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Abstract 

Streptococcus pneumoniae is a vaccine-preventable bacterial pathogen but remains the leading cause 
of community-acquired pneumonia even after the worldwide administration of pneumococcal vaccines. In 
the era of routine immunization with pneumococcal conjugate vaccines (PCVs) and antibiotic pressure, S. 
pneumoniae uses specific adaptive mechanisms for vaccine escape and fast-growing mutations not recog-
nized by the PCVs. Pneumococcus may evolve to adapt by mainly two mechanisms affecting their capsule 
antigens (the vaccine targets): capsule switching and capsule replacement. Vaccination affects the capsular 
antigens and resulted in a serotype replacement with an increased proportion of pneumococci with nonvac-
cine serotypes in asymptomatic carriers and symptomatic cases, indicating fast adaptation of this pathogen 
to the selective pressure of the PCVs. The ability of pneumococci to acquire and incorporate exogenous 
DNA is an important evolutionary mechanism for adaptation to antibiotic therapy and vaccination. Ex-
amining the changing epidemiology due to shifting serotypes and the adaptive mechanisms that allow the 
emergence of successful pneumococcal isolates is the key step to understanding the adaptive behavior of S. 
pneumoniae and the severe manifestations of pneumococcal diseases.
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Резюме

Streptococcus pneumoniae е ваксино-предотвратим бактериален патоген, но остава водеща 
причина за пневмония, придобита в обществото, дори след прилагането на пневмококови ваксини 
в световен мащаб. В ерата на рутинна имунизация с пневмококови конюгирани ваксини (PCVs) 
и антибиотичен натиск, S. pneumoniae използва специфични адаптивни механизми за бягство 
от ваксината и бързо развиващи се мутации, които не се разпознават от PCVs. Пневмококите 
еволюират и се адаптират главно чрез два механизма, засягащи капсулните им антигени (мишените 
на ваксината): превключване на капсулата и замяна на капсулния тип. Ваксинацията повлиява 
капсулните антигени и води до серотипово заместване с повишен дял на пневмококи от неваксинални 
серотипове при асимптоматични носители и симптоматични случаи, което показва бързо адаптиране 
на този патоген към селективния натиск на PCVs. Способността на пневмококите да придобиват и 
включват екзогенна ДНК е важен еволюционен механизъм за адаптиране към антибиотична терапия 
и ваксинация. Изследването на променящата се епидемиология, дължаща се на изместващите се 
серотипове и адаптивните механизми, които позволяват появата на успешни пневмококови изолати, 
е ключовата стъпка към разбирането на адаптивното поведение на S. pneumoniae и тежките прояви 
на пневмококовите заболявания.
Introduction 

Streptococcus pneumoniae (pneumocococ-
cus) is an important opportunistic pathogen that 
colonizes the upper respiratory tract with wide-
spread transmission in the community. S. pneumo-
niae may lead to non-invasive infections like otitis 
media, sinusitis, bronchitis, and rhinopharyngitis  

 
and may spread to other organs causing pneumo-
nia, bacteremia, and meningitis with significant 
morbidity and mortality (van de Beek et al., 2016; 
Leung et al., 2018). Transmission of pneumococci 
between individuals occurs through close contact 
and aerosols, and colonization is a prerequisite for 
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disease although many colonized individuals do not 
experience symptoms. Therefore, the ability of S. 
pneumoniae to adhere to nasopharyngeal mucosal 
epithelial cells is an important step in the process 
leading to pathogenesis. Many predisposing factors 
can increase the probability of pneumococcal col-
onization: young age (<5 years old), old age (>65 
years old), and immunocompromised populations. 
Pneumococcal colonization is also affected by so-
cioeconomic factors, crowding, alcoholism, smok-
ing, viral infections affecting the respiratory tract, 
chronic obstructive pulmonary disease, corticoste-
roid therapy, and lack of pneumococcal vaccination 
(El Moujaber et al., 2017).
Post-vaccine effect and adaptation to the 
vaccine pressure

The pneumococcus is a vaccine-preventable 
agent but remains the leading cause of communi-
ty-acquired pneumonia even after the worldwide 
administration of pneumococcal vaccines (Mas-
omian et al., 2020). The available pneumococcal 
conjugate vaccines (PCVs) contain purified cap-
sular polysaccharides of pneumococcal serotypes 
conjugated to a carrier protein. Unlike the pneumo-
coccal polysaccharide vaccine, the pneumococcal 
conjugate vaccine protects children younger than 
2 years of age. It protects against severe forms of 
pneumococcal diseases, such as pneumonia, men-
ingitis, and bacteremia.

The first PCV, licensed in 2000, offered pro-
tection against 7 serotypes (4, 6B, 9V, 14, 18C, 19F, 
23F). In 2015, PCV7 had been replaced by two oth-
er conjugate vaccines in more than 120 countries 
worldwide and is no longer in use (WHO, 2019). 
These two conjugate vaccines are available since 
2009: PCV10, a 10-valent vaccine (PCV7 + sero-
types 1, 3, 7F), and 13-valent (PCV10 + serotypes 
19A, 6A, 3). Since April 2010, PCV10 (Synflorix) 
is licensed for routine immunization in Bulgaria. 
The vaccination schedule for PCV10 in our country 
is carried out with two vaccines at 2 and 4 months 
of age and re-immunization with one vaccine at 12 
months of age. 

The pneumococcal vaccines affected the rate 
of invasive infections and many reports declared a 
significant decrease in the rates of meningitis cas-
es, and bacteriemia. S. pneumoniae infection was 
the most common cause of bacterial meningitis in 
children, ranging from 22.5% in Europe to 41.1% 
in Africa, and in adults ranging from 9.6% in the 
Western Pacific to 75.2% in Africa. (Oordt-Speets, 
2018; Zancolli, 2011).

On the other hand, vaccination affects the 

capsular antigens and resulted in a serotype re-
placement with an increased proportion of pneumo-
cocci with nonvaccine serotypes in asymptomatic 
carriers and symptomatic cases, indicating fast ad-
aptation of this pathogen to the selective pressure of 
the PCV vaccines. Even some studies discussed the 
reduced incidence of pneumococcal meningitis due 
to vaccination might be only temporary (Koelman 
et al., 2020).

The emergence of successful pneumococcal 
isolates in the post-vaccine era is a result of the 
remarkable adaptive ability of S. pneumoniae at a 
molecular and physiological level. In the presence 
of vaccine pressure, pneumococcus uses specif-
ic adaptive mechanisms for vaccine-escape and 
fast-growing mutations not recognized by the vac-
cines.
Highly recombinogenic nature of S. pneumoniae

S. pneumonia is known as a pathogen with 
a highly recombinogenic nature. The pneumococ-
cal genetic variability is provided by endogenous 
mechanisms and horizontal transfer. Genetic trans-
formation is a major source of genetic variability 
for pneumococcus. S. pneumoniae is competent for 
natural genetic transformation, taking up naked sin-
gle strands of DNA from the environment and in-
corporating it into its genome through homologous 
recombination.

There are three selected natural strategies 
for the generation of genetic diversity: nucleotide 
substitution, DNA rearrangements, and gene ac-
quisition. The uptake of pneumococcal DNA or 
DNA from related species is an extremely powerful 
mechanism for the rapid evolution of the pneumo-
coccal genome and can contribute significantly to 
genome plasticity in S. pneumoniae (Hsieh et al., 
2008).

The polysaccharide capsule is the key target 
for the vaccines and a main virulent factor of S. 
pneumoniae. It is involved in the adhesion to ep-
ithelial surfaces and protects pneumococcal cells 
from engulfment and digestion by polymorphonu-
clear leucocytes. The capsule plays a crucial role 
in the escape from host defenses through comple-
ment-dependent and -independent phagocytosis 
(Geno et al., 2015). 

Currently, 101 S. pneumoniae capsular sero-
types have been identified, but a limited number 
of the serotypes are responsible for the majority of 
invasive diseases and are subject to the available 
PCVs (Paton and Trapetti, 2019). The newest dis-
covered serotype, 24°C, is found in the current year 
(Ganaie et al., 2022). Pneumococci differ in their 
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rates of carriage and disease potential. Some strains 
are carried frequently but do not commonly cause 
IPD, whereas other strains are not carried frequent-
ly but commonly cause IPD.

The pneumococcal capsule locus is a hotspot 
for mutation exhibiting a higher rate of genetic 
recombination compared to the rest of the pneu-
mococcal genome (Sanchez et al., 2011; Geno et 
al., 2015). Investigations indicated that the genes 
responsible for capsule synthesis were linked to 
the pneumococcal chromosome. These genes are 
organized in a cassette-type organization. The cap 
cassette (or cps) is inserted at the same chromosom-
al location in all investigated serotypes except cap-
sule type 37. Only type 37 is directed by a single 
gene, tts, distant from the cap locus by at least 820 
kb (Llull et al., 1999) and contains 19 type-specific 
genes (< 20 kb of DNA for the longest). The capsule 
variations are explained by the highly recombino-
genic processes in S. pneumoniae that undergoes 
frequent horizontal transfers, able to generate the 
capsule switches (Coffey et al., 1998).

In the post-vaccine era and routine immuni-
zation with PCVs, these bacterial pathogens may 
evolve to adapt by mainly two mechanisms that 
affect their capsule antigens (the vaccine targets): 
capsule or serotype switching and capsule or sero-
type replacement.

Capsule switching involves two strains of a 
species that may exchange their capsule polysac-
charide synthesis (cps) genes resulting in a substi-
tution of their capsule antigens. 

S. pneumoniae vaccine-type capsule strain 
may exchange its cps genes with a non-vaccine 
capsule type. In some pneumococcal serotypes, 
capsule-switching may occur spontaneously in 
the absence of vaccine pressure and such cap-
sule-switching events have been reported before 
conjugate vaccine introduction (Temime et al., 
2008; Johnston et al., 2014).

Capsule-switched strains can also be select-
ed by vaccine-induced immune pressure and/or by 
widespread antibiotic use if the capsule-switched 
strain carries antibiotic-resistance genes (Straume 
et al., 2015; Dobay, 2019). After capsule switching, 
the recipient strain will retain its original genetic 
background but expresses a different, non-vaccine 
type of capsule.

Capsule replacement happens when strains 
with vaccine capsule serotypes that inhabit the na-
sopharynx have been eliminated by the conjugate 
vaccines and are being replaced by strains express-
ing non-vaccine capsule serotypes. As a result, 

strains of nonvaccine capsule serotypes may in-
crease in prevalence and eventually cause disease. 
There are many reports for non-vaccine capsule 
types which are able for further selected by wide-
spread antibiotic use and they may possess the cor-
responding antibiotic resistance genes (Janapatla et 
al., 2010; Andam and Hanage, 2015; Feldman and 
Anderson, 2020).
Antibiotic pressure

The improvements in treatment and adequate 
therapy reduced the case-fatality ratio of severe 
pneumococcal diseases like meningitis and pneu-
monia. The case fatality ratio reached around 25% 
in Europe and USA in 2015 and showed high lev-
els of 61% in Africa in the same year (Wahl et al., 
2018; Wright et al., 2021).

The main resistance problems among the 
pneumococcal strains are associated mainly with 
beta-lactam and macrolide resistance. Resistance 
to beta-lactam antibiotics has emerged in S. pneu-
moniae through the development of altered penicil-
lin-binding proteins (PBPs) with decreased affinity 
for beta-lactam antibiotics. (Ho and Ip, 2019). Mo-
saic pbp genes containing regions from the same 
genes from other streptococcal species have been 
detected in penicillin-resistant pneumococcal iso-
lates.

High resistance to beta-lactam antibiotics is 
disclosed mainly in strains in which mosaics differ 
by around 25% in DNA sequence in three out of 
the five pbp genes. Additionally, a huge diversity 
was reported for each pbp gene (Hakenbeck et al., 
2012). 

In S. pneumoniae, macrolide resistance is due 
to ribosomal methylation by an enzyme encoded by 
the erm(B) gene, efflux by a two-component efflux 
pump encoded by mef (E)/mel(msr(D) gene, and, 
less commonly, mutations of the ribosomal target 
site of macrolides. Different genetic elements fa-
cilitate the macrolide resistance in S. pneumoni-
ae: erm(B) is found on Tn917, while the mef (E)/
mel operon is carried on the 5.4- or 5.5-kb Mega 
element. Mega is widely disseminated through 
horizontal DNA exchange and homologous re-
combination. The macrolide resistance determi-
nants, erm(B) and mef (E)/mel, are also found on 
large composite Tn916-like elements most notably 
Tn6002, Tn2009, and Tn2010. (Schroeder and Ste-
phens, 2016). The erm(B) gene is the most common 
among the macrolide-resistant strains and provides 
high-level resistance.

Dual macrolide resistance genotype in S. 
pneumoniae containing both erm(B) and mef(E)/
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mel was first reported in 1998 (Corso et al., 1998; 
Nishijima et al., 1999) and is now found worldwide 
(Farrell et al., 2008). Tn2010 has been identified 
as the major composite mobile element that con-
tains erm(B) and mef(E)/mel (Mega) (Del Grosso 
et al., 2007). Tn2010 emerged after the introduc-
tion of PCV7 in the non-vaccine serotype 19A and 
sequence type (ST)320. (Del Grosso et al., 2007). 
ST320 represents mostly multidrug-resistant strains 
with a “capsule switch” from serotype 19F and is 
responsible for a global pandemic after the PCV7 
introduction (Shin et al., 2011).

In the last years, studies for both invasive 
and non-invasive pneumococcal isolates from Bul-
garia presented high levels of multidrug resistance 
to more than four or five classes of antimicrobial 
agents (Setchanova et al., 2018; Alexandrova et al., 
2021). Most frequent is the simultaneous nonsus-
ceptibility to penicillin, erythromycin, clindamycin, 
tetracycline, and trimethoprim-sulphamethoxazole.
Monitoring of successful spreading of 
pneumococcal genetic lineages

The Global Pneumococcal Sequencing pro-
ject (GPS, http://www.pneumogen.net/ gps/) is a 
worldwide genomic surveillance network of Strep-
tococcus pneumoniae isolates. It includes a large 
number of pneumococcal genomes clustered into 
lineages named Global Pneumococcal Sequence 
Clusters (GPSCs). It uses whole genome sequenc-
ing to study pneumococcal serotype, sequence 
type, antibiotic sensitivity, and measuring for inva-
siveness using odds ratios that relate prevalence in 
invasive pneumococcal disease to a carriage. GPS 
provides an international understanding of pneu-
mococcal population structure and PCV impact 
(Gladstone et al., 2020).

Multilocus sequence typing (MLST) uses 
DNA sequences of internal fragments of multiple 
housekeeping genes for population sequence data 
and characterized the allelic profiles and clonal 
structure of the isolates. The great advantage of 
MLST is providing sequence data and the allelic 
profiles of isolates can easily be compared to those 
in a large central database (Feil and Enright, 2004). 
Pneumococcal Molecular Epidemiology Network 
(PMEN) is the pneumococcal epidemiology net-
work for global surveillance of antibiotic-resistant 
S. pneumoniae isolates and the classification of the 
circulating resistant clones. 

The important pneumococcal clones which 
spread in many geographic areas are characterized 
by expanded antibiotic resistance profiles and pos-
sess different capsular polysaccharides. The suc-

cess of virulent clones is due to many genetic fac-
tors and concordance between serotypes and geno-
types (Weiser et al., 2018).

The potential of a specific strain to acquire 
resistance relies on the genome. Additionally, sev-
eral MDR clones may switch to a new serotype 
and will be associated with multiple capsule types. 
These MDR clones can acquire a novel capsule 
type through the exchange of the sequence that de-
termines the serotype and the sequence at the cps 
locus. The changes lead to the formation of mutants 
that express non-vaccine type capsules. Both the 
selective pressure of the vaccine and the antibiotic 
pressure select non-vaccinal serotypes. Antibiotic 
resistance increases in non-vaccinal strains and can 
occur through different pathways. It can happen 
by an expansion of MDR clones that were already 
present in a pre-vaccination period and are asso-
ciated with vaccinal types, may happen by clones 
that have acquired resistance as a result of the high 
frequency of recombination in these species, or by 
acquiring a new capsule type in MDR vaccinal iso-
late through serotype switching or recombination 
(Straume et al., 2015).

Various non-PCV serotypes have emerged in 
places where PCV immunization programs have 
been implemented reflecting geographical differ-
ences in serotype prevalence and distribution (Pletz 
and Bahrs, 2021). Non-PCV13 serotypes like sero-
type 8, 10A, 11A, 12F, 15A, 15B/C. 16F, 22F, 24F, 
33F, and 35B/D, have been described as causes of 
invasive pneumococcal infections. To deal with 
this increase in non-PCV serotypes, 15-valent and 
20-valent PCVs have been developed and are now 
in early clinical trials (Hausdorff et al., 2012; Koel-
man et al., 2020).

In Bulgaria, based on our sequence typing 
studies during the post-vaccine era (Setchanova et 
al., 2018, Alexandrova et al., 2021), all prevailed 
serotypes are non-PCV10 types and are distributed 
globally. The most widespread serotypes and adap-
tive genetic lineages throughout the PCV10-period 
in our country are listed below:

Serotype 3 is included in the PCV13 vaccine. 
It persisted in the nasopharyngeal samples as well 
as in specimens obtained from IPD patients despite 
PCV13 usage (Luck et al., 2020). MLST investi-
gations showed that the most widespread clonal 
complex containing a majority of clinical isolates 
that have been sequenced and analyzed to date is 
CC180. (Azarian et al., 2018; Groves et al., 2019). 
CC180 is also known as Netherlands3 -31 or refer-
ence clone PMEN31. Genome sequencing research 
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revealed different clades of serotype 3 isolates. The 
major complex of serotype 3, CC180 is included 
in lineage GPSC12 and it can be divided into three 
clades: clade I, which contains subclades Ia and Ib, 
and clade II (Azarian et al., 2018; Groves et al., 
2019). Genes encoding key virulence determinants 
such as NanA, PspA, and CbpA showed high lev-
els of variability between the three clades. Several 
variations in genes responsible for increased drug 
resistance, such as Tet32, were also observed with-
in clades Ib and II, but not within Ia isolates (Azari-
an et al., 2018; Groves et al., 2019). These investi-
gations hypothesized clade II is with a competitive 
advantage compared to clade Ia. It is revealed, that 
Clade II have sub-capsular protein antigen changes, 
which could explain strains of the new clade have 
adapted to exist despite the presence of immunity 
induced by PCV13.

Serotype 19A is included in the PCV13. Se-
rotype 19A includes mostly MDR isolates and its 
clones are frequent in several parts of the world 
even before the introduction of PCV7, mostly driv-
en by inappropriate antibiotic consumption (Isturiz 
et al., 2017). The expansion of serotype 19A in the 
post-PCV7 period was observed in many countries 
in Europe, the USA, and Latin America and led to 
19A becoming a leading cause of pneumococcal 
diseases in vaccinated and nonvaccinated individ-
uals (Isturiz et al., 2017).

Many reports declared serotype 19A vaccine 
escape-recombinant strains (Filippo et al., 2011). 
Brueggemann commented that 19A stains possess 
a genotype previously associated only with vac-
cine serotype 4. The main recombinational event, 
involving capsular locus flanking regions and two 
adjacent penicillin-binding proteins, has noted 
in 2003, resulting in recombination between the 
recipient ST695, serotype 4, and a donor ST199, 
serotype 19A. Other examples are two new geno-
types of serotype 19A vaccine escape strains that 
emerged in the next years: ST2365 serotype 19A 
and ST899 serotype 19A, both derived from two 
new recombinational events between serotype 4 re-
cipients and serotype 19A donors (Brueggemann et 
al., 2007).

Different studies have controversially dis-
cussed whether the increase in serotype 19A infec-
tion was a direct result of a serotype replacement 
following the vaccination program with PCV7 or 
whether other factors contributed to these changes 
in the serotype epidemiology. The increase could 
be a result of selective pressure due to the excessive 
use of antibiotics. An increase in MDR clones of 

19A has been observed among IPD in children in 
Israel (Somech et al., 2011) and Bulgaria (Setch-
anova et al., 2015), countries with very limited or 
no access to PCV7 at that time. On the other hand, 
many European countries with routine PCV7 im-
munization reported an increase in non-vaccine se-
rotype IPD, especially in serotype 19A (Isturiz et 
al., 2017).

Currently, the most widespread 19A genotype 
is globally distributed in CC320/271 which com-
prises closely related multidrug-resistant serotype 
19F and serotype 19A strains. (Isturiz et al., 2017). 
Two sequence types (STs) within CC320/271, 
ST271, and ST236 are possible ancestral genotypes 
of this complex. The oldest strains in the MLST 
database from CC320/271 are serotype 19F strains 
from 1993, potentially suggesting that serotype19A 
strains of CC320/271 have occurred more recent-
ly through capsular switching (Mott et al., 2019; 
Varghese et al., 2021; Nakano et al., 2022).

Serotype 6C is a non-PCV13 serotype. Be-
fore the introduction of pneumococcal conjugate 
vaccination, serogroup 6 was one of the most com-
mon causes of IPD among children and adults (van 
der Linden et al., 2013). Originally, serogroup 6 
comprised two serotypes, 6A and 6B. Currently, 
serogroup 6 contains five serotypes with cps locus 
homogeneity and similar sequence types: serotypes 
6A, 6B, 6C, 6D, and 6E (Song et al., 2011; Baek et 
al., 2014). 

Serotype 6B is included in PCV10, but sero-
types 6A, 6C, 6D, and 6E are not. Both 6A and 6B 
are included in the PCV13. Authors commented on 
PCV13, a cross-protection from serotype 6A anti-
bodies for serotype 6C, because PCV13 immune 
sera showed strong opsonophagocytic responses to 
serotype 6C (Yun et al., 2014).

It has been observed that serotypes 6C and 6D 
emerged by the replacement of a wciN gene in the 
capsular loci of serotypes 6A and 6B, respective-
ly. The widespread serotype 6C could be identified 
among the isolates previously typed as 6A. In sero-
type 6C, the capsular locus of the wciNa gene has 
been replaced through homologous recombination 
by the wciNb gene. Shortly after that, serotype 6D 
was found in clinical isolates (Song et al., 2011). 
MLST analysis indicated that most of the serotype 
6C and 6D isolates were not so closely related to 
serotype 6A and 6B isolates. The most common 
STs among 6C isolates in our country are ST386 
and ST, which is a DLV of Poland6B-20 (Alexandro-
va et al., 2020).

Looking globally at serogroup 6, two inter-
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national clones (Spain6B-2 and South Africa6B-8) 
were common in the USA and Spain at the time of 
PCV7 introduction. Penicillin-sensitive and resist-
ant clones co-existed and remained a reservoir of 
potential replacement isolates (Rolo et al., 2011; 
Rudolph et al., 2013).

Serotype 15A is a non-PCV13 serotype. Inter-
nationally, several groups have remarked on the in-
creased prevalence of multidrug-resistant serotype 
15A and 35B isolates. Investigations from Hungary 
and Sweden reported increases in the prevalence 
of serogroup 15 and mostly of serotype 15A not 
only in clinical cases but in a carriage (Kovach et 
al., 2019; Yamba Yamba et al., 2022). The capsule 
switch between strains within a serogroup occurred 
more often than the serotype switch involving 
strains between different serogroups. Investiga-
tions demonstrated that serotype 19A may escape 
the PCV13 selection by a further switch to sero-
type (Shepard et al., 2016). Multiple drug-resistant 
serotypes 15A pneumococcus emerged by capsular 
switching from serotype 19A/ST276 (Shepard et 
al., 2016; Bastiaens et al., 2018).

Studies reported nosocomial transmission of 
multi-resistant serotype 15A S. pneumoniae that 
resulted in lower respiratory tract infections and 
chronic pulmonary diseases (Bastiaens et al., 2018). 

Serogroup 23 consists of serotype 23F, which 
is presented in the PCVs, and the emerging sero-
types non-vaccinal serotypes 23A and 23B. The 
structure of the serotype 23B capsular polysaccha-
ride is the same as 23F but without the one termi-
nal subunit α-Rha. The immunodominant terminal 
α-Rha of 23F is with different polymerization in the 
cps biosynthesis locus of 23A and is absent in 23B 
(Palacios et al., 2017; Ravenscroft et al., 2017), 
which may lead to cross-reactions in some 23A 
cases. 

Serotype 23A is emerging in our country and 
other Asian countries (Wu et al., 2020; Alexandro-
va et al., 2021; Karimi et al., 2021). Most of the 
isolates are multidrug-resistant with high rates of 
non-susceptibility to β-lactam antibiotics. ST155 is 
prevalent among the serotype 23A isolates in recent 
years in Taiwan (Wu et al., 2020). In our country, 
the 23A isolates from ST8029 and ST311 from 
GPS type 7 were the most common. (Alexandrova 
et al., 2021).
Conclusion

The ability of pneumococci to acquire and 
incorporate exogenous DNA is an important evolu-
tionary mechanism for adaptation to clinical inter-
ventions such as antibiotic therapy and vaccination. 

Examining the changing epidemiology due to shift-
ing serotypes and the adaptive mechanisms that 
allow the emergence of successful pneumococcal 
isolates is the key step to understanding the adap-
tive behavior and severe manifestations of pneumo-
coccal diseases. 
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