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ABSTRACT  
 

  The introduction of the 13-valent pneumococcal conjugate vaccine (PCV13) for 

children in Portugal resulted in significant changes in the serotype distribution of the 

pneumococcal population responsible for invasive pneumococcal disease (IPD) not only 

in children, but also in adults, consistent with herd protection. A 23-valent pneumococcal 

polysaccharide vaccine (PPV23) is also available in Portugal since 1996, although adult 

uptake is believed to be low. The effect of broader PCV13 uptake in children in adult IPD 

is currently unknown. We aimed to characterize the pneumococcal population causing 

adult IPD (≥18 years old) in Portugal after the introduction of PCV13 in the Nacional 

Immunization Plan for children, in 2015.  

 A total of 1608 Streptococcus pneumoniae isolates were recovered from adult IPD 

in 61 hospitals in Portugal between 2015 and 2017. These strains were characterized 

phenotypically (serotyping and antimicrobial susceptibility testing) and by molecular 

methods (MLST). The results obtained were compared with those from previous studies 

to assess the effect of PCV13 introduction in Nacional Immunization Plan in the studied 

population. 

 Among the 1608 isolates, 56 different serotypes were found. The most common 

serotypes were serotype 8 (17.8%, n=287), 3 (14.7%, n=236), 22F (7.4%, n=119), 14 

(6.9%, n=111), 19A (6.2%, n=100) and 9N (4.1%, n=66). Most of the cases corresponded 

to serotypes exclusively found in the PPV23 (42.4%, n=681). The PCV13 serotypes were 

responsible for 37.6% (n=605) of the cases, and 7-valent pneumococcal conjugate 

vaccine (PCV7) serotypes accounted for a small fraction of the cases (14.0%, n=225). 

Penicillin and erythromycin non-susceptibility were detected in 14.9% (n=239) and 

16.4% (n=263) of the bacterial isolates, respectively. PCV7 and serotypes exclusively 

found in PCV13 were responsible for 51.0% (n=122) and 15.5% (n=37) of the penicillin 

non-susceptible isolates and 37.6% (n=99) and 19.0% (n=50) of the erythromycin 

resistant isolates, respectively. Regarding all collection, 31.2% (n=501) of the strains 

were non-susceptible to at least one of the tested antibiotics, where serotypes 14 and 19A 

were the most common. 

 MLST analysis was performed in 726 strains, where 56 different clonal complexes 

were found. PCV13 serotypes presented a high genetic diversity, while serotypes 

exclusively found in PPV23 and non-vaccine serotypes (NVT) presented a lower genetic 
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diversity. Thirteen major clonal complexes (CC) were defined in this study that accounted 

for 86.4% (n=627) of the isolates: CC156, CC180, CC433, CC378, CC97, CC235, 

CC439, CC199, CC260, CC315, CC994, CC30 and CC191. Eleven of the 43 PMEN 

clones were at least double-locus-variant of 33.6% (n=244) of the isolates, however no 

significant association was established between clonal complexes and penicillin and 

erythromycin non-susceptible isolates. Serotyping was also performed using in silico 

methods, where both approaches (SeroBa and PneumoCAT) were found to be good 

alternatives to conventional methods for the determination of S. pneumoniae serotypes. 

  Comparison with previous studies revealed an increase in the proportion of 

serotypes 8 and 12F, while serotypes 1, 12B and 7F decreased. Non-susceptible serotypes 

8 and 22F isolates increased, whereas non-susceptible 19A isolates decreased. Although 

not significant, serotype 3 also presented an increase in the proportion of non-susceptible 

isolates to some of the antimicrobials tested. Regarding genetic lineages, sequence type 

(ST) 53 (serotype 8) increased, while ST191 (serotype 7F) and ST276 (serotype 19A) 

decreased.  

Even with the introduction of PCV13 in the National Immunization Plan, serotype 

3 is still one of the dominant serotypes in adult IPD in Portugal, along with serotypes 14 

and 19A (all serotypes present in PCV13). The increase in serotypes that do not belong 

to PCV13, especially serotype 8, 22F and 9N is also of concern, particularly serotypes 8 

and 22F where antimicrobial non-susceptible isolates increased. With these, our data 

suggests that, in a situation of higher vaccination coverage, PCV13 serotypes are still 

significant causes of adult IPD, especially serotypes 3. However, serotypes not present in 

PCV13 have been showing to be an important cause of adult IPD, particularly serotypes 

8 and 22F, reinforcing the continuous need for surveillance studies. 

 

 

 

 

Key-words: Streptococcus pneumoniae; adult invasive pneumococcal disease; 

phenotype; genotype; PCV13. 
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RESUMO 

 
Streptococcus pneumoniae é um dos agentes patogénicos mais comuns do ser 

humano, responsável por elevadas taxas de mortalidade e morbilidade. Este 

microrganismo coloniza, tipicamente, a nasofaringe das crianças, podendo tornar-se 

patogénico, levando ao desenvolvimento de doenças pneumocócicas invasivas como a 

pneumonia, meningite e bacteriemia, ou não invasivas como otite média ou sinusite. Tem 

como principais grupos de risco crianças, indivíduos imunocomprometidos e idosos. Com 

a introdução das vacinas pneumocócicas conjugadas, observou-se um decréscimo na 

incidência da doença pneumocócica invasiva em crianças, assim como alterações na 

distribuição dos serotipos, também na população adulta. Este decréscimo deveu-se 

sobretudo à redução da incidência dos serotipos incluídos nestas vacinas. Contudo, 

observou-se um aumento na proporção de serotipos não vacinais, assim como a 

persistência de alguns serotipos vacinais (como foi o caso do serotipo 3 que se encontra 

presente na vacina pneumocócica conjugada 13-valente). 

A vacina pneumocócica conjugada 7-valente (PCV7, inclui os serotipos 4, 6B, 9V, 

14, 18C, 19F e 23F) foi introduzida em Portugal em 2001. Apesar de disponível apenas 

no sector privado, a cobertura desta vacina foi aumentado gradualmente ao longo dos 

anos, tendo-se estimado uma cobertura vacinal de 75% das crianças com ≤2 anos em 

2008. Tal como nas crianças, nos adultos observou-se uma redução da proporção de 

doença pneumocócica invasiva causada por serotipos abrangidos pela vacina PCV7. No 

entanto, os serotipos 1, 3, 7F e 19A emergiram como causas importantes de doença 

pneumocócica invasiva nos adultos pós-PCV7 (estudo de 2006 a 2008). Em meados de 

2009, a vacina pneumocócica conjugada 10-valente (PCV10, engloba todos os serotipos 

presentes na vacina PCV7, mais os serotipos 1, 5 e 7F) ficou disponível, seguindo-se em 

2010 a disponibilização da vacina pneumocócica conjugada 13-valente (PCV13, abrange 

todos os serotipos presentes na vacina PCV10, mais os serotipos 3, 6A e 19A), ambas no 

sector privado. A introdução desta última vacina em Portugal resultou numa alteração da 

distribuição dos serotipos da população de S. pneumoniae responsáveis por doença 

pneumocócica invasiva em adultos, apesar de estes permanecerem como importantes 

causas de doença pneumocócica invasiva nos adultos, consistente com o efeito de 

proteção de grupo.  A vacina pneumocócica polissacarídica 23-valente (PPV23, integra 

todos os serotipos presentes na vacina PCV13, à exceção do serotipo 6A, mais os 

serotipos 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F e 33F) encontra-se disponível em 
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Portugal desde 1996, ainda assim estima-se que a cobertura desta vacina seja baixa. Em 

2015, a vacina PCV13 foi introduzida no plano nacional de vacinação das crianças, 

esperando-se, deste modo, uma maior cobertura vacinal, o que pode levar a alterações na 

população deste microrganismo causador de doença pneumocócica invasiva em criança 

e, consequentemente, em adultos. Assim, este estudo teve como objetivo caracterizar a 

população de Streptococcus pneumoniae causadora de doença invasiva pneumocócica 

nos adultos (indivíduos com ≥18 anos) em Portugal, após a introdução da vacina PCV13 

no plano nacional de vacinação para as crianças em 2015.  

Um total de 1608 estirpes de Streptococcus pneumoniae responsável por doença 

invasiva pneumocócica em adultos foram recebidas por 61 hospitais de todo o país entre 

2015 e 2017. Estas estripes foram caracterizadas fenotipicamente (através de serotipagem 

e teste de suscetibilidade aos antimicrobianos) e genotipicamente (através de métodos 

moleculares, obtendo-se o perfil de multilocus sequence typing por sequenciação total do 

genoma). Os resultados obtidos foram ainda comparados com os de estudos anteriores, 

de forma a avaliar o efeito da introdução da vacina PCV13 no plano nacional de vacinação 

na população em estudo.  

De entre as 1608 estirpes de pneumococos, foram encontrados 56 serotipos 

diferentes, sendo que os mais frequentes foram os serotipos: 8 (17.8%, n=287), 3 (14,7%, 

n=236), 22F (7,4%, n=119), 14 (6,9%, n=111), 19A (6,2%, n=100) e 9N (4,1%, n=66). 

Grande parte dos casos pertenceram a serotipos exclusivos da vacina PPV23 (42,4%, 

n=681). Os serotipos da vacina PCV13 foram responsáveis por 37,6% (n=605) dos casos 

em estudo, sendo que serotipos da vacina PCV7 foram responsáveis por uma pequena 

fração dos casos em estudo (14,0%, n=225). A não suscetibilidade à penicilina e à 

eritromicina foi detetada em 14,9% (n=239) e 16,4% (n=263) das estirpes estudadas, 

respetivamente. Serotipos da vacina PCV7 e serotipos exclusivos da vacina PCV13 foram 

responsáveis por 51,0% (n=122) e 15,5% (n=37) dos casos de não suscetibilidade à 

penicilina e 37,6% (n=99) e 19,0% (n=50) dos casos de resistência à eritromicina, 

respetivamente. Em relação à coleção total de estirpes, 31,2% (n=501) das estirpes 

apresentaram não suscetibilidade a pelos menos um dos antimicrobianos testados, onde 

os serotipos 14 e 19 foram os mais comuns.  

A analise dos perfis de multilocus sequence typing foi realizada em 50% das estipes 

que apresentaram mais do que 10 estirpes do mesmo serotipo, tendo-se obtido um total 

de 726 estirpes sequenciadas, onde foram detetados 56 complexos clonais diferentes. 

Serotipos da vacina PCV13 apresentaram uma elevada diversidade genética, enquanto 
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que os serotipos exclusivos da vacina PPV23 e serotipos não vacinais apresentaram uma 

diversidade genética baixa. Treze complexos clonais principais foram definidos neste 

estudo, englobando 86,4%  (n=627) das estirpes sequenciadas: complexo clonal (CC) 

156, CC180, CC433, CC378, CC97, CC235, CC439, CC199, CC260, CC315, CC994, 

CC30 e CC191. Onze dos 43 clones PMEN foram identificados como sendo, pelo menos, 

double-locus-variants de 33,6% (n=244) das estirpes sequenciadas. No entanto, não se 

estabeleceu nenhuma associação significativa, depois da correção para testes múltiplos, 

entre complexos clonais e não suscetibilidade à penicilina e à eritromicina. 

Determinaram-se, ainda, os serotipos através de métodos in silico, onde se observou que 

ambos os softwares SeroBa e PneumoCAT são boas alternativas aos métodos 

convencionais para a determinação dos serotipos de S. pneumoniae.  

Em relação à analise comparativa com estudos anteriores, observou-se um aumento 

na proporção dos serotipos 8 e 12F, ao passo que os serotipo 1, 12B e 7F apresentaram 

um decréscimo significativo. A proporção de serotipos 8 e 22F não suscetíveis a 

antimicrobianos aumentou quando comparada com a proporção do estudo anterior, 

enquanto que a proporção de serotipo 19A não suscetível a antimicrobianos diminuiu 

significativamente. Apesar de não significativo após a correção para testes múltiplos, o 

serotipo 3 também apresentou um aumento na sua proporção de estirpes não suscetíveis 

a determinados antimicrobianos testados. Em relação à analise comparativa das linhagens 

genéticas, sequence type (ST) 53 (constituído maioritariamente por estirpes do serotipo 

8) aumentou em proporção, ao passo que os ST191 (constituído sobretudo por estirpes do 

serotipo 7F) e ST276 (constituído principalmente por estirpes do serotipo 19A) 

diminuíram, todos de modo significativo.  

Deste modo, observou-se que mesmo com a introdução da vacina PCV13 no plano 

nacional de vacinação, o serotipo 3 continua a ser um dos serotipos mais frequente como 

causa de doença invasiva pneumocócica em adultos em Portugal, juntamente com os 

serotipos 14 e 19A (todos estes serotipos estão presentes na vacina PCV13). O aumento 

da proporção de serotipos não abrangidos pela vacina PCV13, nomeadamente os 

serotipos 8, 22F e 9N, são de especial preocupação, principalmente o caso dos serotipos 

8 e 22F onde se observou um aumento na proporção de estirpes não suscetíveis a 

antimicrobianos. Assim, podemos concluir com este estudo que numa situação de elevada 

cobertura vacinal, os serotipos da vacina PCV13 ainda são causas importantes de doença 

pneumocócica invasiva nos adultos, em particular o serotipo 3. Contudo, os serotipos não 

abrangidos por esta vacina têm-se mostrado, também, relevantes causas de doença 
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pneumocócica invasiva em adultos em Portugal, especialmente os serotipos 8 e 22F, 

reforçando desta forma a continua necessidade de realizar estudos de vigilância 

epidemiológica.  

 

 

 

Palavras-chave: Streptococcus pneumoniae; doença invasiva pneumocócica em 

adultos; fenótipo; genótipo; PCV13. 
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 xiv 

Figure 11 – Scheme of macrolide phenotypes identification. A- phenotype cMLSB; B- 

phenotype iMLSB and C- phenotype M. “ERY”- Erythromycin; “DA”- Clindamycin. 33 

Figure 12 – PCV vaccine serotypes distribution by age groups ([18-49]; [50-64] and ≥65 

years old) in 2015, 2016 and 2017. Arrows represent the serotypes presented in PCV7, 

PCV10 and PCV13. "Others" refers to all serotypes presented in the study population, 

except for serotypes presented in PCV vaccines. ........................................................... 37 

Figure 13 – Distribution of Non-PCV serotypes by age groups ([18-49]; [50-64] and >65 

years old) in 2015, 2016 and 2017. A - Distribution of serotypes presented only in PPV23, 

where “Others” refers to all serotypes present in PPV23, which have one age group and 

year with <10 isolates. B – Distribution of NVT serotypes, where “Others” refers to all 

serotypes not included in a pneumococcal vaccine (PCVs and PPV23), which have one 

age group and year with <10 isolates. ............................................................................ 38 

Figure 14 – Resume of the antimicrobial non-susceptibility isolates included in this 

study. “PEN”- penicillin; “LEV”- levofloxacin; “NOR”- norfloxacin; “ERY”- 

erythromycin; “DA”- clindamycin; “TEL”- telithromycin; “TET”- tetracycline; “C”- 

chloramphenicol; “SXT”- trimethoprim-sulfamethoxazole; “CT”- cefotaxime. ........... 39 

Figure 15 – Distribution of penicillin and erythromycin susceptibility profiles for isolates 

of S. pneumoniae serotypes by study year (2015, 2016 and 2017). The arrows represent 

serotypes presented in PCV7, PCV10 and PCV13. "Others"- all serotypes presented in 

the study population, except for serotypes presented in PCV vaccines and serotypes 6C, 

11A, 15A and 33F; “PNSP”- penicillin non-susceptible isolates; “ERSP”- erythromycin 

resistant isolates; and “EPNSP”- isolates presenting erythromycin resistance and 

penicillin non-susceptibility. .......................................................................................... 41 

Figure 16 – Representation of all STs identified and indication of their CCs, highlighting 

the major CCs. STs linked by a line are SLVs and STs in grey are singletons. The scheme 

was done using PHYLOViZ [144]. ................................................................................ 47 

Figure 17 – Distribution of STs according to serotypes of the isolates causing adult IPD 

in 2015-2017 and expressing serotypes included in the conjugate vaccines. The respective 

SID values are indicated on top the bars and their respective confidence intervals are in 

parenthesis. “f” – represents the STS considered by goeBURST as founders of a CC; “p” 

– represents STs that matched with PMEN clones; “a”, “b”, “c” and “d” – represent STs 

that belong to the same CC in each serotype; “Others” – represent the isolates included 

in STs with <4 isolates.................................................................................................... 48 

file://///Users/inesteodoro/Desktop/Mestrado/2º%20ano/Thesis/Thesis_Finalíssima.docx%23_Toc46150721
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1. INTRODUCTION  

 

Streptococcus pneumoniae, also known as the pneumococcus, is responsible for 

severe infections such as bacteraemia, meningitis and pneumonia among children and 

adults worldwide [1]. With a high morbidity and mortality risk, this microorganism 

affects mostly young children, immunocompromised patients and the elderly [2,3]. It is 

capable of colonize asymptomatically the human nasopharynx, mostly in children [2,3] 

and, with the ability to adapt through genetic exchange and express diverse virulent 

factors, it is one of the Streptococcus with greater success as a human pathogen [4].  

This pathogen is an encapsulated, Gram-positive, -hemolytic and catalase-

negative cocci that belongs to the viridans group of streptococci1. The cells are oval with 

0,5 to 1,2 m of diameter and arranged in pairs (diplococci) or short chains [2,5]. Colony 

morphology differs if the strain is encapsulated: generally large, round, and mucoid; or 

non-encapsulated: small and flat, and usually has a dimpled appearance in the central 

portion due to the expression of autolysin [2]. Pneumococcus is a facultative anaerobe 

that needs an enriched media supplemented with blood or serum and an atmosphere 

enhanced with 5-10% of CO2 at 35-37ºC  [5].  

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Viridans group of streptococci – Group of Streptococcus which forms a green pigment because of the partial 

hemolysis of blood agar. This group is subdivided into five distinct clinical groups: Anginous; Mitis (where S. 

pneumoniae is integrated); Mutans; Salivarius and Bovis [2]. 

A B 

Figure 1 – Illustration of S. pneumoniae. A- Gram stain of S. pneumoniae, reproduced from 

https://www.sciencephoto.com/media/13022/view/streptococcus-bacteria and B- electronic microscopy of S. 

pneumoniae non-encapsulated, reproduced from https://ppdictionary.com/bacteria/gpbac/pneumoniae.htm. 
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Figure 2 – Timeline of Streptococcus pneumoniae discoveries (Purple – discoveries related to S. pneumoniae and Orange – important discoveries related). 

Adapted from [3,6,124,125,129,189–193,7,48,73,79,80,90,91,123]. 
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George M. Stenberg, in the United States of America (USA), and Louis Pasteur, in 

France, were the first to isolate, from carriers, what we call nowadays Streptococcus 

pneumoniae: “roughly lancet-shaped pairs of coccoid bacteria in human” (Micrococcus 

pasteuri and Microbe septicemique du salive, respectively) [6]. Over the years, this 

pathogen had many names, and based on its morphology when growing in liquid media, 

in 1974, was renamed Streptococcus pneumoniae [7] (Figure 2).   

Since its discovery, pneumococcus has served as a cell model and led to a greater 

understanding of cellular biology, host-parasite relationship, antibiotic resistance and 

vaccine-related immunoprophylaxis [2,3] (Figure 2). 

 

1.1 Characterization of S. pneumoniae 

 

1.1.1  Identification 

 

Despite some limitations regarding species identification [5], conventional 

microbiologic tests are useful to place isolates into the correct streptococcal groups, being 

still used in the identification of S. pneumoniae. However, these limitations make it 

challenging to establish the diagnosis of invasive pneumococcal disease (IPD), which 

refers to pneumonia, meningitis, bacteremia and infections of other normally sterile sites 

with S. pneumoniae [8]. In spite of the importance of obtaining accurate data on IPD 

burden, mainly to access the effectiveness of vaccination,  there has not been significant 

development in laboratory diagnosis during the past few decades [8].  

Laboratory identification of pneumococcus relies primarily on microscopy, culture 

and phenotypic testing. Microscopy allows the recognition of typical morphological 

characteristics of bacteria, in which S. pneumoniae appears as lancet-shaped, Gram-

positive diplococci or short chains cocci (Figure 1). Nonetheless, this typical appearance 

can be altered by antimicrobial therapy [5]. In culture, overnight, at 35ºC with 5% CO2 

in 5% sheep blood agar (optimal conditions), this pathogen appears to be small, greyish 

and mucoid, with a surrounded greenish zone of -hemolysis. After 24-48h, the colonies 

present a central depression (“draughtsman colonies”) (Figure 3) [8]. For the 

differentiation between pneumococcus and other viridans streptococci, two tests should 

be performed: optochin susceptibility test and bile solubility test. 
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Pneumococci are usually susceptible to optochin (ethylhydrocupreine) even though 

this antibiotic is not used in therapy [8]. The optochin susceptibility test consists in 

inoculate a pure culture of S. pneumoniae in a sheep blood agar plate and add an optochin 

disk at optimal growth conditions. If a clear zone of inhibited growth around the disk is 

observed (with ≥14 mm), the isolate is susceptible, which means it is S. pneumoniae [5,9]. 

However, pneumococcal resistant strains have been reported, as well as optochin-

susceptible S. mitis isolates. Isolates with these results should be subjected to a bile 

solubility test [5,10]. The bile solubility test consists of the lysis of the bacteria in the 

presence of sodium deoxycholate (bile) [8]. This test can be performed in a tube or 

directly applying the reagent on an agar plate, being the first method the most common 

[5]. S. pneumoniae expresses autolysins (enzymes that degrade the cell wall 

peptidoglycans) which are activated when exposed to bile salts, leading to this pathogen 

lysis (solution becomes transparent – positive result). Other -hemolytic streptococci 

remain unchanged (solution remains turbid – negative result) [2,5]. Nonetheless, 

misidentification of other streptococci as pneumococcus has been reported, especially in 

case of S. mitis, S. pseudopneumoniae and S. oralis  [11].  

Alternative methods have been developed to overtake the limitations of 

conventional methods. The API 20 Strep System (bioMerieux, Inc., Hazelwood, Mo.) is 

a commercial, standardized test, composed of strips that contain biochemical tests, 

allowing the identification of streptococci including S. pneumoniae [5,12].  

MALDI-TOF (Matrix-assisted laser desorption ionization time of flight mass 

spectrometry) is a routine tool vastly used for microbial identification, although 

differentiation between S. pneumoniae and other members of S. mitis group has been 

proven difficult to detect [5,13].   

A B 

Figure 3 – Illustration of S. pneumoniae colonies on blood agar with alpha hemolysis. 

A- Mucoid colonies; B- Colonies not mucoid. 
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In the last decades, molecular methods have been actively developed. PCR 

(Polymerase Chain Reaction) detects minimal amounts of nucleic acid from potentially 

all pathogens and has been a useful tool to detect S. pneumoniae deoxyribonucleic acid 

(DNA) in all types of sources, especially in CSF (cerebrospinal fluid) and pleural fluid. 

This method presents advantages when compared to others methods as it does not depend 

on the viability of the target microbe, it is not affected by prior antimicrobial therapy and 

the results are obtainable in a short-time frame [8]. Multiple targets have increased the 

specificity of this method, offering advantages over other assays [14].  

Despite the development of new methods and the advantages that they bring, 

especially the PCR, for the detection of S. pneumoniae, culture is still performed because 

it is the only technique that allows antimicrobial susceptibility testing. 

The rapid immunochromatographic test (ICT, Now S. pneumoniae urinary antigen 

test, Binax) is also an alternative methods used in clinical detection of S. pneumoniae, 

that detects C polysaccharides cell wall antigens common to all strains of pneumococcus. 

This is a method with high sensitivity and specificity, however, it is only licensed for 

urine and LCR samples and  in children results are frequently false-positives due to high 

rates of carriage in this age group, being recommended the used of this method only in 

adults [8,15]. 

 

1.1.2  Virulence Factors 

 

For S. pneumoniae to be able to colonize and cause disease, it has to avoid the host’s 

immune system activation and bacterial clearance by producing virulence factors [16]. 

There are many virulence factors, that contribute to pneumococcus persistence within a 

host (figure below). However, different strains may have different abilities to produce 

virulence factors, so understanding their role and distribution allows a better 

understanding of the pathogenesis of the infection and the ability to cause different types 

of disease [17].  
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Figure 4 – Scheme of the principal pneumococcus virulence factors. PsaA, pneumococcal surface adhesin A;  PspA, 

pneumococcal surface protein A; PspC, pneumococcal surface protein C; PiaA, pneumococcal iron acquisition A; 

PiuA, pneumococcal iron uptake A; PitA, pneumococcal iron transporter A. Reproduced from [18].  

I. Polysaccharide Capsule 

Polysaccharide capsule is one of the most studied virulence factor of S. 

pneumoniae, that consists of a 200-400 nm [19] thick layer of polysaccharides, 

which in the majority of cases are covalently linked to the cell-wall peptidoglycans 

[20,21]. Approximately 100 structurally and serologically distinct capsule 

polysaccharides (CPS) types have been recognized [22] characterizing 

pneumococcus serotypes, where some are more associated with disease than others.  

In all pneumococcal serotypes, the cps locus is situated in the same 

chromosomal location, between genes dexB and aliA, except for serotype 37 (in 

which the tts gene is responsible for capsule production) [23]. The regulation of 

CPS synthesis helps to initiate infection by allowing the bacterium to adhere to host 

epithelium cells and cause inflammation, providing protection against the host’s 

immune system [18,24]. The negative net charge present in the capsule (except for 

serotypes 7F, 7A, 15, 33F, 37 and 1, that have a neutral net charge [25]), given by 

the acidic polysaccharides and phosphates allows S. pneumoniae to avoid being 

trapped by mucus layers (first host barrier) due to electrostatic repulsion [18,26]. 

This virulence factor also prevents opsonophagocytosis by shielding the Fc region 

of IgG and complement system from interacting with their receptors on phagocytic 

cells [16,27].  
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II. Pneumolysin 

Pneumolysin (Ply) is a wide-ranging virulence factor produced by more than 

20 species of Gram-positive bacteria [16,17]. This protein belongs to the family of 

cholesterol-dependent cytolysins and is expressed during the late log phase of 

growth, being released upon S. pneumoniae lysis. By binding to membranes 

containing cholesterol, this virulent factor oligomerizes, forming a ring-shaped 

transmembrane pore with 260 Å of diameter, composed of approximately 50 

monomers [16,17], leading to host cell lysis.   

Ply also assists in the regulation of host-to-host transmission, by interfering in 

cytokine and chemokine production [28], and regulates the complement system, by 

reducing phagocytosis [17,29]. Recent studies have showed that Ply could cause 

DNA damage by creating ion channels that disrupt cell calcium levels, leading to 

overproduction of ROS (Reactive Oxygen Species) [30]. 

 

III. Cell wall components  

S. pneumoniae cell wall, like other Gram-positive bacteria, is composed by 

peptidoglycans and teichoic acids (TAs) [31], that provide protection and shape to 

the cells. The TAs can be covalently attached to peptidoglycans, being exposed in 

the cell wall exterior (WTA) or anchored to the cytoplasmic membrane 

(lipoteichoic acids, LTA) [31]. These components have phosphocholine residues 

(PCho) that are important for the activation of autolysins [32] and to anchor choline-

binding proteins (CBPs, family of cell surface proteins discussed below) [33].  

Pneumococcus suffers secondary modifications of glycan chains [33] to resist 

lysozyme activity, avoiding host immune system. 

WTA, LTA and peptidoglycans are pathogen-associated molecular patterns 

(PAMPs) [18] that activate the complement pathway, inducing the production of 

cytokines, necessary for the inflammation process [34].  

 

IV. Pneumococcal surface proteins 

A large group of proteins that aid in pathogenesis by acting as adhesins to host 

cells and hindering the host’s immune system.  
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a. CBPs (Choline-Binding Proteins): proteins that bind to PCho presents in 

S. pneumoniae cell wall. These proteins interact with host immune system 

by: 1) helping the adhesion process [35]; 2) blocking  the host complement 

system action, affecting its activity; and 3) by interacting with 

immunoglobulins, reducing their ability to eliminate pathogens [35,36]. 

Examples of these class of proteins in S. pneumoniae are pneumococcal 

surface protein A (PspA), choline-binding protein A (CbpA) and autolysin 

(LytA).  

PspA is a electronegative protein that blocks the complement system 

action, preventing opsonization [16,37]. This protein also possesses a 

lactoferrin-binding domain that binds to the N-lobe of human lactoferrin, 

blocking surface accessibility of this bactericidal peptide, preventing it 

from penetrating the bacterial membrane [38].  

CbpA, also known as PspC, SpsA and PbcA, is one of the most relevant 

pneumococcal adhesins [39], binds to the polymeric immunoglobulin 

receptor [18]. CbpA can also bind to the factor H, preventing the formation 

of C3b (a component of the complement system) facilitating the 

colonization process [18,40]. Some of these proteins may present a 

LPxTG motif, which incorporates them also in LPxTG-anchored proteins 

(referred below) [41]. 

LytA is an autolysin that degrades peptidoglycans by cleaving the N-

acetyl-muramoyl-L-alanine bond [42], inducing cell lysis. This leads to 

the release of toxins, such as Ply, peptidoglycans and TA, that are harmful 

to the host cells. S. pneumoniae has two more other lytic enzymes: LytB 

and LytC, but their virulence is not entirely understood [18]. 

b. Lipoproteins: metal-binding proteins that interact with ATP-binding 

cassette (ABC) transporter complexes.  

PsaA is an example of one of these proteins, that is involved in the 

transport of magnesium and zinc into the cell [35,43], which aids in the 

invasion of epithelial cells, as well as PiaA, PiuA and PitA which are 

involved in the regulation of  iron [44]. 
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c. LPxTG-anchored proteins: group of proteins that bound to peptidoglycans 

present in bacterial cell wall by a LPxTG-motif, in which x represents any 

amino acid [45]. Examples of these proteins include neuraminidase, 

hyaluronidase, pili and immunoglobulin A1 protease.  

Neuraminidase is an exoglycosidase that cleaves siliac acid from 

glycoproteins, glycolipids and oligosaccharides present in cell-surface, 

exposing receptors for adherence [39,46].  

Hyaluronidase is an enzyme encoded by the gene hylA [21] that 

depolymerizes hyaluronic acid from the mammalian connective tissue and 

extracellular matrix, allowing bacterial spreading and colonization [45].  

Pili are hair-like structures, located on the cell wall surface of S. 

pneumoniae and other bacteria, that helps 1) in the process of colonization 

of nasopharynx and access to lung epithelial cells [47]; 2) to avoid 

phagocytosis by cells of the host immune system [48] and 3) to stimulate 

inflammatory responses of the host immune system [47]. There are two 

main types of pili found on pneumococcus: pilus-1and pilus-2. Pilus-1 is 

the most common pilus found in this pathogen (30% of clinical strains) 

[49], while pilus-2 is less common (16% of clinical strains) [50].  

Immunoglobulin A1(IgA1) protease is an enzyme, that cleaves the 

IgA1 in the hinge region, interfering with the function of the antibody, by 

eliminating the Fc-mediating effector function, and consequently 

interfering with the host immune response [45,51].  

d. Non-classical surface proteins (NCSPs): adhesins that can bind to host 

molecules, promoting a pneumococcal host cell invasion [52]. PavA, 

enolase and GAPDH are examples of these proteins present in S. 

pneumoniae.  

PavA is a fibronectin-binding protein, similar to FBP54 present in S. 

pyogenes [53] that binds to fibronectin, mediating adherence to epithelial 

cells [45]. It also helps to control inflammation and inhibits recognition by 

dendritic cells [54]. 

Enolase is a plasminogen-binding protein, essential for proteolytic 

activity on the cell surface, a crucial process for adherence and 

colonization [55,56]. 
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GAPDH, like enolase, is a plasmin(ogen)-binding protein with higher 

affinity to plasmin than to plasminogen [45]. It also plays a vital role in 

iron acquisition due to the ability to bind to haemoglobin and heme 

[45,57]. 

 

1.2 Host-pneumococcus interaction 

 

1.2.1  Host colonization 

 

S. pneumoniae is a pathogen which affects particularly children under the age of 

two, the immunocompromised and the elderly [58]. Virulence factors allow the 

establishment of a balance between the host immune system, the commensal flora and 

the pathogen, leading to colonization. This pathogen colonizes asymptomatically the 

nasopharynx,  being part of the commensal microbiota [22,25]. From here, pneumococcus 

can successfully spread to other susceptible hosts [25], or disseminate into the lower 

airways and other organs and tissues becoming pathogenic [48].  

Pneumococcus transmission occurs via direct contact with secretions of the 

respiratory system of a carrier or a contaminated surface [58,59]. There has been 

substantial debate regarding the age group that acts as the leading carrier/reservoir for S. 

pneumoniae. Although some researchers suggested infants as the primary 

carrier/reservoir and others suggested older children [18], children are commonly 

appointed as the leading carriers/reservoirs of this pathogen. Transmission is enhanced 

by the inflammatory response of the host, induced by Ply expression, suggesting that S. 

pneumoniae uses “the host’s inflammatory response as a signal for initiating its exit from 

the inhospitable host” [18]. When it finds a new host, S. pneumoniae has to avoid many 

defence barriers from the immune system until it can establish colonization.  
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Mucus barrier is the first line of defence that pneumococcus encounters. This barrier 

consists of a viscous gel that contains antimicrobial compounds, that traps large particles 

(like bacteria) and transports them, through ciliary beating, towards the pharynx for 

removal via the oral-faecal route [60]. Mucins are glycoproteins covered with negative 

charge N-acetylneuraminic acid (sialic acid), present in this barrier. These glycoproteins 

can bind to positive charge particles, such as bacteria, with high avidity, preventing these 

particles from crossing the mucus barrier and facilitating their removal [25]. 

Pneumococcus overcomes this line of defence by expressing the different 

polysaccharide capsules. This virulence factor allows pneumococcus translocation across 

the negative charge mucous layer [26], facilitating pneumococcal adherence to epithelial 

cells, helping the establishment of colonization. However, the expression of a thick 

capsule inhibits adherence to epithelial cells, so this pathogen undergoes phase variation2 

between two forms of colony morphology: opaque and transparent [61]. Transparent 

isolates express a thinner capsule, which promotes the interaction of adhesins present in 

the pneumococcal surface and host receptors on epithelial cells. Neuraminidases (NanA, 

NanB and NanC) inactivate the adhesive properties of mucins, by cleaving the sialic acid, 

assisting polysaccharide capsules in neutralising mucus barrier function [62], enhancing 

 
2 Phase variation – molecular mechanism that leads to switching of the gene-expression state (on or off) 

[61]. 

Figure 5 – Representation of the life cycle of Streptococcus pneumoniae and IPD. 

Reproduced from [70]. 
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S. pneumoniae capacity of establishing colonization. After establishing colonization, 

pneumococcus expresses a thicker capsule (opaque variant) to avoid the host immune 

system, leading to invasive infections [63].  

Antibodies are also an essential barrier against this pathogen. IgA is an 

immunoglobulin present mainly in mucosal surfaces (gastrointestinal, respiratory and 

urogenital tracts) that inhibits bacterial adhesion, neutralises bacterial toxins (extra- and 

intracellularly) and eliminates pathogens via an IgA-mediated excretory pathway. There 

are two types of IgA in humans, IgA1 which constitutes more than 90% of IgA in the 

human airway, and IgA2, a secretory form of IgA [64]. S. pneumoniae developed an 

evasion strategy to overcome this barrier by expressing IgA1 protease. This enzyme 

cleaves the human IgA1, preventing inflammation from being initiated, which leads to 

antibody-mediated clearance to only occur after sufficient amounts of other classes of 

specific antibodies have been produced [16]. 

It is estimated that in a human pharynx more than 700 different microbial species 

can reside [65].  Pneumococcus, to successfully colonize the host, has to compete for 

resources (space and nutrients) with other colonizing pathogens and within the same 

species (different pneumococcal serotypes – co-colonization) [25]. By expressing 

pneumocins (bacteriocins3), peptides with antimicrobial activity and Ply, this pathogen is 

able to lyse other microorganisms, included other S. pneumoniae, becoming more 

competitive and at the same time originating a source of DNA [66]. S. pneumoniae can 

incorporate exogenous DNA from closely related oral streptococcal and co-colonizing 

pneumococci, increasing, in this way, its fitness [16]. This pathogen also secrets H2O2, 

which reduces the growth of bacteria that it may be competing with – bactericidal effect 

[67]. Pneumococcus produces H2O2 via pyruvate oxidase, which forms hydroxyl, radicals 

that are harmful to bacteria. However, pneumococcus developed the ability to reduce 

reactive OH before it comes in contact with its DNA, becoming resistant to H2O2 [68,69]. 

By overcoming all of these barriers, S. pneumoniae is able to colonize the 

nasopharynx and firmly attach to epithelial cells [25]. Translocation from the 

nasopharynx to deeper tissues leads to the progression to invasive disease [70].  

 

  

 
3 Bacteriocins – proteins or peptidic toxins produced by bacteria to inhibit the growth of similar or 

closely related bacteria [70].  
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1.2.2 Pneumococcal Infections 

 

S. pneumoniae is responsible for a variety of invasive (meningitis, bacteremic 

pneumonia, bacteremia and sepsis) and non-invasive infections (acute otitis media, 

sinusitis and non-bacteremic pneumonia). It presents a higher burden in children, 

immunocompromised and elderly individuals, being the risk factors summarised in the 

table below. 

 

Table 1 – Risk factors associated with IPD. Adapted from [71,72]. 

Host factors 

Age (children <2 years and the elderly) 

Ethnic distribution (black Americans, Alaska Natives and Australian Aborigines). 

Primary/secondary immunological deficiencies (HIV-positive, kidney disease, 

leukaemia, treatment with an immunosuppressive drug, and others)  

Spleen and liver failure 

Pulmonary and cardiac dysfunction 

Respiratory viral co-infection (e.g. influenza A) 

Environmental 

factors 

Smoking 

Crowding (day-care attendance, hospitalization and institutionalization) 

Seasonal distribution (winter months) 

Pathogen 

factors 
Nasopharyngeal acquisition of a new serotype. 

 

I. Pneumonia 

Community-acquired pneumonia is the fifth most common cause of death in 

people older than 65 years old, and it is the most common cause of infection-related 

mortality [73,74], with S. pneumoniae being one of the most common pathogens. 

Pneumococcal pneumonia initiates with the aspiration of nasopharynx 

colonizing pneumococcus up to the lungs. Due to high organism densities and the 

proximity of blood vessels to the air spaces, pneumonia may complicate to 

bacteremia [73], leading to other diseases.  

Treatment remains a challenge because of the difficulties in diagnosis and the 

prevalence of antimicrobial resistance [73]. 

 

II. Bacteremia and Sepsis 

Bacteremia is defined as the presence of bacteria in the bloodstream. There are 

two types of bacteremia: Occult bacteremia – presence of bacteria in the blood of a 

well-appearing febrile individual without an identifiable focus of infection, and 
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Sepsis – bacteremia with clear signs of severe systemic illness caused by the 

activation of multiple overlapping cascades [73].  

Twenty-five to 30% of patients with pneumococcal pneumonia and 80% of 

meningitis patients progress to bacteremia [2]. In the last years, the routine use of 

polysaccharide conjugate vaccines (PCVs) has reduced the incidence of occult 

bacteremia in developed countries [73]. 

 

III. Meningitis  

Meningitis consists of an infection of the meninges (membranes that separate 

the brain and spinal cord). Pneumococcal meningitis usually occurs after 

bacteremia, infections of the ear or sinuses, or head trauma that causes 

communication between the subarachnoid space4 and the nasopharynx [2].  

Pneumococcal meningitis incidence varies with age, being the leading cause of 

disease in children (with ages between 1-23 months), along with Neisseria 

meningitis, and adults (with ≥60 years old) [73,75]. 

Since clinical characteristics cannot distinguish pneumococcal meningitis from 

other bacterial meningitis, microbiologic diagnosis is essential and requires a CSF 

sample [73]. 

Treatment requires the use of antimicrobial capable of achieving proper 

concentrations in the central nervous system (10-fold higher than the minimum 

inhibitory concentration (MIC) of the organism) [73]. 

 

IV. Sinusitis and Otitis Media  

These infections usually precede viral infections of the URT, where 

polymorphonuclear neutrophils obstruct the sinuses and ear canal [2].  

Otitis media, infection of the middle ear canal, occurs primarily in young 

children, while sinusitis occurs in patients of all ages [2,73]. Usually, otitis media 

and sinusitis are resolved without severe complications and antimicrobial therapy; 

however the same is not valid for those caused by S. pneumoniae [76]. 

 

 
4 Subarachnoid space – space between the arachnoid and the pia mater (constituents of the meninges), 

which is filled with cerebrospinal fluid [186].  
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1.2.3 Epidemiology 

 

Pneumococci infections are the primary cause of morbidity and mortality all over 

the world. WHO estimated that in 2010, approximately 1.3 million deaths annually were 

due to S. pneumoniae [77]. Despite the success that PCVs have achieved in developed 

countries, S. pneumoniae remains a major global healthcare challenge, especially in low-

income countries.   

 

Figure 6 – Global incidence rates of IPD in children with <5 years old in 2010. Reproduced from 

https://www.abcombibio.com/pneumococcal. 

In Europe, 23 886 confirmed cases of IPD were reported by 29 countries in 2017, 

with the highest number of confirmed cases being from the United Kingdom and France. 

The rates of IPD reported were higher in the elderly (18.9 confirmed cases per 100 000 

population in adults ≥65 years old) and on infants (14.5 confirmed cases per 100 000 

population in infants < 1 year old) [78]. 

 

 

Figure 7 – Confirmed IPD cases per 100 000 population reported by Europeans countries in 2017. Countries: Austria, 

Bulgaria, Croatia, Cyprus, the Czech Republic, Denmark, Estonia, Finland, France, Greece, Hungary, Iceland, Ireland, 

Italy, Latvia, Lithuania, Luxembourg, Malta, the Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, 

Spain, Sweden, and the United Kingdom. Reproduced from [78]. 

https://www.abcombibio.com/pneumococcal
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In Portugal, the incidence of paediatric IPD in all age groups has been decreasing 

since 2008-2012 [79], presenting a rate of 2.9 confirmed cases per 100 000 population 

in 2017 [78]. 

 

1.3 Vaccines  

 

1.3.1  Available pneumococcal vaccines  

 

Due to the global impact and the high morbidity and mortality, S. pneumoniae was, 

since the beginning, a priority for the development of a strategy that protects against 

pneumococcal disease – vaccination. 

Thirty years after the discovery of S. pneumoniae, Wright et al. conducted the first 

clinical trials of a whole-cell pneumococcal vaccination (Figure 2). However, it was only 

in 1977 that the first polysaccharide vaccine (vaccine against 14 pneumococcal serotypes) 

was licenced [80,81] (Figure 2). Nowadays, vaccination is the best strategy to prevent 

disease, by diminishing personal risks and allowing community protection – herd 

immunity5 [81]. Polysaccharide vaccines confer protection against pneumococcal disease 

by opsonophagocytic antibodies directed to bacterial capsule polysaccharides [82]. 

Pneumococcal polysaccharide vaccine 23-valent (PPV23) was licenced in 1983 

(Figure 2) and contains 23 purified capsular polysaccharides of S. pneumoniae (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) that represent 85-90% of the serotypes that caused invasive pneumococcal 

infections among children and adults in the USA [83]. Although the efficacy of this 

vaccine against IPD in 65 years old and older individuals is 75% in USA [84], the 

response induced in younger children was low [81], since PPV23 induces a T-cell-

independent response without immunological memory [85], being recommended its 

administration only in adults. To overcome this problem, in 2000 (Figure 2) a 7-valent 

pneumococcal conjugate vaccine (PCV7) against seven of the most frequent serotypes in 

the USA (4, 6B, 9V, 14, 18C, 19F and 23F) became available in the market [81]. This 

vaccine is composed of purified polysaccharides covalently attached to a protein 

(CRM197 [86]), which induces a T-cell-dependent response, producing IgG and memory 

 
5 Herd Immunity – indirect protection from infectious disease acquire when the majority of the 

population has become immune, protecting those who are not immune [187].  
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B-cells [87]. PCV7 demonstrated significant protection against IPD in all age groups, 

being recommended for use in children under five years old [81]. 

 

 

Figure 8 - Representation of serotypes included in pneumococcal vaccines. 

 

Despite the reduction in PCV7 serotypes IPD and carriage [88] in USA, it was 

observed an increased rate of IPD caused by non-PCV7 serotypes (serotypes not present 

in the PCV7). This led to the licensure of 10-valent pneumococcal conjugate vaccine 

(PCV10) (including all PCV7 serotypes plus serotypes 1, 5 and 7F) in 2009 and the 13-

valent pneumococcal conjugate vaccine (PCV13) (includes all PCV10 serotypes plus 

serotypes 3, 6A and 19A) in 2010 (Figures 2 and 8) [86]. Since its introduction, in 2001, 

in Portugal, the uptake of PCV7 in children was good, achieving  75% in 2008 [89], and 

with the replacement with PCV13, in 2012, the coverage was 63% [79]. PCV13 was 

introduced in the National Immunization Plan (NIP) in 2015 (Figure 2) with a 2+1 

schedule for children and in particular risk groups followed by PPV23 [90,91]. PPV23 is 

available in Portugal since 1996, but its uptake among adults is estimated to be low 

(around 10%) [92].  

The widespread use of PVCs led to a decrease in IPD incidence and carriage of 

these serotypes in vaccinated children and non-vaccinated population but allowed non-

vaccine serotypes (NVT) to colonize the nasopharynx and possibly cause IPD – Serotype 

replacement [81,93], which led to the study of new vaccination strategies. New vaccines 

are based on pneumococcal proteins that contribute to virulence, and that are present in 

all serotypes, where proteins like Ply, PspA, CbpA, PsaA, NanA, PiuA and PiaA seem to 

be the most promising targets.  [81]. These vaccines provide different degrees of 

protection, and there is clear evidence that immunization with certain combinations of 
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proteins provide additive or synergistic protection [94,95], being the combination Ply, 

PspA and CbpA the most effective [96].   

 

1.3.2  Serotype Replacement  

 

The decreased carriage of vaccine serotypes has as consequence the replacement of 

these serotypes for NVT in the nasopharynx, a phenomenon also known as serotype 

replacement. Several hypotheses have been proposed to explain this phenomenon. One 

hypothesis was the unmasking effect due to the limitations of the traditional serotyping 

methods [97,98]. Pneumococcus is able to co-colonize an individual, therefore, with 

reduction of vaccine serotypes, the increased detection of NVT would be attributed to the 

improvement of serotyping techniques and not because of a real increase in the 

acquisition of NVT.  However, new molecular methods have shown an actual increase in 

non-vaccine serotypes together with a decrease in vaccine types, which presents a 

limitation to this hypothesis [81,99].  

A broad consensus hypothesis that explains these observations is the co-

colonization combined with capsular switching. Capsular switching, which can be 

triggered by vaccination and antibiotic use pressure, occurs when an isolate of S. 

pneumoniae replaces its capsular locus with that of another S. pneumoniae serotype 

present in the same environment [18,81]. Co-colonization is essential for this 

phenomenon since it is the DNA reservoir that will allow the horizontal gene transference 

[100] (Figure below). In this way, pneumococcus that expressed a vaccine serotype can 

now express a NVT. Recent studies have shown that capsular switching occurred 

regularly before PCVs introduction and widespread antibiotic use, suggesting that this 

phenomenon is not a consequence of vaccination and antibiotic use, but that its evolution 

and increase was influenced by these two selective pressures [101].  
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Figure 9 – Representation of capsular switching. Reproduced from [81]. 

 

1.4 Antimicrobial Resistance  

 

1.4.1  Definition of resistance 

 

Centers for Disease Control and Prevention (CDC) estimates that at least 2 million 

people acquired, in 2013, severe infections from pathogens that were antimicrobial 

resistant [102], being S. pneumoniae one of them.  

S. pneumoniae antimicrobial resistance profiles are usually determined based on 

MIC using Etest strips or growth inhibition halos of disk diffusion susceptibility test. To 

assess antibiotic resistance, several professional bodies (the Clinical and Laboratory 

Standards Institute (CLSI); the British Society for Antimicrobial Chemotherapy (BSAC) 

and the European Committee on Antimicrobial Susceptibility Testing (EUCAST)) 

established rules regarding methods and their interpretations, to facilitate the comparison 

between studies [103]. The breakpoints, established by these institutions have in 

consideration the pharmacokinetic/pharmacodynamic properties of an antibiotic and the 

patient outcome, meaning that there can be changes in the definition of resistance[104]. 

An example of this situation was the breakpoints for penicillin, that were revised in 

January 2008 to redefine the susceptibility of meningeal and non-meningeal 

pneumococcal isolates (table below) [104,105].  
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Table 2 – Former and current CLSI breakpoints for penicillin in S. pneumoniae. Adapted from [106].  

 MIC (g/mL) 

 S I R 

Before January 2008 ≤0.06 0.12-1 ≥2 

After January 2008    

for meningitis ≤0.06 - ≥0.12 

for non-meningitis    

via intravenous administration ≤2 4 ≥8 

via oral administration ≤0.06 0.12-1 ≥2 

“S” – susceptible; “I” – intermediate; “R” – resistant. 

 

Many risk factors have been described to be associated with antibiotic-resistance in 

pneumococci. However, most of them can be linked to the selective pressure of antibiotics 

in eliminating susceptible strains [107].  

 

Table 3 – Resume of risk factors for resistance. Adapted from [105,107]. 

Host factors 

Age (children <2 years and elderly) 

Lack of PCV vaccination 

Exposure to antibiotics on an individual level 

HIV 

Environmental 

factors 

Crowding (hospitalization, urbanization and daycare attendance) 

Exposure to antibiotics at a national level 

Pathogen 

factors 
Bacterial clonal structure 

  

1.4.2  Mechanisms of Resistance  

 

I. -lactam Resistance 

(Penicillin, Cephalosporins and Carbapenems) 

-lactam antibiotics bound to penicillin-binding proteins (PBPs), that are 

responsible for cell wall synthesis, inhibiting the growth of pneumococci. S. 

pneumoniae has six different PBPs: 1a, 1b, 2a, 2b, 2x and 3 [107]. Resistance is 

achieved by alteration of target PBPs (mainly PBPs 2x, 2b and 1a), decreasing the 

antibiotic affinity [107]. S. pneumoniae acquires this altered PBPs by the 

acquisition of pbp genes from other streptococcal species, from the S. mitis group, 

by recombination creating mosaic genes [108]. Mutations in each PBP confer 

different degrees of nonsusceptibility to -lactam: low-grade resistance is 

associated with mutations in pbp2x;  mutation in pbp2b result in even higher levels 

of resistance and high levels of resistance required alteration in pbp1a [107]. 

Resistance to cephalosporins are associated with mutations in the pbp1a and pbp2x 
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genes and most of cephalosporin resistant strains are also penicillin resistant [107]. 

Carbapenem resistance, although the mechanism is not fully understood, it is 

known to be associated with decreasing affinity to PBP1a, PBP2x and PBP2b. In 

spite of the high prevalence of carbapenem resistance in Asia-Pacific region, this is 

not very common in European countries yet [109].   

 

II. Macrolide and Lincosamides Resistance 

(Erythromycin, Azithromycin, Clarithromycin and Clindamycin) 

Macrolides are bacteriostatic agents6 that act by inhibiting bacterial protein 

synthesis, by binding to the 23S ribosomal ribonucleic acid (rRNA) component of 

the 50S ribosomal subunit. The resistance to this antimicrobial class is mediated in 

S. pneumoniae by two primary mechanisms: target modifications and active efflux   

[105,107].  

Target modification is a resistance mechanism that results from the expression 

of a 23S ribonucleic acid (RNA) methylase encoded in the erm(B) gene, usually 

present in the Tn916 family transposons. This protein dimethylates the adenine 

residue at position 2058 on the 23S rRNA, reducing the affinity of the macrolides 

to the 23S binding site [107]. This process confers high-level resistance to 

macrolides, as well as lincosamides and streptogramins B7 (MLSB phenotype) 

[110]. Resistance can be expressed either constitutively (cMLSB phenotype – gene 

is always expressed, so isolates are always resistant to macrolides, lincosamides 

and streptogramins B [111]) or inducible (iMLSB phenotype – the presence of a 

macrolide induces resistance to lincosamides and streptogramins B [111]) [112]. 

An erm(A), subclass (TR) has also been shown to confer MLSB resistance in S. 

pneumoniae [112]. Most macrolide resistant pneumococci are also resistant to 

tetracycline since tet(M) gene is typically carried by the Tn916 family transposons  

[113].  

Efflux pumps confer low-level resistance to macrolides, but not lincosamides 

or streptogramins B (M phenotype). Active efflux is encoded by mef-class genes 

 
6 Bacteriostatic agents – biological/chemical agents that stops bacteria from reproducing but do not kill 

them. Bacteriostatic antimicrobials, when used, the duration of the therapy must be sufficient to allow the 

host immune system to act [188]. 
7 Streptogramins: Quinupristin and Pristinamycin.  
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that have three variants: the abundant mef(A), mef(E) and the rare variant mef(I) 

[107]. 

The dual phenotype resistance (presence of both the erm and the mef genes) in 

S. pneumoniae has been increasing, especially in Asia, but also in Europe, South 

Africa and United States [114]. 

 

III. Tetracycline Resistance 

Tetracycline is a broad-spectrum bacteriostatic drug, active against 

pneumococci, which was vastly used in clinical practice [107]. This antimicrobial 

acts by binding to the 30S ribosome subunit, inhibiting the bacterial protein 

synthesis. By expressing TetM or TetO proteins, encoded in tet(M) and tet(O) 

genes, respectively, S. pneumoniae is able to block the tetracycline action, by 

binding these proteins to the 30S ribosome subunit [115]. Although tetracycline is 

no longer used in clinical practice, resistance to this antimicrobial still persists. This 

may be explained by the fact that the tet(M) gene (most common in S. pneumoniae) 

is usually present in Tn916 transposons. This transposons often contain genes for 

resistance to other antibiotics, especially erm(B), which could explain the 

persistence of tetracycline resistance [105]. 

 

IV. Fluoroquinolone Resistance 

(Levofloxacin, Ciprofloxacin and Moxifloxacin) 

Fluoroquinolones are synthetic antibiotics used in the empirical treatment of 

respiratory tract infections and pneumonia in adults. This antibiotic binds to type II 

DNA topoisomerase enzymes (DNA gyrase and topoisomerase IV), vital for DNA 

supercoiling and chromosome segregation being, therefore, essential for DNA 

replication and cell division [107]. This antimicrobial binds to specific subunit sites 

of the enzymes (DNA gyrase was two subunits gyrA and gyrB that are homologous 

to the parC and parE of topoisomerase IV). Fluoroquinolones resistance in S. 

pneumoniae is mediated by two mechanisms: target alteration and active efflux.  

Target alteration consists of changes in the conformation of the subunits of the 

fluoroquinolone-binding enzyme (primarily gyrA in the DNA gyrase and parC in 

topoisomerase IV) due to the stepwise accumulation of mutations in the quinolone 
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resistance determining the region (QRDR) [107]. Single mutations in one of the 

enzymes ("first-step mutation") often present a susceptible phenotype but confer an 

elevated risk of acquiring full resistance to fluoroquinolones by acquiring a second 

mutation in the other subunit of the enzymes [107,116]. 

The efflux pump mechanism is poorly characterized, being only known that it 

is mediated by the membrane ABC-transporter protein PmrA and other factors. It 

confers a low-level of resistance by lowering intracellular fluoroquinolones 

concentrations, promoting the occurrence of QRDR mutations that will lead to high 

levels of resistance [117].  

 

V. Other Antimicrobial Resistance 

a. Chloramphenicol: it is a bacteriostatic agent that binds to the 23S rRNA of 

the 50S ribosomal subunit, preventing peptide formation [118]. Resistance 

to this antimicrobial in S. pneumoniae is due to the expression of a 

chloramphenicol acetyltransferase enzyme (CAT), encoded by the cat gene, 

that inactivates this antibiotic [105,107].  

b. Trimethoprim-sulfamethoxazole: it is a combined drug that inhibits 

successive steps in the folate synthesis pathway [119], essential for the DNA 

replication and cell division. Trimethoprim resistance in pneumococcus 

results from a single amino acid substitution (Ile-100 → Leu) in the 

dihydrofolate reductase (DHFR) protein. Resistance to sulphonamides is 

associated with chromosomal mutations within the gene encoding 

dihydropteroate synthase (DHPS) [107]. 

c. Telithromycin: it is a ketolide that binds to the domain II of the 23S rRNA 

of the 50S ribosomal subunit, inhibiting the protein synthesis [107]. 

Mutations in the domain II or V of the 23S rRNA ribosomal proteins L4 and 

L22 in S. pneumoniae confer resistance to this antimicrobial [120]. 

However, clinical telithromycin resistance in S. pneumoniae is rare [107]. 

d. Linezolid: it is an oxazolidinone that binds to the central loop segment of 

the domain V of the 23S rRNA of the 50S ribosomal subunit, inhibiting the 

protein synthesis. Resistance to this antimicrobial is rare in S. pneumoniae 



  INTRODUCTION 

 24 

and is due to the deletion of 6-bp in the gene encoding the riboprotein L4 

[121]. 

 

1.4.3  Epidemiology  

 

Antibiotic resistance is strongly associated with antibiotic consumption, varying 

based on geographic localization [122]. With the discovery of penicillin in 1928 [73], S. 

pneumoniae infections have been treated with this antibiotic [123]. However, 20 years 

later (in 1945) resistance to penicillin was selected by Eriksen et al. [124,125] and in 1967 

the first S. pneumoniae clinical strain non-susceptible to penicillin was detected [123]. 

Since then, antibiotic resistance in S. pneumoniae emerged all over the globe. In 1977, 

the first multi-drug resistant (MDR) pneumococcus8 was described [125] (Figure 2). 

In Europe, Streptococcus pneumoniae combined non-susceptibility to penicillin 

and macrolides has been increasing over the years. In 2017, non-susceptibility to 

penicillin and macrolides varied from 0.1% to 45.5%, presenting lowest incidence in 

Belgium (0.1%), Netherlands (1.1%) and Estonia (1.6%) and the highest incidence in 

Cyprus (45.5%), Malta (26.3%) and Romania (24.05%) [126]. 

 

 

 

 

 
8 MDR pneumococcus – defined as having resistance to at least three different classes of antibiotics 

[122]. 

Figure 10 – Proportion of S. pneumoniae combined non-susceptibility to penicillin and macrolides reported by Europeans 

countries in 2017. Countries: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, 

France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, 

Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, united kingdom. Reproduced from [126]. 
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In Portugal, between 2012-2014, the proportion of pneumococcus with non-

susceptibility to penicillin and macrolides has been decreasing, with a proportion of 

15.4% and 17.0% respectively [127].  

 

1.4.4  PMEN Clones  

 

With the emergence of antimicrobial resistance pneumococci worldwide, the need 

for the identification of resistant clones and monitoring their spread became essential. 

Although there is considerable diversity among resistant strains within most serotypes, a 

small number of successful clones has emerged in various countries and spread massively 

[128]. Therefore, in 1997, the Pneumococcal Molecular Epidemiology Network (PMEN) 

was established, in order to standardize the nomenclature and classification of resistant 

pneumococcal clones in the world (Figure 2) [129]. To be included in the PMEN, a clone 

must fill in some criteria: 1) the clone should have wide geographic distribution (isolated 

at least in two continents); 2) should be resistant to one or more antibiotics that are in full 

clinical use or be a global susceptible clone known to be important to the disease; 3) data 

on the clone needs to be published or in press before ratification by the network; and 4) a 

representative isolate of the clone must be made available for confirmation by molecular 

typing methods [129]. Filled all these criteria, the clone is given a name that follows a 

particular nomenclature: Countryfirst identified serotype-sequential numbering in network-

subsequent described serotype. In the case of capsular switch, it is indicated the new 

serotype variant after the sequential number [129]. 

The first PMEN identified was Spain23F-1 [130], which is associated with resistance 

to penicillin, chloramphenicol and tetracycline, being, in some cases, also associated with 

resistance to erythromycin [128]. Currently there are 43 documented clones in the PMEN 

[129], of which 26 are MDR [107]. With the introduction of PCV7, the prevalence of 

MDR clones Spain23F-ST81, Spain6B-ST90 and Taiwan19F-ST236 decreased, being 

replaced by serotype 19A strains mainly related to the expansion of two clonal complexes 

(CC) CC320 and CC230 [122]. Several studies also reported the emergence of new 

serotypes associated with MDR, such as 6C, 11, 15A, 23B, 33A and 35B [122]. 
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1.5 Typing Methods  

 

Typing methods are essential for the epidemiology study of bacterial diseases, 

providing valuable insight into the clonal spread analysis during epidemics, identification 

of route, transmission of infections and assessment of evolutionary changes following 

vaccination, in S. pneumoniae [131]. 

 

1.5.1  Serotyping 

 

Serotyping methods in S. pneumoniae include the Quellung reaction, latex 

agglutination and PCR-based methods. These methods distinguish pneumococcus 

isolates based on the CPS. Although S. pneumoniae has a high CPS diversity, a restricted 

number of serotypes cause the majority of human infections [132]. 

Quellung reaction is the standard gold method for serotyping encapsulated bacteria 

such as pneumococcus [133]. It consists of the sequential test of commercially available 

antisera pools until a positive reaction – agglutination – is observed [134]. There are two 

different nomenclatures systems: the Danish system and the American system, however, 

the Danish system is more widely used, where serotypes are grouped by antigenic 

similarities, based on cross-reactions between different types. When types serological 

cross-react, they are assigned a common serogroup [135]. This method is very reliable 

and reproducible but it is also laborious (requires expertise and uses antisera with high 

cost [134]), having other methods been developed: latex agglutination and PCR-based 

serotyping. Latex agglutination test (Pneumotest-Latex) is fast and simple but does not 

detect multiple serotype carriage [131]. PCR-based serotyping methods reside on the 

amplification of specific serogroups or serotypes genes. However, this method is highly 

expensive and only detects a certain number of serotypes [131]. 

With the development of antimicrobial resistance in only a fraction of the isolates 

expressing a specific serotype, it became essential to distinguish isolates from the same 

serotype [128], and techniques like Pulsed-Field Gel Electrophoresis (PFGE) and later 

Multilocus Sequence Typing (MLST) were developed. Given serotype relevance in the 

evaluation of pneumococcal vaccine efficacy, serotyping will remain an essential method 

in epidemiological studies [131]. 
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1.5.2  Molecular typing  

 

PFGE is a typing method that compares profiles generated by the digestion of the 

total DNA of a strain using SmaI [132]. This method allows the identification of clones 

by visual comparison of the generated profiles using arbitrary define rules, or by defining 

cutoff values in software-generated dendrograms [136]. PFGE was the dominant method 

used to type pneumococci. However, it required specialized expertise, an appropriate 

software for the analysis of large-data studies, and the comparison of results between 

laboratories was not straightforward, being replaced by MLST, which overcame these 

limitations [132]. 

MLST is based on the sequence of internal fragments of seven housekeeping 

genes (approximately 450 bp nucleotides [137]) [132]. To each different locus sequence, 

is assigned an allele number, being defined as an allelic profile that will correspond to a 

sequence type (ST) [137]. In S. pneumoniae,  aroE (shikimate dehydrogenase); ddl (D-

alanine-D-alanine ligase); gdh (glucose-6-phosphate dehydrogenase); gki (glucose 

kinase); recP (transketolase); spi (signal peptidase I) and xpt (xanthine 

phosphoribosyltransferase) are the housekeeping genes used for the MLST analysis 

[138]. In December of 2004, it was established a public database 

(https://pubmlst.org/spneumoniae/) that allows a rapid comparison between isolates 

characterized by MLST and previously characterized isolates [139].  

High throughput sequencing (HTS) is a method used to sequence multiple DNA 

molecules in parallel at the same time. Within this technology, different approaches have 

been developed that are used to create large data sets and allow a more comprehensive 

insight into cellular genomic and transcriptomic signatures [140]. With the development 

of relatively affordable techniques of HTS in the last decade, in particular of whole 

genome sequencing (WGS), the use of these techniques became common not only to 

determine the MSLT profiles, but also to obtain information regarding serotype 

identification, antibiotic resistance profiles, virulence factors [141], or even core genome 

MLST (cgMLST) [142]. cgMLST has the same principle as MLST, but instead of 

characterize genetic relationships between strains of the same species by the seven 

housekeeping genes, it types by doing a gene-by-gene allelic profiling of the core 

genome9 of the isolates [142]. This presents a more accurate characterization, since strains 

 
9 Core genome – genes present in all isolates of a given organisms. 
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from the same MLST ST can be genetically distant regarding the rest of the genome [143]. 

However, this method is still limited since it is unable to analysed similarities/differences 

present in the accessory genome10, which often integrate pathogenic components [142]. 

 Software was developed to facilitate the analysis of broad MLST data. 

goeBURST is an algorithm that “constructs an unrooted tree representation of the 

relationship of the isolates analysed, based on the number of differences in the allelic 

profiles, assigning isolates to clonal complexes (CC)” [132]. It also includes a tie-break 

rule not present in its previous software (eBURST), where in the case of a draw of STs, 

the one with the lower ST IDs take precedence over the higher ST IDs as the CC ancestral 

[132]. This model allows the detection of emergent clones-defined as genotypes that 

increase in number in the population, due to a random genetic drift or fitness advantage 

[132]. PHILOViZ is a free software that allows the analysis of sequence-based typing 

methods and another kind of information, like phenotypic and epidemiological data, by 

interacting with many public databases [144]. 

With the accessibility to perform WGS, we are able to analyse additional genetic 

information. SeroBA is an in silico software that allows the prediction of S. pneumoniae 

serotypes from HTS data. It uses a k-mer and local-assembly approach to detect and 

identify the cps locus by comparing it to an included database, adapted from the 

previously published PneumoCAT tool [145,146], and infer the serotype of the strain. 

The original PneumoCAT database comprised typing information for 92 serotypes, 

including FASTA sequences, gene presence/absence and single-nucleotide 

polymorphisms (SNP) information [146]. SeroBA further extended it to include five 

additional serotypes and two NT references [145]. Both PneumoCAT and SeroBA run 

directly from the raw reads.  

 

 
10 Accessory genome – genes present in some of the strains of a given organism. 
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2. AIMS OF THE STUDY  

 

The main objectives of this study were: 

• Phenotypic characterization of S. pneumoniae responsible for IPD in adults, 

isolated from 2015 to 2017 in Portugal, by serotyping and antimicrobial 

susceptibility testing. 

• Molecular characterization of the isolates by WGS to extract information 

regarding the MLST profiles of the isolates. 

• Compare phenotypic serotyping data with data from genome sequencing to 

evaluate the efficiency of both methods.  

• Compare data obtained with data from previous routine surveillance studies to 

evaluate the effect of vaccination in children in serotype distribution, levels of 

antimicrobial resistance and the circulating clones of S. pneumoniae in adults. 
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3. MATERIALS AND METHODS 
 

3.1 Collection of strains 
 

This study included S. pneumoniae isolates responsible for invasive infections in 

adults (≥18 years) during 2015 – 2017, provided by the Portuguese Group for the Study of 

Streptococcal Infections, involving microbiology laboratories of 61 hospitals throughout 

Portugal. Three different age groups were considered: young adults (18-49 years old), 

adults (50-64 years old) and the elderly (≥65 years old). 

IPD was defined as the isolation of S. pneumoniae from a normally sterile body site 

(such as blood, CSF, and others) or pneumococcal DNA detected in sterile samples such 

as pleural fluid or CSF. Only one isolate was considered per patient. 

Strains were identified as S. pneumoniae through conventional microbiology 

methods: colony morphology and haemolysis in blood agar, optochin susceptibility and 

bile solubility tests. When the identification was made using molecular methods, DNA was 

extracted from patient samples using the DNeasy Blood and Tissue kit (QIAGEN, Hilden, 

Germany) according to the manufacturer’s instructions. S. pneumoniae was identified by a 

singleplex real-time PCR (rPCR) of lytA and wzg genes performed on the Rotor-Gene 6000 

(Corbett Research, Cambridge, United Kingdom), using the Platinum quantitative PCR 

SuperMix-UDG (Thermo Fisher Scientific, Massachusetts, USA). A conventional 

multiplex PCR was performed to evaluate the quality of the purified DNA, with the 

amplification of  two human genes (human -actin and RNaseP) [147]. 

Haemolysis in blood agar: strains were grown in optimal conditions and incubated 

overnight. After this period, the haemolysis was observed.  

Optochin susceptibility: performed by the disk diffusion method, which consists 

of placing filter paper disks with 6 mm of diameter containing 5 g of optochin in 

Tryptone Soya Agar (TSA) plates and incubated overnight at optimal growth 

conditions. The strains were considered resistant to optochin when the growth 

inhibition halos measured less than 14 mm [5]. When a strain presented resistance to 

optochin, bile solubility test was performed.  

Bile solubility tests: this test was performed in tubes, where a control tube with the 

bacterial suspension plus 0.85% NaCl and other tube with the same bacterial 

suspension mixed with 2% sodium deoxycholate (DOC) were incubated at 35C and 
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after 20-30 min turbidity was observed. If the tube containing the DOC changed from 

turbid to translucent, the strain is soluble in bile, i.e., it is considered to be S. 

pneumoniae. 

 

All bacteria were stored at -80C in Tryptone Soya Broth (TSB) (bioMérieux, Marcy-

I’Étoile, France) supplemented with 15% glycerol. 

 

3.2 Serotyping 
 

Serotyping was performed through standard capsular reaction test, where specific 

antibodies reacted with their respective capsular polysaccharides. This method consists of 

blending approximately 1 L of serum containing specific antibodies (Statens Serum 

Institute, Copenhagen, Denmark) into a glass slide, and add 3 L of the bacterial 

suspension. When the capsular polysaccharides of the strain react with the serum, an 

agglutination occurs, usually macroscopically visible. The order of use of sera was based 

on the Chessboard system described by Sørensen [148], which intends to shorten the time 

of serotyping. 

Serotypes were classified into vaccine serotypes included: in PCV7 (serotypes 4, 6B, 

9V, 14, 18C, 19F, 23F), in PCV10 (all PCV7 serotypes plus 1, 5, and 7F), in PCV13 (all 

PCV10 serotypes plus 3, 6A and 19A), PPV23 (all PCV13 serotypes, except for serotype 

6A, plus serotypes 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F and 33F) and NVT that 

include all others serotypes and non-typable isolates. 

Because serotypes 15B and 15C have a high frequency of capsular switching, we 

choose to group isolates with these serotypes into a single group, named 15B/C. Due to 

difficulties in phenotypically distinguishing isolates from serotype 25A and serotype 38, 

and serotype 29 and serotype 35B, it was decided to also group into 25A/38 and 29/35B, 

respectively.  

In cases where the identification was performed by molecular methods, serotyping 

was realized by rPCR using 7 multiplex reactions that target three serotypes/serogroups: 3, 

7F/7A and 19A; 1, 15B/C and 23F; 14, 18C and 19F; 4, 6 and 9V/9A; 5, 11A/11D and 

16F; 8, 12F/12A/12B and 22F/22A; and 15A, 23A and 33F/33A/37 [147]. 
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3.3 Antimicrobial susceptibility testing 
 

Antimicrobial susceptibility was performed in Mueller-Hinton agar (Oxoid, 

Hampshire, United Kingdom) supplemented with 5% defibrillated sheep blood 

(Probiológica, Belas, Portugal) plates, inoculated with a 0.5 McFarland colony suspension 

and incubated overnight at 35C with the antibiotics in an atmosphere enriched with 5% 

CO2. 

For levofloxacin, norfloxacin, erythromycin, clindamycin, telithromycin, 

tetracycline, chloramphenicol, trimethoprim-sulfamethoxazole, vancomycin and linezolid, 

the Kirby-Bauer disk diffusion method was used by commercial disks (Oxoid, Hampshire, 

United Kingdom), according to the CLSI recommendations, except for norfloxacin where 

it was used the EUCAST recommendations [149,150]. In the case of penicillin, cefotaxime 

and levofloxacin (when the isolates were resistant to norfloxacin, using the Kirby-Bauer 

disk diffusion method) were determined by the MIC, using Etest strips (bioMérieux, 

Marcy-I'Étoile, France). The reference strain used as a control was S. pneumoniae 

ATCC49619.  

Table 4 – Concentration and breakpoints for used antibiotics. 

 Antibiotics 
Concentration 

(g/mL) 
S 

Non-susceptible 

I R 

Etest 

Penicillin 

0.002-32 

   

Parenteral ≤2 4 ≥8 

Meningitis  ≤0.06 - ≥0.12 

Cefotaxime 

0.002-32 

   

Meningitis  ≤0.5 1 ≥2 

Nonmeningitis ≤1 2 ≥4 

Disk 

Levofloxacin 5 ≥17 14-16 ≤13 

Norfloxacin  - - <11 

Erythromycin 15 ≥21 16-20 ≤15 

Clindamycin 2 ≥19 16-18 ≤15 

Tetracycline 30 ≥28 25-27 ≤24 

Telithromycin 15 ≥19 16-18 ≤15 

Chloramphenicol 30 ≥21 - ≤20 

Trimethoprim-

sulfamethoxazole 
25 ≥19 16-18 ≤15 

Vancomycin 30 ≥17 - - 

Linezolid 30 ≥21 - - 
“S”- susceptible; “I”- intermediate and “R”- resistant  

 

Macrolide resistance phenotypes (M and MLSB) were determined by the double disk 

method, in which erythromycin and clindamycin disks were placed 1 cm apart in a Mueller-

Hinton agar plate inoculated. Simultaneous resistance to erythromycin and clindamycin 

characterizes the MLSB phenotype (resistance to macrolides, lincosamides and 

streptogramins B), which can be constitutive (cMLSB) or inducible (iMLSB) (Figure 11 A 
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and B). Non-susceptibility to erythromycin only (Figure 11 C), indicates the M phenotype 

(resistance only to macrolides).  

The antimicrobial susceptibility testing and serotyping results for the pneumococcal 

strains isolated in the years 2015 and 2016 were already available; for the purpose of this 

thesis, only the phenotypic characterization of isolates collected in 2017 was performed. 

As indicated below (DNA extraction and sequencing), the molecular characterization 

included isolates collected in all three years. 

 

 

 

 

 

 
 

 

3.4 DNA extraction and sequencing 
 

Of the total strain collection, 50% of the strains of each serotype containing 10 or 

more isolates were selected for WGS. Whenever 50% of the strains of a given serotype 

represented less than 10 isolates, we sequenced 10 strains. For this, the bacteria were grown 

in Brain Heart Infusion (BHI) broth (Becton, Dickinson, New Jersey, USA) overnight at 

37C until an optical density between 0.7-0.9 was reached.  

DNA was extracted using the PureLink Genomic DNA Mini Kit (ThermoFisher 

Scientific, Massachusetts, USA), according to the manufacturer’s protocol, except for the 

addition of  20 L of RNAse incubated for 5 min at room temperature before the addition 

of 200 L of ethanol and a final elution volume of 5 L. NanoDrop 2000 (ThermoFisher 

Scientific, Massachusetts, USA) was used to evaluate the purity of the DNA and a 1% 

agarose gel with 5 L of sample with 2 L of loading buffer and a 1 Kb plus DNA ladder 

run for approximately 60 minutes at 120 V was used to check the quality of the 

pneumococcal DNA. Qubit (Invitrogen by ThermoFisher Scientific, Massachusetts, USA) 

was used to determine the DNA concentration, and the dilutions were performed with Tris-

HCl 10 mM pH 8 to obtain a final concentration of 10 ng/L.  

DA ERY 

A 

DA ERY 

B 

DA ERY 

C 

Figure 11 – Scheme of macrolide phenotypes identification. A- phenotype cMLSB; B- 

phenotype iMLSB and C- phenotype M. “ERY”- Erythromycin; “DA”- Clindamycin.    
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WGS libraries were prepared using paired-end Nextera XT DNA Library Prep Kit, 

Index Kit v2 (Illumina, San Diego, CA, USA) and sequenced on Illumina NextSeq 500 

system (Illumina) using NextSeq 5007550 Mid-Output v2 Kit (300 cycles) at Instituto 

Gulbenkian de Ciências’s Genomics Unit (Oeiras, Portugal). 

The quality assessment, control and de novo assembly of paired-end reads obtained 

was performed with the INNUca pipeline (https://github.com/B-UMMI/INNUca). INNUca 

v4.0 was run using a Docker image, providing Nextera XT adapter sequences for adapter 

removal and using an expected genome size of 2.1 Mb. 

Briefly, the quality of the reads was checked with FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and cleaned using 

Trimmomatic [151]. De novo assembly was performed using SPAdes [152] and 

subsequently polished using Pilon [153]. The coverage was evaluated based on genome 

size and on the genes included in the MLST schema of S. pneumoniae. Contamination is 

evaluated using Kraken [154] and the presence of multiple alleles in the genes included in 

the MLST schema of S. pneumoniae. MLST type was determined for the final draft 

assembly using the MLST software (https://github.com/tseemann/mlst), with alleles and 

STs being assigned using the pneumococcal database available at 

https://pubmlst.org/spneumoniae/. The draft assemblies were annotated using Prokka 

(https://github.com/tseemann/prokka). This analysis was performed by the bioinformatics 

group of MRamirez lab. 

When new alleles were found, they were submitted to the pneumococcal database 

curator for number attribution. Genetic lineages were assigned using the goeBURST 

algorithm and all the STs available in the online pneumococcal MLST database 

(https://pubmlst.org/spneumoniae/) in December 2019. Results were visualized at 

PHYLOViZ [144]. CCs were defined at the single-locus-variant (SLV) level. 

 All sequenced strains were serotyped by SeroBa version 1.0.1 [145] with the 

provided database (updated at 7 August 2017) and the default parameters. When the 

serotyping and SeroBa results were not concordant, we used PneumoCAT, with default 

parameters, as it uses a strictly mapping based approach. 

 

  

https://github.com/tseemann/mlst
https://pubmlst.org/spneumoniae/
https://github.com/tseemann/prokka
https://pubmlst.org/spneumoniae/
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3.5 Statistical Analysis 
 

To evaluate the diversity of the population, the Simpson's Index of Diversity (SID) 

was determined, which measures the discriminatory ability of typing systems (i.e., 

probability of two samples, randomly pick from a population, belonging to two different 

types) [155]. The Adjusted Wallace coefficient (AW) was calculated to determine how 

much new information was obtained from a typing method, given another method 

[155,156]. A high value of AW suggests that partitions given by one method could have 

been predicted by another, i.e., the use of both methods is redundant [157]. These two 

measures were obtained using the tool available at http://www.comparingpartitions.info.  

Odds ratio (OR) was determined to assess the association between variables and the 

Cochran-Armitage test was used to calculate trends. The p-values obtained in both 

statistical methods were corrected using the False Discovery Rate (FDR) [158], and these 

two methods were estimated using the Epitools and Multtest packages for the R language. 

A p<0.05 was considered significant.

http://www.comparingpartitions.info/


RESULTS 

 

 36 

4. RESULTS 

  

4.1 Isolate collection 
 

A total of 1608 cases of adult invasive pneumococcal disease were reported between 

2015 and 2017, of which 1607 were isolates and in one case, it was only possible to perform 

the diagnosis by PCR detection of pneumococcal DNA. Regarding the biological source of 

the isolates, 1499 (93.2%) were recovered from blood, 74 (4.6%) from CSF, 19 (1.2%) 

from pleural fluid, 9 (0.6%) from peritoneal fluid, 5 (0.3%) from synovial fluid and 2 

(0.1%) from pericardial fluid. The case detected by molecular methods was recovered from 

CSF. The total number of cases per year remained constant, with 530 cases in 2015, 502 in 

2016 and 576 in 2017.  

The mean age of the patients was 66.9 and the mode was 79. Regarding the 

distribution of patients by age group, 299 (18.6%) of the cases were from young adults 

(between 18 and 49), 362 (22.5%) from adults with ages between 50 and 64 and lastly 947 

(58.9%) from elderly (with 65 or more years old). Considering the gender of the patients, 

59.8% (n=961) were male and 40.2% (n=647) were female.  

 

4.2 Serotype distribution  
 

Within this collection, 56 different capsular types were identified (SID=0.924; 

CI95%: 0.918-0.931), where serotypes 8 (n=287, 17.8%), 3 (n=236, 14.7%), 22F (n=119, 

7.4%), 14 (n=111, 6.9%), 19A (n=100, 6.2%) and 9N (n=66, 4.1%) were the most frequent, 

being responsible for 57.1% (n=919) of invasive adult infections between 2015 and 2017.  

The distribution of serotypes regarding age groups was highly diverse, but the 

overlapping of the confidence intervals implies that all age groups were similarly diverse. 

In young adults, 43 serotypes were detected (SID=0.894; CI95%: 0.868-0.921), in adults 

in between 50 and 64 years old, 44 serotypes were detected (SID=0.911; CI95%: 0.893-

0.928) and in the elderly were detected 50 serotypes (SID=0.928; CI95%: 0.921-0.935). In 

young adults, the most frequent serotypes were: 8, 3, 22F, 9N, 19A and 20 (by decreasing 

order), accounting for 57.5% of the isolates. For the adults between 50 and 64 years old, 

the main serotypes were serotypes 8, 3, 14, 11A, and 19A (by decreasing order), together 

accounting for 54.2% of the isolates. For the elderly, serotypes 3, 8, 22F, 14, and 19A (by 

decreasing order) accounted for 53.5% of the isolates. The most important serotypes for all 
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age groups are represented in the Figures 12 and 13. In the first two age groups, young 

adults and adults aged between 50 and 64 years, serotype 8 was the most frequent serotype, 

responsible for 28.8% and 21.6% of the infections, respectively. However, in the last age 

group, the most frequent cause of infection was serotype 3 (15.8%). Nevertheless, analysis 

of the association between age groups and serotypes, revealed that serotype 8 had a positive 

association with adults 50-64 years (p=0.042) significant before FDR correction and with 

young adults (p<0.001) significant after FDR correction. Serotype 3 did not present an 

association with any of the age groups. Young adults also presented an association with 

serotypes 1, 4 and 7F significant after FDR correction (p=0.022, p=0.005 and p=0.035, 

respectively). Adults with ages between 50 and 64 were not associated with any other 

serotype and the elderly were associated with serotypes 31, 22F and 6C (p=0.003, p<0.001 

and p=0.001, respectively, all significant after FDR correction) and serotype 19A 

significant before FDR correction (p=0.021) (Results resume in Table S1 of the 

Supplementary Data).  

 

 

Figure 12 – PCV vaccine serotypes distribution by age groups ([18-49]; [50-64] and ≥65 years old) in 2015, 2016 and 

2017. Arrows represent the serotypes presented in PCV7, PCV10 and PCV13. "Others" refers to all serotypes presented 

in the study population, except for serotypes presented in PCV vaccines. 
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PCV7 vaccine serotypes constituted 14.0% (n=225) of all isolates. AddPCV10 

serotypes (serotypes present in PCV10, but not in the PCV7) were responsible for 2.2% 

(n=36) of the isolates and the addPCV13 serotypes (serotypes present in the PCV13, but 

not in the PCV7 and PCV10) were responsible for 21.4% (n=344) of the isolates. Serotype 

5, one of the serotypes presented in PCV10 was not detected in the study population (Figure 

12). Non-PCV serotypes held for 62.4% (n=1003) of the cases, of which 67.9% (n=681) 

were serotypes exclusively found in PPV23 (addPPV23) (Figure 13).  

 Serotype diversity was high in all study years and similar, due to the SID confidence 

intervals overlapping (Table below). The five most frequent serotypes (serotypes 8, 3, 22F, 

14 and 19A) were the most frequent serotypes in all three study years, despite different 

distributions (Figures 12 and 13). Serotype 1 was isolated only in 2015 (n=2) and 2016 

(n=2) (Figure 12). Some serotypes appeared only in one of the years, which was the case 

of serotypes: 37, 39, 24A, 28A, 33A and 35A in 2015; 43, 11D, 11F, 24B and 35B in 2016 

and 12A, 15F, 18A, 6D and 9A in 2017. 

  

Figure 13 – Distribution of Non-PCV serotypes by age groups ([18-49]; [50-64] and >65 years old) in 2015, 2016 and 

2017. A - Distribution of serotypes presented only in PPV23, where “Others” refers to all serotypes present in PPV23, 

which have one age group and year with <10 isolates. B – Distribution of NVT serotypes, where “Others” refers to all 

serotypes not included in a pneumococcal vaccine (PCVs and PPV23), which have one age group and year with <10 

isolates. 
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Table 5 – Simpson's index of diversity and respective 95% confidence intervals for serotypes distribution per study 

year. 

Year SID (CI95%) 

2015 0.934 (0.925-0.943) 

2016 0.920 (0.908-0.932) 

2017 0.917 (0.905-0.930) 

 

 Cochran-Armitage test was used to examined possible trends in serotypes 

distribution over the study period. Serotype 8 showed an increasing trend (p=0.019, 

significant before FDR correction) and serotypes 6C and 7F showed a decreasing trend 

(p=0.007 and p=0.033, respectively, significant before FDR correction). This test was also 

used to evaluate serotype variation between 2012-2017 [127], where serotypes 8 and 12F 

increased (both p<0.001) significantly after FDR correction and serotypes 1, 12B and 7F 

decrease significantly after FDR correction (all p<0.001) (results resume in Table S2 of the 

supplementary data).  

 

4.3 Antimicrobial susceptibility 
 

Antimicrobial susceptibility testing was performed for the 1607 isolates and it is 

resumed in the figure below. No resistance to vancomycin and linezolid was detected. 

There was no statistically significant change within the proportion of non-susceptibility to 

any antimicrobial class between 2015 and 2017. 
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Figure 14 – Resume of the antimicrobial non-susceptibility isolates included in this study. “PEN”- penicillin; 

“LEV”- levofloxacin; “NOR”- norfloxacin; “ERY”- erythromycin; “DA”- clindamycin; “TEL”- telithromycin; 

“TET”- tetracycline; “C”- chloramphenicol; “SXT”- trimethoprim-sulfamethoxazole; “CT”- cefotaxime. 
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Overall, isolates Penicillin Non-Susceptible Pneumococci (PNSP) represented 

14.9% (n=239) of the collection, of which 58.6% (n=140) were also non-susceptible to 

erythromycin (EPNSP, isolates non-susceptible to penicillin and erythromycin) (Figure 

15). However, if the current CLSI breakpoints for parenteral penicillin [104] were 

considered, only 1.1% (n=17) of the isolates would have been considered resistant to 

penicillin. A total of 263 strains (16.4%) presented non-susceptibility to erythromycin 

(ERSP), of which 220 isolates (83.7%) expressed the cMLSB phenotype and 43 isolates 

(16.3%) expressed the M phenotype.  

In most of the cases, the penicillin non-susceptible isolates were intermediately 

resistant (n=224, 93.7%). Moreover, only two cefotaxime non-susceptible isolates were 

detected, also intermediately resistant. Resistance to telithromycin (n=2, 0.1%) was 

observed only in 2015. Among the collection, 501 (31.2%) of the strains presented non-

susceptibility to at least one class of antibiotics, and 226 strains (14.1%) were MDR, i.e., 

non-susceptible to at least three antibiotics.  

The correlation between serotype and antimicrobial resistance was determined by the 

AW coefficient. The AW for serotype and PNSP was 0.649 (CI95%: 0.581-0.717), and the 

AW for serotype and ERSP was 0.5687 (CI95%: 0.495-0.640). Twenty-seven different 

serotypes were detected among the PNSP strains, where the most prevalent serotypes were 

14, 19A, 15A, 6C and 11A (in decreasing order), responsible for 74.9% of these isolates. 

In the case of ERSP, 30 serotypes were found, where serotypes 14, 19A, 6C, 19F and 15A 

(in decreasing order) accounting for 68.1% of these isolates. Within the EPNSP, 16 

serotypes were detected, in which serotypes 14, 19A, 15A, 6C and 19F (by decreasing 

order) were the most prevalent serotypes, contributing to 87.9% of the EPNSP (Figure 15).  
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PCV7 and addPCV13 vaccine serotypes represented 51.0% (n=122) and 15.5% 

(n=37) of the PNSP isolates, respectively, where there were no isolates non-susceptibility 

to penicillin among the addPCV10 vaccine serotypes. In ERSP isolates, PCV7 and 

addPCV13 vaccine serotypes represented 37.6% (n=99) and 19.0% (n=50) of the strains, 

respectively (no strain presented resistance to erythromycin among the addPCV10 vaccine 

serotypes). 

When analyzing the association between antimicrobial non-susceptibility and 

serotype, we found that PNSP strains were significantly associated with serotype 14, 15A, 

19A and 6C (all p<0.001), significant after FDR correction and serotypes 19F, 23F and 9V 

(p=0.014, p=0.011 and p=0.022, respectively), significant only before FDR correction. 

Regarding ERSP strains, serotypes 14, 15A, 19A, 19F, 33A, 33F, 6B and 6C (all p<0.001) 

presented a significant association after FDR correction. It was also observed an 

association between PNSP, ERSP and the elderly population, only significant before FDR 

correction (p=0.032 and p=0.023, respectively) and EPNSP and the same group of patients, 

significant after FDR correction (p=0.015) (results resume in the Tables S3 and S4 of the 

supplementary data).  

Regarding other antibiotics, 13.7% (n=220) were clindamycin resistant, 12.3% 

(n=197) were tetracycline resistant and 12.5% (n=201) were trimethoprim-

sulfamethoxazole resistant (Table 6). The most frequent serotypes presented by isolates 

resistant to these antibiotics are resume in the table presented below. Serotypes 14, 19A, 
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Figure 15 – Distribution of penicillin and erythromycin susceptibility profiles for isolates of S. pneumoniae serotypes 

by study year (2015, 2016 and 2017). The arrows represent serotypes presented in PCV7, PCV10 and PCV13. "Others"- 

all serotypes presented in the study population, except for serotypes presented in PCV vaccines and serotypes 6C, 11A, 

15A and 33F; “PNSP”- penicillin non-susceptible isolates; “ERSP”- erythromycin resistant isolates; and “EPNSP”- 

isolates presenting erythromycin resistance and penicillin non-susceptibility. 
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6C, 15A and 19F (by decreasing order) were responsible for 75.9% of clindamycin resistant 

isolates; serotypes 19A, 6C, 19F, 3 and 15A (by decreasing order) contributed to 60.9% of 

the tetracycline resistant isolates and serotypes 14, 19A, 24F, 11A and 19F (by decreasing 

order) were held for 56.2% of the trimethoprim-sulfamethoxazole resistant strains. 

 

Table 6 – Resume of the most frequent serotypes among non-susceptible isolates in adults between 2015 and 2017. 

Serotype n S 
Non-susceptible to 

PEN LEV NOR ERY DA TEL TET SXT C CT VA LZ MDR 

3 236 200 6 4 18 11 10 0 18 6 3 0 0 0 12 

6C 41 5 19 1 2 32 32 0 31 1 0 0 0 0 31 

8 287 268 3 1 5 5 4 0 10 2 3 0 0 0 6 

11A 51 33 11 0 5 3 0 0 2 11 0 0 0 0 2 

14 111 3 99 1 3 61 50 0 13 54 2 2 0 0 57 

15A 40 15 22 0 1 24 24 0 14 2 0 0 0 0 22 

19A 100 54 28 2 4 36 36 0 38 23 3 0 0 0 37 

19F 41 8 12 0 2 26 25 0 19 10 4 0 0 0 19 

23F 18 9 7 0 0 2 0 2 0 2 0 0 0 0 1 

24F 19 3 2 0 0 4 4 0 3 15 0 0 0 0 4 

33F 14 3 0 0 0 11 11 0 8 0 0 0 0 0 8 

Others 649 505 30 1 21 48 24 0 41 75 13 0 0 0 27 

Total 1607 1106 239 10 61 263 220 2 197 201 28 2 0 0 226 

“n”- total number of isolates; “S”- susceptible strains “PEN”- penicillin; “LEV”- levofloxacin; “NOR”- norfloxacin; 

“ERY”- erythromycin; “DA”- clindamycin; “TEL”- telithromycin; “TET”- tetracycline; “SXT”- trimethoprim-

sulfamethoxazole; “C”- chloramphenicol; “CT”- cefotaxime; “VA”- vancomycin; “LZ”- linezolid; “MDR”- Multi-

drug resistant; “Others”- other serotypes and non-typable strains detected. At bold is represented the PCV serotypes. 

 

Serotype 19A was the serotype who contributed the most for tetracycline resistance 

(n=38, 19.3%), the second most frequent serotype among clindamycin resistant strains 

(n=35, 15.9%) and trimethoprim-sulfamethoxazole resistant isolates (n=23, 11.4%). Most 

strains of serotype 14 presented non-susceptibility to at least one antibiotic (n=108, 97.3%), 

being the ones who contributed the most for clindamycin resistance (n=51, 23.2%) and 

trimethoprim-sulfamethoxazole resistant isolates (n=53, 24.1%). However, among 

tetracycline resistant isolates, it was not one of the most frequent serotypes, being 

responsible for only 6.6% (n=13) of the cases. Concerning MDR strains, serotypes 14, 19A, 

6C and 15A (in decreasing order) were the most frequent serotypes, responsible for 65.0% 

of these isolates.  

To evaluate the association between the resistance to these antibiotics and their most 

frequent serotypes and age groups, the OR was calculated, being the results resume in 

Tables S5 and S6 of the supplementary data.  
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A diverse variety of serotypes was found in levofloxacin, norfloxacin and 

chloramphenicol resistant isolates, highlighting, in the case of norfloxacin, serotype 3, 

which was responsible for 29.5% (n=18) of these isolates. The two strains showing non-

susceptibility to telithromycin were from serotype 23F, and both strains non-susceptible to 

cefotaxime were from serotype 14 (Table 6).  

Cochran-Armitage test was used to evaluate antimicrobials non-susceptibility 

variation between serotypes from 2012-2017 [127], where it was observed an increased 

trend of serotypes 8 and 22F (both p=0.040) significant before FDR correction and a 

decrease trend of serotype 19A (p<0.001) significant after FDR correction among the 

PNSP isolates. In ERSP isolates, serotypes 3, 22F and 33F showed an increasing trend 

(p=0.014, p=0.026 and p=0.021, respectively), while serotypes 19A, 33A and 33B showed 

a decreasing trend (p=0.007, p=0.034 and p=0.031, respectively) before FDR correction 

(results resume in Table S7 of the supplementary data). Serotype 14 was only correlated 

with a decreasing trend (p=0.044) significant before FDR correction among the cefotaxime 

non-susceptible isolates between 2012-2014 and 2015-2017. In serotype 19A, resistance to 

penicillin, erythromycin, tetracycline, trimethoprim-sulfamethoxazole and clindamycin 

presented an overall decreasing trend, when comparing both periods (results resume in 

Table S7 of the supplementary data). 

 

4.4 SeroBa 
 

  Of the 807 strains sequenced, 37 strains showed inconsistent serotyping results.  

Although most of the differences (n=27) were due to incorrect annotation, specially due to 

the annotation of serotype 12F as serotype 12B in the phenotypic serotyping assay, since 

the agglutination with 12b serum corresponds to serotype 12F, 10 strains (1.2%) still 

presented a discrepancy between phenotyping serotyping and SeroBa analysis. 

PneumoCAT results for these 10 strains were concordant with the SeroBa results. The 

strains were cultured and phenotypic serotyping was repeated having confirmed the initial 

results. Since the STs of these strains, as determined from the genomic information, showed 

a better association to the in sillico serotyping results, it was assumed that there was an 

error in the labelling during DNA extraction process of this strains and these strains were 

removed from the PHYLOViZ analysis. 
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4.5 Molecular Characterization 
 

In addition to the 10 strains removed from the PHYLOViZ analyses due to 

inconsistencies between the phenotypic serotyping results and the genotypic serotyping 

results, 9 strains were also removed since they presented contaminations in their sequence 

results. Moreover, for 55 isolates initially selected, the sequencing results did not arrive in 

time and were excluded from the analysis. Given these limitations, the final collection of 

sequenced isolates comprised a total of 726 strains.  

Among these, 172 different STs (SID=0.956, CI95%: 0.947-0.964) were found, 

grouped in 56 different CCs (SID=0.789, CI95%: 0.761-0.817) according to the 

goeBURST, when used all STs deposited in the MLST database (December 2019). The 

most frequent STs (grouping more than 10 isolates) were ST53 (mainly serotype 8; n=116, 

16.0%), ST180 (serotype 3; n=62, 8.5%), ST433 (serotype 22F; n=51, 7.0%), ST66 

(serotype 9N; n=30, 4.1%), ST143 (serotype 14; n=23, 3.2%), ST232 (serotype 3; n=19, 

2.6%), ST156 (mainly serotype 14; n=17, 2.3%), ST408 (serotype 11A; n=14, 1.9%), 

ST386 (serotype 6C; n=12, 1.7%), ST235 (mainly serotype 20; n=10, 1.4%) and ST63 

(mainly 15A; n=10, 1.4%), accounting for half of the isolates analyzed (50.1%).  

Twenty-five new alleles were identified, of which 16 were designated: 505 

(ST15150) for the aroE; 976 (ST15149), 977 (ST15157), 978 (ST15151) and 979 (ST 

15152) for the ddl; 658 (ST15145) for the gdh, 693 (ST15156), 694 (ST15144), 695 

(ST15153) and 696 (ST15147) for the gki; 459 (ST15148) for the recP and 643 (ST15155), 

644 (ST15146) and 645 (ST15154) for the spi. The other 9 alleles were sent to the MLST 

database curator for allele number attribution. However, at the time of the writing of this 

thesis, the allele numbers  have not been attributed yet, so a new allele number (absent from 

the MLST database) was ascribed to each of the alleles and profiles (STs: 30001, 30003, 

30005, 30009, 30010, 30012, 30015, 30016 and 30017).  

Twenty-nine new allelic combinations were identified as STs: 15144, 15145, 

15146, 15147, 15148, 15149, 15150, 15151, 15152, 15153, 15154, 15155, 15156, 15157, 

15064, 15065, 15066, 15067, 15068, 15069, 15070, 15071, 15081, 15082, 15083, 15084, 

15085, 15086 and 15087. 

 There was a low correlation between CCs and serotypes (AW=0.308, CI95%: 

0.232-0.384). The serotype distribution among the STs found in the 13 major CCs (n≥10 

isolates) are presented in the Table below, accounting for 86.4% (n=627) of the sequenced 

isolates and Figure 16 represents the STs and the main CCs found among the collection. 
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CC156 (n=309) expressed mostly vaccine serotypes, especially PPV23 serotypes (61.8% 

of CC156 isolates), particularly serotypes 8, 9N, 11A and 17F. Among the major CCs, 

isolates presenting PPV23 serotypes isolates, were grouped also in other CCs, mainly 

serotype 22F in CC433, serotype 10A in CC97 and serotype 20 in CC235. PCV7 serotypes 

were mostly included in CC156 (25.9% of the isolates belonging to this CC), namely 

serotypes 14, 23F and 19F, and also in CC180 (serotype 18C).  

AddPCV13 serotypes were included in diverse CCs, manly in CC180, CC260, 

CC378 (serotype 3), CC199 and CC994 (serotype 19A). Serotype 7F isolates, were 

included in CC191. The information regarding the STs found in CCs with less than 10 

isolates are shown in Table S8 of the supplementary data.  

 
Table 7 – Serotypes distribution of the most frequent STs found in the 13 major CCs (n≥10 isolates) identified by 

goeBURST. 

CC (n) ST Total Dominant serotype (n) Other serotypes 

156 (309) 

53 116 8 (115) 3 (1) 

66 30 9N (30) - 

143 22 14 (22) - 

156 17 14 (16) 9V (1) 

408 14 11A (14) - 

63 10 15A (9) 11A (1) 

162 6 24F (5) 9V (1) 

338 6 23F (6) - 

392 6 17F (6) - 

Others 82 19F (14) 

8 (8), 14 (10), 11A (9), 12F (2), 

15A (8), 15B/C (1), 17F (2), 19A 

(9), 22F (1), 23B (2), 23F (2), 24F 

(2), 33F (1), 6B (1), 6C (2), 9N 

(1), 9V (7) 

180 (98) 

180 62 3 (62) - 

1766 9 31 (9) - 

113 8 18C (7) 8 (1) 

Others 19 3 (15) 31 (3), 9N (1) 

433 (55) 
433 51 22F (51) - 

10220 4 22F (4) - 

378 (22) 
232 19 3 (19) - 

1377 3 3 (3) - 

97 (21) 
97 10 10A (10) - 

Others 11 35F (9) 10A (2) 
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Table 7 (continued) 

CC (n) ST Total Dominant serotype (n) Other serotypes 

235 (21) 

235 10 20 (9) 22F (1) 

10047 7 20 (7) - 

Others 4 20 (4) - 

439 (21) 
439 5 23B (5) - 

Others 16 23A (12) 23B (3), 23F (1) 

199 (15) 
416 5 19A (5) - 

Others 10 15B/C (5), 19A (5) - 

260 (15) 

260 8 3 (8) - 

1220 6 3 (6) - 

15155 1 3 (1) - 

315 (15) 
386 12 6C (12) - 

Others 3 6C (3) - 

994 (13) 
994 9 19A (9) - 

4197 4 19A (4) - 

30 (11) 
30 9 16F (9) - 

Others 2 16F (1), 6C (1) - 

191 (11) 
191 9 7F (9) - 

Others 2 7F (2) - 

“Others”: STs with <10 isolates. 
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Figure 16 – Representation of all STs identified and indication of their CCs, highlighting the major CCs. STs linked by a line are SLVs and STs in grey are singletons. The scheme was done 

using PHYLOViZ [144]. 
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There was a high correlation between STs and serotypes (AW=0.982, CI95%: 

0.960-1.000), although some STs presented more than one serotype (Tables 7 and S8), 

which is consistent with the relatively low AW between serotypes and STs (AW=0.496, 

CI95%: 0.442-0.549). The genetic diversity varied with the serotypes, with some 

presenting a high diversity (SID>0.8), such as serotypes 19A, 19F, 9V, 20, 15B/C, 23A, 4 

and  29/35B and others a low diversity (SID<0.3), such as serotypes 18C, 8, 22F and 9N 

(Figures 17, 18 and 19). Overall, there was a higher genetic diversity among PCV13 

serotypes and a lower genetic diversity among PPV23 and NVT serotypes. However, for 

serotypes 19F, 9V and 23A, the wide variety of STs did not result in a high diversity of 

CCs, with a max of 3 CCs being detected.    

 

 

Figure 17 – Distribution of STs according to serotypes of the isolates causing adult IPD in 2015-2017 and expressing 

serotypes included in the conjugate vaccines. The respective SID values are indicated on top the bars and their respective 

confidence intervals are in parenthesis. “f” – represents the STS considered by goeBURST as founders of a CC; “p” – 

represents STs that matched with PMEN clones; “a”, “b”, “c” and “d” – represent STs that belong to the same CC in each 

serotype; “Others” – represent the isolates included in STs with <4 isolates.  
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Figure 18 – Distribution of STs according to serotypes of the isolates causing adult IPD in 2015-2017 and expressing 

serotypes included exclusively in the PPV23 vaccine. The respective SID values are indicated on top the bars and their 

respective confidence intervals are in parenthesis. “f” – represents the STS considered by goeBURST as founders of a 

CC; “p” – represents STs that matched with PMEN clones; “a” – represent STs that belong to the same CC in each 

serotype; “Others” – represent the isolates included in STs with <4 isolates. 

 

Figure 19 – Distribution of STs according to serotypes of the isolates causing adult IPD in 2015-2017 and expressing 

NVT serotypes. The respective SID values are indicated on top the bars and their respective confidence intervals are in 

parenthesis. “f” – represents the STS considered by goeBURST as founders of a CC; “p” – represents STs that matched 

with PMEN clones; “Others” – represent the isolates included in STs with <4 isolates; “NA” – Not applied.  
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A total of 216 isolates (29.8%) were related to 11 of the 43 PMEN clones 

(Colombia23F-ST338, Denmark12F-ST218, England14-ST9, Netherlands18C-ST113, 

Netherlands3-ST180, Netherlands7F-ST191, Netherlands8-ST53, Portugal19F-ST177, 

Sweden15A-ST63, Sweden4-ST205 and Spain9V-ST156). Among these isolates, three 

strains have the same serotype and ST as the PMEN clones, but different antimicrobial 

resistant profiles. One of these cases was the PMEN clone Portugal19F-ST177, where all 

the isolates identified (n=2) presented a susceptibility profile. Additionally, 9 SLVs and 

19DLVs of PMEN clones were identified (Figures 17, 18 and 19). It was also observed that 

some STs were associated with serotypes that were not described in the S. pneumoniae 

MLST database (https://pubmlst.org/spneumoniae/), being the results resume in the Table 

below. 

Table 8 – Difference between serotypes associated with STs found in the study and in the MLST database. 

ST (n) 
Serotype present in the 

collection (n) 

Serotype present in the MLST 

database 

53 (116) 3 (1) 8 

63 (10) 11A (1) 15A, 19A, 23F, 19F, 14 

113 (8) 8 (1) 18C, 24F, 7F, NT, 18B 
193 (2) 15B/C (1) 19A, 21, 14, NT, 18C, 19F 

235 (10) 22F (1) 20, 7C 

445 (1) 22F (1) 33A, 33F 

505 (4) 9N (1) 3, 15A, 6, 19A 

“n”- number of isolates. 

 

In the analysis of the evolution of ST between the study years (2015 to 2017), some 

changes were identified, although only significant before FDR correction. The STs for 

which there was a significant p-value before FDR correction in the Cochran-Armitage test 

for trend were: ST235 (serotype 20), ST1110 (serotype 8) and ST1262 (serotype 15B/C) 

(p=0.003, p=0.042 and p=0.036, respectively) showing an increasing trend, and ST408 

(serotype 11A) and ST276 (serotype 19A) (p=0.009 and p=0.031, respectively) that 

decreased over the study period. Regarding changes in CCs over time, it was in agreement 

with the results obtained in STs, with a decline in CC230  significant before FDR correction 

(p=0.043) and an increase in CC235 significant before FDR correction (p=0.040) (results 

resume in Tables S9 and S10 present in the supplementary data). 

PNSP and ERSP were more correlated with ST than with serotype. The AW for ST 

and PNSP and ERSP were 0.860 (CI95%: 0.761-0.960) and 0.787 (CI95%: 0.660-0.915), 

respectively, while for serotype were 0.667 (CI95%: 0.562-0.772) and 0.544 (CI95%: 

0.421-0.667), respectively. Figure 20 shows the distribution in the CCs of the PNSP, ERSP 

and EPNSP isolates. When the association between PNSP and ERSP and STs was 

https://pubmlst.org/spneumoniae/
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analyzed, it was found that PNSP strains were associated with ST63, ST143, ST156, ST276 

and ST386 (all p<0.001) significant after FDR correction (results resume in Table S11 of 

the supplementary data). Concerning ERSP, we found an association with ST9, ST63, 

ST143, ST276, ST386 and ST717 (all p<0.001) significant after FDR correction and 

(results resume in Table S11 of the supplementary data). 

Although no association was observed between CCs and PNSP and ERSP after 

FDR correction, CC156, CC230 and CC315 presented an association with PNSP (all 

p<0.001) significant before FDR correction and CC156, CC230, CC315 and CC717 

presented an association with ERSP (all p<0.005) significant before FDR correction.  

Cochran-Armitage test was performed to evaluate ST variation between 2008-2011 

(previous publish data [159]) and 2015-2017, where it was observed an increasing trend of 

ST53 (serotype 8) (p<0.001) and a decreasing trend of ST191 (serotype7F) and ST276 

(serotype 19A) (both p<0.001) significant after FDR correction. ST392 (serotype 17F), 

ST505, ST2049 and ST1220 (all associated with serotype 3), ST1262 (serotype 15B/C), 

ST1635 (serotype 33F), ST8060 (serotype 12F), ST10047 (serotype 20), ST10220 and 

ST433 (both serotype 22F), ST113 (serotype 18C) and ST239 (serotype 9V) (all p<0.05) 

showed an increase trend significant before FDR correction, while ST156 (serotype 14) 

and ST179 (serotype 19F) (p=0.011 and p=0.012, respectively) decreased significantly 

before FDR correction (results resume in Table S12 of the supplementary data). 
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Figure 20 – Representation of the STs and indication of PNSP, ERSP and EPNSP isolates. STs linked by a line are SLVs and STs with no CC associated are singletons. The scheme was done using 

PHYLOViZ [144]. 
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5. DISCUSSION  

After the introduction of pneumococcal conjugate vaccines for children, a decrease 

in the number of cases of IPD in adults and IPD incidence in children has been observed, 

mainly due to the decrease in the number of infections caused by serotypes included in 

these vaccines [160,161]. At the same time, it has been observed, in some countries, an 

increased prevalence of non-PCV serotypes, which reinforces the importance of 

performing surveillance studies to determine vaccine impact on the epidemiology of IPD. 

Along with the increasing importance of non-PCV serotypes, it has also been observed 

that some VT (mainly serotypes associated with antibiotic resistance and serotype 3) 

persist as important causes of IPD both in children and in adults [147,161–164].  

In Portugal, unlike other European countries, PCV13 was included in the NIP only 

in 2015. PCV7 was introduced in Portugal in 2001 and although available only through 

private market, the uptake of this vaccine increased gradually, reaching 75% of children 

with ≤2 years old in 2008 [79]. Similarly to the situation in the pediatric population, in 

adults, a reduction of the proportion of IPD caused by PCV7 serotypes after five years of 

this vaccine use was observed, while serotypes 3, 1, 7F and 19A emerged as significant 

causes of infection [92]. In mid-2009, PCV10 became available, followed by PCV13 in 

2010, both used in the private sector. In adults, a study revealed a decrease in the 

proportion of IPD caused by the addPCV10 and addPCV13 serotypes shortly after 

PCV13 introduction (2012-2014), mainly due to the decrease in the proportion of 

serotypes 1, 5 and 19A, that was accompanied by an increase in the proportion of 

addPPV23 serotypes (mainly serotypes 8, 22F and 20) and NVT (mainly serotype 15A) 

[127]. However, PCV13 serotypes remained important, being responsible for 36.0% of 

the IPD cases between 2012-2014 [127]. PPV23 is available in Portugal since 1996, but 

the uptake is estimated to be low (~10%). However, with the introduction of PCV13 in 

the NIP, new guidelines recommend the vaccination of adults in particular risk groups 

(which include all adults with ≥65 years old) with PCV13 and PPV23 [90]. With the 

introduction of PCV13 in the NIP, a higher vaccinal coverage in children is expected, 

which may lead to changes in the S. pneumoniae population in children and consequently 

in adults. Having this in mind, this thesis intended to characterize the pneumococcus 

population responsible for adult IPD after PCV13 introduction in NIP. 

In our study, most of the cases belonged to adults with ≥65 years old (58.9%) and 

more than half of the cases were from males (59.8%). Similar results were reported in 
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Italy and Spain [163,165]. The majority of the cases between 2015-2017 belonged to non-

PCV serotypes (62.4%), of which, 67.9% were addPPV23 serotypes. However, PCV13 

serotypes were still responsible for 37.6% of the cases, similarly to what was reported in 

other countries [161,164–166]. When comparing our data with the previous period (2012-

2014) [127], a significant increase in the prevalence of NVT and addPPV23 serotypes 

and a decrease in the prevalence of addPCV10 serotypes were detected. Yet, no 

significant change was observed regarding the proportion of PCV7 and addPCV13 

serotypes (Table S13).  

The most frequent serotypes in the current study were serotypes: 8, 3, 22F, 14, 19A 

and 9N (accounting for 57.1% of the isolates). These serotypes were also among the most 

frequent serotypes observed in the previous study, but in a different rank order. This 

observation was similar to the most frequent serotypes found in other countries [161–

164], except for serotype 14 that was only also present in Spain [163]. Serotype 7F 

decreased significantly during the study period and also when compared to the previous 

study. However, it still remains among the most prevalent serotypes in pediatric IPD 

(fourth most frequent serotype in 2012-2015) [167]. Among the most frequent serotypes, 

7F was replaced by serotype 9N, a PPV23 serotype, and its proportion remained constant 

when compared to 2012-2014. Serotype 9N was not among the most prevalent serotypes 

in pediatric IPD [168] and was not found among the most frequent serotypes colonizing 

adults (study from 2010-2012) [169]. Nonetheless it was shown to have a high invasive 

disease potential [170]. Unlike the situation in Spain [163], in our work, this serotype 

belonged mainly to ST66, that remained constant when compared with the previous data 

published (2008-2011 – pre-PCV13 era), suggesting that serotype 9N is among the most 

frequent serotypes in 2015-2017 also because of the decrease in the proportion of serotype 

7F. Nevertheless, it is essential to keep tracking of the evolution of this serotype in the 

post-PCV13 era, since a study report an increase in the incidence of serotype 9N three 

years after the introduction of PCV13 in the NIP in the United Kingdom [171].  

Serotype 8, like serotype 9N, is a PPV23 serotype that was not among the most 

frequent serotypes in pediatric IPD in Portugal [167], nor is found among serotypes 

carried by adults [169], but it was shown to have a high invasive disease potential [170]. 

This serotype has been increasing in the post-PCV13 era (table S2), similar to what was 

reported in other countries [165,172,173]. It was the most frequent serotype in the current 

study and the second most frequent serotype in 2012-2014 [127]. It presented a significant 

association with young adults IPD and its increase in proportion when compared with 
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previous data (Table S2) may be due to the expansion of ST53 and ST1110 (both 

belonging to CC156) observed during the current study (Tables S9 and S12). Unlike what 

has been reported in other countries [163,174], in Portugal, most of the serotypes 8 

isolates (85.2%) belonged to ST53 (Netherlands8-ST53) and there were no ST63 among 

serotype 8 isolates, as it has been observed in Spain, where it was associated with 

levofloxacin resistance [162,163]. This serotype was not among the most frequent 

serotypes associated with non-susceptibility to any of the antimicrobials tested in our 

study. However, a slight increase in the proportion of non-susceptible serotype 8 isolates 

(primarily to penicillin and tetracycline) when compared to the previous study, was 

observed. This observation is of concern, considering that serotype 8 is not usually 

associated with antimicrobial non-susceptibility [161,165,166,175,176].  

Serotype 22F is also a PPV23 serotype that was among the most frequent serotypes 

in 2015-2017 (third most frequent). Like serotype 8, this serotype was not among the 

most common serotypes in pediatric IPD [167], but was found among the most prevalent 

serotypes colonizing adults (≥60 years old) [169] and is becoming highly prevalent in 

carriage in children [177]. Associated with IPD in the elderly, the proportion of serotype 

22F isolates remained constant in the post-PCV13 era (2012-2017), although an increase 

was observed in ST433 and ST10220 (both belonging to CC433) when compared with 

previous data (Table S12). This PPV23 serotype was not among the most frequent 

serotypes associated with non-susceptibility. In spite of this, like what was observed with 

serotype 8, an increase in antimicrobial non-susceptibility in serotype 22F isolates 

(especially to erythromycin) was detected, when compared both periods (Table S7). 

Similar to what was observed in other European countries [163,174,178], this serotype 

belonged mainly to ST433 (83.6%) in Portugal.  

Serotype 3 is a PCV13 serotype usually associated with antimicrobial 

susceptibility, that was also among the most frequent serotypes in pediatric IPD in 

Portugal [167]. The proportion of this serotype was constant over the years (13.8% in 

2012-2014 to 14.7% in 2015-2017), in agreement to what was observed in other countries 

[164,166,179], but contrarily to the situation, in Canada and Ireland, where an increase in 

the proportion of infections caused by serotype 3 isolates was reported [165,172]. 

Serotype 3 belonged mainly to ST180 (Netherlands3-ST180), a lineage with a wide 

geographic dissemination [163,178,180]. Nevertheless, ST232 and ST260 were also 

among serotype 3 lineages in Portugal. A slight increase in the number of serotype 3 non-

susceptible isolates (mainly to erythromycin, clindamycin and tetracycline, which may 
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indicate the presence of Tn916 transposons) was observed when compared to the previous 

data (Table S7). Azarian et al. [181] observed that, although CC180 is the major CC 

associated with serotype 3, it can be divided in two different clades: clade I (that includes 

I and I) and clade II, in which the last one emerged in the recent years (pre-PCV13 

era). This study also showed that these two clades had distinct antigenic and antimicrobial 

resistance profiles, where clade II presented a higher level of antimicrobial resistance and 

a more competitive antigenic profile than clade I. In spite of the high genetic difference 

between serotype 3 isolates observed in this study (Figure 17), most of the strains (65.8%) 

belonged to the CC180, where an increase in antimicrobials non-susceptibility among 

these isolates was observed (Table S7), which may indicant that same of CC180 serotypes 

3 in this study belong to clade II. However, although the emergence of clade II serotype 

3 CC180 be of concern, mainly due to its association with high levels of antimicrobial 

resistance, this increase cannot explain the high proportion of serotype 3 isolates in post-

PCV13 era, since both clades (clade I and clade ) need high antibody levels to 

occurred neutrophil-mediated opsonophagocytic killing by PCV13 [181]. A possible 

explanation for the low effect of PCV13 against serotype 3 could be the unusual 

polysaccharide synthesis pathway of serotype 3 isolates. CPS synthesis in S. pneumoniae 

has two different mechanisms: 1) wzy-dependent pathway, where the CPS is covalently 

linked to the peptidoglycans of the cell wall; and 2) synthase-dependent pathway, where 

the CPS is bound to the synthase or to phosphatidylglycerol on the cell wall, that can be 

ejected or dissociated. Although most serotypes produced their CPS by the wzy-

dependent pathway, serotype 3 and 37 synthesize CPS by synthase-dependent pathway 

[23]. Choi et al [182] showed that CPS serotype 3 release interferes with antibody-

mediated killing in opsonophagocytosis, either by absorbing free unbound antibody or by 

antibody bound to CPS that then are release. This reduces the protective efficacy of 

preexisting anti-CPS antibody, suggesting need for a higher antibody concentration to 

overcome this.   

Serotype 19A was also a PCV13 serotype strongly associated with antimicrobial 

non-susceptibility (Tables 3, S3, S4, S5 and S6), similarly to what was observed in the 

USA [179] and other European countries [162,165,166]. This serotype was described as 

the most prevalent serotype colonizing adults [169] and a prevalent colonizer of non-

vaccinated children in Portugal [177]. With the introduction of PCV13 in NIP, the number 

of non-vaccinated children was expected to decrease, which would contribute to a 
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reduction in children carrying this serotype, considering that vaccinated children carry 

fewer VTs [177]. This would lead to a reduction of IPD caused by this serotype in children 

and, consequently, due to the herd effect, a decrease in adult IPD. However, after three 

years of PCV13 used in the NIP in Portugal, there was no reduction observed in the 

proportion of serotype 19A in adult IPD. Nevertheless, a reduction of serotype 19A 

isolates associated with antimicrobials non-susceptibility when compared to previous 

data was observed (Table S7). This reduction was similar to what was reported in France, 

where serotype 19A decreased and remained constant among ERSP and PNSP isolates, 

respectively [176] and Germany, where serotype 19A was not even among the most 

prevalent serotypes in PNSP and ERSP isolates [175]. The reduction observed in this 

study may be associated with the decrease of ST276. In spite of the high genetic diversity 

of serotype 19A (CC156, CC230, CC199 and CC994), like what it was observed in Spain 

[163], ST276 (CC230) which was associated with non-susceptibility (Table S11), 

decreased during the current study (Table S9) and also when compared to the previous 

study (Table S12). Since genotypic data from 2012-2014 is not yet available, it is not 

possible to know if this observation was enhanced with the introduction of PCV13 in NIP 

or if the decrease in the proportion of ST276 was a consequence of the introduction of 

PCV13 in 2010. However, it was also observed a decrease in the proportion of serotype 

non-susceptible 19A isolates between 2012-2014 [127], which may indicate that this 

decrease in non-susceptible isolates was due to the introduction of PCV13 in 2010. 

ST276 was also described previously as associated with serotype 24F in the pre-

PCV13 era [159], which was of concern since this ST is an SLV of ST230 that was behind 

the expansion of serotype 19A as cause of IPD in Portugal in the post-PCV7 era [183]. 

However, in the current study, ST276 included only serotype 19A isolates. In fact, 

serotype 24F isolates in this study belonged mainly to ST162 (and also ST72 (2) and 

ST4677 (1)) (Tables 3, S3, S4, S5 and S6), which would explain why serotype 24F is not 

among the most frequent serotypes associated with antimicrobials non-susceptibility, as 

observed in France [176], Spain [162] and Canada [165].  

Serotype 14 is the only PCV7 serotype among the most prevalent serotypes in adult 

IPD in Portugal. Strongly associated with antimicrobial non-susceptibility (Tables 3, S3, 

S4, S5, and S6), similarly to Spain and United Kingdom [166,184]. This serotype 

presented a significant decrease between 2012-2014 (mainly in 2014) [127], while this 

was not observed in the current study. One possible explanation for the continued high 

success of this serotype could be its association with clone England14-ST9, associated 
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with antimicrobial non-susceptibility and the high antimicrobial consumption reported in 

our country as described before [127]. However, serotype 14 belonged mainly to ST156 

and ST143 (both from CC156), and a decrease in ST156 when compared with previous 

data was detected. Serotype 14 is not currently among the most frequent serotypes 

colonizing both adults and children [169,177]. Contrarily to the situation reported here, a 

decrease in the prevalence of this PCV7 serotype, has been observed in other countries 

[165,175,176,179]. 

While serotype 12F was not among the most frequent serotypes in the current study, 

an increase in its proportion when compared to the previous study was observed. This 

increase can be associated with the increase of the genetic lineage ST8060 observed when 

compared with data from 2008-2011 (Table S12) or even with the increase of 

antimicrobial non-susceptible serotype 12F isolates that is observed when compared with 

data from 2012-2014 (Table S7). This observation is of concern since serotype 12F has 

been increasing in proportion, associated with antimicrobial non-susceptibility in the 

post-PCV13 era in France [176] and even reported among the most frequent serotypes in 

USA [161].  

Serotypes 1 and 12B presented a significant decrease in their proportion when 

compared with data from 2012-2014 (Table S2). Regarding serotype 1, a PCV10 

serotype, this trend was expected, but in the case of serotype 12B, an NVT, this decrease 

was not expected, reinforcing the importance of other factors besides vaccination that can 

cause changes in serotype prevalence as already described [79,127]. Serotype 6C, an 

NVT, also presented a significant decrease in proportion during the current study and this 

decrease was also observed in other countries, like Canada [165] and Norway [185], and 

it may be due to cross-protection of serotype 6A and 6B, present in PCV13 and PCV7, 

respectively. Serotype 6C, similar to what was reported in other countries [165,179,184], 

is strongly associated with antimicrobial non-susceptibility, being the third most frequent 

serotype among MDR isolates in the current study. Although not associated with any of 

the PMEN clones, serotype 6C belongs mainly to ST386, which is a genetic lineage 

associated with non-susceptibility in this study.   

Overall, in this study, an increase in trimethoprim-sulfamethoxazole resistance and 

a decrease in cefotaxime resistance were detected, when compared with the previous 

study (Table S14). PCV7 and addPCV13 serotypes were responsible for a large 

proportion of  PNSP and ERSP cases in this study (51.0% and 15.5% of PNSP and 37.6% 

and 19.0% of ERSP isolates, respectively), while resistance among addPPV23 and NVT 
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serotypes, although not significant, it has been decreasing in the post-PCV13 era (11.4% 

to 8.1% in the case of NVT and 8.2% to 6.1% in the case of addPPV23 serotypes between 

2012-2014 and 2015-2017, respectively), unlike what has been observed in other 

countries [162,165,175,179]. Serotype 15A, like serotype 6C, is a NVT that was strongly 

associated with antimicrobial non-susceptibility, although its proportion has remained 

constant during the current study or when compared to the previous data. Serotype 15A 

was the fourth most frequent serotype among MDR isolates, like what has been observed 

in other countries [162,165,166,175,176,179]. This NVT belongs mainly to ST63 

(Sweden15A-ST63), associated with resistance to antimicrobials, which can lead to the 

expansion of this serotype, becoming one of the most frequent serotypes in adult IPD in 

Portugal, as already reported in France [164]. In Germany, serotypes 33A, 33F and 15B/C 

emerged as important causes of disease, associated with antimicrobial resistance which 

makes it important to maintain the surveillance of these serotypes [175]. Serotype 15B/C 

and serotype 33F are of particular importance since it was observed an increase in the 

proportion of STs associated with these serotypes (ST1262 and ST1635, respectively) 

during the current study and when compared to the previous data (Tables S9 and S12). 

The major CCs present in this study were also among the major CCs of the previous 

study (2008-2011) [159], except for CC235 (serotype 20) and CC994 (serotype 19A). 

Serotype 20 was also associated with CC235 in 2008-2011, however this CC did not 

belong to the major CCs, and an increase in its proportion over the years was observed 

(Table S10). Serotype 19A, in the previous study, was associated with CC230, indicating 

expansion of distinct clonal lineages.  

CC156 remains the most prevalent CC in the current study. This CC included 

mostly addPPV23 serotypes (8, 9N, 11A, and 17F, accounting for 61.8% of the CC156 

isolates), which was not observed in 2008-2011 and children IPD in 2015-2017, where 

CC156 included mostly PCV7 serotypes [153 and unpublished data, respectively]. With 

the introduction of PCVs, CC156 did not lose its dominance as expected but remained as 

the most prevalent CC in both adults and children IPD. Nonetheless, in the current study, 

a shift was observed from PCV7 serotypes to addPPV23 serotypes. This shift was not 

observed in any other countries, where PCV7 remained the most prevalent serotypes 

express by this clonal lineage [162,176]. Two possible explanations can justify this 

observation: 1) there was an increase of genetic lineages associated with addPPV23 

serotypes that already belong to CC156, due to the use of PCVs – selective pressure;  or 

2) the genetic lineages change, having emerged new STs associated with addPPV23 
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serotypes that belong to CC156. Since all genetic lineages associated with addPPV23 

serotypes observed already belong to CC156 in 2008-2011 or belong to CCs that now 

belong to CC156 (since MLST database is constantly being updated), except for serotype 

17F (belong mainly to CC113, that now is included in CC180 [159]), the first hypothesis 

seems to be the most likely explanations for the replacement of PCV7 serotypes by 

addPPV23 serotypes observed in this CC. However, serotype 8 in 2008-2011 belonged 

to the CC62, a lineage that in the present study was included in CC156. The regular update 

of the MLST database with new ST profiles can also be a possible explanation for this 

shift observed within the CC156, since serotype 8 represents a considerable proportion 

of adult IPD cases in both 2008-2011 and the current study. Yet, PCV7 serotypes are still 

mainly expressed in CC156 (79.2% of the PCV7 isolates), maybe due to the association 

of this CC with resistance to antimicrobials.  

Among the major CCs, CC433, CC97, CC235, CC439, CC315, CC30 are of 

particular importance since they were associated with non-PCV serotypes (22F, 10A, 20, 

23A, 6C and 16F, respectively) similar to what was reported in Spain [162], reinforcing 

the need to continue serotype surveillance.  

PMEN clones recognized were not strongly represented in our collection, as already 

seen in the previous study [159], with 33.6% of the isolates being at the most DLVs of 

one of the 11 different PMEN clones identified [128]. These isolates identified belonged 

mainly to one of the 13 major CCs (essentially CC156, CC180 and CC191).  

After the introduction of PCVs, the persistence of genetic lineages expressing a 

different serotype not covered by the PCVs was observed – a phenomenon described as 

capsular switching. Among our collection, possible capsular switching was observed 

(Table 5), reflecting mostly to occasional events, suggesting that these occurrences did 

not persist in the population. However, although rare, these events of capsular switching 

can be of importance since, in the future, they may proliferate if the conditions became 

favorable.   

In this study, the serotype was also determined by in silico methods, where it was 

observed that both SeroBa and PneumoCAT were good approaches to determine S. 

pneumoniae serotypes since the results obtained were consistent with those obtains by 

traditional method. This analysis allowed also the detection of some errors in the 

annotation of serotypes determined by standard capsular reaction test and in the DNA 

extraction process, proving to be a relevant complementary analysis for this type of 

studies.  
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This study presented some limitations: 1) The information regarding the patients' 

health could be more detailed so it would be possible to detected more risk factors and 

their association with adult IPD; 2) The detection of genes associated with resistance to 

antimicrobials could be useful to this study since it would allow to conclude more about 

the increase in the proportion of non-susceptibility to trimethoprim-sulfamethoxazole 

over the years and the increase in the proportion of serotype 3, 8 and 22F non-susceptible 

to antimicrobials; 3) It would also be beneficial to study the presence of other genes 

coding for virulence factors, to better understand the invasive disease potential of same 

serotypes; 4) The characterization by cgMLST, instead of MLST, would provide a better 

insight into the genetic relationships of the isolates causing IPD and also to ascertain the 

differences between these two methods, since cgMLST allows a more detailed analysis; 

and 5) Although differences were observed regarding the allelic profiles when compared 

both periods (2008-2011 and 2015-2017), it is not possible to infer that the two periods 

are entirely different since this technique analyzed only part of the isolates in both periods 

(81.9% in 2008-2011 and 45.1% in 2015-2017).
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6. CONCLUSION  
 

This study intended to characterize phenotypically and genotypically the collection 

of pneumococcal strains responsible for adult IPD in Portugal during 2015-2017. A 

comparison was established between the obtained results and those of previous studies 

(2012-2014 for the antimicrobial non-susceptibility and serotyping results and 2008-2011 

for the MLST analysis), so it would be possible to evaluate the impact of PCV13 

introduction in NIP in adult IPD. 

Three years after PCV13 introduction in NIP, changes were observed in the 

serotype distribution of S. pneumoniae population responsible for adult IPD when 

compared to previous data (pre-PCV13 introduction in NIP and post-PCV13 introduction 

in Portugal), where the most frequent serotypes were also present in 2012-2014. 

Regarding antimicrobials non-susceptibility, there were no major changes related to the 

main antimicrobials use in the treatment of these infections, although it was observed an 

increase in the proportion of trimethoprim-sulfamethoxazole resistant strains and a 

decrease in the proportion of cefotaxime resistant strains. PCV7 and addPCV13 serotypes 

still remained responsible for a significant portion of the PNSP and ERSP isolates in the 

current study, while addPPV23 and NVT PNSP and ERSP isolates decreased, which can 

be due to a decrease in genetic lineages associated with non-susceptibility. Nonetheless, 

an increase in the proportion of non-PCV serotypes was observed, whereas PCV7 and 

addPCV13 serotypes remained constant. 

The MLST analysis was not always consistent with the analysis of serotype 

distribution and antimicrobial non-susceptibility profiles, possibly due to the gap of years 

when compared to the previous study (2012-2014 MLST information is not available, 

which corresponds to the period immediately before the current study and the introduction 

of PCV13 in Portugal). Anyhow, changes in serotype distribution were shown to be 

induced by the expansion of already circulating clones or due to declines of genetic 

lineages expressing a given serotype. In this study, capsular switching played a small role, 

yet these can be an important source of new variants that may emerge in the future. 

In conclusion, we observed that in a situation of higher vaccination coverage, 

PCV13 serotypes are still an important cause of adult IPD in Portugal, especially serotype 

3. However, non-PCV13 serotypes have emerge as important cause of adult IPD after the 

introduction of PCV13 in NIP, particularly serotypes 8 and 22F, reinforcing the continued 

need for surveillance studies.



FUTURE PERSPECTIVES 

 

 63 

7. FUTURE PERSPECTIVES 
 

This study reinforced the need of routine surveillance studies in the future to 

continue to evaluate the effect of high coverage of PCV13 vaccination in children, in 

adult IPD, especially regarding serotypes 3, 14 and 19A that still represent important 

causes of adult IPD in Portugal. It is also important to see if changes in serotype 

distribution may lead to antimicrobial non-susceptibility alterations, particularly in 

serotypes 3, 8 and 22F where an increase in the proportion of non-susceptible strains was 

observed in the current study. Moreover, it is also crucial to follow the dynamics of S. 

pneumoniae population in order to monitor if the current CCs remain in circulation or 

new lineages emerge.  

It would also be interesting to study the presence of other genes coding for virulence 

factors to better understand the genetic characteristics that potentially lead to a higher 

frequency of some serotypes in IPD when compared to the less frequent serotypes. A 

future characterization of the isolates by cgMLST will provide a better comprehension of 

the correlation between the isolates and the dynamics of the pneumococcal population 

causing adult IPD in Portugal.
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9. SUPPLEMENTARY DATA 

 

 
Table S1 – Results obtained when examined the association between age groups and serotypes. 

Age group Serotype OR (CI95%) 
p-value 

Before FDR After FDR 

[18,49] 

1 13,23 (1.06-693.48) 0.022 0.308 

4 3.45 (1.34-8.60) 0.005 0.092 

7F 2.23 (1.01-5.15) 0.040 0.365 

8 2.22 (1.64-3.00) <0.001 <0.001 

[50,64] 8 1.36 (1.003-1.837) 0.042 0.451 

≥65 

31 5.21 (1.56-27.31) 0.003 0.045 

6C 3.48 (1.51-9.35) 0,001 0.022 

22F 2.18 (1.41-3.46) <0.001 0.006 

19A 1.68 (1.07-2.70) 0.021 0.201 
“OR”- Odds Ratio 

 

Table S2 – Results obtained when examined the correlation of serotypes between 2012-2017. 

Serotype 
Study period  p-value 

2012-2014 2015-2017 Before FDR After FDR 

1 26 4 <0.001 <0.001 

8 123 287 <0.001 <0.001 

12B 18 3 <0.001 <0.001 

12F 0 17 <0.001 0.006 

33A 9 4 0.017 0.165 

33B 2 0 0.024 0.198 

33F 3 14 0.010 0.107 

7F 61 32 <0.001 <0.001 

 

Table S3 – Results obtained when examined the association between penicillin and erythromycin resistant profiles 

and serotypes. 

 Serotype OR (CI95%) 
p-value 

Before FDR After FDR 

PNSP 

14 79.94 (42.50-164.80) <0.001 <0.001 

15A 7.62 (3.83-15.34) <0.001 <0.001 

19A 2.40 (1.45-3.86) <0.001 0.003 

6C 5.30 (2.66-10.44) <0.001 <0.001 

19F 2.45 (1.12-5.03) 0.014 0.065 

23F 3.73 (1.21-10.66) 0.011 0.055 

9A Inf (1.08-Inf) 0.022 0.096 

ERSP 

14 7.88 (5.17-12.05) <0.001 <0.001 

15A 8.39 (4.20-17.17) <0.001 <0.001 

19A 3.20 (2.01-5.02) <0.001 <0.001 

19F 9,78 (4.91-20.18) <0.001 <0.001 

33A Inf (3.42-Inf) <0.001 <0.003 

33F 19.60 (5.13-110.47) <0.001 <0.001 

6B 21.15 (4.19-205.08) <0.001 <0.001 

6C 20.67 (9.48-49.94) <0.001 <0.001 
“PNSP” – penicillin non-susceptibility; “ERSP” – erythromycin resistance; “OR” – Odds Ratio; “Inf” – infinite.  
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Table S4 – Results obtained when examined the association between age groups and penicillin and erythromycin 

resistance profile. 

 Age group OR (CI95%) 
p-value 

Before FDR After FDR 

PNSP ≥65 1.37 (1.02-1.85) 0.032 0.070 

ERSP ≥65 1.38 (1.04-1.84) 0.023 0.070 

EPNSP ≥65 1.59 (1.08-2.36) 0.015 0.023 
“PNSP” – penicillin non-susceptibility; “ERSP” – erythromycin resistance; “EPNSP” – penicillin and 

erythromycin non-susceptibility; “OR” – Odds Ratio.  

 

Table S5 – Results obtained when examined the association between age groups and resistance to clindamycin. 

Antibiotic Age group OR (CI95%) 
p-value 

Before FDR After FDR 

DA ≥65 1.45 (1.07-1.99) 0.015 0.045 
“DA”- clindamycin; “OR” – Odds Ratio 

 

Table S6 – Results obtained when examined the association between serotype and resistance to clindamycin, 

tetracycline and trimethoprim-sulfamethoxazole and MDR. 

Antibiotic Serotype OR (CI95%) 
p-value 

Before FDR After FDR 

DA 

14 6.35 (4.14-9.73) <0.001 <0.001 

15A 10.42 (5.21-21.40) <0.001 <0.001 

19A 4.02 (2.52-6.34) <0.001 <0.001 

19F 10.42 (5.21-21.40) <0.001 <0.001 

33A Inf (4.19-Inf) <0.001 0.002 

33F 24.10 (6.30-135.68) <0.001 <0.001 

6C 25.86 (11.84-62.59) <0.001 <0.001 

TET 

15A 4.07 (1.93-8.26) <0.001 0.001 

19A 5.20 (3.26-8.19) <0.001 <0.001 

19F 6.34 (3.14-12.65) <0.001 <0.001 

33A Inf (4.78-Inf) <0.001 0.002 

33F 9.89 (2.97-35.01) <0.001 <0.001 

6C 26.07 (12.19-60.73) <0.001 <0.001 

SXT 

14 8.69 (5.65-13.36) <0.001 <0.001 

34 8.93 (1.90-45.39) 0.002 0.014 

15B/C 5.45 (1.43-7.80) 0.003 0.015 

18C 32,81 (6.72-313.76) <0.001 <0.001 

19A 2.23 (1.30-3.71) 0.003 0.014 

24F 28.21 (8.86-118.26) <0.001 <0.001 

9V 32.81 (6.72-313.76) <0.001 <0.001 

19F 2.40 (1.03-5.15) 0.026 0.101 

35A Inf (1.32-Inf) 0.016 0.066 

9A Inf (1.32-Inf) 0.016 0.066 

MDR 

14 8.29 (5.54-12.70) <0.001 <0.001 

15A 8.17 (4.10-16.46) <0.001 <0.001 

19A 4.10 (2.58-6.45) <0.001 <0.001 

19F 5.95 (2.97-11.84) <0.001 <0.001 

33A Inf (4.08-Inf) <0.001 0.002 

33F 8.41 (2.53-29.68) <0.001 0.001 

6C 21.77 (10.20-50,66) <0.001 <0.001 
 “DA”- clindamycin; “TET”- tetracycline; “SXT”- Trimethoprim-sulfamethoxazole; “MDR”- Multi-Drug 

Resistance; “OR”- Odds Ratio; “Inf”- Infinite 

 

 



  SUPPLEMENTARY DATA 

 

 86 

 

Table S7 – Results obtained when examined the correlation between serotypes and resistance to some of the 

antibiotics analyzed during 2012-2017. 

Antibiotic Serotype 
Study period p-value 

2012-2014 2015-2017 Before FDR After FDR 

PEN 

8 0 3 0.040 0.303 

19A 38 28 <0.001 0.014 

22F 0 3 0.040 0.303 

ERY 

3 3 11 0.014 0.210 

19A 42 36 0.007 0.210 

22F 0 4 0.026 0.210 

33A 9 4 0.034 0.210 

33B 2 0 0.031 0.210 

33F 3 11 0.021 0.210 

DA 

3 3 10 0.031 0.158 

19A 42 36 0.005 0.140 

22F 0 3 0.036 0.158 

33A 8 4 0.035 0.158 

33B 2 0 0.031 0.128 

33F 3 11 0.021 0.158 

TET 

3 4 18 0.009 0.141 

8 1 10 0.031 0.222 

12B 3 0 0.016 0.141 

12F 0 5 0.014 0.141 

19A 40 38 0.004 0.141 

22F 0 3 0.049 0.291 

C 
12B 3 0 0.029 0.243 

12F 0 5 0.021 0.243 

SXT 

12B 7 1 0.016 0.233 

12F 0 4 0.013 0.233 

19A 35 23 <0.001 0.022 

CT 14 4 2 0.044 0.222 

“PEN”- penicillin; “ERY”- erythromycin; “DA”- clindamycin; “TET”- tetracycline; “C”- chloramphenicol; 

“SXT”- trimethoprim-sulfamethoxazole; “CT”- cefotaxime 

 

 

Table S8 – Serotype distribution of the STs found in CCs with <10 isolates by goeBURST. 

CC (n) ST (n) Serotype (n) 

230 (9) 

276 (5) 19A (5) 

700 (2) 3 (2) 

4677 (1) 24F (1) 

6174 (1) 19A (1) 

404 (9) 
404 (8) 8 (8) 

9969 (1) 8 (1) 

1262 (9) 

1262 (5) 15B/C (5) 

8711 (2) 15B/C (2) 

9975 (2) 15B/C (2) 
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Table S8 (continued) 

CC (n) ST (n) Serotype (n) 

717 (8) 
717 (7) 33F (7) 

13320 (1) 33F (1) 

8060 (8) 8060 (8) 12F (7), 12B (1) 

1026 (5) 
1026 (4) 20 (4) 

15145 (1) 20 (1) 

198 (4) 

198 (2) 29/35B (2) 

3003 (1) 29/35B (1) 

30001 (1) 29/35B (1) 

452 (3) 452 (3) 29/35B (3) 

989 (3) 989(3) 12F (3) 

473 (2) 1135 (2) 6C (2) 

698 (2) 698 (2) 22F (2) 

1151 (2) 15086 (2) 12F (1), 19A (1) 

1368 (2) 1368 (2) 35F (2) 

2941 (2) 9197 (2) 4 (2) 

3735 (2) 12681 (2) 10A (2) 

100 (1) 100 (1) 33F (1) 

205 (1) 205 (1) 4 (1) 

346 (1) 3557 (1) 15B/C (1) 

558 (1) 558 (1) 29/35B (1) 

654 (1) 654 (1) 19F (1) 

1010 (1) 1729 (1) 4 (1) 

2186 (1) 8322(1) 15A (1) 

2213 (1) 15082 (1) 4 (1) 

2721 (1) 15067 (1) 16F (1) 

2762 (1) 4216 (1) 8 (1) 

2966 (1) 9402 (1) 16F (1) 

3321 (1) 915 (1) 14 (1) 

3500 (1) 3500 (1) 8 (1) 

3774 (1) 3524 (1) 12F (1) 

4745 (1) 15084 (1) 20 (1) 

4811 (1) 4811 (1) 9N (1) 

7026 (1) 7026 (1) 4 (1) 

9976 (1) 9976 (1) 16F (1) 

14892 (1) 15149 (1) 20 (1) 
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Table S9 – Results obtained when examined the correlation between STs and the study period (2015-2017). 

ST (n) 
Study year p-values 

2015 2016 2017 Before FDR After FDR 

235 (10) 0 2 8 0.003 0.470 

276 (5) 4 1 0 0.031 0.470 

408 (14) 9 4 1 0.009 0.470 

1110 (3) 0 0 3 0.042 0.470 

1262 (5) 0 1 4 0.036 0.470 

 
 

Table S10 – Results obtained when examined the correlation between CCs and the study period (2015-2017). 

CC (n) 
Study year p-values 

2015 2016 2017 Before FDR After FDR 

230 (9) 4 4 0 0.043 0.479 

235 (21) 4 5 12 0.040 0.479 

 

Table S11 – STs that were associated with PNSP, ERSP and EPNSP. 

Antimicrobial 

Resistance 
ST (n) OR (CI95%) 

p-value 

Before FDR After FDR 

PNSP 

63 (8) 24.73 (4.84-241.41) <0.001 <0.001 

143 (22) Inf (38.56-Inf) <0.001 <0.001 

156 (17) Inf (27.56-Inf) <0.001 <0.001 

276 (5) Inf (5.44-Inf) <0.001 0.002 

320 (3) Inf (2.42-Inf) 0.003 0.060 

386 (7) 8.55 (2.29-34.88) <0.001 0.013 

700 (2) Inf (1.09-Inf) 0.022 0.246 

838 (2) Inf (1.09-Inf) 0.022 0.246 

2372 (2) Inf (1.09-Inf) 0.022 0.246 

6521 (3) Inf (2.42-Inf) 0.003 0.060 

9716 (2) Inf (1.09-Inf) 0.022 0.246 

11649 (2) Inf (1.09-Inf) 0.022 0.246 

ERSP 

9 (4) Inf (3.73-Inf) <0.001 0.011 

63 (9) 53.82 (7.32-2349.80) <0.001 <0.001 

143 (22) 150.44 (23.73-6036.54) <0.001 <0.001 

179 (2) Inf (1.05-Inf) 0.023 0.308 

276 (5) Inf (5.22-Inf) <0.001 0.002 

320 (3) Inf (2.32-Inf) 0.003 0.067 

386 (11) 67.06 (9.56-2867.50) <0.001 <0.001 

717 (7) Inf (8.34-Inf) <0.001 <0.001 

4310 (2)  Inf (1.05-Inf) 0.023 0.308 

9972 (2) Inf (1.05-Inf) 0.023 0.308 
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Table S11 (continued) 

Antimicrobial 

Resistance 
ST (n) OR (CI95%) 

p-value 

Before FDR After FDR 

EPNSP 

63 (7) 28.24 (6.24-174.43) <0.001 <0.001 

143 (22) Inf (87.63-Inf) <0.001 <0.001 

276 (5) Inf (10.48-Inf) <0.001 <0.001 

320 (3) Inf (4.60-Inf) <0.001 0.016 

386 (7) 16.95 (4.46-69.98) <0.001 <0.001 

“PNSP” – penicillin non-susceptibility; “ERSP” – erythromycin resistance; “EPNSP” – penicillin and 

erythromycin non-susceptibility; “OR” – Odds Ratio; “Inf” – infinite.  

 

 

 

Table S12 – Results obtained when examined the correlation of STs over time (2008-2011 and 215-2017). 

 

ST 

Study period p-value 

2008-2011 2015-2017 
Before 

FDR 

After 

FDR 

53 39 116 <0.001 <0.001 

113 0 8 0.005 0.134 

156 35 17 0.011 0.194 

179 11 2 0.012 0.194 

191 86 9 <0.001 <0.001 

239 0 5 0.025 0.217 

276 31 5 <0.001 <0.001 

392 0 6 0.014 0.194 

433 28 51 0.008 0.156 

505 0 4 0.045 0.331 

1220 0 6 0.0141 0.194 

1262 0 5 0.025 0.217 

1635 0 5 0.025 0.217 

2049 0 5 0.025 0.217 

8060 0 8 0.005 0.134 

10047 1 7 0.033 0.279 

10220 0 4 0.045 0.331 

 

 

 

 

 



  SUPPLEMENTARY DATA 

 

 90 

Table S13 – Results obtained when analyzed the trend of serotype class between 2012-2017. 

Serotypes 

Study period p-value 

2012-2014 2015-2017 Before FDR After FDR 

addPCV10 88 36 <0.001 <0.001 

addPPV23 381 681 <0.001 <0.001 

NVT 275 322 0.022 0.037 

 

 

Table S14 – Results obtained when analyzed the trend of antimicrobials between 2012-2017. 

Antimicrobial 

Study period p-value 

2012-2014 2015-2017 Before FDR After FDR 

SXT 162 201 0.045 0.178 

CT 13 2 <0.001 0.002 

“SXT” – Trimethoprim-sulfamethoxazole and “CT” – Cefotaxime.  
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