39) of invasive NTPn belonged to a lineage that was related to encapsulated 

pneumococci compared carriage NTPn, where 67.0% (92/137) belonged to a lineage exclusive 

to NTPn strains. We identified 275 genes that were significantly associated with invasive NTPn 

compared to carriage NTPn.  

 

In conclusion, carriage NTPn were frequently isolated and had higher rates of antimicrobial 

non-susceptibility than invasive NTPn. Carriage NTPn were also less diverse, with the majority 

belonging to classical lineage and lacking capsule genes, whereas invasive NTPn were more 

diverse and the majority belonged to a lineage related to encapsulated pneumococci. 

Comparative genomic analysis revealed genes that may be responsible for capsule-independent 

virulence mechanisms of invasive NTPn. 
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1 Introduction 

 

1.1 Background 

Streptococcus pneumoniae, or the pneumococcus, is an important human pathogen causing 

invasive diseases such as meningitis and bacteraemia, as well as non-invasive diseases such as 

pneumonia, otitis media and sinusitis (1;2). Pneumococcal disease occurs in all age groups, with 

children <5 years of age, the elderly and immunocompromised individuals most at risk. 

Pneumococcus is a human commensal that is carried in the nasopharynx, with high colonisation 

rates in children <5 years of age (3). The capsular polysaccharide (CPS) is the principal virulence 

factor (4), and based on the structure and antigenicity of the CPS, at least 98 serotypes have been 

identified (5-10). The CPS is also the target of all currently available pneumococcal vaccines (11). 

Despite the importance of the CPS as a virulence factor, pathogenic S. pneumoniae isolates lacking 

a capsule have been described (12;13). 

 

1.2 History of the pneumococcus 

 

The bacterium was simultaneously and independently discovered in 1881 by Louis Pasteur in 

France and George Sternberg in the United States (3;14). Pasteur named it Microbe septicemique 

du salive and Sternberg called it Micrococcus pasteuri. Due to its recognition as the most common 

cause of lobar pneumonia, the bacterium was called pneumococcus in the late 1880s. In 1926, the 

bacterium was assigned the name Diplococcus pneumoniae because of its appearance in Gram-

stained sputum, and in 1974, the name was again changed to Streptococcus pneumoniae because 

of its morphology during growth in liquid medium.  
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1.3 Microbiology of the pneumococcus 

 

S. pneumoniae is a Gram-positive coccus and bacterial cells are usually seen as pairs of cocci. The 

bacterium is a non-motile, facultative anaerobe that does not form spores. It is catalase negative 

and ferments glucose to lactic acid. Pneumococcus is a fastidious bacterium, growing in 5.0% CO2, 

and is usually cultured in a medium that contains blood (as a source of catalase). The bacterium is 

α-haemolytic due to the production of pneumolysin, which breaks down haemoglobin and results 

in a green zone around colonies when grown on blood agar. As the colonies age, they collapse due 

to the production of autolysin, which disrupt and disintegrate cells, giving the characteristic 

draughtsman appearance (Figure 1). Pneumococcus is inhibited by ethyl hydrocupreine (optochin) 

and undergoes lysis in the presence of bile salts. Almost all clinical isolates of S. pneumoniae 

contain CPS that covers the peptidoglycan cell wall. The assignment of capsular serotype is 

traditionally done by using the Quellung reaction (15), a gold standard, phenotypic method of 

serotyping pneumococcal isolates using anti-sera against serotype-specific CPS (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 1. Growth of Streptococcus pneumoniae on blood agar showing draughtsman colonies and 

inhibition by optochin after overnight incubation 
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Figure 2. A phase-contrast microscopy of pneumococcal cells indicating swelling of the capsule 

in the presence of paired anti-sera 

 

 

1.4 Genome of the pneumococcus 

 

The pneumococcus contains a single circular genome of approximately 2 000 000 bp in size 

(16;17). It contains approximately 2000 predicted coding sequences (CDS) and about 5.0% of the 

genome is composed of insertion sequences. The guanine-cytosine content (39.0% - 40.0%) is 

lower compared to other bacterial pathogens. The genome of pneumococcus is highly variable, 

with only about 74.0% of the genome conserved (18). On average, the core genome (CDS 

conserved in all isolates) of pneumococcus consists of 1647 predicted CDS and contains genes 

essential for survival. The accessory genome (CDS that are not conserved in all isolates) plays an 

important role in bacterial pathogen evolution (19). The pneumococcal pan-genome is open, 
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meaning it is always increasing as new isolates are being continuously sequenced and adds novel 

genes to the current pool. The pan-genome, which includes core and accessory genomes, is defined 

as the full complement of CDS in a species. The genomic variations seen in the pneumococcus are 

mainly introduced by transformation, conjugation and transduction. 

 

Pneumococci are competent and naturally transformable, meaning they are able to take up 

exogenous DNA from other pneumococci or bacterial species, and incorporate it into their genome 

by homologous recombination (20;21). The magnitude of transformation frequencies varies 

significantly between pneumococcal strains (22). Unencapsulated pneumococci exhibit a higher 

rate of genetic recombination compared to encapsulated pneumococci (23), this is because the 

capsule has been hypothesised to hinder transformation. Transformation plays an important role in 

the development of antibiotic resistance and can also result in serotype/capsular switching (24), 

whereby genes encoding one serotype are replaced by genes encoding another serotype. Serotype 

or capsule switching has significant clinical impact, because of the potential for vaccine-serotype 

strains to escape the vaccine by switching their capsules.  

 

1.5 Pathogenesis and pneumococcal disease  

 

S. pneumoniae spreads from person-to-person via respiratory droplets. Following acquisition, the 

pneumococcus colonises the nasopharynx by adhering to epithelial cells through a variety of 

mechanisms involving bacterial surface proteins and host epithelial cell receptors. Colonisation is 

predominantly asymptomatic, and this asymptomatic carrier state can persist for as long as six 

weeks in children <5 years of age. In adults, the duration is shorter, usually about three weeks (25). 

Once nasopharyngeal colonisation is established, the organism may penetrate the mucosal barriers 
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and, under normal circumstances, is usually rapidly cleared by the host primary defense 

mechanisms. However, in some cases, including preceding viral infections, exposure to smoking, 

reduced immune competence in the human host, and/or pathogen virulence factors (listed in Table 

1), the host defense mechanisms fail to clear the organism, resulting in invasive or non-invasive 

disease.  

 

This transition of pneumococcus from colonisation to disease may result in a variety of different 

clinical syndromes, depending on the route of dissemination. A common dissemination route in 

children is spread of the organism via the Eustachian tube to the middle ear causing acute otitis 

media. Symptoms include fever, pain and hearing loss. The organism may also spread to the sinus 

cavities, causing sinusitis. Pneumococcus is one of the most prevalent bacterial pathogens causing 

sinusitis and acute otitis media (26;27). Another common route of dissemination is the invasion of 

the alveoli, resulting in pneumonia. Cough, fever, sweats and shortness of breath are the most 

frequent symptoms of pneumonia. In 2015, pneumonia was the leading cause of death in children 

<5 years of age globally (28). Pneumococcus may also invade the bloodstream causing 

bacteraemia. Meningitis (inflammation of the meninges) may result from direct spread from middle 

ear, sinuses or from the bloodstream. Symptoms of meningitis include headache, stiff neck, 

photophobia, fever and confusion. Pneumococcus was the leading cause of bacterial meningitis in 

the United States of America from 1998 - 2007 (29).  

 

1.6 Diagnosis 

 

A definitive laboratory diagnosis of invasive pneumococcal disease (IPD) is based on isolation of 

S. pneumoniae from normally sterile body sites (e.g. cerebrospinal fluid, blood, pleural fluid). 
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Usually, specimens are cultured on 5.0% sheep blood agar and incubated overnight at 37°C in the 

presence of 5.0% CO2. During microscopic evaluation, pneumococcus will appear as lancet-

shaped, Gram-positive diplococci. On sheep blood agar, pneumococcal colonies will be surrounded 

by a greenish zone of α-haemolysis, and are typically optochin susceptible and bile soluble (3;30). 

For rapid identification, commercial latex agglutination tests such as BinaxNOW are used directly 

on specimens (31-33). However, these tests have been shown to have low sensitivity and 

specificity. In cases where culture of the specimen does not yield growth of pneumococci, possibly 

due to antibiotic therapy prior to specimen taking, nucleic acid amplification tests such as real-time 

polymerase chain reaction (RT-PCR) have proven to be an important diagnostic tool. For 

pneumococcus, a RT-PCR that detects the lytA (autolysin) gene is commonly used (34).  

 

1.7 Burden of disease  

 

Pneumococcal disease continues to result in significant morbidity and mortality worldwide, 

particularly in children <5 years of age. Approximately half a million children <5 years of age die 

every year due to pneumococcal infections, with most deaths occurring in developing countries 

(28). An estimated 5.9 million children <5 years of age died globally in 2015, of which 2.8 million 

were in Africa. Pneumonia, accounting for 13.0% of all cases, was the leading cause of death, 

killing 767,000 children. In South Africa, 42,000 children <5 years of age died in 2015. The HIV 

epidemic plays a major role in the burden of pneumococcal disease. HIV-infected individuals have 

a higher risk of developing IPD than HIV-uninfected individuals. A study in South Africa found 

that there was a 41.7 - fold increase in severe IPD in HIV-infected children <12 years of age 

compared with HIV-uninfected children (35). 
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1.8 Treatment and prevention of disease 

1.8.1 Treatment 

 

Pneumococcal diseases are managed through treatment with antimicrobial agents. Treatment 

usually depends on the clinical syndrome. The American Academy of Paediatrics and Family 

Physicians recommends amoxicillin as the first line of treatment for otitis media in all age groups 

(36). If amoxicillin fails, amoxicillin-clavulanic acid, fluoroquinolone or ceftriaxone are used and 

in the case of penicillin allergy, a macrolide is recommended. The South African Department of 

Health also gives similar recommendations (37). Sinusitis in all age groups is treated with 

amoxicillin only or together with clavulanic acid (37-39). Pneumococcal meningitis is usually 

treated with penicillin G or alternatively with ceftriaxone. If the patient has allergies or there is 

evidence of resistance to either of these antimicrobial agents, vancomycin plus a carbapenem are 

used (40). For treatment of community-acquired pneumonia in outpatient settings, the Paediatric 

Infectious Diseases Society and the Infectious Diseases Society of America (41), and the South 

African Department of Health (37)(37)(37)(32) recommends using amoxicillin for infants, children 

>3 months and adults with mild to moderate community-acquired pneumonia. For inpatients, 

ampicillin or penicillin G is used and if resistance is high in that particular setting or the patient has 

other complications, a third-generation cephalosporin (ceftriaxone or cefotaxime) is used instead 

(37;41). If a patient is allergic to penicillin, moxifloxacin is recommended (37;37;41). 

 

1.8.2 Antimicrobial non-susceptibility 

Antimicrobial non-susceptibility complicates the management of pneumococcal infections and 

may lead to treatment failure. Pneumococci were susceptible to almost all relevant antimicrobial 
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agents until the emergence of penicillin-resistant isolates in the mid-1970s (42;43). The prevalence 

of pneumococcal antimicrobial non-susceptibility has been increasing globally, including in South 

Africa, not only to penicillin, but also to non-β-lactam antimicrobials (44;45). In the pre-vaccine 

era in the United States (between 1995 and 1998); there were increases in the proportions of isolates 

that were non-susceptible to penicillin (from 21 to 25.0%), cefotaxime (10 to 14.0%), meropenem 

(10 to 16.0%), erythromycin (11 to 15.0%) and trimethoprim-sulfamethoxazole (25 to 29.0%). In 

South Africa, between 2003 to 2008, non-susceptibility to the following antibiotics increased 

significantly (P < 0.001): penicillin (23 to 38.0%), tetracycline (15 to 20.0%), erythromycin (13 to 

15.0%), clindamycin (10 to 11.0%) and chloramphenicol (3 to 5.0%) (44). However, the 

introduction and continued use of polysaccharide-protein conjugate vaccines (PCV) in South 

Africa has greatly reduced the prevalence of non-susceptible vaccine serotype isolates (46). From 

pre-vaccine (2005 – 2008) to post-vaccine (2011 – 2012) periods, the prevalence of penicillin non-

susceptible isolates declined by 82.0%, ceftriaxone by 85.0% and multidrug-resistant isolates by 

84.0% among children less than 2 years of age. 

 

1.8.3 Prevention 

The majority of disease caused by S. pneumoniae is preventable through the use of pneumococcal 

vaccines. Currently two types of vaccines are available: polysaccharide and polysaccharide-protein 

conjugate vaccines. The 23-valent polysaccharide vaccine (Pneumovax®, Merck & CO, 

Whitehouse station, NJ) was the first licensed pneumococcal vaccine and provides protection 

against 23 serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 

20, 22F, 23F and 33F). This vaccine contains purified capsular polysaccharides, induces a T-cell 

independent immune response which is poorly immunogenic in children <2 years of age and does 
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not induce immune memory. Since it is not effective in children <2 years, it is only recommended 

for adults and immunocompromised children >2 years of age (47).  

 

The 7-valent polysaccharide-protein conjugate vaccine (PCV7, Pfizer Inc., Philadelphia, United 

States) was the first licensed PCV and contained purified capsular polysaccharides conjugated to a 

carrier protein. This vaccine provided protection against 7 serotypes (4, 6B, 9V, 14, 18C, 19F and 

23F). PCV7 induces immune memory and a T-cell dependent immune response which results in 

protective immunity in children aged <2 years (48). In addition, PCV7 also confers mucosal 

immunity, and thereby reduces nasopharyngeal colonisation of serotypes included in the vaccine. 

PCV7 reduced pneumococcal disease in many parts of the world, including South Africa, and also 

showed herd effect by reducing disease in unvaccinated adults (46;49-52). Since the widespread 

use of PCV7, several studies reported an increase of non-vaccine serotypes in carriage (53) and 

IPD (54-56) (a process called serotype replacement). However, these increases remained low 

relative to decreases in vaccine serotypes. 

 

Newer vaccine formulations, PCV10 [PHiD-CV (Synflorix™, GlaxoSmithKline Biologicals, 

Rixensart, Belgium)] and PCV13 (Pfizer Inc., Philadelphia) contain PCV7 serotypes plus 

additional serotypes (1, 5, 7F and 1, 3, 5, 6A, 7F, 19A, respectively), some of which are those that 

increased in prevalence after PCV7 rollout. These vaccines provide greater serotype coverage and 

have further reduced the incidence of pneumococcal disease (57-60). In South Africa, PCV7 was 

introduced into the Expanded Programme on Immunisation in April 2009 and was replaced with 

PCV13 in July 2011. Although PCVs are highly effective at preventing IPD caused by serotypes 

included in the vaccines, they do not offer protection against all disease-causing pneumococcal 

serotypes. New generation vaccines containing conserved proteins in S. pneumoniae have the 
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potential to provide serotype-independent protection, thereby preventing serotype replacement. 

Such vaccines are currently being developed and assessed and have shown promising results in 

phase 2, randomized, controlled clinical trials (61-63). 

 

1.9 Virulence factors 

 

S. pneumoniae produces a range of virulence factors that play a role in facilitating the disease 

process. The major virulence determinants include the anti-phagocytic properties of the CPS, 

adherence, invasion and evasion factors, iron and other heavy-metal transporters, pneumolysin and 

bacteriocin production, quorum sensing and biofilm formation (64). A summary of known 

pneumococcal virulence factors are listed in Table 1. 

 

1.9.1 Capsular polysaccharide 

 

The CPS is one of the major virulence factors as it forms a shield to protect pneumococci from host 

cell-mediated phagocytosis or killing by neutrophils, and reduces the total load of complement, 

mainly C3b, on the bacterial surface (4). It is 200-400 nm thick, and is made up of repeating 

oligosaccharides that are covalently bound to the outer surface of the peptidoglycan cell wall (3). 

A close relationship between the thickness of encapsulation and the virulence of pneumococcal 

strains has been observed.  

 

With the exception of serotypes 3 and 37, the CPS is encoded by genes located at the capsular 

polysaccharide synthesis (cps) locus between the glucan 1,6-α-glucosidase (dexB) and oligopeptide 
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ABC transporter (aliA) genes (5;65). Figure 3 shows serotypes 1 and 9A as examples. The cps 

locus ranges in size from 10,337 (serotype 3) to 30,298 bp (serotype 38) with an average of 20,714 

bp (5). The first four genes of the cps locus at the 5’ end, wzg, wzh, wzd and wze (also known as 

cpsA, B, C, and D), are conserved in all serotypes with high sequence identity and are always in 

this order (5). These genes play a role in the regulation and processing of the cps (66;67). In most 

cps loci, the fifth gene encodes wchA (cpsE), which is responsible for the first step in CPS synthesis. 

Downstream from the cps locus, the polysaccharide polymerase (wzy) and flippase (wzx) genes are 

always present together with serotype-specific genes. Genes encoding insertion-sequence 

transposases are present in the regions between cps genes and the flanking dexB and aliA genes in 

most serotypes. In addition, four serotypes (19F, 25F, 25A and 38) have group-II introns within 

the cps locus (5). Variations between cps loci can range from one bp to many genes. Based on their 

genetic relatedness, the cps loci from 88 serotypes have been grouped into eight clusters and 21 

sub-clusters (68). Serotypes within the same serogroup were grouped into the same cluster except 

for serotypes within serogroups 7, 16, 17, 33, 35 and 47 which were split into two or three different 

subclusters. 

 

In all but two serotypes (3 and 37), CPS synthesis occurs via the wzx/wzy-dependent pathway 

(Figure 4) (5). In this pathway, a transferase (encoded by wchA gene in most serotypes) initiates 

the transfer of the first sugar to a lipid receptor. This is followed by several transferases which 

generate the polysaccharide repeat unit which is transported and polymerised by wzx and wzy 

genes, respectively. The wzd/wze complex then translocates the mature CPS to the cell surface. 

Serotypes 3 and 37 CPSs are synthesised via the synthase pathway (69;70).  
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Table 1*. Virulence factors of Streptococcus pneumoniae and their role in disease.  

 

Virulence factor Mechanism of action Level of 

evidencea 

Anti-phagocytic and invasion factors 

Capsular polysaccharide Prevents mucosal clearance, antiphagocytic, sterically inhibits 

complement and immunoglobulin-binding to host receptors 

4+ 

Pneumococcal surface protein A 

(pspA) 

Blocks complement component 3b binding to factor B, binds to 

epithelial membranes 

2+ 

Pneumococcal surface protein C 

(pspC) 

Binds factor H and blocks C3b fi xation, binds to human polymeric 

immunoglobulin receptor during invasion 

2+ 

Pili Pili on cell surface inhibits phagocytosis, promotes invasion 1+ 

Metal-binding transporters  

Pneumococcal surface antigen A  

(psaA) 

Mediates metal ion uptake (zinc and manganese), protects against 

oxidant stress, binds to N-acetylglucosamine-beta-(1-4)-galactose 

disaccharide 

1-2+ 

Pneumococcal iron acquisition A 

and iron uptake A (piaA/piuA) 

ABC transporters that acquire iron for bacterial growth and virulence 1+ 

Toxins and enzymes   

Pneumolysin (ply) Cytolytic, toll-like receptor ligand, induces ciliostasis, impairs 

respiratory burst, activates complement, cytokine, chemokine 

production 

3+ 

Bacteriocin Inhibits bacterial competition, might have other cytotoxic actions 2+ 

IgA protease Degrades human IgA1 1-2+ 

Autolysin (lytA) Releases peptidoglycan, teichoic acid, pneumolysin and other 

intracellular contents 

2+ 

Hyaluronate lyase (hyl) Degrades hyaluronan in the extracellular matrix 1+ 

Surface adherence factors 

Neuraminidase (nanA) Contributes to adherence, removes sialic acids on host glycopeptides 

and mucin to expose binding sites 

1+ 

Enolase (eno) Binds to fi bronectin in host tissues 1+ 

Pneumococcal adhesion and 

virulence (pavA) 

Binds to plasminogen within host tissues 1+ 

Pneumococcal serine-rich repeat 

protein (psrP) 

Surface adhesion, binds to platelet surface and promotes tissue 

invasion 

2+ 

Other factors 

Cell wall polysaccharide Activates complement, pro-infl ammatory 1+ 

Lipoteichoic acid Binds to PAFR, TLR2 ligand, proinfl ammatory 2+ 

Sortase A (strA) Links surface proteins to cell wall 1+ 

Biofilm and competence Biofilm organisms upregulate competence-stimulating peptide; 

competence genes contribute to pneumonia and meningitis 

2+ 

Phosphorylcholine Binds to platelet-activating factor receptor. on human epithelial cells 2+ 

Pneumococcal choline binding 

protein A 

Low manganese-induced protein, unknown function but important in 

lungs and blood 

1-2+ 

*Taken from reference (64).  
a; 1+: one or few animal studies, 2+: some evidence from several animal studies, 3+: confirmed in several animal 

studies and 4+: confirmed in people. 
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Figure 3. Capsular polysaccharide biosynthesis genes of Streptococcus pneumoniae serotypes 1 

and 9A. Taken from reference (5). 
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Figure 4. Representation of the wzx/wzy-dependent pathway for biosynthesis of serotype 9A 

capsular polysaccharide. Taken from reference (5): Pictured is a hypothetical model for capsule 

biosynthesis in S. pneumoniae based on a mixture of experimental evidence and speculation. 
1) Non-housekeeping nucleotide sugar biosynthesis 

2) The initial transferase (wchA) in this case links the initial sugar as a sugar phosphate (Glc-P) to a 

membrane-associated lipid carrier (widely assumed to be undecaprenyl phosphate). 

3) Glycosyl transferases sequentially link further sugars to generate repeat unit. 

4) wzx flippase transports the repeat unit across the cytoplasmic membrane. 

5) wzy polymerase links individual repeat units to form lipid-linked CPS. 

6) Wzd/Wze complex translocates mature CPS to the cell surface and may be responsible for the attachment 

to peptidoglycan.  
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1.10 Nontypeable Streptococcus pneumoniae 

 

Some pneumococcal strains, defined as nontypeable pneumococci (NTPn), show no serological 

evidence of capsule expression when serotyped with the Quellung reaction (15). The inability to 

do so may be due to several factors namely, low-level CPS expression below Quellung limit of 

detection, novel serotypes that are not detectable by serotype-specific anti-sera or genetic 

modifications in the cps locus such as specific single nucleotide polymorphisms (71-74), partial 

deletions of cps genes (13;74;75), gene duplications (76) and complete cps genes deletions and/or 

replacement with other non-cps genes (23;73-75;77;78). NTPn are predominantly detected in 

carriage (79) and rarely cause IPD (73;74;77;80;81). From 3.9% to 19.0% of S. pneumoniae 

isolates from carriage and 0.1% to 3.4% of IPD cases are estimated to be due to NTPn. However, 

this may be an underestimate because NTPn form smaller, drier colonies on blood agar, resembling 

viridians group streptococci and may therefore be misidentified. In addition, NTPn may also cause 

non-invasive disease such as acute otitis media (82;83) and are a common cause of bacterial 

conjunctivitis, causing either outbreaks (84;85) or sporadic cases (86). 

 

Although lacking the principal virulence factor, the lack of CPS can be advantageous to NTPn. 

These isolates show increased adherence to epithelial cells when colonising the nasopharynx (87-

89) and are more easily transformed and therefore able to take up foreign DNA, compared to 

encapsulated pneumococcal isolates (EcPn) (90;91). In addition, NTPn have been shown to have a 

growth advantage over EcPn (72;92). One study showed that this is due to the fact that EcPn use 

more energy to synthesise the CPS compared to NTPn (92). Thus, the loss of CPS increases the 

fitness of the pneumococcal strains.  
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NTPn are believed to play a role in pneumococcal ecology and disease, although their true role is 

not known. Because of their high prevalence in carriage combined with high transformability, they 

may act as vectors of genetic material, such as antimicrobial and virulence genes for EcPn, 

highlighted by the fact that vast majority of colonising NTPn are multidrug-resistant (93-95). In 

addition, NTPn are found to co-colonise the nasopharynx with EcPn (93;94;96) and this provides 

an opportunity for horizontal gene transfer. One study showed that a globally disseminated S. 

pneumoniae serotype 19F clone had evolved from low-level to high-level penicillin resistance by 

acquisition of resistance gene fragments from NTPn isolates (97). Another study in Thailand (2007-

2010) among infants and their mothers, showed that the highest rates of receipt and donation of 

DNA occurred in NTPn compared to EcPn, and the most frequently exchanged genes were those 

associated with antimicrobial resistance and immune interactions (23). 

 

NTPn have been categorised into two groups based on the contents of the cps locus (77). Group I 

NTPn have at least partial cps genes, whereas in Group II the cps genes are replaced with genes 

encoding novel proteins or the cps genes are completely deleted. Group II is further subdivided 

into four null capsule clades (NCC) (Figure 5) (12;73). NCC1 has the psk gene (also called nspA), 

NCC2 has aliC (aliB ORF1) and aliD (aliB ORF2) genes either with (NCC2a) or without (NCC2b) 

a putative toxin-antitoxin system (encoded by ntaAB genes), NCC3 has the aliD gene, and NCC4 

contains only transposable elements in the cps locus. The psk gene has been shown to play a role 

in adherence to epithelial cells and colonisation (98), while aliC and aliD genes facilitate 

upregulation of competence for genetic transformation and mediate colonisation, respectively (99). 

Group II NTPn are frequently isolated from carriage compared to Group I, which predominantly 

cause IPD (23;73). On the basis of multilocus sequence typing (MLST) and whole genome 

sequencing, two distinct lineages have been identified, namely, a lineage of exclusively NTPn 
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strains (classic lineage) and a lineage related to EcPn strains (sporadic lineage) (23;100;101). 

Group II NTPn are typical of the classical lineage but can also be found in sporadic lineage whereas 

Group I NTPn are thought to be derived from EcPn that have lost the ability to express the CPS 

and fall within the sporadic lineage 

 

 

 

 

 

 

Figure 5. Schematic representation of nontypeable Streptococcus pneumoniae Group II capsule 

loci. Genes are depicted with arrows. NCC: Null capsule clade. Adapted from reference 

(12). 

NCC1 

NCC2a 

NCC2b 

NCC4 

NCC3 
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Most studies describing NTPn have been from conjunctivitis outbreaks. A few studies have 

characterised NTPn from carriage (12;23;75;78;93-95) and only three studies from IPD (13;73;77). 

The largest collection of invasive NTPn characterised (N=88) was from the Centers for Disease 

Control and Prevention (CDC) Active Bacterial Core surveillance (2006-2009), where they found 

that the vast majority of isolates (89.8%) were Group I (73). Of these, 25.0% were derived from 

ancestral serotype 8 (serotype from which NTPn may have originated) that had lost the ability to 

express a capsule due to mutations in wchA gene. Sixty-seven percent of Group II isolates were 

NCC2 and related to an established NTPn lineage. Another study in the United States among Native 

American communities (all ages; years 1994-2007) found almost all of invasive NTPn (96.4%) to 

be Group I, genetically diverse although ancestral serotype 1 (18.0%) and 7F (14.0%) were more 

prevalent (13). This study reported no increase in invasive NTPn post-PCV7. Antimicrobial non-

susceptibilities were not reported for these two studies. In Switzerland, 57.0% of invasive NTPn 

were found to be Group I and all isolates were susceptible to penicillin (77).  

 

In contrast to invasive NTPn, the vast majority of carriage NTPn are Group II (23;78). Ninety-one 

percent of carriage NTPn (2007-2010) in Thailand among infants and their mothers were Group II, 

with majority (57.0%) having a NCC1 (23). About 83.0% of these isolates were predicted to be 

resistant to cotrimoxazole and β-lactam antibiotics based on the detection of known resistance 

genes. A subset of a collection of carriage NTPn (1997-2007) from children in Lisbon, Portugal 

(representative of lineages detected over the study period) were found to be all Group II-NCC2 

(78). Seventy-seven percent and 85.0% of isolates were resistant to penicillin and cotrimoxazole, 

respectively, and 38.0% were multidrug resistant (resistant to at least three antimicrobial classes). 

In another study conducted in Lisbon and Oeiras (Portugal), carriage NTPn increased from 1.5% 

in 2001 to 5.1% in 2006 (post-PCV7) among day-care attendees (102). A study in the Gambia 
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(2011-2012) among mother-infant pairs found 88.0% of their carriage NTPn to be Group I and 

reported an increase in NTPn from 0.3% in 2011 to 6.0% in 2012 (P <0.001) post-PCV13 (103). 

Because the majority of isolates (88.0%) were in fact EcPn that had lost the ability to express the 

capsule, the authors concluded that the increase is likely due to PCV13 selection pressure.  

 

The mechanisms by which NTPn are able to cause IPD without the principal virulence factor (CPS) 

are not known. The immune suppression of the host and/or other lesser known or novel virulence 

factors expressed by NTPn might possibly explain the success of these strains in causing IPD (71). 

In all studies describing invasive NTPn, the populations from whom NTPn were isolated are often 

not well described (e.g. basic demographics and immunological status) (13;73;77). Comparative 

genomic studies of invasive and carriage NTPn could provide insights into the pathogenicity of 

invasive NTPn isolates. One study conducted among Native American communities (all ages; 

1994-2007) compared invasive and carriage NTPn, but using only MLST and microarray analysis 

of cps locus (only 12.0% of carriage NTPn were analysed by microarray) (13). In that study, almost 

all of invasive NTPn (96.4%) had Group I CPS, sequence types (ST) found among EcPn and were 

genetically diverse, whereas carriage NTPn were clonal and had STs typically found among 

carriage NTPn strains. The authors concluded that invasive NTPn fundamentally differed from the 

majority of carriage NTPn.  

 

1.11 Multilocus sequence typing  

 

A number of methods have been used to study evolutionary relationships and measure genetic 

diversity of S. pneumoniae (104-107). This includes older methods such as multilocus enzyme 

electrophoresis, which uses electrophoretic movement of metabolic enzymes (encoded by conserved 
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housekeeping loci) as a measure of allelic variation among strains within a population, and pulsed-field 

gel electrophoresis, which is based on the whole genome fingerprint patterns which are compared to 

determine genetic relatedness between isolates. These methods are either subjective, poorly 

reproducible, difficult to compare amongst laboratories or define variation within a small proportion 

of the genome. Recently, nucleotide-based methods such as MLST have been developed to study 

evolutionary relationships and measure genetic diversity of S. pneumoniae.  

 

Multilocus sequence typing is based upon variation in the nucleotide sequences of approximately 

450 bp fragments of seven housekeeping genes. Sequence data for each allele are submitted to a 

centralised global database and assigned an allele number. The unique combination of seven allele 

numbers is submitted to the same database and a ST is assigned. Isolates sharing at least six of the seven 

alleles are grouped into clusters called a clonal complex (CC) (a less stringent definition where isolates 

share five out of seven alleles is also sometimes used). Members of a CC are assumed to have a recent 

common ancestor/founder. Sequence types that vary from that of a founder at a single locus are called 

single-locus variants, at two loci (double locus variants), at three loci (triple locus variants) and so 

on. Using the MLST database, some serotypes have been associated with certain STs.  

 

MLST is easily accessible via the internet, generate unambiguous and reproducible data and is 

standardised, therefore easily comparable between laboratories. However, MLST define variation 

within a small proportion of the genome. Some isolates may exhibit high levels of variation in other 

parts of the genome. Nonetheless, MLST is still widely used and regarded as a valuable tool for 

bacterial typing. 
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1.12 Whole genome sequencing 

 

In order to understand the genomic diversity of NTPn, robust methods with high resolution are 

required. Whole genome sequencing is a powerful method that is being widely used to study 

evolutionary relationships and measure genetic diversity in many bacterial species including S. 

pneumoniae. This is because the introduction of next generation sequencing technologies has 

significantly reduced the cost and time required for whole genome sequencing. This method gives 

high resolution on the genetic structure and the relationship between strains as it takes into account 

the entire genome of the organism.  

 

There are a number of next generation sequencing platforms which use different sequencing 

technologies. Table 2 shows a summary of their performance metrics. The first next generation 

sequencing platform was the Roche/454 FLX (Roche 454 Life Sciences, Connecticut, United 

States) which uses pyrosequencing, where incorporation of a nucleotide by DNA polymerase 

results in the release of pyrophosphate and this initiates reactions that produce light by the 

luciferase enzyme. The light emitted is then used to infer the sequence. The Illumina Genome 

Analyzer (Illumina, Inc., San Diego, United States) uses a sequencing-by-synthesis method. DNA 

strands are immobilised on the surface of a flow cell. During each cycle, a single labelled 

deoxynucleoside triphosphate is added. The nucleotide label serves as a terminator for 

polymerisation, so after each deoxynucleoside triphosphate incorporation, the fluorescent dye is 

imaged to identify the base and then enzymatically cleaved to allow incorporation of the next 

nucleotide. The SOLiD™ System (Applied Biosystems, Santa Clara, CA, USA) uses a sequencing-

by-ligation method. In this method, a set of four fluorescently-labelled probes (8 bp in length, first 

2 bp are specific and the rest are degenerate) compete for ligation to the sequencing primer. Each 
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ligation step is followed by fluorescence detection and cleavage of the fluorescent probe. Ion 

Torrent (Thermofisher Scientific Inc, Waltham, Massachusetts, USA) uses semiconductor 

sequencing. This method works on the principle that during incorporation of deoxynucleoside 

triphosphate, hydrogen ion is released. The released hydrogen ion changes the pH of the solution 

which is detected by the ion sensor and converted to nucleotide. PacBio RS II (Pacific Biosciences, 

Menlo park, CA, USA), considered the next evolution of sequencing, works on single molecule 

real-time sequencing. This technology utilises zero-mode waveguide, which creates illuminated 

observation volume to observe only a single nucleotide of DNA being incorporated. A single DNA 

polymerase is attached to the bottom of zero-mode waveguide with a single molecule of DNA. 

Fluorescently labelled deoxynucleoside triphosphates are added and only the complimentary 

nucleotides will be incorporated. When a nucleotide is incorporated by DNA polymerase, the 

fluorescent molecule leaves the zero-mode waveguide. A detector at the bottom of zero-mode 

waveguide detects fluorescence and calls the base according to the corresponding fluorescence of 

the dye. 
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Table 2. Comparison of next-generation sequencing platforms 

 

 

aPer 1-million bases 

 

Instrument Roche/454 FLX Illumina MiSeq SOLiD 5500W Ion Torrent PGM PacBio RS II 

Sequencing technology Pyrosequencing Sequencing by 

synthesis 

Sequencing by 

ligation 

Semiconductor 

sequencing 

Single-molecule real-time 

sequencing 

Read length 750 (average) up to 1000  2 X 250 75 for fragments 

2 X 250 for mate pairs 

35 to 400 5000 (average) up to 20000 

Accuracy (%) 99.9 98.0 99.9 98.0 99.9 

Time per run  24 hours 24 hours 7 to 12 days 2 hours 30 to 120 minutes 

Cost (US$)a 10 0.05 to 0.15 0.13 1 2 

Advantages Long reads High throughput High accuracy 

Low cost per base 

Low capital outlay 

Fast 

No amplification, fast 

Longest reads 

Disadvantages Expensive sequencing 

Homopolymer errors 

 Expensive capital 

Short reads 

Homopolymer errors Instrument cost 

Lower yield at high 

accuracy 
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1.13 Study rationale 

 

Despite evidence of their increase in prevalence post PCV introduction, and important role they 

play in the evolution and adaptation of the species (the absence of a capsule enhances 

transformability thereby increasing the uptake and recombination of DNA), NTPn are poorly 

understood. As such, limited data exist which describe these organisms in terms of their 

epidemiology and genetic diversity. Although typically associated with colonisation, NTPn have 

also been associated with outbreaks of bacterial conjunctivitis and occasionally cause otitis media 

and IPD. Thus studying the epidemiology, molecular structure and genomic diversity of NTPn is 

important, especially because the current pneumococcal vaccines are not effective against NTPn.  

 

1.13.1 Aim  

 

To investigate the epidemiology, population structure and genomic diversity of NTPn in South 

Africa. 

 

1.13.2 Objectives 

 

1. To describe the epidemiology of invasive (2003 – 2013) and carriage (2009 – 2012) NTPn 

in South Africa 

2. To determine and compare the antimicrobial susceptibility profiles of invasive and carriage 

NTPn 

3. To perform whole genome sequencing on invasive and carriage NTPn in order to: 
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o Determine and compare the genetic basis for their nontypeability 

o Describe their genetic relatedness 

o Compare the genomes to identify potential virulence factors in invasive isolates that are 

absent in carriage isolates 
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2 Materials and methods 

2.1 Bacterial isolates 

2.1.1 Invasive NTPn isolates 

 

Isolates were obtained through the GERMS-SA (Group for Enteric, Respiratory and Meningeal 

Disease Surveillance in South Africa) network, which conducts active, national, laboratory-based 

surveillance for IPD. Surveillance began in 1999 and was enhanced in 2003 in 24 sites in 

which dedicated surveillance officers collected additional clinical information (46;108). Over 200 

diagnostic laboratories across South Africa routinely submit clinical isolates and basic patient 

demographic data to the network. A case of IPD was defined as the detection of S. pneumoniae 

from a normally sterile site (e.g., cerebrospinal fluid, blood) from January 2003 through December 

2013. Isolates were cultured on 5.0% horse blood agar (Diagnostic Media Products, Johannesburg, 

South Africa) and incubated at 37°C in 5.0% CO2 for 18-24 hours. Optochin sensitivity and bile 

solubility assays were performed to confirm S. pneumoniae identification. In addition, for invasive 

NTPn isolates, real-time PCR detecting the lytA gene was performed (34).  

 

2.1.2 Carriage NTPn isolates 

 

Isolates were obtained from community cross-sectional studies assessing the impact of PCV7 on 

pneumococcal nasopharyngeal colonisation in South Africa. Cross-sectional carriage studies were 

conducted among randomly selected households with at least one child <2 years of age in rural 

Agincourt, Mpumalanga Province in the months of May to October during 2009 and 2011 (92), 

and among HIV-infected and HIV-uninfected mother-child pairs in urban Soweto, Johannesburg, 
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Gauteng Province, between May and September during 2010 and 2012 (93). Nasopharyngeal 

swabs (Medical Wire and Equipment Co, Ltd) were collected, and placed in skim milk, tryptose, 

glycerol and glucose broth transport media (STGG) and stored at -70°C until they were processed. 

Nasopharyngeal swabs were cultured on 5.0% horse blood agar plus 5 mg/ml gentamicin sulphate 

(Diagnostic Media Products) and incubated at 37°C in 5.0% CO2 for 48 hours. Pneumococcal 

isolates were identified by susceptibility (≥14mm) to optochin (5 µg; Becton Dickinson 

Microbiology Systems, Cockeysville, MD, USA), bile solubility as well as RT-PCR detecting lytA 

gene (34)  

 

2.2 Phenotypic serotyping 

 

Serotyping was performed by the Quellung reaction using serotype-specific antisera (Statens 

Serum Institut, Copenhagen, Denmark). Bacterial cells from overnight pneumococcal cultures 

were suspended in 1 ml of saline (Diagnostic Media Products) to a turbidity equivalent to that of 

<0.5 McFarland standard (Diagnostic Media Products). A smear of the bacterial suspension was 

made on a glass slide and air dried. A drop (approximately 5µl) of methylene blue solution was 

mixed with a drop (approximately 5µl) of omni anti-serum (Statens Serum Institut) on a coverslip 

and placed over the air dried suspension. A drop of microscope oil (Merck, Darmstadt, Germany) 

was placed on top of the coverslip and this was viewed under the phase contrast microscope (Nikon 

Instech, Kanagawa, Japan) using an oil immersion lens at 100X magnification. A positive reaction 

was defined by the isolate appearing swollen. S. pneumoniae ATCC 49619 and R6 were used as 

positive and negative controls, respectively. Co-infection and co-colonisation were defined as 

simultaneous isolation of at least two different  serotypes (including NTPn isolates) from the same 

specimen. 
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2.3 Antimicrobial susceptibility testing 

 

Minimum inhibitory concentrations (MIC) for invasive and carriage NTPn were determined by 

broth microdilution using commercially customised TREK panels (Trek Diagnostics Inc., Ohio, 

United States) following manufacturer’s instructions. Each Sensititre® HPB susceptibility plate is 

coated with erythromycin, penicillin, clindamycin, linezolid, gentamicin, meropenem, 

cotrimoxazole, tetracycline, ceftriaxone, amoxicillin, ceftaroline, quinupristin/dalfopristin, 

levofloxacin, rifampicin, chloramphenicol and vancomycin. A 0.5 McFarland standard Mueller-

Hinton broth (with TES buffer) suspension of isolates was prepared. 100µl of the suspension was 

transferred into Mueller-Hinton broth with TES/lysed horse blood and mixed. This was poured into 

a sterile trough and 100µl transferred into each well of Sensititre® susceptibility plates. The 

susceptibility plates were sealed and incubated at 37°C for 18-24 hours in the O2 incubator. The 

lysed horse blood suspensions were inoculated onto 5.0% blood agar plates (to check for purity) 

and incubated at 37°C for 18-24 hours in the CO2 incubator. MICs for EcPn isolates were 

determined by agar dilution or Etest for the years 2003-2008 and this was changed to broth 

microdilution from 2009 (46;109). MIC breakpoints were interpreted using Clinical and 

Laboratory Standards Institute guidelines (110). For penicillin, isolates with MICs of ≥0.12mg/L 

were defined as non-susceptible. Isolates that were intermediately resistant or resistant to any of 

the antibiotics were regarded as non-susceptible. Multidrug resistance was defined as non-

susceptibility to three or more classes of antibiotics. 
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2.4 Preparation of DNA extracts for whole genome sequencing 

2.4.1 Pre-lysis 

 

Pure overnight cultures were inoculated into 3 ml of Brain Heart Infusion broth (Diagnostic Media 

Products) and incubated for 18-24 hours at 37°C in 5.0% CO2. 1.2 ml of the suspension was 

transferred into a sterile 1.5 ml eppendorf tube and centrifuged for 3 minutes at 13,000 rpm to pellet 

the cells. The bacterial pellets were suspended in 200µl of 10 mg/ml of lysozyme (Sigma-Aldrich, 

St. Louis, MO, USA) and incubated at 37°C for 1 hour.  

 

2.4.2 DNA extraction 

 

Genomic DNA was extracted using the QIAamp® DNA Mini kit (QIAGEN, Hilden, Germany) 

following manufacturer’s instructions. 50 µl of AL lysis buffer and 20 µl of Proteinase K were 

added to the resuspended pellets and this was incubated at 56°C for 1 hour. 150 µl of lysis buffer 

AL was added and this was incubated at room temperature for 10 minutes. 250 µl of 100.0% 

molecular grade ethanol was added. 700 µl of the samples were transferred to Qiagen columns and 

centrifuged at 8000 rpm for 1 minute. Columns were transferred to new collection tubes and 500 

µl of buffer AW1 was added to each column and this was centrifuged at 8000 rpm for 1 minute. 

Columns were transferred to new collection tubes and 500 µl of buffer AW2 was added. This was 

centrifuged at 14,000 rpm for 3 minutes. Columns were transferred to 1.5ml sterile eppendorf tubes, 

60µl of pre-warmed elution buffer was added to each column and this was incubated for 5 minutes 

at room temperature, followed by centrifugation at 12,000rpm for 2 minutes. The columns were 

discarded and the 1.5ml sterile eppendorf tubes with 60 µl of eluted DNA were retained.  
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2.4.3 DNA concentration quantification 

 

DNA was quantified using the Qubit® 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and the 

Qubit™ dsDNA BR assay kit (Invitrogen) according to manufacturer’s instructions. A working 

solution for each sample was prepared by mixing 199 µl BR buffer with 1 µl BR reagent. 195 µl 

of the working solution was mixed with 5 µl of extracted DNA and this was incubated at room 

temperature for 10 minutes. The samples were read on the Qubit® 2.0 fluorometer (Invitrogen).  

DNA samples with a concentration of at least 15 ng/µl (in a total volume of 55 µl) were sent for 

whole genome sequencing, whereas DNA samples that yielded < 15 ng/µl were re-extracted and 

quantified again.  

 

2.5  Genome sequencing, assembly and annotation 

 

Extracted genomic DNA was subjected to library preparation with Nextera XT DNA sample 

preparation kit (Illumina, San Diego, CA, USA) following manufacturer’s instructions. Briefly, 

DNA samples were quantified with Qubit Fluorometer using Qubit dsDNA High Sensitivity 

Assay Kit (Invitrogen) and diluted to a starting concentration of 1 ng/µl. Each DNA sample was 

tagmented (fragmented and tagged) at 55C for 5 minutes to generate adapter-ligated DNA 

fragments. Tagmented DNA fragments were amplified by a limited-cycle PCR (15 cycles) to add 

Illumina sequencing adapters and to create a dual indexed library for each sample. The resulting 

indexed libraries were purified and size-selected using Agencourt AMPure XP beads (Beckman 

Coulter Inc., Brea, California, USA). Purified DNA libraries were quantified and assessed for 

quality on an Agilent Bioanalyser (Agilent Technologies, Santa Clara, California, USA). Libraries 
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were normalized, pooled at equimolar concentrations and denatured using NaOH prior to loading 

onto the reagent cartridge. Genome sequencing was carried out on Illumina MiSeq instrument using 

a 600-cycle MiSeq Reagent v3 Kit (Illumina) to generate paired-end reads (2 x 300 bp). The 

resulting paired-end reads were quality trimmed using Trim sequences module in CLC Genomics 

Workbench v8 (CLC bio, Aarhus, Denmark) with the limit set at 0.05 (e.g. sequences with PHRED 

score of < 30 were trimmed) and ambiguous nucleotides were also trimmed. The paired-end reads 

were mapped to the reference genome of S. pneumoniae ATCC 700669 (GenBank accession no. 

FM211187, serotype 23F, ST81) using CLC Genomics Workbench (CLC bio). De novo assembly 

was performed for all isolates using CLC Genomics Workbench (CLC bio) and ordered relative to 

S. pneumoniae ATCC 700669 using Mauve (111). The ordered contigs were concatenated and 

annotated using Prokka v1.11 (112). 

 

2.6 Data analysis 

2.6.1 cps locus and sequence types 

 

The sequences of the cps loci were manually extracted from whole genome sequence data using 

CLC Genomics Workbench (CLC bio). The cps loci were used to categorize NTPn into different 

groups and clades (12;73). The seven MLST alleles were derived from whole genome sequence 

data using the Bio-MLST-Check module (http://search.cpan.org/dist/Bio-MLST-

Check/lib/Bio/MLST/Check.pm) This module also assigned the MLST allele numbers and ST. 

New alleles/allelic profiles determined by the module were submitted to the MLST database 

(https://pubmlst.org/bigsdb?db=pubmlst_spneumoniae_seqdef&page=submit) for assignment.  

http://search.cpan.org/dist/Bio-MLST-Check/lib/Bio/MLST/Check.pm
http://search.cpan.org/dist/Bio-MLST-Check/lib/Bio/MLST/Check.pm
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The eBURST v3 algorithm (http://eburst.mlst.net) was used to determine genetic relationships 

between invasive and carriage NTPn and grouped isolates into CC. A CC was defined as a group 

of isolates sharing at least five of the seven alleles with any other isolate in the group. 

 

2.6.2 In silico prediction of ancestral serotypes for Group I NTPn isolates 

 

To predict ancestral serotypes of Group I NTPn isolates (serotypes from which NTPn may have 

originated), three methods were used, namely serotype-ST associations, BLAST of the cps loci and 

phylogenetic analysis. Using the MLST database, we checked for serotypes that are most 

commonly associated with the ST of our Group I NTPn and those serotypes were assumed to be 

the likely ancestral serotype. The cps loci of Group I NTPn were blasted against reference cps loci 

of 94 serotypes using CLC Genomics Workbench (CLC bio) (GenBank accession numbers 

CR93162 – CR931722, EF538714, HM171374, GU074953 and JQ653094). The serotype that gave 

the highest BLAST bit score was assigned as the likely ancestral serotype. Phylogenetic analysis 

(described in section 2.6.4) of NTPn from this study together with invasive EcPn with different 

serotypes from our setting (some matching the predicted ancestral serotypes) was used to confirm 

predicted ancestral serotypes. If our Group I NTPn clustered closely with a particular serotype in 

the phylogenetic tree, that serotype was assumed to be the likely ancestral serotype. If there were 

conflicting ancestral serotypes identified by the different methods, the final result was based on 

phylogenetic analysis as this method takes into account the entire genome.  

 

 

http://eburst.mlst.net/
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2.6.3 Capsule mutations in Group I NTPn 

 

To determine the genetic variations within the cps locus of Group I NTPn isolates that may be 

responsible for their phenotypic nontypeability, we used the alignment module in CLC Genomics 

Workbench to align the cps locus of each isolate together with a number of its predicted ancestral 

serotype cps loci (Appendix A).  

 

2.6.4 Phylogenomic tree construction 

 

A rapid large-scale prokaryote pan genome analysis pipeline (113) and randomized accelerated 

maximum likelihood (RAxML) (114), were used to construct maximum likelihood phylogenetic 

trees based on core genome single nucleotide polymorphisms. The core genome alignment module 

in the rapid large-scale prokaryote pan genome analysis pipeline was used to extract predicted 

coding regions from annotated assemblies and convert them to protein sequences. All protein 

sequences were compared with each other using BLASTP. Proteins that had alignment similarity 

of ≥70.0% and were present in at least 90.0% of the isolates were defined as the core genome. 

RAxML was used to create a bootstrapped maximum likelihood phylogenetic tree from the 

resulting core genome alignment and this was visualized in Figtree v1.4.2. Two phylogenetic trees 

were constructed. The first tree included invasive NTPn [from this study (n=39)], EcPn (n=42) 

from South Africa and carriage NTPn from other countries (n=6) (115;116). This tree was 

constructed to examine the relationships among our invasive NTPn and also with EcPn. The 

clustering of NTPn with EcPn was also used confirm the predicted ancestral serotypes. The second 

tree included invasive (n=39) and carriage (n=137) NTPn from this study, a previously described 



34 

global collection of carriage NTPn (n=131) (115) and invasive EcPn from South Africa (n=48) 

(Appendix B). In this tree, we wanted to assess the relationship of our carriage NTPn isolates with 

our invasive NTPn, EcPn and carriage NTPn from other settings. The tree was also used to confirm 

predicted ancestral serotypes of carriage isolates. 

 

2.6.5 Genomic comparison of invasive and carriage NTPn 

 

To compare the gene content of invasive and carriage NTPn isolates, a rapid large-scale prokaryote 

pan genome analysis pipeline was used to generate a pan-genome of the isolates (113). From the 

pan-genome, the pipeline determines the presence/absence of these genes among the isolates. A 

gene was classified as unique if it was present in at least one invasive isolate and absent in all 

carriage isolates. Gene differences between invasive and carriage isolates were analysed and the 

statistical significance determined. Genes that were significantly associated with invasive NTPn 

and present in at least 70.0% of invasive NTPn were further analysed using WEGO software to 

perform gene ontology functional classification (117).  

 

2.6.6 Statistical analyses 

 

Proportional differences were analysed using the chi-square test or Fisher’s exact test where 

appropriate. Statistical analyses were performed with GraphPad InStat 3 (GraphPad software Inc., 

California, USA) and Microsoft Excel. Sequence type diversity was calculated using Simpson’s 

diversity index (D) [http://darwin.phyloviz.net/dokuwiki/doku.php (under comparing partitions 

http://darwin.phyloviz.net/dokuwiki/doku.php
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tab]. D ranges from 0 to 1, and values closer to 1 indicate higher diversity. Statistical significance 

was assessed at P < 0.05. 

 

2.6.7 Ethics 

 

Ethical approval for national-laboratory based surveillance (protocol number: M081117), the two 

carriage studies (protocol numbers: M090114 and M090115) and this project (protocol number: 

M140450) (Appendix C) was obtained from the Human Research Ethics Committee of the 

University of the Witwatersrand, Johannesburg, South Africa. 
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3 Genomic analysis of nontypeable pneumococci causing invasive 

pneumococcal disease in South Africa, 2003–2013 

 

3.1 Results 

3.1.1 Invasive pneumococcal disease surveillance in South Africa, 2003-2013 

 

From 2003 through 2013, 46,485 cases of IPD were reported, of which 32,824 (71.0%) had viable 

isolates. Thirty-nine (0.1%) were nontypeable by the Quellung reaction and were thus classified as 

NTPn. Case characteristics are shown in Table 3. Forty-four percent (17/38) of cases were in 

children <5 years. Two patients with known vaccination status had received one dose of PCV13 

and two doses of PCV7, respectively. Thirteen percent (2/15) of patients with known immune status 

were immunocomprised. Of ten patients with known HIV status, 50.0% (5/10) were seropositive. 

Twenty-two percent (4/18) of patients with known outcome data died. 

 

3.1.2 Classification of invasive NTPn  

 

Fifty-six percent (22/39) of invasive NTPn had at least partial cps genes and were thus categorized 

as Group I (Table 4). The remaining isolates (17/39, 44.0%) had complete deletion of cps genes 

(n=17) and replacement by pspK (n=1), aliC, aliD and ntaAB (n=12) or aliC and aliD genes only 

(n=2) and were thus categorized as Group II. Based on the classification proposed by Park et al 

(12;73), these isolates were defined as NCC1 (n=1), NCC2a (n=12), NCC2b (n=2) and NCC4 

(n=2). 
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3.1.3 Antimicrobial resistance patterns 

 

Non-susceptibility among invasive NTPn was highest for cotrimoxazole (17/39, 44.0%), penicillin 

(14/39, 36.0%), tetracycline (13/39, 33.0%) and erythromycin (12/39, 31.0%) (Figure 6). 

Prevalence of non-susceptibility was higher among invasive NTPn than EcPn for most 

antimicrobials, however this difference was only significant for tetracycline [33.0% (13/39) versus 

18.0%, (5902/32785), P = 0.02] and erythromycin [31.0% (12/39) versus 14.0% (4589/32785), P 

= 0.005]. In addition, 31.0% (12/39) of invasive NTPn were multidrug resistant [of which 21.0% 

(8/39) included penicillin] compared to 19.0% (6230/32785) of EcPn, however this difference was 

not statistically significant (P = 0.09). With the exception of cotrimoxazole and chloramphenicol, 

Group II invasive NTPn had a higher prevalence of non-susceptibility than Group I, although this 

difference was only statistically significant for penicillin [59.0% (10/17) versus 18.0% (4/22), P = 

0.02] and erythromycin [53.0% (9/17) versus 14.0% (3/22), P = 0.01]. Multidrug resistance was 

also higher in Group II invasive NTPn (47.0%, 8/17) compared to Group I (18.0%, 4/22), although 

not statistically significant (P = 0.08). 

 

3.1.4 Multi-locus sequence typing 

 

A total of 28 STs were identified (Table 4) with a Simpson’s diversity index of 0.97 (95.0% CI: 

0.947 - 0.996). Among Group I isolates, 18 STs were identified: 6 were novel STs and 12 were 

STs usually associated with EcPn. Among Group II isolates, 10 STs were identified: 7 were novel 

STs and 3 (NCC2a) were ST344 which is usually associated with carriage NTPn, and ST105 and 

ST218 (NCC4) which are associated with EcPn. Two CCs were identified among Group I isolates; 

CC217 (n=6) and CC53 (n=3) (Figure 7). The remainder (n=12) of Group I isolates were not 
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assigned to any CC, except for ST5604 which is a single-locus variant of a ST105 isolate from 

Group II. CC344 (n=6) was identified among Group II isolates. The remainder (n=10) of Group II 

isolates were not assigned to any CC. 
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Table 3*. Characteristics of patients with invasive disease due to nontypeable and encapsulated 

Streptococcus pneumoniae, South Africa, 2003 – 2013 

Characteristic Nontypeable 

S. pneumoniae 

N=39 

Encapsulated 

S. pneumoniae 

N=32785 

Total  

 

N=32824 

n (%) n (%) n (%) 

Year 2003 2 (5) 2885 (9) 2887 (9) 

 2004 4 (10) 3465 (11) 3469 (11) 

 2005 5 (13) 3643 (11) 3648 (11) 

 2006 5 (13) 3411 (10) 3416 (10) 

 2007 2 (5) 3318 (10) 3320 (10) 

 2008 6 (15) 3319 (10) 3325 (10) 

 2009 7 (18) 3377 (10) 3384 (10) 

 2010 3 (8) 2869 (9) 2872 (9) 

 2011 0 2409 (7) 2409 (7) 

 2012 3 (8) 2158 (7) 2161 (7) 

 2013 2 (5) 1931 (6) 1933 (6) 

     

Gender  Male 23 (59) 15842 (48) 15865 (48)  
Female 16 (41) 16291 (50) 16307 (50) 

 Unknown 0  652 (2) 652 (2) 

     

Age group (years) <5 17 (44) 9446 (29) 9463 (29) 

 5-14 3 (8) 2960 (9) 2963 (9) 

 15-24 2 (5) 1918 (6) 1920 (6) 

 25-44 10 (26) 11714 (36) 11724 (36) 

 45-64 4 (10) 4355 (13) 4359 (13) 

 >64 2 (5) 1137 (3) 1139 (3) 

 Unknown 1 (3) 1255 (4) 1256 (4) 

     

Specimen type Cerebrospinal fluid 11 (28) 11486 (35) 11497 (35) 

 Blood 22 (56) 19284 (59) 19306 (59) 

 Othera 6 (16) 2015 (6) 2021 (6) 

     

PCV vaccinationb Yesc 2 (100) 580 (77) 582 (77) 

 No 0  131 (17) 131 (17) 

 Unknown 0  46 (6) 46 (6) 

     

PCV13 serotypesd PCV13 serotypes 13e (59) 23619 (72) 23632 (72) 

 Non PCV13 serotypes 9e (41) 9166 (28) 9175 (28) 

     

HIV status Positive 5 (13) 7718 (23) 7723 (23) 

 Negative 5 (13) 2489 (8) 2494 (8) 

 Unknown 29 (74) 22578 (69) 22607 (69) 

     

Immunocompromising 

conditionsf Yes 2 (5) 3114 (10) 3116 (10) 

 No 13 (33) 6974 (21) 6987 (21) 

 Unknown 24 (62) 22697 (69) 22721 (69) 

     

Comorbid conditionsg Yes 2 (5) 1496 (5) 1498 (5) 

 No 13 (33) 8592 (26) 8605 (26) 

 Unknown 24 (62) 22697 (69) 22721 (69) 
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*Taken from reference (74) 

aOther specimen types: pleural, joint and vitreous fluid.  

bOnly children born after February 2009 were included. 

cReceived at least 1 dose of the vaccine.  

dPCV13 serotypes: 4, 6B, 9V, 14, 18C, 19F, 23F, 1, 5, 7F, 3, 6A and 19A. 

eNontypeable predicted ancestral serotypes for Group I isolates.  

fImmunocompromising conditions were defined as medical record-documented pre-existing 

history of head injury, connective tissue disease, asplenia, pregnancy, premature birth, malignancy, 

burns, gastric acid suppression, aplastic anemia, organ transplant, primary immunodeficiency 

conditions, chromosomal conditions, protein energy malnutrition, alcohol dependency, current 

smoking, or immunosuppressive therapy. 

gComorbid conditions were defined as medical record-documented pre-existing history of 

pulmonary disease, renal disease, cerebrovascular accident, hepatic disease, cardiac disease, or 

diabetes mellitus. 

 

 

     

Outcome Died 4 (10) 4024 (12) 4028 (12) 

 Recovered 14 (36) 9887 (30) 9901 (30) 

 Unknown 21 (54) 18874 (58) 18895 (58) 
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Table 4*. Classification, predicted ancestral serotypes and cps mutations of invasive nontypeable Streptococcus pneumoniae in South 

Africa, 2003-2013 (N=39). 

Group Isolate 

number 

Sequence 

type 

Sequence type associated 

serotype(s)/serogroupa 

cps locus 

BLAST  

Ancestral 

serotype 

Mutations in the cps locus when compared to ancestral serotypes Comments 

I NT224 217 1 1 1   

I NT12 217 1 1 1   

I NT17 217 1 1 1   

I NT18 217 1 1 1         rmlA, rmlB, rmlC, rmlD and transposons present, all other cps genes        

        deleted 

 

I NT45 8314 1 1 1  SLV of ST217 

I NT11 612 1 1 1  SLV of ST217 

I NT5 5604 25F 25F 25F glf, wzd, wze and transposons present. All other cps genes deleted SLV of ST105 

I NT1 53 8 8 8 Insertion in wzx and 13bp deletion in wchA  

I NT3 53 8 8 8 SNP in wchA  

I NT36 3847 8 8 8 Deletion of wzg, partial deletion of wzh and wciS. SNPs in wciS.  SLV of ST53 

I NT225 9817 None 18C 18C SNP in wze and insertion in wchA Novel ST is SLV of different  

STs mostly associated with 18C 

I NT6 9813 None 35B 35B SNP in wciB Novel ST has no SLV or DLV 

I NT40 989 12 12F 12F 2 bp deletion in wciJ  

I NT34 2416 12F & othersb 12F 12F Partial deletions of wciJ, mnaA,wzx and insertion in fnlA ST also associated with 7F, 19A 

I NT13 9818 None 19A 19A SNPs in wchA, wchO, wchQ, wzy and mnaA. Partial deletion in wchQ, wzy and 

wzx 

Novel ST SLV of ST4870,4873  

(associated with serotype 19A) 

I NT10 6373 6A 6A 6A SNPs in wchA and wciP. Partial deletion in wciN  

I NT20 9814 None 6A 6A SNPs in wze, wchA, HG262, wciP,wzx. Partial deletion of wzx Novel ST SLV of ST8718  

(associated with serotype 6A) 

I NT48 2208 24F 24F 24F Deletion in wcxK, rbsF and glf. SNPs in rbsF and wzx.  

I NT14 2652 14 14 14 Deletion of wciY. SNPs in wchA, wchJ, wchK, wchL, wchM, and wchN and Irp.  

I NT32 230 14 & othersb 14 14 SNP in wze. Deletion in wchK, wzy, wciY and Irp. ST also associated with 19A,  

19F, 20, 23F, 24 & 24F 

I NT49 9816 None 23F 23F Insertion in wzg, wzy, wzx, gtp3, rmlB and wchF Novel ST DLV of ST353  

(associated with serotype 23F) 

I NT30 9815 None 16F 16F SNP in wzy. SNPs and deletions in wzg Novel ST has no SLV or DLV 

        

II-NCC 1 NT38 9812 None ND N/A       Absence of known cps genes. Only pspK gene Novel ST SLV of ST9519  

(associated with serotype 3) 

        

II-NCC 2a NT27 344 NT ND N/A Absence of known cps genes (except glf)c. Only aliC, aliD, ntaA & 2 ntaB  

II-NCC 2a NT2 344 NT ND N/A Absence of known cps genes (except glf)c. Only aliC, aliD, ntaA & ntaB genes  
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II-NCC 2a NT39 344 NT ND N/A   

II-NCC 2a NT16 9809 None ND N/A Absence of known cps genes (except glf)c. Only aliC, aliD, ntaA & ntaB genes Novel STs SLV of ST344 

(associated with nonencapsulated  

S. pneumoniae strains) 
II-NCC 2a NT44 10239 None ND N/A  

II-NCC2b NT47 10241 None ND N/A Absence of known cps genes (except glf)c. Only aliC and aliD genes 

II-NCC 2a NT46 9810 None ND N/A  Novel ST SLV of ST448  

associated with nonencapsulated  

S. pneumoniae strains) 
II-NCC 2a NT50 9810 None ND N/A Absence of known cps genes (except glf)c. Only aliC, aliD, ntaA & ntaB genes 

II-NCC 2b NT4 10240 None ND N/A Absence of known cps genes (except glf)c. Only aliC and aliD genes  

 

 

    Novel STs DLV of ST7252 

    (associated with serotype 38) 

 

II-NCC 2a NT15 9811 None ND N/A  

II-NCC 2a NT31 9811 None ND N/A  

II-NCC 2a NT42 9811 None ND N/A Absence of known cps genes(except glf)c. Only aliC, aliD, ntaA & ntaB genes 

II-NCC 2a NT43 9811 None ND N/A  

II-NCC 2a NT29 9811 None ND N/A  

        

II-NCC 4 NT28 218 12F,7F ND NP       Deletion of all cps genes  

NT33 105 25,38,NT ND NP       Deletion of all cps genes  

*Taken from reference (74) 

aAs per Streptococcus pneumoniae multilocus sequence typing database (http://pubmlst.org/spneumoniae/, accessed March 2015) 

bOther serotype/s associated with that ST. See comments. 

SLV = single-locus variant, differs at one of the seven alleles. DLV= Double-locus variant, differs at two of the seven alleles. 

None = Novel ST and therefore no serotype/ST association exists. 

ND = not done, isolates have no cps genes.  

N/A = Not applicable, resembles nontypeable pneumococci from carriage (no cps genes, but instead have typical nontypeable genes). 

NP = not predicted. Isolates have no cps genes and/or are associated with more than 1 serotype. 

Bold type represents serotypes included in PCV13.  

cglf pseudo gene present within the cps locus. 
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* denotes statistically significant differences (P <0.05) 

 

Figure 6. Antimicrobial non-susceptibility of Streptococcus pneumoniae isolates causing invasive disease in South Africa, 2003-2013.  

 Taken from reference (74) 
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Figure 7. eBURST population snapshot showing relationships among sequence types (ST) identified in Group I (n=22) and Group II 

(n=17) invasive nontypeable Streptococcus pneumoniae in South Africa (2003-2013). The size of each circle corresponds with the 

number of isolates. Clusters of linked isolates correspond to clonal complexes (isolates sharing six of seven alleles) and blue indicates 

the founding genotype. New STs are underlined. Taken from reference (74) 
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3.1.5 Predicted ancestral serotypes of Group I isolates 

 

The most common predicted ancestral serotypes were serotype 1 (n=6), 8 (n=3), 12F (n=2), 6A 

(n=2) and 14 (n=2). Fifty-nine percent (13/22) of the predicted ancestral serotypes were PCV13 

serotypes 1 (n=6), 18C, 19A, 6A (n=2), 14 (n=2) and 23F (Table 4). Two of the invasive NTPn 

isolates (NT224 and NT225) were detected in two patients that were co-infected with a serotype 1 

and serotype 18C isolate, respectively. 

 

3.1.6 cps mutations in Group I isolates 

 

Comparisons between Group I isolates and their ancestral serotype cps regions revealed a variety 

of mutations within the cps region of Group I isolates. These mutations are summarized in Table 

4, described in detail in Appendix D and sketched in Appendix E. Briefly, predicted ancestral 

serotype 1 isolates had identical partial deletions of cps genes (NT11, NT12, NT17, NT18, NT45 

and NT224). Isolate NT5 also had partial deletions. The remaining isolates had almost all cps genes 

present, as in their ancestral serotypes; however, we identified a variety of mutations (single 

nucleotide polymorphisms, insertions and deletions) in some of the cps genes. Most isolates had a 

combination of mutations. The vast majority of single nucleotide polymorphisms resulted in amino 

acid changes and a small number in stop codons. Base deletions and insertions were not common 

as single nucleotide polymorphisms.  
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3.1.7 Phylogenomic analysis 

 

Ancestral serotype prediction was further confirmed by phylogenomic clustering of Group I 

isolates with representative genomes of their predicted ancestral serotypes (Figure 8). An 

exception was NT30 which was predicted to be derived from serotype 16F but was more closely 

related to serotype 11A. For some isolates, there was more divergence between the invasive NTPn 

and their ancestral serotypes as indicated by the long branches. Group II NCC1 (NT38), NCC4 

(NT28 and NT33) and two carriage NTPn (MNZ37 and MNZ11b) from other studies (116) also 

clustered with invasive EcPn and appear to be related to serotypes 3, 7F, 25A and 15A, 

respectively. Group II NCC2 invasive NTPn belonging to ST9811 (n=5) and ST10240 formed a 

distinct clade separate from other Group II NCC2 isolates and seem to be more closely related to 

invasive EcPn. The remaining Group II NCC2 invasive NTPn (n=8) formed a distinct clade with 

carriage NTPn from other studies (n=4) (115;116). Overall, 31/39 (79.0%) of invasive NTPn from 

this study [Group I (n=22), Group II NCC1 (n=1), Group II NCC4 (n=2) and Group II NCC2 (n=6) 

isolates belonging to ST9811 (n=5) and ST10240] appear to have been derived from EcPn.  

 

 



47 

 

 

 

 

 

Group I nontypeable S. pneumoniae  

Group II nontypeable S. pneumoniae 

Encapsulated S. pneumoniae 

Carriage nontypeable S. pneumoniae  



48 

Figure 8. Maximum likelihood phylogenetic tree based on core genome SNPs of invasive 

nontypeable Streptococcus pneumoniae (n=39), shown in red and yellow from South Africa (2003-

2013). Encapsulated S. pneumoniae (representative of predicted ancestral serotypes) from South 

Africa (n=42, shown in blue) and publically available nonencapsulated S. pneumoniae genomes 

((115;116) (n=6, indicated green) were included for comparison. The scale bar represents 0.04 

nucleotide changes per 100 base pairs. Taken from reference (74) 
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3.2 Discussion 

 

We characterised NTPn causing IPD in South Africa, a middle-income, high HIV prevalence 

country with PCV introduction in 2009. NTPn represented 0.1% of IPD cases, much lower than 

studies in the US, which have reported prevalence of between 0.6% and 3.0% (13;73). Comparison 

of NTPn prevalence is challenging due to the refinement of and greater sensitivity in Quellung over 

the years and, NTPn morphology that contrasts with EcPn and therefore making identification 

difficult. In our study and the studies from the US, NTPn isolates were retyped with the refined 

Quellung antisera. The high prevalence’s in the US could represent true differences between the 

two countries, or may represent different lab practices resulting in different levels of sensitivity to 

detect NTPn. Our study showed that among patients with NTPn infection and for whom data were 

available, 44.0% were children < 5 years, proportionately more than EcPn (29.0%), 50.0% were 

HIV positive versus 76.0% for EcPn and the case-fatality ratio (22.0%) was similar to cases with 

EcPn (29.0%) (P = 0.71). Fifty-six percent of our invasive NTPn were Group I, for which the most 

common predicted ancestral serotypes were 1 (27.0%) and 8 (14.0%). Fifty-nine percent of the 

predicted ancestral serotypes were PCV13 serotypes. The cps loci of the Group I isolates harboured 

a variety of mutations. Non-susceptibility to tetracycline and erythromycin was significantly higher 

in invasive NTPn than EcPn. Non-susceptibility to penicillin and erythromycin was also 

significantly higher in Group II NTPn than Group I. 

 

The mechanisms by which NTPn are able to cause IPD without the capsule are not clear. Immune 

suppression of the host and/or other lesser known or novel virulence factors might possibly explain 

the success of NTPn in causing IPD. In this study, the majority of patients with NTPn infection 

(87.0%, 13/15) were not immunocompromised and this was similar to patients with EcPn strains 
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(69.0%), however our study was not sufficiently powered to exclude the role of immune 

suppression.  

 

We observed a higher prevalence (44.0%) of Group II isolates amongst our invasive NTPn that has 

not been described in other studies, where 4.0% to 10.0% of invasive NTPn were Group II isolates 

(13;73). The majority of Group II isolates (82.0%) were NCC2 and no isolates belonging to NCC3 

were identified, a finding similar to invasive NTPn collected through the Active Bacterial Core 

surveillance program in the United States during 2006-2009 (73). In addition, two isolates were 

classified as NCC4, a newly defined clade in Group II, characterized by deletion of all cps genes 

(73). Similar to what has been shown in the US Active Bacterial Core surveillance, NCC4 isolates 

in this study also appeared to be derived from EcPn (73). 

 

We were able to predict ancestral serotypes for all Group I isolates because they had partial cps 

genes, suggesting that these isolates were derived from EcPn which, at some point, lost their 

capsule through mutations in the cps locus. Indeed, we found a diverse range of mutations in the 

cps locus of Group I isolates, some of which may be responsible for the nontypeable phenotype. 

For predicted ancestral serotype 1 isolates, all cps mutations were identical. The deleted region is 

flanked by identical IS1167 repeats and this, together with the fact that the predicted ancestral 

serotype 1 isolates were genotypically related, indicates that the cps mutations probably occurred 

as a result of a single deletion event in a particular strain rather than multiple independent deletions 

in different strains. The same mutations have been described for serotype 1-derived invasive NTPn 

in other studies (13;75). 
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Serotype predictions were confirmed by the phylogenomic analyses as these isolates clustered with 

encapsulated strains expressing the same serotype as the predicted ancestral serotypes. One isolate 

(NT30), however, was more closely related to serotype 11A than its predicted serotype 16F. This 

isolate has a novel ST, which shares three of seven alleles with the 11A isolate, suggesting that 

NT30 may have been derived from a common ancestor with serotype 11A at some point in time. 

For some isolates, there was more divergence between the invasive NTPn and their ancestral 

serotypes. This could be that certain serotypes are inherently diverse while others are more stable. 

 

In this study, NTPn that had a EcPn background were more likely to be invasive than NTPn that 

were from a classic NTPn lineage (79% versus 21%), therefore indicating that in the absence of 

the capsule, which has been shown to play a key role in the invasiveness of pneumococcal isolates, 

the genetic background appears to also play a role. This maybe due to either invasive NTPn with 

EcPn background producing low-level CPS that is not detectable by Quellung or they may be 

switching CPS production on/off. However, our data show in some of these isolates, there were 

complete deletions of cps genes making expression or switching on/off of a capsule impossible. 

The genetics factors responsible for this increased ability to invade should be further investigated.  

 

It is difficult to say whether Group I isolates invaded as encapsulated or unencapsulated. One 

hypothesis that have been put forward is that Group I isolates invaded as encapsulated, and during 

infection as the host immune system respond by targeting the CPS, then some encapsulated 

pneumococci, but not all, lose the CPS. The encapsulated pneumococci would be rapidly 

opsonised, reducing complement levels, therefore allowing transient survival of unencapsulated 

pneumococci (73). This could explain why sometimes NTPn are detected simultaneously with 

encapsulated pneumococci in invasive disease (73;118). Alternatively, it could be that Group I 
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isolates lost the capsule in the nasopharynx, in which they would have high transformation 

efficiency in this state, therefore easily able to take up exogenous DNA (including virulence and 

resistance) that enables them to survive in invasive disease without the CPS. This could explain 

why there was more resistance among invasive NTPn compared to EcPn in our study. 

 

Predicted ancestral serotypes 1 (27.0%) and 8 (14.0%) were most prevalent among our invasive 

NTPn isolates. Analysis of invasive NTPn isolates from Native American communities collected 

from 1994-2007 showed that predicted ancestral serotype 1 (19.0%) and 7F (15.0%) were most 

prevalent (13). In addition, serotype 8 (25.0%) was most prevalent among invasive NTPn from the 

US Active Bacterial Core surveillance (73). These data suggest that serotypes 1 and 8 may be more 

prone to mutations in their cps region than other serotypes.  

 

Two of the invasive NTPn isolates (NT224 and NT225) were detected in mixed infections in two 

patients with encapsulated serotype 1 and 18C isolates, respectively. For the serotype 1 and NT224 

mixed infection, S. pneumoniae was identified from the same culture, with the NT isolate 

representing approximately 98.0% of the culture (using the Quellung reaction). After several 

attempts to separate the two variants, only the invasive NTPn isolate could be obtained, however, 

RT-PCR confirmed the presence of the serotype 1 in the mixed culture. NT224 was confirmed to 

be ST217 which is associated with serotype 1. For the serotype 18C and NT225 mixed infection, 

both isolates were available and NT225 had the same cps region, with the exception of a single 

nucleotide polymorphism, compared to its encapsulated counterpart (serotype 18C), the same ST 

and their core genomes were identical (118). 
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Pneumococcal serotypes targeted by PCV have the potential to switch from vaccine serotype to 

non-vaccine serotype or to nontypeable, thereby providing a mechanism whereby they may be able 

to evade vaccine pressure. However, no evidence of adaptation to PCV occurred among invasive 

NTPn from Native American communities, where 45.0% of NTPn isolates had ancestral PCV7 

serotypes pre-vaccine and none of their NTPn isolates were ancestral PCV7 serotypes post-vaccine 

(13). Although 59.0% of the predicted ancestral serotypes of invasive NTPn in our study were 

PCV13 serotypes, there is no evidence to suggest that serotype switching occurred as a result of 

PCV pressure as the vast majority (12/13, 92.0%) of invasive NTPn that are derived from PCV13 

serotypes were already present prior to PCV13 introduction.  

 

Antimicrobial non-susceptibility data for invasive NTPn are limited. In our study, there was a 

significantly higher prevalence of non-susceptibility among invasive NTPn than EcPn for 

erythromycin and tetracycline. These higher non-susceptibility rates coupled with higher 

transformation rates of NTPn (90) enable these strains to serve as a reservoir of antibiotic resistance 

genes. A serotype 19F clone from Switzerland became increasingly resistant to penicillin by 

acquisition of a pbp2x gene from NTPn (97). Recently, a comparative genome analysis of over 

3000 carriage pneumococci from a refugee camp in Thailand showed that the highest rates of 

receipt and donation of recombinant of DNA occurred in carriage NTPn and that the most 

commonly exchanged genes were those associated with antibiotic resistance and immune 

interactions (23). 
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3.3 Conclusion 

 

NTPn are currently a rare cause of IPD in South Africa and are genetically diverse but have a higher 

prevalence of antimicrobial resistance than EcPn. The majority of invasive NTPn were derived 

from EcPn, of which a significant proportion were PCV13 serotypes. Further studies which explore 

capsule-independent virulence mechanisms of invasive NTPn should be considered. 
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4 Characterisation of carriage nontypeable pneumococci in South Africa and 

comparison with invasive nontypeable isolates 

 

4.1 Results 

4.1.1 Prevalence of NTPn among carriage isolates 

 

The overall prevalence of S. pneumoniae colonisation in the two study settings was 32.0% 

(3,721/11,739), of which 3.7% (137/3,721) were classified as NTPn. Amongst participants 

colonised with NTPn and for which demographic data was available, 61.0% (63/104) were female, 

81.0% (110/135) were children aged <5 years and 44.0% (41/94) were HIV positive. The 

prevalence of NTPn among carriage isolates increased from 3.0% (60/2015) prior to routine PCV 

introduction to 4.5.0% (77/1706) (P = 0.02) post-PCV. Twenty-four percent (33/137) of carriage 

NTPn isolates were co-carried with EcPn. The most common co-colonising serotypes were 

serotype 19F (5/33, 15.0%), 6B (4/33, 12.0%), 6A (3/33, 9.0%), 23F (3/33, 9.0%) and 34 (3/33, 

9.0%).  

 

4.1.2 Carriage NTPn cps loci 

 

Nine percent (13/137) of carriage isolates had conventional cps loci and were thus classified as 

Group I NTPn (Table 5). For 77.0% (10/13) Group I carriage isolates, all methods used to predict 

ancestral serotypes were in agreement. The most common predicted ancestral serotypes were 

serotypes 3 (4/13, 31.0%) and 13 (2/13, 15.0%). Compared to their ancestral serotypes, Group I 

isolates had mutations (mostly single nucleotide polymorphisms and deletions) within their cps 
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loci (Table 5). The remaining carriage isolates (124/137, 91.0%) were classified as Group II and 

had pspK (6/124, 5.0%), aliC, aliD and ntaAB (104/124, 84.0%), aliC and aliD (5/124, 5.0%), aliD 

(3/124, 2.0%), transposable elements (3/124, 2.0%) and aliC (3/124, 2.0%) in place of the cps 

locus. Based on the classification proposed by Park et al (12;73), these isolates were defined as 

NCC1 (6/124, 5.0%), NCC2a (104/124, 84.0%), NCC2b (5/124, 5.0%), NCC3 (3/124, 2.0%) and 

NCC4 (3/124, 2.0%). Three isolates (3/124, 2.0%) contained only aliC and did not belong to any 

clade using this classification system. 

 

4.1.3 Antimicrobial non-susceptibility 

 

Among carriage NTPn isolates, 84.0% (112/133) were non-susceptible to cotrimoxazole, 77.0% 

(102/133) to penicillin, 53.0% (70/133) to erythromycin, 51.0% (68/133) to tetracycline and 36.0% 

(48/133) to clindamycin (Figure 9). Antimicrobial susceptibilities could not be performed for four 

isolates due to lost viability during storage (however, genome sequencing had been done before 

this isolates lost viability). Overall, with the exception of chloramphenicol non-susceptibility, 

which was significantly higher in invasive NTPn isolates compared to carriage NTPn isolates 

[10.0% (4/39) versus 1.0% (1/133), P = 0.01], non-susceptibility was higher among carriage 

isolates than invasive NTPn for cotrimoxazole [84.0% (112/133) versus 44.0% (17/39), P <0.01], 

penicillin [77.0% (102/133) versus 36.0% (14/39), P <0.01], erythromycin [53.0% (70/133) versus 

31.0% (12/39), P = 0.02] and clindamycin [36.0% (48/133) versus 18.0% (7/39), P = 0.03]. 

Multidrug non-susceptibility was also higher in carriage isolates compared to invasive NTPn 

isolates [59.0% (78/133) versus 31.0% (12/39), P <0.01]. 
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Table 5. Sequence types, capsular loci and ancestral serotypes of Group I carriage nontypeable Streptococcus pneumoniae (n=13) in 

South Africa, 2009-2012 

 

Isolate 

number 

Sequence 

type (ST) 

ST associated 

serotype 

Capsule locus 

similarity 

Phylogenetic 

clustering 

Predicted ancestral  

serotype 

Mutations in the cps locus relative to ancestral serotypes  Comments 

NT185 700 3 3 3 3 
Deletion of aliB, tnp, wzg, wzh. Partial deletion of wzd & wze.  

SNPs in wze, ugd, wchE & galU. Insertion in wze. 

 

NT69 458 3 3 3 3 Partial deletion of aliB & pgm. SNPs in wzh & aliB.  

NT89 458 3 3 3 3 Partial deletion of aliB, pgm & tnp.  

NT205 458 3 3 3 3 Partial deletion of pgm.  

NT191 4872 19A 19A 19A 19A 
Deletion of IS1670. Partial deletion of IS1202. SNPs in IS1202, wzg, 

wze, wzx, rmlD. Insertion in IS1202, wzx & rmlD.  

 

NT103 5410 4 19A 4 4 
Deletion of IS1202. Partial deletion of IS1670 & rmlD. SNPs in wzg & 

IS1670. Insertion in rmlD. 

Co-carried with  

19A. *Capsule 

compared to 19A 

NT244 6277 19F 19F 19F 19F 
Deletion of aliB & introns. Partial deletion & SNPs in tnp. Insertion in 

wzx. 

Co-carried  

with 19F 

NT134 217 1 1 1 1 
Deletion of aliB. Partial deletion of tnp & wzx. SNPs in tnp, wzd, wze 

& gla. 

 

NT207 2285 6A 6A 6A 6A 
SNPs in wzd. Partial deletion of wzx.  

 

 

NT171 5647 13 13 13 13 
Deletion of tnp. Partial deletion of whaG, & wzy. SNPs in wciF.  

 

 

NT177 393 38 38 38 38 
SNP in wcil. Partial deletion of wzy, wcyD & gla. Insertion in wzy.  

 

 

NT206 447 37 33F 37 37 
SNPs in wzg, wzh, wzd, wze, wchA, wciB, wzy, wciG, glf, & wcjE *Capsule  

compared to 33F 

NT66 10938 None 10A 13 13 
SNP in aliB. Partial deletion of tnp. *Capsule  

compared to 10A 
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*Isolates had capsular genes not matching their predicted ancestral serotypes, maybe due to serotype switching (this is evident for isolate 

NT103, which was co-carried with serotype 19A and therefore likely took up the 19A capsule), hence the capsule locus was compared 

to the switched capsule and not the ancestral serotype locus.  
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Figure 9. Antimicrobial non-susceptibility of carriage and invasive nontypeable S. pneumoniae from South Africa 
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4.1.4 Sequence type analysis of carriage NTPn and comparison to invasive NTPn 

 

Overall, among the 137 carriage NTPn isolates, 44 STs were identified (of which 24 were novel 

STs) with a Simpson’s diversity index of 0.92 (95.0% CI: 0.899 - 0.945). Group I isolates were 

mostly unrelated as only three isolates belonged to the same ST (ST458). (Figure 10 and Table 

5). Among Group II isolates, 33 STs were identified of which 23 were novel STs. Sequence types 

9810 (25/124, 20.0%), 344 (21/124, 17.0%), 9809 (13/124, 10.0%), 9811 (13/124, 10.0%), 10972 

(7/124, 6.0%), 9519 (6/124, 5.0%) and 7604 (5/124, 4.0%) were most common and represented 

73.0% (90/124) of Group II isolates. Four CCs namely CC344 (49/124, 40.0%), CC9810 (33/24, 

27.0%), CC10972 (21/124, 17.0%) and CC9519 (8/124, 6.0%) were identified and accounted for 

90.0% (111/124) of Group II isolates. Sixty-six percent (82/124) of Group II isolates belonged to 

or were related (sharing at least 5/7 alleles) to international PMEN clones NorwayNT-ST344 and 

USANT-ST448 (http://www.pneumogen.net/pmen/). Six STs (ST217, ST344, ST9809, ST10241, 

ST9810 and ST9811) were identified in both carriage and invasive isolates. Four of these STs were 

identical (ST344) or related [ST9809 and ST10241 are single-locus variants (SLV) of ST344, and 

ST9810 is a SLV of ST448] to STs associated with established carriage NTPn lineages (94;101).  

 

 

http://www.pneumogen.net/pmen/
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Figure 10. eBURST comparison of nontypeable Streptococcus pneumoniae (n=176) showing relationships between sequence types 

found in invasive (n=39) and carriage (n=137) isolates. Black sequence types were only found in invasive, green in carriage 

and pink in both. The size of each circle corresponds with the number of isolates. Clusters of linked isolates correspond to 

clonal complexes and blue indicates the founding genotype. * denotes new sequence types. Group I carriage isolates are 

underlined with a dashline. 
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4.1.5 Phylogenomic analysis of carriage and invasive NTPn 

 

Invasive and carriage NTPn isolates clustered by ST and lineage (Figure 11). Within the classic 

lineage, two CCs, namely; CC344 and CC9810 were identified. These CCs comprised mainly of 

ST344, ST9809, ST448 and ST9810. Within CC344, ST344 from our setting clustered more 

closely with ST9809 South African isolates than ST344 isolates from other countries. Overall, 

67.0% (92/137) of carriage and 23.0% (9/39) (P <0.01) of invasive NTPn isolates from our setting 

belonged to the classic lineage. The remaining carriage (45/137, 33.0%) and invasive (30/39, 

77.0%) NTPn isolates clustered with EcPn isolates in the sporadic lineage. Group I carriage isolates 

were closely related to their predicted ancestral serotypes (Table 5). 

 

4.1.6 Putative virulence determinants of invasive NTPn isolates 

 

We identified a total of 11,959 genes in the pan genome of invasive and carriage NTPn isolates, of 

which 4,777 encoded hypothetical proteins. The core genome for all NTPn isolates was 1,102 

coding sequences, which translated to 55.0% of the total genome. Comparison of the gene content 

of invasive and carriage NTPn isolates revealed 1,298 genes that were present only in invasive 

isolates. Of these, 42.0% (541/1,298) encoded hypothetical proteins. These unique genes among 

invasive isolates ranged from 6 to 463 genes in one isolate, with an average of 42 genes per isolate. 

Two hundred and seventy-five genes were significantly associated with invasive NTPn isolates 

compared to carriage NTPn isolates (Appendix F), of which 59 genes were present in at least 

70.0% of invasive NTPn. Of the 59 genes, 52 genes (88.0%) had BLAST matches to known 

proteins and were assigned to three gene ontology classes with 260 functional terms (Figure 12). 
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Assignments to biological process, molecular function and cellular component were 49.0% 

(127/260), 34.0% (89/260) and 17.0% (44/260), respectively. Within biological process, metabolic 

process was highly represented (27.0%, 14/52) and within molecular function, catalytic activity 

(39.0%, 20/52) and binding (27.0%, 14/52) were highly represented. 
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Figure 11. Maximum likelihood phylogenetic tree of carriage (n=137) and invasive (n=39) 

nontypeable S. pneumoniae from South Africa and a global collection of carriage 

nontypeable isolates (n=131) representing 17 countries. Encapsulated S. pneumoniae 

isolates representative of different serotypes from South Africa (n=47) were included 

for comparison. The tree is based on core genome single nucleotide polymorphisms of 

the isolates. The scale bar represents 0.04 nucleotide changes per 100 base pairs 
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Figure 12. Gene ontology classification of 52 genes significantly associated with invasive nontypeable Streptococcus pneumoniae 

compared to carriage nontypeable strains. The genes were classified into three classes (biological process, molecular function and cellular 

component) using WEGO software. 



68 

 

4.2 Discussion 

 

We identified substantial differences among carriage and invasive NTPn isolates, related to 

prevalence, antimicrobial resistance, cps composition, population structure and genetic 

composition. Non-susceptibility to cotrimoxazole, penicillin, erythromycin and clindamycin 

was significantly higher in carriage NTPn compared to invasive NTPn. Ninety-one percent of 

our carriage NTPn were Group II, of which 84.0% were NCC2a, whereas only 44.0% of 

invasive NTPn were Group II. Two-thirds of carriage NTPn were related to globally 

disseminated nontypeable multidrug-resistant clones NorwayNT-ST344 and USANT-ST448. 

The majority of carriage NTPn (67.0%) belonged to the classic lineage versus 23.0% of 

invasive NTPn. We identified genes that were exclusively found in invasive NTPn. 

 

As expected, NTPn represented a higher proportion (3.7%) of carriage pneumococcal isolates 

than invasive isolates (0.1%) (P <0.01). Without the major virulence factor (capsule), invasive 

NTPn isolates are more likely to be cleared quickly by the host immune system (79), hence 

their prevalence tends to be lower than NTPn among carriage isolates. Other pneumococcal 

carriage studies have reported the prevalence of NTPn ranging from 3.9% to 19.0% (79). The 

prevalence of carriage NTPn isolates increased from 3.0% pre-PCV to 4.5% (P = 0.02) post-

PCV in our setting. The increase is unlikely due to PCV selection pressure as the majority of 

our carriage NTPn isolates (67.0%) were from the classic lineage and therefore not derived 

from EcPn, but rather the availability of a niche in the nasopharynx left by elimination of PCV 

serotypes. In the Gambia, carriage NTPn prevalence increased from 0.3% to 6.0% (P <0.01) 

post-PCV and most isolates (88.0%) were derived from EcPn (Group I) (103). The authors 

concluded that the increase may be due to PCV selection pressure. In Portugal, carriage NTPn 

increased from 1.5% to 5.1% post-PCV (102).  
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There were significantly higher rates of antimicrobial non-susceptibility among carriage NTPn 

isolates than invasive NTPn for cotrimoxazole, penicillin, erythromycin and clindamycin. 

Because the majority of carriage NTPn isolates (91.0%) lacked CPS, they were more likely to 

be transformed with resistance genes compared to invasive NTPn isolates, where 56% were at 

some point encapsulated (less transformation efficiency in this state) and had lost the ability to 

express the capsule sporadically. This high resistance in carriage NTPn could also be driven 

by global multidrug-resistant nontypeable clones NorwayNT-ST344 and USANT-ST448 as two-

thirds of our carriage NTPn were related to these clones. These high rates of antimicrobial non-

susceptibility are common among carriage NTPn isolates (23;94;95). As co-colonisation of 

NTPn with EcPn occurs frequently and provides an opportunity for exchange of genetic 

material (93-95), NTPn can serve as reservoir of resistance genes. Evidence for this was a study 

in Switzerland that found a serotype 19F clone became resistant to penicillin by acquisition of 

a gene from NTPn (97). Recently, using whole genome sequencing, a study in Thailand showed 

that higher rates of DNA exchange occurred in NTPn compared to EcPn and the most 

commonly exchanged genes were those associated with antimicrobial resistance and immune 

interaction (23). 

 

A small proportion (9.0%) of our carriage NTPn isolates had partial cps genes (for which we 

predicted their ancestral serotype) compared to our invasive NTPn isolates (56.0%). This 

proportion of carriage NTPn isolates that had partial cps genes is similar to a pneumococcal 

carriage study conducted in Thailand from 2007 – 2010, where only 9.0% (46/501) of carriage 

NTPn isolates had cps genes (23). The predicted ancestral serotypes among carriage isolates 

seems to be different to ancestral serotypes among invasive isolates, although ancestral 

serotypes 19A, 1 and 6A were identified in both carriage and invasive isolates. Three carriage 

NTPn isolates from our collection (NT103, NT206 and NT66, ancestral serotypes 4, 37 and 
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13, respectively) had capsular genes (19A, 33F and 10A, respectively) not matching their 

predicted ancestral serotypes. We hypothesise that there was a serotype switch and that during 

this event the isolates lost the ability to express the capsule. This is evident for NT103, which 

was co-carried with serotype 19A and therefore likely took up the 19A capsule. 

 

We observed a high prevalence (91.0%) of Group II carriage isolates compared to our invasive 

NTPn isolates (44.0%). This high prevalence of Group II carriage isolates was similar to a 

study in Thailand, where Group II represented 91.0% (455/501) of carriage NTPn (23). 

However, NCC2a was the most prevalent (84.0%) among our Group II isolates compared to 

35.0% (158/455) for Thailand isolates, where NCC1 (57.0%, 258/455) was most prevalent. In 

Portugal, Group II-NCC2a (61.0%, 8/13) was also most prevalent among representative 

carriage NTPn isolated from children between 1997 and 2007 (78). Group II-NCC2a has aliC 

and aliD genes which facilitate genetic transformation and mediate colonisation, respectively, 

compared to NCC1 isolates which has the psk gene and plays a role in adherence and 

colonisation. This might possibly explain the success of NCC2a, at least in our setting, but 

other factors may also play a role. Three of our Group II carriage isolates (2.0%) contained 

only aliC in the cps region and thus did not belong to any clade using the current classification 

(12;73). We propose that CPS composed of aliC be classified NCC5.  

 

Compared to our invasive NTPn isolates which were more heterogeneous (D = 0.97), MLST 

analysis of carriage NTPn isolates showed that this population is slightly less diverse (D = 

0.92). This may be due to the fact that majority (two-thirds) of carriage NTPn isolates were of 

the same clones (NorwayNT-ST344 and USANT-ST448. Six STs (ST217, ST344, ST9809, 

ST10241, ST9810 and ST9811), accounting for 41.0% of invasive and 54.0% of carriage 

isolates were shared between invasive and carriage NTPn isolates. Similarly, the population 
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structure of NTPn isolates from carriage studies conducted in Portugal in children aged <5 

years between 2001 and 2007 was also clonal, with 83.0% (20/24) of NTPn isolates belonging 

to global clones NorwayNT-ST344 and USANT-ST448 (94).  

 

Immune deficiencies of the host and/or other known or novel virulence factors have been 

proposed as explanations for the ability of NTPn to cause IPD without the capsule (71). 

However, in our study, the majority of patients with invasive NTPn infection (87.0%) were not 

immunocomprised, although the numbers are small. We identified genes that were only present 

in invasive NTPn, of which 42.0% encoded hypothetical proteins. Genes significantly 

associated with invasive NTPn (and present in at least 70.0% of isolates) were identified and 

half (49.0%) were assigned to biological process of which approximately one-third were 

involved in metabolic processes.  

 

Because of significant differences in population structure of invasive and carriage NTPn, genes 

that are significantly associated with invasive NTPn could be genes that are significantly 

associated with the sporadic lineage versus the classical lineage, although this was not tested 

in this study. These unique genes may play an important role in aiding NTPn to cause IPD and 

should be further investigated. In addition, if these genes play an important role in virulence of 

NTPn, they are likely to also play a role in virulence in EcPn and therefore would be important 

genes that could be targeted for vaccine development.  

 

Twenty-four percent of our NTPn isolates were co-carried with EcPn. The EcPn found in co-

colonisation with NTPn were diverse, but serotypes 19F, 6B, 6A, 23F and 34 were most 

common. Consistent with our findings, other studies have often found NTPn as a co-coloniser 

(94;119). In a study from Portugal, serotypes 19A (14.0%), 14 and 19F (10.0% each) were 
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common co-colonisers with NTPn (94). One Group I carriage NTPn isolate (NT244), with a 

predicted 19F ancestral serotype co-colonised with a serotype 19F isolate. It is possible that 

NT244 is a variant of this 19F isolate, however we did not assess the relationship between co-

colonizing pairs. Schaffner et al. described a serotype 18C carriage isolate that lost its capsule 

resulting in co-existence of encapsulated and unencapsulated variants of the same strain (72). 

We have also previously described two cases of IPD caused by co-infecting encapsulated and 

unencapsulated variants of serotype 1 and 18C (118).  

 

4.3 Conclusion 

 

We observed a higher prevalence and rate of antimicrobial non-susceptibility among carriage 

NTPn than invasive NTPn isolates. In contrast to our invasive NTPn isolates, the majority of 

our carriage NTPn isolates had genetically similar backgrounds belonging to a lineage 

exclusive to nontypeable strains and lacked conventional cps genes. We identified several 

genes which may play an important role in capsule-independent survival mechanisms of 

invasive NTPn isolates.  
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5 Overall conclusion 

 

In this study, we characterised and compared invasive and carriage NTPn circulating in South 

Africa. NTPn isolates causing IPD differed from those detected in carriage. NTPn caused IPD 

at a low prevalence (0.1%), but were frequently isolated in carriage (3.7%). Rate of 

antimicrobial non-susceptibility was significantly higher in carriage NTPn than invasive NTPn. 

Invasive NTPn were predominantly Group I isolates (56%) and were related to EcPn (77%), 

whereas carriage NTPn were predominantly Group II isolates (91%) and were related to 

unencapsulated pneumococcal lineages (67%). The cps loci of invasive (56%) and carriage 

(9%) NTPn that had partial cps genes harboured a variety of mutations. Invasive NTPn isolates 

were more diverse (D = 0.97), whereas carriage NTPn isolates were slightly less diverse (D = 

0.92). We identified genes that were exclusively found in invasive NTPn compared to carriage 

NTPn. 

 

NTPn caused much lower IPD cases (0.1%) in South Africa compared to other settings (0.6% 

and 3%) (13;73). Similar to another study (13), we found no evidence of pneumococcal 

adaptation to PCV selection pressure, by capsule deletion, among invasive NTPn, although our 

study was limited in power. Almost half (44%) of invasive NTPn disease was in children <5 

years and half were HIV positive, proportionately more than EcPn (29.0% and 76.0%, 

respectively). Only a small proportion (13%) of patients were immunocomprised, indicating 

that NTPn can cause invasive disease in immune competent individuals, although our study 

was not sufficiently powered to examine the association between NTPn infection and 

immunosuppression. The case-fatality ratio (22.0%) of invasive NTPn was similar to cases 

with EcPn (29.0%) (P = 0.71).  
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Similar to other pneumococcal carriage studies (79), NTPn was frequently detected in carriage 

(3.7%) and often (24%) as a co-coloniser with EcPn. The prevalence of carriage NTPn 

increased significantly post-PCV [3.0 to 4.5%, P = 0.02], but this was not due vaccine derived 

Group I NTPn which were rare in this collection of isolates, unlike other settings where carriage 

NTPn were predominantly vaccine derived Group I (103). The observed increase in our setting 

may reflect an indirect effect of PCV, due to elimination of PCV serotypes in the nasopharynx. 

Majority of participants colonised with NTPn were children aged <5 years (81%), female 

(61%) and almost half (44%) were HIV positive. 

 

We identified similar trends of antimicrobial non-susceptibility among invasive and carriage 

NTPn. However, we found significantly higher rate of antimicrobial non-susceptibility among 

carriage NTPn than invasive NTPn isolates. This maybe due to the fact that some invasive 

NTPn (56%) were previously encapsulated and haven’t had as many opportunities for 

transformation as the carriage NTPn isolates, where vast majority (91%) were unencapsulated. 

Because of the high rate of transformation of NTPn (90;91) and co-colonisation of the 

nasopharynx with EcPn (93;94;96), this provides an opportunity for horizontal gene transfer 

and may enable these NTPn to serve as a reservoir of antimicrobial resistance genes as 

previously described (23).  

 

We predicted ancestral serotypes for invasive (56%) and carriage (9%) NTPn isolates that had 

partial cps genes, suggesting that these isolates were derived from EcPn which, at some point, 

lost their capsule through mutations in the cps locus. Indeed, we found a diverse range of 

mutations in the cps locus of these isolates, some of which may be responsible for the 

nontypeable phenotype. The predicted ancestral serotypes appear to be different among 

invasive and carriage NTPn isolates. 
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The population structure of carriage NTPn isolates were slightly less diverse (D = 0.92), with 

two-thirds of isolates representative of nontypeable multidrug-resistant global clones 

NorwayNT-ST344 and USANT-ST448 compared invasive NTPn (D = 0.97). Whole genome 

analysis revealed that the majority of invasive NTPn (77.0%) belonged to a lineage related to 

encapsulated strains that sporadically lost its ability to express a capsule, of which one-third 

were derived from PCV13 serotypes. In contrast, majority of carriage isolates (67%) belonged 

to a lineage exclusive to nontypeable strains. We compared the genomes of invasive and 

carriage NTPn isolates and identified 1,298 genes that were exclusively present in invasive 

NTPn, and 275 genes that were significantly associated with invasive NTPn. These unique 

genes may play an important role in aiding NTPn to cause IPD. 

 

It is possible that our NTPn isolates may have lost the ability to express capsule during sub-

culturing in the laboratory, but we believe this was not the case as we would expect NTPn to 

be detected more frequently. We did not perform in vitro experiments to confirm whether the 

mutations identified in the cps locus of our isolates were responsible for the lack of capsule 

expression. However, in some of these isolates, there were complete deletions of cps genes 

making expression of a capsule impossible. For EcPn isolates, different methods [agar dilution 

or Etest (2003-2008) or broth microdilution (2009-2013)] were used for MIC testing compared 

to invasive NTPn (broth microdilution). This may have overestimated the prevalence of β-

lactam resistance in invasive NTPn for the 2003-2008 period as broth microdilution detects 

more resistance than agar dilution as was previously shown (109). We did not investigate the 

genes that were exclusively present in invasive NTPn compared to carriage NTPn to see if any 

of them may play a role in virulence. Co-colonisation and co-infection of NTPn with EcPn may 

have been underestimated, because the Quellung reaction requires serotyping of multiple 

colonies to detect co-colonisation/co-infection.  
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This study adds to growing evidence showing that capsule is not a prerequisite for colonisation 

and virulence and that pneumococcal strains lacking the capsule can frequently colonise the 

nasopharynx and occasionally cause IPD. Our study shows substantial differences among 

invasive and carriage NTPn related to epidemiology, antimicrobial resistance, capsule 

composition, population structure and genome content. Continued surveillance of NTPn is 

important since these isolates represent a reservoir of antibiotic resistance genes for EcPn and 

because the current pneumococcal vaccines are not effective against them. NTPn strains should 

be routinely characterised beyond serotyping to detect potential vaccine escapees. The genes 

identified as significantly associated with invasive NTPn in this study should be further 

investigated and their role in virulence determined. 
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7  Appendices 

 

Appendix A. European nucleotide archive accession numbers for isolates of different 

serotypes used for capsule locus alignment 

 

Serotype Number of isolates ENA accession numbers 

18C 8 ERR600457, ERR646541, ERR646533, ERR714477 

ERR714561, ERR773976, ERR774348, ERR1066295 

35B 7 ERR774045, ERR774142, ERR1065850, ERR1065894 

ERR1066252, ERR1066328, ERR1066289 

12F 8 ERR773980, ERR774114, ERR774330, ERR774535 

ERR1065797, ERR1065863, ERR1065868, ERR1065902 

19A 112 ERR490718, ERR490719, ERR490735, ERR490736 

ERR490751, ERR490757, ERR490760, ERR490779 

ERR490797, ERR505914, ERR505928, ERR505940 

ERR505897, ERR505953, ERR505959, ERR505977 

ERR568443, ERR568453, ERR568461, ERR568466 

ERR568514, ERR568578, ERR568638, ERR568643 

ERR568658, ERR568666, ERR568672, ERR568700 

ERR570422, ERR570444, ERR632880, ERR632891 

ERR632912, ERR632922, ERR632932, ERR632933 

ERR632960, ERR600327, ERR600317, ERR600374 

ERR600430, ERR600468, ERR600511, ERR600542  

ERR600554, ERR600579, ERR600603, ERR600618 

ERR632980, ERR633024, ERR633034, ERR633045 

ERR633085, ERR633100, ERR633117, ERR646549 

ERR646551, ERR646565, ERR646581, ERR646613 

ERR646615, ERR701797, ERR701816, ERR701859 

ERR708300, ERR714479, ERR714449, ERR714586 

ERR714672, ERR714689, ERR714638, ERR714699 

ERR714703, ERR714722, ERR730550, ERR730563 

ERR730581, ERR730629, ERR730675, ERR730681 

ERR730685, ERR730704, ERR730721, ERR730672 

ERR730814, ERR730816, ERR730817, ERR730853 

ERR730871, ERR730887, ERR730892, ERR773861 

ERR773899, ERR773909, ERR773927, ERR773932 

ERR773964, ERR773977, ERR774055, ERR774102 

ERR774158, ERR774179, ERR774248, ERR774300 

ERR774343, ERR774522, ERR774534, ERR1065402 

ERR1065453, ERR1065820, ERR1066290, ERR1066364 

6A 42 ERR490755, ERR490784, ERR505912, ERR505913 

ERR505916, ERR505934, ERR505935, ERR505956 

ERR505960, ERR568436, ERR568490, ERR568498 

ERR568499, ERR568507, ERR568547, ERR568549 

ERR568564, ERR568629, ERR568677, ERR568746 

ERR570376, ERR586461, ERR586472, ERR586464 

ERR632886, ERR632926, ERR632941, ERR632962 

ERR600490, ERR600557, ERR600564, ERR600597 

ERR600627, ERR633017, ERR633078, ERR633091 

ERR633031, ERR633097, ERR633111, ERR633115 
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ERR646555, ERR646587, ERR701850, ERR708298 

ERR714453, ERR714489, ERR714506, ERR714683 

ERR714705, ERR730523, ERR730579, ERR730599 

ERR730677, ERR730722, ERR730761, ERR730776 

ERR730908, ERR730915, ERR773919, ERR773946 

ERR773914, ERR773974, ERR774137, ERR1066299 

24F 3 ERR714525, ERR909131, ERR913509 

14 23 ERR568455, ERR568470, ERR570415, ERR600414 

ERR646567, ERR646584, ERR646618, ERR701802 

ERR701822, ERR701857, ERR714702, ERR730582 

ERR730589, ERR730697, ERR730706, ERR730729 

ERR730790, ERR730855, ERR730898, ERR730921 

ERR773863, ERR773979, ERR774275 

23F 83 ERR490721, ERR490708, ERR505894, ERR505923 

ERR505895, ERR505942, ERR505986, ERR568460 

ERR568486, ERR568491, ERR568495, ERR568528 

ERR568532, ERR568580, ERR568525, ERR568599 

ERR568607, ERR568669, ERR568676, ERR568687 

ERR568697, ERR568701, ERR568714, ERR568724 

ERR570400, ERR632872, ERR632918, ERR632874 

ERR600337, ERR600370, ERR600432, ERR600450 

ERR600467, ERR600500, ERR600545, ERR600549 

ERR600612, ERR632994, ERR633020, ERR633026 

ERR633054, ERR633066, ERR633075, ERR633079 

ERR633083, ERR646534, ERR646597, ERR646601 

ERR646612, ERR646616, ERR701799, ERR701800 

ERR701803, ERR714452, ERR714465, ERR714472 

ERR714534, ERR714555, ERR714562, ERR714565 

ERR714583, ERR714614, ERR714657, ERR730561 

ERR730698, ERR730674, ERR730801, ERR730818 

ERR730822, ERR730945, ERR773816, ERR773866 

ERR773893, ERR773936, ERR773972, ERR773918 

ERR774245, ERR774277, ERR774356, ERR909326 

ERR1065798, ERR1066238, ERR1066326 

16F 26 ERR714655, ERR714688, ERR714720, ERR730755 

ERR730902, ERR730863, ERR774012, ERR774021 

ERR774052, ERR774154, ERR774185, ERR774282 

ERR774298, ERR774324, ERR774350, ERR774368 

ERR774541, ERR774567, ERR1065394, ERR1065829 

ERR1065830, ERR1066206, ERR1066247, ERR1066301 

ERR1066348, ERR1066350 

8 52 ERR714655, ERR714688, ERR714720, ERR730755 

ERR730902, ERR730863, ERR774012, ERR774021 

ERR774052, ERR774154, ERR774185, ERR774282 

ERR774298, ERR774324, ERR774350, ERR774368 

ERR774541, ERR774567, ERR1065394, ERR1065829 

ERR1065830, ERR1066206, ERR1066247, ERR1066301 

ERR1066348, ERR1066350 

3 4 ERR505918, ERR490741, ERR490761, ERR490710 

19F 4 ERR490782, ERR490790, ERR505904, ERR490707 

1 2 ERR568481, ERR568438 

13 7 ERR568639, ERR568640, ERR570403, ERR600559 

ERR633089, ERR730895, ERR773826 

38 1 CR931710 

33F 1 CR931702 
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10A 1 CR931649 

 

 

 

Appendix B. Genbank and European nucleotide archive accession numbers for encapsulated 

Streptococcus pneumoniae isolates from South Africa used to construct 

phylogenetic trees 

 

Serotype Sequence 

type 

ENA/Genbank  

accession number 

Serotype Sequence 

type 

ENA/Genbank 

accession number 

3 458 ERR490725 25 105 ERR646610 

35B 9813 ERR490742 19A 4872 ERR646615 

18C 1016 ERR490746 22F 445 ERR701804 

4 5410 ERR490775 25F 5604 ERR714714 

19F 6277 ERR490793 17F 8835 ERR730770 

6C 9907 ERR505911 10A 10824 ERR730768 

14 230 ERR505919 8 53 ERR773858 

14 63 ERR505900 5 5659 ERR773933 

23F 353 ERR568460 3 700 ERR773950 

38 393 ERR568482 8 3847 ERR773978 

10A 10685 ERR568501 6C 2185 ERR774124 

12F 2416 ERR568565 7F 218 ERR774166 

31 3548 ERR568674 23F 5647 ERR774234 

9N 66 ERR570428 29 5483 ERR774552 

18A 1232 ERR632904 6B 4084 ERR900706 

23A 2319 ERR600334 6A 2285 ERR908907 

11A 8817 ERR600395 24 5077 ERR909131 

21 193 ERR600402 10B 7055 ERR909157 

28 494 ERR600446 34 7067 ERR909213 

6A 2285 ERR600502 16A 5072 ERR909284 

20 8824 ERR600540 9V 4881 ERR913060 

1 217 ERR600580 23B 7687 ERR913484 

6C 2185 ERR633103 37 447 ERR925131 

4 5410 ERR646545 7A 7053 ERR925258 
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Appendix C. Project ethics clearance certificate 
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Appendix D. Description of the capsular loci mutations of invasive nontypeable Streptococcus 

pneumoniae isolates (n=39) from South Africa, 2003 - 2013 

 

Isolate Gene Mutation Position 

of 

mutation 

Nucleotide 

change 

Amino acid 

change 

Amino 

acid 

position 

Comments 

NT11 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only rmlABCD 

genes present 

NT12 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only rmlABCD 

genes present 

NT17 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only rmlABCD 

genes present. 

NT18 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only rmlABCD 

genes present 

NT45 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only rmlABCD 

genes present 

        

NT224 wze SNP 149 C→A T→K 50 
 

 
wchA Insertion 472-473 Not applicable Not 

applicable 

Not 

applicable 

Results in stop 

codon 
        

NT5 Not 

applicable 

Partial deletion of 

cps genes 

Not 

applicable 

Not applicable Not 

applicable 

Not 

applicable 

Only glf, wzd and 

wze present 

        

NT1 wchA 13bp deletion 405-417 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx 9bp Insertion 1377-

1385 

Not applicable Not 

applicable 

Not 

applicable 

 

        

NT3 wchA SNP 1186 C→T R→C 395 
 

        

NT36 wzg Deletion whole 

gene 

Not applicable Not 

applicable 

Not 

applicable 

 

 
wzh Deletion 32143 Not applicable Not 

applicable 

Not 

applicable 

 

 
wciS Deletion 353-379 Not applicable Not 

applicable 

Not 

applicable 

 

 
wciS Deletion 392-393 Not applicable Not 

applicable 

Not 

applicable 

 

 
wciS SNP 382 G→A E→K 127 

 

 
wciS SNP 390 G→A None 130 

 

 
wciS SNP 35 A→G Stop codon Not 

applicable 

Results in stop 

codon  
wciS SNP 396 T→A V→L 132 

 

 
wciS SNP 397 G→T V→L 132 

 

 
wciS SNP 399 G→A V→L 133 

 

 
wciS SNP 401 T→G I→S 134 

 

 
wciT SNP 632 G→A R→K 211 
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NT225 wze SNP 149 C→A T→K 50 
 

 
wchA Insertion 472-473 Not applicable Stop codon Not 

applicable 

Results in stop 

codon 
        

NT6 wciB SNP 274 G→T G→W 91 
 

        

NT40 wciJ Deletion 183-184 Not applicable Deletion Not 

applicable 

Results in 

deletion of Y 

        

NT34 wciJ Deletion 209 Not applicable Not 

applicable 

Not 

applicable 

 

 
mnaA Deletion 424-492 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx Deletion 522-755 Not applicable Not 

applicable 

Not 

applicable 

 

 
fnlA Insertion 175-196 Not applicable Not 

applicable 

Not 

applicable 

 

        

NT13 wchA SNP 1216 C→T Stop codon Not 

applicable 

Results in stop 

codon  
wchO SNP 352 A→C M→L 117 

 

 
wchQ SNP 338 A→G F-G 113 

 

 
wchQ Deletion 797-879 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzy Deletion 1-350 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzy SNP 1284 C→A L→I 428 

 

 
wzy SNP 1304 G→A Stop codon Not 

applicable 

Results in stop 

codon  
wzy SNP 1357 T→G I→S 452 

 

 
wzx Deletion 1-123 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx SNP 194 G→T G→V 65 

 

 
wzx SNP 1212 A→G None Not 

applicable 

No amino acid 

change  
mnaA SNP 151 T→G F→V 50 

 

 
mnaA SNP 153 T→A F→V 50 

 

 
mnaA SNP 215 C→A T→K 72 

 

        

NT10 wchA SNP 1202 C→G P→R 401 
 

 
wciN Deletion 721-7711 Not applicable Not 

applicable 

Not 

applicable 

 

 
wciP SNP 226 T→C F→L 75 

 

 
wciP SNP 781 T→A Y→N 260 

 

 
wciP SNP 902 G→A R→Q 301 

 

        

NT20 wze SNP 651 T→C Y→H 325 
 

 
wchA SNP 1130 G→T G→V 565 

 

 
HG262 SNP 90 T→C None Not 

applicable 

No amino acid 

change 
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wciP SNP 392 C→G A→G 131 

 

 
wciP SNP 402 T→G N→K 134 

 

 
wciP SNP 411 T→A D→E 137 

 

 
wzx Deletion 302-338 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx Deletion 1354-

1413 

Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx SNP 298 T→G F→V 99 

 

 
wzx SNP 341 A→G Y→C 114 

 

 
wzx SNP 377 C→A T→K 126 

 

 
wzx SNP 416 C→A T→K 139 

 

 
wzx SNP 443 T→A I→N 148 

 

 
wzx SNP 491 T→A I→N 164 

 

        

NT48 wcxK Deletion 294-299 Not applicable Not 

applicable 

Not 

applicable 

 

 
rbsF SNP 371 A→T None Not 

applicable 

No amino acid 

change  
rbsF Deletion 988 410-1397 Not 

applicable 

Not 

applicable 

 

 
rbsF SNP 1975 G→T A→S 658 

 

 
rbsF SNP 2081 G→T G→W 694 

 

 
rbsF SNP 1982 G→T G→V 660 

 

 
rbsF SNP 2064 C→A Q→K 688 

 

 
rbsF SNP 2068 T→A I→K 689 

 

 
wzx SNP 3 G→T M→I 1 

 

 
wzx SNP 5 G→T S→I 2 

 

 
wzx SNP 6 C→T S→I 2 

 

 
glf Deletion 208-1154 Not applicable Not 

applicable 

Not 

applicable 

 

        

NT14 wchA Deletion 277-278 Not applicable Not 

applicable 

Not 

applicable 

 

 
wchA SNP 405 A→C L→F 135 

 

 
wchA SNP 968 T→A V→A 323 

 

 
wchJ Deletion 217-450 Not applicable Not 

applicable 

Not 

applicable 

 

 
wchK Deletion 127 Not applicable Not 

applicable 

Not 

applicable 

 

 
wchK SNP 154 T→G L→V 51 

 

 
wchL SNP 815 A→C Y→S 272 

 

 
wchL SNP 829 A→C K→Q 277 

 

 
wchL SNP 833 G→C W→S 278 

 

 
wchL SNP 834 G→A W→S 278 

 

 
wchL SNP 844 G→T A→S 281 

 

 
wchL SNP 895 G→T Stop codon Not 

applicable 

Results in stop 

codon  
wchM SNP 198 A→C E→D 66 
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wciY Deletion whole 

gene 

Not applicable Not 

applicable 

Not 

applicable 

 

 
wchN SNP 413 G→T G→V 138 

 

 
wchN SNP 433 T→G L→V 144 

 

 
wchN SNP 457 T→G L→V 152 

 

 
wzx Deletion 1364-

14164 

Not applicable Not 

applicable 

Not 

applicable 

 

 
Irp SNPs and deletions 

 
Not applicable Not 

specified 

Not 

applicable 

Many SNPs 

        

NT32 wze SNP 430 A→C K→Q 143 
 

 
wchK Deletion 404-504 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzy Deletion 1-209 Not applicable Not 

applicable 

Not 

applicable 

 

 
wciY Deletion 983-1040 Not applicable Not 

applicable 

Not 

applicable 

 

 
Irp SNPs and deletions Not 

applicable 

Not applicable Not 

specified 

Not 

applicable 

Many SNPs 

        

NT49 wzg Insertion 999-1018 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzy Insertion 995-1015 Not applicable Not 

applicable 

Not 

applicable 

 

 
wzx Insertion 1261-

1264 

Not applicable Not 

applicable 

Not 

applicable 

 

 
gtp3 Insertion 171-172 Not applicable Not 

applicable 

Not 

applicable 

 

 
gtp4 Insertion 202-216 Not applicable Not 

applicable 

Not 

applicable 

 

 
rmlB Insertion 47392 Not applicable Not 

applicable 

Not 

applicable 

 

 
wchF SNP Not 

applicable 

Not applicable Not 

specified 

Not 

applicable 

Many SNPs 

        

NT30 wzy SNP 42 A→G D→G 14 
 

 
wzg SNPs and deletions Not 

applicable 

Not applicable Not 

specified 

Not 

applicable 

Many SNPs 
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Appendix E. Diagrammatic representation of the capsular locus of invasive nontypeable Streptococcus pneumoniae (n=39) from South Africa, 

2003-2013. Nucleotide identity is indicated by grey boxes; single nucleotide polymorphisms by horizontal lines; insertions by down 

arrows and deletions by white boxes with dashed lines. A detailed description of the mutations (position, nucleotide and amino acid 

changes) is shown in additional file 3. (a) Isolates NT11, NT12, NT17, NT18, NT45 and NT224 (bottom) were compared to their 

predicted ancestral serotype 1 (top) (b) NT5 (bottom) was compared to its predicted ancestral serotype 25F (top) (c) NT1 (d) NT3 

(e) NT36 (bottom) was compared to its ancestral serotype 8 (top) (f) NT225 (g) NT6 (h) NT40 (i) NT34 (j) NT13 (k) NT10 (l) 

NT20 (m) NT48 (n) NT14 (o) NT32 (p) NT49 (q) NT30 (r) NT38 (s) NT2, NT15, NT16, NT29, NT31, NT39, NT42, NT43, NT44, 

NT46 and NT50 (t) NT4 and NT47 (u) NT27 (v) NT28 (w) NT33 

 

 

 

(a) Serotype 1 reference strain and NT11, NT12, NT17, NT18, NT45 NT224 
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(b) Serotype 25F reference strain and NT5 

 

(c) NT1  

 

 

 

(d) NT3 
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(e) Serotype 8 reference strain and NT36 

 

 

(f) NT225 

 

 

(g) NT6 

 

 

(h) NT40 
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(i) NT34 

 

 

(j) NT13 

 

 

(k) NT10 

 

 

(l) NT20 

 

 

(m) NT48 

 



104 

 

 

(n) NT14 

 

 

(o) NT32 

 

 

(p) NT49 

 

 

(q) NT30 

 

(r) NT38 
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(s) NT2, NT15, NT16, NT29, NT31, NT39, NT42, NT43, NT44, NT46 and NT50 

 

 

(t) NT4, NT47 

 

 

(u) NT27 

 

 

(v) NT28 

 

(w) NT33 
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Appendix F. Genes that showed significant differences in prevalence between invasive and carriage nontypeable pneumococci isolates 

 

Gene Annotation Invasive isolates (N=39) Carriage isolates (N=137) P-value 

n % n % 

potB Spermidine/putrescine transport system permease protein 39 100 87 63.5 0.01 

xpsE Type II secretion system protein E 39 100 86 62.77 0.01 

yesO_1 Putative ABC transporter substrate-binding protein 39 100 75 54.74 <0.001 

group_9231 Phosphate transporter permease subunit PtsA 39 100 43 31.39 <0.001 

group_7116 DNA mismatch repair protein MutL 39 100 38 27.74 <0.001 

group_5092 ABC-type transporter ATP-binding protein EcsA 39 100 33 24.09 <0.001 

group_6543 Shikimate dehydrogenase 39 100 19 13.87 <0.001 

group_8529 Isopentenyl-diphosphate delta-isomerase 39 100 5 3.65 <0.001 

coaE Dephospho-CoA kinase 38 97.44 88 64.23 0.04 

tehB S-adenosyl-L-methionine-dependent methyltransferase TehB 38 97.44 88 64.23 0.04 

gspF type IV pilin biogenesis protein 38 97.44 86 62.77 0.03 

argR_3 Arginine regulator; Arginine repressor 38 97.44 78 56.93 <0.001 

group_7920 Phosphate transport system permease protein PstC 38 97.44 42 30.66 <0.001 

group_9162 Spermidine/putrescine-binding periplasmic protein precursor 38 97.44 14 10.22 <0.001 

group_2848 GDSL-like Lipase/Acylhydrolase; hypothetical protein; Beta-lactamase 37 94.87 81 59.12 0.02 

group_5908 GTP-sensing transcriptional pleiotropic repressor CodY 37 94.87 42 30.66 <0.001 

pepN Aminopeptidase N 36 92.31 79 57.66 0.04 

nfrA2 FMN reductase [NAD(P)H]; nitroreductase A 36 92.31 57 41.61 <0.001 

ftsW Lipid II flippase FtsW; hypothetical protein 35 89.74 67 48.91 0.01 

licT_2 Transcription antiterminator LicT 35 89.74 65 47.45 <0.001 

group_5126 Undecaprenyl-diphosphatase BcrC; PAP2 superfamily protein 35 89.74 42 30.66 <0.001 

group_4672 putative ABC transporter ATP-binding protein 35 89.74 35 25.55 <0.001 

group_6971 Sucrose phosphorylase 35 89.74 10 7.3 <0.001 

wfgD Lipid A export ATP-binding/permease protein Msb 34 87.18 68 49.64 0.02 

nrdH Glutaredoxin-like protein NrdH 34 87.18 63 45.99 0.01 

nrdE2  Ribonucleoside-diphosphate reductase subunit alpha 34 87.18 58 42.34 <0.001 

group_5439 hypothetical protein 33 84.62 49 35.77 <0.001 

group_3491 Penicillin-binding protein 2B 33 84.62 7 5.11 <0.001 

group_7136 Bacterial lipoprotein; hypothetical protein 33 84.62 2 1.46 <0.001 

pyrK Dihydroorotate dehydrogenase B (NAD(+)) 32 82.05 63 45.99 0.04 
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group_5380 ABC-2 family transporter protein 32 82.05 60 43.8 0.02 

group_8697 Aspartate carbamoyltransferase 32 82.05 6 4.38 <0.001 

group_8465 Putative dipeptidase 31 79.49 47 34.31 <0.001 

group_6654 SPFH domain / Band 7 family protein; hypothetical protein 31 79.49 45 32.85 <0.001 

arcB Ornithine carbamoyltransferase%2C catabolic 31 79.49 44 32.12 <0.001 

group_8437 hypothetical protein 31 79.49 36 26.28 <0.001 

group_8114 hypothetical protein 30 76.92 48 35.04 0.01 

efeU hypothetical protein; Ferrous iron permease EfeU precursor 30 76.92 46 33.58 <0.001 

adhB Alcohol dehydrogenase 2 30 76.92 45 32.85 <0.001 

yxdL_3 ABC transporter ATP-binding protein YxdL 30 76.92 44 32.12 <0.001 

group_4195 CTP synthase 30 76.92 43 31.39 <0.001 

group_4669 hypothetical protein 30 76.92 42 30.66 <0.001 

group_8924 Membrane lipoprotein TmpC precursor 29 74.36 53 38.69 0.05 

group_6802 Aspartokinase 3 29 74.36 51 37.23 0.03 

bag_2 IgA FC receptor precursor; Autolysin; 29 74.36 49 35.77 0.02 

fepD_1 Ferric enterobactin transport system permease protein FepD 29 74.36 47 34.31 0.01 

tcyB L-cystine transport system permease protein TcyB 29 74.36 47 34.31 0.01 

mro Aldose 1-epimerase precursor 29 74.36 47 34.31 0.01 

group_5527 Cysteine desulfurase 29 74.36 43 31.39 <0.001 

group_699 Limonene 1%2C2-monooxygenase 29 74.36 43 31.39 <0.001 

rbsR Ribose operon repressor 29 74.36 43 31.39 <0.001 

group_8670 hypothetical protein 29 74.36 41 29.93 <0.001 

group_2787 ComEC family competence protein; hypothetical protein 29 74.36 33 24.09 <0.001 

group_5713 hypothetical protein 29 74.36 27 19.71 <0.001 

glnM_2 putative glutamine ABC transporter permease protein GlnM 28 71.79 50 36.5 0.05 

group_1397 PD-(D/E)XK nuclease family transposase 28 71.79 48 35.04 0.03 

group_3025 Maltose/maltodextrin import ATP-binding protein MalK 28 71.79 40 29.2 <0.001 

group_5529 Putative esterase; hypothetical protein 28 71.79 40 29.2 <0.001 

group_4519 hypothetical protein 28 71.79 38 27.74 <0.001 

group_7048 DNA alkylation repair enzyme; hypothetical protein 27 69.23 37 27.01 <0.001 

group_4093 Manganese transport system membrane protein MntB 27 69.23 25 18.25 <0.001 

group_3862 Multiple sugar-binding protein precursor; Alpha-galactosidase 27 69.23 17 12.41 <0.001 

group_5009 hypothetical protein 26 66.67 42 30.66 0.03 

group_3923 VIT family protein; Ribonucleoside-diphosphate reductase subunit beta 26 66.67 41 29.93 0.03 

group_5753 Catechol-2%2C3-dioxygenase 26 66.67 41 29.93 0.03 
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csoR Copper-sensing transcriptional repressor CsoR 26 66.67 40 29.2 0.02 

licB_1 Lichenan-specific phosphotransferase enzyme IIB component 26 66.67 40 29.2 0.02 

group_1364 hypothetical protein; Transposase 26 66.67 39 28.47 0.01 

bglA_2 6-phospho-beta-glucosidase BglA 26 66.67 39 28.47 0.01 

group_5728 hypothetical protein 26 66.67 38 27.74 0.01 

group_4876 PTS system trehalose-specific EIIBC component 26 66.67 35 25.55 <0.001 

group_4344 hypothetical protein 26 66.67 34 24.82 <0.001 

group_4355 putative dual-specificity RNA methyltransferase RlmN 26 66.67 32 23.36 <0.001 

srlR_2 Glucitol operon repressor; Lactose phosphotransferase system repressor 26 66.67 20 14.6 <0.001 

group_8020 hypothetical protein 26 66.67 1 0.73 <0.001 

group_487 hypothetical protein 25 64.1 38 27.74 0.03 

group_2898 hypothetical protein 25 64.1 37 27.01 0.02 

arcA Arginine deiminase 25 64.1 34 24.82 0.01 

group_10146 hypothetical protein 25 64.1 32 23.36 <0.001 

pkn1 Serine/threonine-protein kinase pkn1 25 64.1 32 23.36 <0.001 

group_9683 Lichenan-specific phosphotransferase enzyme IIB component 25 64.1 32 23.36 <0.001 

group_1936 5-methylcytosine-specific restriction enzyme subunit McrC 25 64.1 26 18.98 <0.001 

glnH_1 ABC transporter glutamine-binding protein GlnH precursor 25 64.1 24 17.52 <0.001 

group_8140 Chaperone protein DnaK 25 64.1 17 12.41 <0.001 

licA_2 Lichenan-specific phosphotransferase enzyme IIA component 25 64.1 7 5.11 <0.001 

group_7120 Riboflavin biosynthesis protein RibBA 25 64.1 2 1.46 <0.001 

group_9325 Sulfite exporter TauE/SafE 24 61.54 31 22.63 0.01 

group_461 Streptococcal histidine triad protein 24 61.54 24 17.52 <0.001 

group_4635 putative cysteine desulfurase 24 61.54 11 8.03 <0.001 

group_7123 Riboflavin biosynthesis protein RibBA 24 61.54 0 0 <0.001 

group_99 Nucleoside diphosphate kinase 23 58.97 34 24.82 0.04 

group_647 hypothetical protein; Transposase 23 58.97 31 22.63 0.02 

group_2890 spermidine/putrescine ABC transporter membrane protein 23 58.97 29 21.17 0.01 

group_7462 ISXO2-like transposase domain protein; hypothetical protein 23 58.97 26 18.98 <0.001 

group_5332  Putative esterase 23 58.97 23 16.79 <0.001 

group_1732 Immunoglobulin A1 protease precursor 22 56.41 31 22.63 0.04 

group_4508 hypothetical protein 22 56.41 30 21.9 0.03 

group_7470 hypothetical protein 22 56.41 30 21.9 0.03 

group_7699 Glycerol-3-phosphate acyltransferase 22 56.41 30 21.9 0.03 

group_3848 hypothetical protein 22 56.41 26 18.98 0.01 
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group_3379 Histidine--tRNA ligase 22 56.41 22 16.06 <0.001 

group_8908 Lichenan permease IIC component 22 56.41 4 2.92 <0.001 

group_7705 PTS system fructose-specific EIIABC component 21 53.85 25 18.25 0.01 

nudC hypothetical protein; NADH pyrophosphatase; NUDIX domain protein 21 53.85 23 16.79 <0.001 

group_3856 Pyrrolidone-carboxylate peptidase 21 53.85 23 16.79 <0.001 

group_2625 hypothetical protein 21 53.85 21 15.33 <0.001 

group_64 hypothetical protein 21 53.85 19 13.87 <0.001 

group_4011 Putative DNA-invertase from lambdoid prophage Rac 21 53.85 13 9.49 <0.001 

hlyB Alpha-hemolysin translocation ATP-binding protein HlyB 20 51.28 27 19.71 0.05 

group_2201 Helix-turn-helix domain protein 20 51.28 26 18.98 0.04 

group_5965 hypothetical protein 20 51.28 26 18.98 0.04 

group_87 hypothetical protein 20 51.28 24 17.52 0.02 

group_8434 Thiosulfate sulfurtransferase GlpE 20 51.28 23 16.79 0.01 

group_5603 Sucrose-6-phosphate hydrolase 20 51.28 22 16.06 0.01 

group_3290 transcriptional regulator PhoU; Na+/Pi-cotransporter 20 51.28 18 13.14 <0.001 

group_2060 hypothetical protein 20 51.28 8 5.84 <0.001 

group_4491 putative multidrug resistance ABC transporter ATP-binding 20 51.28 8 5.84 <0.001 

lsrC Branched-chain amino acid transport system  19 48.72 21 15.33 0.01 

group_7984 Macrolide export ATP-binding/permease protein MacB 19 48.72 21 15.33 0.01 

group_5946 ABC transporter substrate binding protein 19 48.72 20 14.6 0.01 

group_6779 hypothetical protein 19 48.72 20 14.6 0.01 

cmpC ABC transporter ATP-binding protein YxdL 19 48.72 19 13.87 0.01 

group_5249 hypothetical protein 19 48.72 18 13.14 <0.001 

group_5302 Glutamine synthetase 19 48.72 18 13.14 <0.001 

group_196 hypothetical protein; Transposase DDE domain protein 19 48.72 11 8.03 <0.001 

group_2580 Bacitracin export permease protein BceB 19 48.72 8 5.84 <0.001 

group_1201 2'-N-acetylparomamine deacetylase 18 46.15 19 13.87 0.01 

pezA Antitoxin PezA 18 46.15 18 13.14 0.01 

group_9296 Bacteriocin (Lactococcin_972) 18 46.15 18 13.14 0.01 

group_6056 bifunctional RNase H/acid phosphatase 18 46.15 17 12.41 0.01 

group_7420 Tyrosine recombinase XerC; hypothetical protein 18 46.15 11 8.03 <0.001 

group_8448 Energy-coupling factor transporter transmembrane protein EcfT 18 46.15 9 6.57 <0.001 

group_1643 Plasmin and fibronectin-binding protein A precursor 18 46.15 8 5.84 <0.001 

pezT Toxin PezT; hypothetical protein 17 43.59 20 14.6 0.05 

group_6698 hypothetical protein 17 43.59 19 13.87 0.04 



110 

 

group_6499 Methionine import ATP-binding protein MetN 2 17 43.59 18 13.14 0.02 

group_3521 Lactococcin A secretion protein LcnD 17 43.59 16 11.68 0.01 

group_8946 Transcriptional repressor AdcR 17 43.59 11 8.03 <0.001 

group_8353 Alpha-glycerophosphate oxidase 17 43.59 9 6.57 <0.001 

group_3543 hypothetical protein 17 43.59 5 3.65 <0.001 

group_7990 RNA polymerase-associated protein RapA 16 41.03 16 11.68 0.02 

group_10087 Lactose-specific phosphotransferase enzyme IIA component 16 41.03 15 10.95 0.02 

group_2132 hypothetical protein; Toxin PezT 16 41.03 12 8.76 <0.001 

group_3675 Fe(3+)-citrate-binding protein YfmC precursor 16 41.03 11 8.03 <0.001 

group_2229 Xaa-Pro dipeptidyl-peptidase 16 41.03 9 6.57 <0.001 

group_616 hypothetical protein 16 41.03 9 6.57 <0.001 

group_469  Streptococcal histidine triad protein 16 41.03 7 5.11 <0.001 

group_5250 hypothetical protein 16 41.03 6 4.38 <0.001 

group_1107 hypothetical protein; Transposase DDE domain protein 15 38.46 15 10.95 0.04 

group_2955 PTS system galactitol-specific transporter subunit IIA 15 38.46 15 10.95 0.04 

group_5125 Branched-chain amino acid transport system  15 38.46 15 10.95 0.04 

group_5948 ABC transporter substrate binding protein 15 38.46 15 10.95 0.04 

cpsD Tyrosine-protein kinase CpsD 15 38.46 13 9.49 0.01 

group_5817 GTP-binding protein TypA/BipA; hypothetical protein 15 38.46 13 9.49 0.01 

group_5924 hypothetical protein 15 38.46 13 9.49 0.01 

cap8A Capsular polysaccharide type 8 biosynthesis protein cap8A 15 38.46 12 8.76 0.01 

group_4252 hypothetical protein 15 38.46 10 7.3 <0.001 

group_6061 Phosphoribosylformylglycinamidine synthase 15 38.46 10 7.3 <0.001 

soxS Regulatory protein SoxS 15 38.46 9 6.57 <0.001 

group_8511 hypothetical protein 15 38.46 9 6.57 <0.001 

group_2045 hypothetical protein 15 38.46 8 5.84 <0.001 

group_4162 Glycerophosphoryl diester phosphodiesterase 15 38.46 6 4.38 <0.001 

group_4069 Branched-chain-amino-acid aminotransferase 15 38.46 3 2.19 <0.001 

group_4560 hypothetical protein 15 38.46 1 0.73 <0.001 

group_805 EcoKI restriction-modification system protein HsdS 14 35.9 13 9.49 0.04 

bbmA_2 Intracellular maltogenic amylase; Neopullulanase 14 35.9 12 8.76 0.02 

group_4902 Serine protease Do-like HtrA 14 35.9 12 8.76 0.02 

group_5235 Putative HMP/thiamine import ATP-binding protein YkoD 14 35.9 9 6.57 <0.001 

group_8447 hypothetical protein 14 35.9 9 6.57 <0.001 

group_7869 Peptidase family M50 14 35.9 4 2.92 <0.001 
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group_10390 Phosphatidylglycerophosphatase A 14 35.9 2 1.46 <0.001 

nanM N-acetylneuraminate epimerase precursor 14 35.9 2 1.46 <0.001 

group_9405 hypothetical protein 14 35.9 2 1.46 <0.001 

oppC_2 Oligopeptide transport system permease protein OppC 14 35.9 2 1.46 <0.001 

group_2691 hypothetical protein; Internalin-J precursor 14 35.9 1 0.73 <0.001 

bglA hypothetical protein; 6-phospho-beta-glucosidase BglA 13 33.33 11 8.03 0.04 

lacG_1 6-phospho-beta-galactosidase 13 33.33 11 8.03 0.04 

group_1633 Fibronectin-binding repeat protein; hypothetical protein 13 33.33 10 7.3 0.02 

group_4305 Endo-alpha-N-acetylgalactosaminidase precursor 13 33.33 10 7.3 0.02 

lacE_1 PTS system lactose-specific EIICB component 13 33.33 8 5.84 0.01 

group_5686 hypothetical protein 13 33.33 7 5.11 <0.001 

rmlB dTDP-glucose 4.0%2C6-dehydratase 13 33.33 7 5.11 <0.001 

rmlA1 Glucose-1-phosphate thymidylyltransferase 1 13 33.33 6 4.38 <0.001 

rfbC putative dTDP-4-dehydrorhamnose 3.0%2C5-epimerase 13 33.33 6 4.38 <0.001 

rmlD dTDP-4-dehydrorhamnose reductase 13 33.33 5 3.65 <0.001 

gsiB Glutathione-binding protein GsiB precursor 13 33.33 2 1.46 <0.001 

gsiC_2 Glutathione transport system permease protein GsiC 13 33.33 2 1.46 <0.001 

group_2652 Transposase IS66 family protein 12 30.77 10 7.3 0.05 

group_1122 hypothetical protein; Transposase DDE domain protein 12 30.77 7 5.11 0.01 

irtA Iron import ATP-binding/permease protein IrtA 12 30.77 6 4.38 <0.001 

yesO_3 Putative ABC transporter substrate-binding protein YesO 12 30.77 4 2.92 <0.001 

group_9767 L-arabinose transport system permease protein AraQ 12 30.77 4 2.92 <0.001 

group_4046 hypothetical protein; LexA repressor 12 30.77 2 1.46 <0.001 

group_490 hypothetical protein 12 30.77 2 1.46 <0.001 

gsiA Glutathione import ATP-binding protein GsiA 12 30.77 2 1.46 <0.001 

cdd_3 Cytidine deaminase; cytidine deaminase 12 30.77 1 0.73 <0.001 

manP PTS system mannose-specific EIIBCA component 11 28.21 6 4.38 0.01 

hrsA Heat-responsive suppressor HrsA 11 28.21 6 4.38 0.01 

ptsN Nitrogen regulatory protein 11 28.21 6 4.38 0.01 

licR_2 putative licABCH operon regulator 11 28.21 6 4.38 0.01 

alsE D-allulose-6-phosphate 3-epimerase 11 28.21 6 4.38 0.01 

bbmA_1 Intracellular maltogenic amylase; Neopullulanase 11 28.21 5 3.65 <0.001 

group_5225 hypothetical protein 11 28.21 5 3.65 <0.001 

group_5063 Glucose-1-phosphate adenylyltransferase 11 28.21 4 2.92 <0.001 

lacF_4 Lactose transport system permease protein LacF 11 28.21 4 2.92 <0.001 
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group_1037 hypothetical protein; Asparagine synthase 11 28.21 3 2.19 <0.001 

group_2687 Internalin-J precursor; hypothetical protein 11 28.21 1 0.73 <0.001 

group_168 hypothetical protein; Transposase DDE domain protein 10 25.64 6 4.38 0.03 

group_2856 hypothetical protein 10 25.64 6 4.38 0.03 

group_787 ApaLI-like restriction endonuclease 10 25.64 6 4.38 0.03 

fruA_2 PTS system fructose-specific EIIBC component 10 25.64 6 4.38 0.03 

ndvA putative ABC transporter ATP-binding protein 10 25.64 5 3.65 0.02 

group_5053 Aminodeoxychorismate synthase component 1 10 25.64 5 3.65 0.02 

group_788 DNA adenine methyltransferase YhdJ 10 25.64 5 3.65 0.02 

group_2228 Xaa-Pro dipeptidyl-peptidase 10 25.64 4 2.92 0.01 

group_4957 hypothetical protein 10 25.64 4 2.92 0.01 

group_4302 Endo-alpha-N-acetylgalactosaminidase precursor 10 25.64 2 1.46 <0.001 

group_6203 Glycerol facilitator-aquaporin gla 10 25.64 2 1.46 <0.001 

group_453 High-affinity zinc uptake system binding-protein ZnuA precursor 10 25.64 1 0.73 <0.001 

group_4813  UDP-N-acetylmuramoylalanine--D-glutamate ligase 10 25.64 1 0.73 <0.001 

group_174 Transposase DDE domain protein; hypothetical protein 9 23.08 5 3.65 0.05 

group_2621 hypothetical protein 9 23.08 4 2.92 0.02 

epsL putative sugar transferase EpsL; hypothetical protein 9 23.08 4 2.92 0.02 

group_5779 Sensor histidine kinase LiaS; Sensor protein VraS 9 23.08 4 2.92 0.02 

group_2128 hypothetical protein 9 23.08 3 2.19 0.01 

licC_5 Lichenan permease IIC component 9 23.08 3 2.19 0.01 

group_6636 Phosphopantetheine adenylyltransferase 9 23.08 2 1.46 <0.001 

group_6962 Oligoendopeptidase F.0%2C plasmid; hypothetical protein 9 23.08 2 1.46 <0.001 

group_9407 enterobactin exporter EntS 9 23.08 1 0.73 <0.001 

group_9772 enterobactin exporter EntS; hypothetical protein 9 23.08 1 0.73 <0.001 

group_2710 Transposase IS66 family protein; hypothetical protein 8 20.51 3 2.19 0.03 

group_8024 hypothetical protein 8 20.51 3 2.19 0.03 

group_3676 Fe(3+)-citrate-binding protein YfmC precursor 8 20.51 2 1.46 0.01 

mcrB_2 hypothetical protein 8 20.51 1 0.73 <0.001 

hldD hypothetical protein 8 20.51 1 0.73 <0.001 

group_7513 hypothetical protein 8 20.51 1 0.73 <0.001 

group_7088 UDP-glucose 4-epimerase 8 20.51 0 0 <0.001 

group_7128 Riboflavin biosynthesis protein RibBA 8 20.51 0 0 <0.001 

group_7344 Single-stranded DNA-binding protein ssb 8 20.51 0 0 <0.001 

group_9486 hypothetical protein 8 20.51 0 0 <0.001 
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group_10362 hypothetical protein 7 17.95 2 1.46 0.03 

group_10364 hypothetical protein 7 17.95 2 1.46 0.03 

group_10380 hypothetical protein 7 17.95 2 1.46 0.03 

group_7081 hypothetical protein 7 17.95 2 1.46 0.03 

group_9384 hypothetical protein; Transposase 7 17.95 2 1.46 0.03 

group_5725 hypothetical protein 7 17.95 1 0.73 0.01 

group_6639 hypothetical protein 7 17.95 1 0.73 0.01 

group_7421 Tyrosine recombinase XerC 7 17.95 1 0.73 0.01 

group_8471 hypothetical protein 7 17.95 1 0.73 0.01 

group_3492 Penicillin-binding protein 2B 7 17.95 0 0 <0.001 

group_10388 hypothetical protein 6 15.38 1 0.73 0.03 

group_1578 Major Facilitator Superfamily protein 6 15.38 1 0.73 0.03 

group_3273 Inner membrane protein YgaZ 6 15.38 1 0.73 0.03 

xerC hypothetical protein 6 15.38 1 0.73 0.03 

group_5191 Type-1 restriction enzyme R protein; hypothetical protein 6 15.38 1 0.73 0.03 

group_5241 carbamoyl phosphate synthase-like protein; hypothetical protein 6 15.38 1 0.73 0.03 

nagC_2 N-acetylglucosamine repressor; hypothetical protein 6 15.38 1 0.73 0.03 

group_8073 hypothetical protein 6 15.38 1 0.73 0.03 

group_8249 Glucosamine-6-phosphate deaminase; hypothetical protein 6 15.38 1 0.73 0.03 

glxR NAD binding domain of 6-phosphogluconate dehydrogenase 6 15.38 1 0.73 0.03 

iphP Tyrosine-protein phosphatase precursor 6 15.38 1 0.73 0.03 

group_9768 hypothetical protein 6 15.38 1 0.73 0.03 

group_9770 hypothetical protein 6 15.38 1 0.73 0.03 

group_2993 hypothetical protein 6 15.38 0 0 0.01 

group_4047 hypothetical protein 6 15.38 0 0 0.01 

group_5187 hypothetical protein 6 15.38 0 0 0.01 

group_8475 hypothetical protein 6 15.38 0 0 0.01 

group_3970 hypothetical protein; N-acetylneuraminate lyase 5 12.82 0 0 0.02 

group_5239 hypothetical protein 5 12.82 0 0 0.02 

group_5415 Helix-turn-helix; hypothetical protein 5 12.82 0 0 0.02 

group_6205 Glycerol facilitator-aquaporin gla 5 12.82 0 0 0.02 

group_8516 hypothetical protein 5 12.82 0 0 0.02 

group_8562 hypothetical protein 5 12.82 0 0 0.02 

rmlD_1 dTDP-4-dehydrorhamnose reductase 5 12.82 0 0 0.02 

group_9955 hypothetical protein 5 12.82 0 0 0.02 
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