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Summary

1 SUMMARY
Streptococcus pneumoniae, more commonly known as the pneumococcus, is a Grampositive bacterium colonizing the human upper respiratory tract as a commensal. However,
these apparently harmless bacteria have also a high virulence potential and are known as the
etiologic agent of respiratory and life-threatening invasive diseases. Dissemination of
pneumococci from the nasopharynx into the lungs or bloodstream leads to communityacquired pneumonia, septicaemia and meningitis (Cartwright, 2002). Traditionally,
pneumococcal diseases are treated with antibiotics and prevented with polysaccharide-based
vaccines. However, due to the dramatic increase of antibiotic resistance and limitations of the
current available vaccines, the burden of diseases remains high. Interactions of pneumococci
with soluble host proteins or cellular receptors are crucial for adherence, colonization,
transmigration of host barriers and immune evasion. The pneumococcal surface-exposed
proteins are the main players involved in this host-pathogen interaction and both twocomponent regulatory systems and stand-alone regulators are involved in their genetic
regulation. Therefore, combating pneumococcal transmission and infections has emphasized
the need for a new generation of immunogenic and highly protective pneumococcal vaccines,
based on surface-exposed adhesins virtually expressed by all pneumococcal strains and
serotypes (Rasko, et al., 2008; Rasko and Sperandio, 2010).
The genomic analysis of S. pneumoniae strains helped to identify pneumococcal
virulence factors such as pili, PsrP and PavB, which have been demonstrated to interact with
human proteins playing an important role during the pathogenic process of pneumococci, and
are currently considered as new potential vaccine candidates against S. pneumoniae. A
subclass of pneumococcal strains produces pili that are encoded by the pathogenicity islet
pilus islet-1 (rlrA islet) and/or the pilus islet-2. Both types of pili are implicated in bacterial
adherence to host cells (Barocchi, et al., 2006; Bagnoli, et al., 2008). A further pathogenicity
islet encoded protein is PsrP. The presence of the psrP-secY2A2 islet correlated positively
with the ability of pneumococci to cause invasive pneumococcal diseases (Obert, et al., 2006;
Blomberg, et al., 2009). Recent studies indicated that PsrP is a protective adhesin interacting
with keratin 10 on lung epithelial cells (Rose, et al., 2008; Shivshankar, et al., 2009).
In this study, the genomic loci of the pneumococcal virulence factors pili, PsrP and
PavB were molecularly analyzed and used as nucleic acid-based genotyping biomarkers for
molecular epidemiology studies of S. pneumoniae. The genotyping results obtained here
showed the impact of the PCV7 immunization of children <2 years-old (3 + 1 doses), started
-1-
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in July 2006, on the distribution of these pneumococcal virulence factors among clinical
isolates in Germany. These findings gave more insights into the role of pili, PsrP and PavB in
pneumococcal pathogenesis and may strongly support the idea of including these
pneumococcal constituents in a broad coverage protein-based vaccine against pneumococcal
infections produced by invasive serotypes in the future.
Furthermore, the mature PavB protein contains a variable number of repetitive
sequences referred to as the Streptococcal Surface Repeats (SSURE) (Bumbaca, et al., 2004).
In a complementary study of this PhD thesis, Dr. Inga Jensch demonstrated that PavB
interacts with fibronectin and plasminogen in a dose-dependent manner and PavB was
identified as a surface-exposed adhesin with immunogenic properties, which contributes to
pneumococcal colonization and respiratory airways infections (Jensch, Gámez, et al., 2010).
The complete molecular analysis performed here for PavB, allowed to know more
accurately its structure and to estimate the real number of SSURE units in different
pneumococcal strains. With these findings, a new primary sequence-based structural model
was constructed for the PavB protein and its SSURE domain, and, at least for TIGR4, the
complete pavB gene and PavB protein sequences with five SSURE units was reported in the
GenBank database of the NCBI website. Due to its immediate neighborhood on the
pneumococcal genome with the tcs08 genes, PavB is likely linked with this pneumococcal
TCS. However, no experimental evidences have been reported, up to date, for this putative
functional association. Here, a significant reduction of the PavB protein expression was
observed in tcs08-mutant strains, which may strongly suggest that the TCS08 does play a
role in pneumococcal virulence and metabolisme, as further observed in growth behaviour
experiments carried out with the TCS08-deficient mutants, cultured in chemically defined
medium.
Moreover, despite several studies suggest that the molecular mechanism underlying the
bacterial signal transduction is not as simple as thought, and, in fact, is much more
sophisticated, the majority of reports in prokaryotic TCS, including those for S. pneumoniae,
are still focused in single cognate pairs (Laub and Goulian, 2007). The pneumococcal genome
encodes 14 TCSs and an orphan response regulator (Lange, et al., 1999). It is obvious that
TCS pathways are often arranged into complex circuits with extensive cross-regulation at a
variety of levels, thereby endowing cells with the ability to perform sophisticated information
processing tasks. This study established also the experimental and molecular bases for the
construction of a comprehensive genome-wide interaction map of the complex TCS pathways
for its application in the gene regulation of pneumococcal virulence factors.
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2 ZUSAMMENFASSUNG
Streptococcus pneumoniae, auch als Pneumokokken bezeichnet, sind Gram-positive
Bakterien, die als Kommensalen den Respirationstrakt des Menschen besiedeln. Diese
anscheinend harmlosen Bakterien besitzen andererseits aber auch ein hohes virulentes
Potenzial und verursachen respiratorische und lebensbedrohliche invasive Erkrankungen beim
Menschen. Die Ausbreitung der Pneumokokken vom Nasopharynx in die Lunge oder den
Blutstrom führt zu ambulant-erworbenen Pneumonien, Septikämien und Meningitiden
(Cartwright, 2002). Infektionen mit Pneumokokken werden traditionell mit Antibiotika
therapiert und die Prävention kann mittels Polysaccharid-basierten Impfstoffen erfolgen. Aber
durch den dramatischen Anstieg der Antibiotika-resistenten Isolate und der Limitationen der
zurzeit zur Verfügung stehenden Impfstoffe verbleiben die durch PneumokokkenErkrankungen verursachten Schäden auf einem konstant hohen Niveau. Die Interaktionen der
Pneumokokken mit löslichen Wirtsproteinen oder zellulären Rezeptoren sind essentiell für die
Adhärenz, Kolonisierung und das Überschreiten der Wirtsbarrieren sowie die Immunevasion
der Bakterien. Die wichtigsten Komponenten in der Wirt-Pathogen Interaktion stellen die auf
der Oberfläche der Pneumokokken exponierten Proteine dar, deren Expression durch ZweiKomponenten-Regulationssysteme (TCS) sowie weitere Regulatoren auf Genebene reguliert
werden. Um die Transmission und Infektionen der Pneumokokken zu bekämpfen sind daher
neue Generationen von wirksamen Impfstoffen notwendig, die auf Proteinen basieren, welche
von allen Serotypen bzw. Stämmen der Pneumokokken produziert werden (Rasko, et al.,
2008; Rasko and Sperandio, 2010).
Die genomische Analyse von S. pneumoniae Stämmen erleichterte die Identifikation
von bakteriellen Virulenzfaktoren wie Pili, PsrP und PavB, die alle mit Wirtsproteinen
interagieren und eine Bedeutung in der Pathogenese der Pneumokokken haben. Diese
Faktoren werden als neue vielversprechende Kandidaten für einen Pneumokokken-Impfstoff
betrachtet. Nur ein Teil der Pneumokokken produzieren Pili, die durch Gene auf der PilusPathogenitätsinsel 1 (rlrA PAI) oder der Pilus-2 PAI kodiert werden. Beide Pili sind an der
Adhärenz der Bakterien an Wirtszellen beteiligt (Barocchi, et al., 2006; Bagnoli, et al., 2008).
Eine weitere PAI kodiert für das Protein PsrP und die Präsenz der psrP-secY2A2 PAI
korreliert mit der Fähigkeit der Pneumokokken invasive Erkrankungen auszulösen (Obert, et
al., 2006; Blomberg, et al., 2009). PsrP ist ein protektives Antigen, das an Keratin 10 von
Lungenepithelzellen bindet (Rose, et al., 2008; Shivshankar, et al., 2009).
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In dieser Arbeit wurden die genomischen Regionen der Virulenzfaktoren Pili, PsrP und
PavB von S. pneumoniae auf molekularer Ebene analysiert und als genotypische Biomarker in
epidemiologischen Studien verwendet.

Die Ergebnisse dieser epidemiologischen Studie

zeigten den Einfluss der PCV7 Immunisierung bei Kindern < 2 Jahre (3+1 Dosis, ab 2006)
auf das Vorkommen der Pili und PsrP in den ab 2008 isolierten klinischen
Pneumokokkenisolaten in Deutschland. Dadurch konnte ein tieferer Einblick in die Rolle der
Pili, PsrP und PavB während der Pneumokokken-Pathogenese gewonnen werden. Die
Ergebnisse unterstützen außerdem den Ansatz die PAI-kodierten Proteine als Kandidaten für
einen Protein-basierten Impfstoff zu betrachten, der gegen invasive Infektionen schützen
kann.
Das prozessierte PavB Protein besteht aus einer variablen Anzahl von repetitiven
Sequenzen, die als Streptococcal Surface Repeats (SSURE) bezeichnet werden (Bumbaca, et
al., 2004). In einer komplementären PhD Arbeit wurde gezeigt, dass die SSURE mit
Fibronektin und Plasminogen interagieren. Weiterhin konnte nachgewiesen werden, dass
PavB ein Oberflächenprotein mit immunogenen Eigenschaften ist, welches die Kolonisierung
und Infektion des Respirationstrakts fördert (Jensch, Gámez, et al., 2010).
Die in dieser Arbeit durchgeführte molekulare Analyse von PavB ermöglichte die
exakte Bestimmung der Anzahl der SSURE Einheiten in verschiedenen Pneumokokken und,
basierend auf der Primärnukleotidsequenz, die Konstruktion eines Strukturmodels für PavB
und die SSURE Domänen. So wurde für das PavB vom Stamm TIGR4 auch zum ersten Mal
die vollständige pavB-Gen- und PavB-Proteinsequenz mit fünf SSURE Einheiten bestimmt.
Die Daten wurden in GenBank der NCBI Website hinterlegt. Durch die unmittelbare
genomische Nähe des pavB-Gens zu den tcs08 Genen

wurde eine Verbindung dieser

Regionen und eine Regulation der pavB-Genexpression über das TCS08 vermutet, für die es
aber keine experimentellen Beweise gab. In dieser Arbeit hergestellte Mutanten mit einer
Defizienz im TCS08 zeigten eine signifikante Reduktion der PavB Proteinproduktion. Diese
Ergebnisse und weitere Wachstumsversuche der tcs08-Mutanten im chemisch-definierten
Medium deuteten auf eine wichtige Funktion des TCS08 in der Pneumokokken-Virulenz bzw.
im Metabolismus dieser Bakterien hin.
Die meisten Studien zu prokaryotischen TCS, eingeschlossen Arbeiten zu den TCS von
S. pneumoniae, sind auf die einzelnen genetisch verwandten Genen der TCS fokussiert (Laub
and Goulian, 2007), obwohl bekannt ist, das die molekularen Mechanismen der bakteriellen
Signaltransduktion wesentlich komplizierter sind. Im Genom der Pneumokokken sind die
Gene für 14 TCS und ein Gen für einen verwaisten („orphan“) Response Regulator vorhanden
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(Lange, et al., 1999). Es ist weiterhin vorstellbar, dass die TCS Signalwege oft in
komplizierten Schaltkreisen mit vielfältigen Kreuzreaktionen auf unterschiedlichen Ebenen
arrangiert sind. Dadurch sind die Bakterien mit der Fähigkeit ausgestattet, anspruchsvolle
Informationsabläufe variabel zu gestalten. Die in dieser Arbeit etablierten Methoden und
hergestellten molekularen Konstrukte stellen nun die Basis für vollständige und genomweite
Interaktionsstudien der TCS Signaltransduktionswege dar. Dadurch kann die Genregulation
auf Ebene der TCS sowie der Einfluss der TCS Signaltransduktionssysteme auf die
Virulenzfaktoren aufgeklärt werden kann.

-5-

Introduction

3 INTRODUCTION
3.1

Streptococcus pneumoniae STATE OF THE ART

3.1.1

Historical Perspectives
Streptococcus pneumoniae, or the pneumococcus, was isolated as the etiologic agent

of pneumonia in the late 19th century. Independently, Louis Pasteur in France and George
Miller Sternberg in the United States worked to isolate pneumococci and grow them in a
culture. Pasteur found the pneumococcus in the saliva of a patient with rabies and published
first his report in January 1881. Sternberg sampled his own saliva and successfully grew
S. pneumoniae as a culture in September 1880, but published his report in April 1881.
In 1882, Hans Christian Gram in Denmark devised a staining method to discriminate
between pneumococci and Klebsiella pneumoniae in lung tissue. Later, this differential
staining method, published in 1884, divided bacterial species into two large groups (Grampositive and Gram-negative) based on the chemical and physical properties of their cell walls.
In 1884, Albert Fraenkel in Germany isolated Streptococcus pneumoniae from the throats and
mouths of patients with lobar pneumonia and used the recently invented Gram staining
method to identify differences between pneumonia-causing microbes. In 1900, Fred
(Friedrich) Neufeld in Germany discovered bile solubility of pneumococci. This unique
property became widely used to diagnose pneumococcal infections. But the most important
Neufeld’s discovery was the Quellung reaction (Quellung = Swelling), which allowed him to
identify in vitro the first three serological types of pneumococci: Types I, II, and III.
After Neufeld’s discoveries, scientists believed that the pneumococcal types were
fixed and unchangeable from one generation to another. But in 1928, Frederick Griffith used
two types of pneumococcal strains to infect mice and demonstrate that pneumococci are able
to transfer genetic information and transform one type into another in a natural way. The
Type-III-S (Smooth) strain used by Griffith in his experiments was a virulent strain covered
by a capsule of polysaccharides that protects it from the host's immune system, resulting in
the death of the host; while the Type-II-R (Rough) strain is a non-virulent strain without such
a protective capsule. Griffith combined them in such a way that a transforming substance
coming from the virulent strain could transform the Type-II-R strain to a virulent strain killing
mice.
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Later Oswald T. Avery, Colin M. MacLeod and Maclyn McCarty established the
chemical nature of the transforming substance. In 1944, they published a paper reporting that
a desoxyribonucleic acid (DNA) fraction isolated from pneumococcus Type-III induced
transformation of a non-encapsulated R variant of pneumococcus Type II to pneumococcus
Type III. These findings supported the idea that DNA is the material of which genes and
chromosomes are made and were confirmed in 1952 by Alfred Hershey and Martha Chase
working with bacteriophages. One year later (1953) Watson and Crick discovered the helical
structure of DNA and this was the birth of modern genetics and DNA sciences.
Definitely, pneumococcal research had provided a historical platform for the
evolution of modern genetics, molecular biology, genetic engineering and biomedical
sciences.

3.1.2

Taxonomy, Classification and Pneumococcal Characterization (Serotypes)
Taxonomically, pneumococci are Gram-positive bacteria (Kingdom) belonging to the

Phylum Firmicutes, Class Bacilli, Order Lactobacillales, Family, Streptococcaceae, Genus
Streptococcus, Species pneumoniae (Facklam, 2002) (Figure 1).
Based on their hemolytic properties, the species of the Genus Streptococcus are
classified in -, - and -hemolytic species (Figure 1), while -hemolysis means no
hemolysis, -hemolysis is complete hemolysis due to the rupture of red blood cells, producing
wide, clear areas around bacterial colonies on blood agar plates, and -hemolysis is caused by
species such as Streptococcus pneumoniae and means partial hemolysis due to the oxidation
of iron in hemoglobin, resulting in a greenish color on blood agar plates (Figure 1).
Several S. pneumoniae strains are commonly used in the laboratories for research and
many clinical isolates are collected worldwide each year for surveillance and epidemiological
studies. Traditionally, pneumococcal strains and clinical isolates are characterized in terms of
the chemical composition of their polysaccharide capsules. The capsular polysaccharide
(CPS) is the main pneumococcal virulence factor and, up to date, 93 different capsular
serotypes have been reported for pneumococci (Calix and Nahm, 2010; Jin, et al., 2009; Park,
et al., 2007a; Park, et al., 2007b; Henrichsen, et al., 1995) (Figure 1). Different pneumococcal
serotypes display different pathogenic potential and geographic distribution (Leegaard, et al.,
2010).
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Figure 1.

Taxonomy, classification and characterization of pneumococci.

Blood agar picture adapted from MicrobeLibrary.org and showing -, - and -hemolysis of S. pneumoniae,
S. agalactiae and E. faecium, streaked to form the Greek letters ,  and  respectively.
* Two new capsular serotypes recently reported for Streptococcus pneumoniae.
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3.1.3

Phenotypic Characteristics of Pneumococci and Laboratory Identification
Biochemically, Streptococcus pneumoniae is a facultative anaerobic bacterium,

catalase-negative, oxidase-negative, lacking the Tri-Carboxylic Acid (TCA) metabolic
pathway. Conventionally, the pneumococcus can be identified in the laboratory by means of
five different diagnostic techniques:

 Microscopic morphology: The main factor influencing microscopic morphologic
patterns in pneumococcus are the mode of cellular separation after division. Pneumococcal
cell division occurs along a single axis (Austrian, 1953). Therefore, pneumococci are
spherical (coccus), lancet-shaped bacteria, growing in pairs (diplococci) or in chains
(streptococci).

 Colony morphology: Pneumococci are typically grown on nutrient agar
supplemented with blood to provide a source of catalase, which hydrolyzes peroxides, a
normal, although toxic, product of pneumococcal metabolism (Weiser, et al., 1994). The
production of type-specific capsular polysaccharide is the principle pneumococcal trait
influencing colony morphology: non-encapsulated bacteria produce rough colonies, while
encapsulated bacteria produce smooth colonies (Neufeld, 1902). In S. pneumoniae, there is a
spontaneous, random and reversible switching of phenotype due to the expression of cell
surface-exposed structures, in an on-off fashion, for dealing with rapidly varying
environments. This phenomenon known as phase variation produces changes in the colonial
morphology of pneumococci and occurs at frequencies much higher than classical mutation
rates. Due to the phase variation, a given S. pneumoniae strain has an opaque and a
transparent variant, which has been associated with smooth phenotype, encapsulation,
virulence and natural transformation. Transparent variants have been related with virulence,
while opaque have been not (Weiser, et al., 1994).

 Optochin sensitivity: The optochin (ethyl hydrocuprein hydrochloride) is a
chemical compound used routinely by most laboratories for the rapid differentiation of
Streptococcus pneumoniae, which is sensitive to optochin, from other -hemolytic species
and streptococci, which are optochin resistant.
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 Bile solubility: Pneumococci are bili-soluble. Addition of a small amount of bile
to a pneumococcal culture results in complete destruction of the culture after a short
incubation (Neufeld, 1902).

 Quellung reaction: Immunological technique for easy laboratory identification of
pneumococcal serotypes. The Quellung reaction is the agglutination (swell) of pneumococci
of a given type in the presence of their specific anti-pneumococcal capsular polysaccharide
sera (Neufeld, 1902).

3.1.4

Pneumococcal Genome and Genomic Variability
Pneumococci have a high capacity for DNA uptake, and consequently its genome

contains many genes that are most likely derived from other bacteria. This phenomenon
makes S. pneumoniae a bacterium with a great genomic diversity among strains and isolates.
Up to date, the genomic DNA sequences of many pneumococcal strains and clinical isolates
have been achieved, organized and reported in online databases ( Hoskins,

et

al.,

2001;

Tettelin, et al., 2004; Lanie, et al., 2007). The availability of these complete genome
sequences allowed the exploitation of a big source of primary information for the
identification of unknown genes, the discovery of putative virulence factors and the
comparison of complete genome sequences for phylogenetic analysis. The genome of
Streptococcus pneumoniae is a cccDNA molecule, approximately 2 mega-base pairs long,
depending on the strain. Very recently, the size of the total S. pneumoniae gene pool
accessible to the species (Pan-Genome) has been accurately estimated by Donati et al., in
3221 genes with a core genome (genes present in all circulating strains) of 1666 genes (52%)
and a dispensable genome (genes present in more than one strain but not in all circulating
strains) of 1555 genes (48%), including 389 strain-specific or rare genes, present in less than
3% of the circulating strains (Donati, et al., 2010).
Although capsular serotyping has been traditionally used in order to characterize the
different pneumococcal types, various genotyping methods have also been used to infer the
genomic variability of S. pneumoniae (Leegaard, et al., 2010). One of these methods is the
multi-locus sequence typing (MLST), useful to classify pneumococcal strains and clinical
isolates, establishing their genetic relationship or clonality. MLST is a comparison of allelic
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profiles of the housekeeping genes: aroE, gdh, gki, recP, spi, xpt, ddl, belonging to the core
genome (Silva, et al., 2006; Hanage, et al., 2005; Enright and Spratt, 1999).
By using comparative genomic hybridization (CGH), a molecular technique
normally used in cancer research, genomic relationships between strains of S. pneumoniae
and pneumococcal core genome estimations has been made (Obert, et al., 2006). According to
comparative genomic analyses of Streptococcus pneumoniae isolates, a variation of 10% in
the genomic content for individual isolates has been determined by Hakenbeck and
collaborators (Hakenbeck et al., 2001). Moreover, Tettelin and coworkers found that 13 large
loci, referred to as Regions of Diversity (RDs) are responsible for more than a half of the
existing pneumococcal genomic diversity (Tettelin, et al., 2004). One of these regions of
diversity is the RD10-(psrP-secY2A2), where the recently discovered lung-specific adhesin
PsrP is encoded (Obert, et al., 2006; Shivshankar, et al., 2009).
Other genotyping techniques such as pulsed-field gel electrophoresis (Hermans, et
al., 1995) and PCR have also been used to test alternative sets of virulence genes belonging to
the core genome, including pneumolysin (Kearns, et al., 2000), pspA and pspC (Donati, et al.,
2010), pavB and tcs08 (Jensch, Gámez, et al., 2010), and genes belonging to the dispensable
genome, including the pathogenicity islets: pilus islet-1 (rlrA islet), pilus islet-2 and the
RD10-(psrP-secY2A2) (Gámez, et al., 2011, in preparation).

3.1.5

Reservoir, Acquisition and Transmission of Pneumococci
Pneumococci are ubiquitous and their reservoir is human beings. Acquisition

depends on age, genetic background, socioeconomic conditions, and geographical area
(Bogaert, et al., 2004). Transmission of pneumococci from person-to-person is assumed to
occur through direct contact with colonized individuals and oral/nasopharyngeal secretions.
The bacterium spreads mainly via respiratory droplets of water in the air (Figure 2). If the
infected person coughs or sneezes in close proximity to other people, the other people may
become infected (Musher, 2003). Pneumococcal colonization of the nasopharynx (nose and
throat) is a dynamic process, whose duration varies and depends on the serotype and host
characteristics. Moreover, other resident flora triggers an interspecies competition at this
ecological niche (Ghaffar, et al., 1999; Bogaert, et al., 2004; Lysenko, et al., 2005; Dawid, et
al., 2007). There is a clear seasonality of S. pneumoniae acquisition and transmission because
infections are most common during the fall and winter months.
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3.2 CARRIAGE AND PNEUMOCOCCAL INFECTIONS
Pneumococci are versatile bacteria colonizing asymptomatically as harmless
commensals the human upper respiratory tract of healthy individuals (Austrian, 1986).
However, these apparently harmless colonizers are also well known as serious human
pathogens that transmigrate into the lungs, enter the bloodstream and cross the blood-brain
barrier (Bogaert, et al., 2004). As a consequence this serious pathogen causes diseases ranging
from severe local infections to life-threatening infections (Cartwright, 2002) (Figure 2).

3.2.1

Pneumococcal Carriage
S. pneumoniae is frequently colonized in the upper respiratory tract of healthy

people, which are then considered as carriers. In the majority of these cases the
pneumococcus does not cause symptoms, because the immune system of carriers avoids any
infection from moving from the throat to the lungs, middle ear, blood or the brain (Figure 2).
The nasopharyngeal carriage rates range between 5% and 50% in developed countries with
the highest carriage rate in healthy children (20-50%) and 5-30% for healthy adults. But in
developing countries, the prevalence of carriage approaches 95% in healthy children under the
age of 3 years and 40% in adults (Bogaert, et al., 2004). Although most individuals have only
one serotype at a time, simultaneous carriage of different serotypes has been reported, which
favors horizontal gene transfer and may lead to capsular serotype switch. In addition, the
subsets of serotypes isolated from carriers depend on the age of the individuals (Gillespie,
1989; Hare, et al., 2008; Brugger, et al., 2009). Interestingly, it is noteworthy that
pneumococcal invasive diseases are usually related to recent acquisition of a new serotype.
Thus, endogenous infections of carrier strains are seldom while exogenous strain acquisition
leads to short nasopharyngeal colonization and invasive infections with the homologous strain
(Lloyd-Evans, et al., 1996). However, in most healthy hosts, colonization is not associated
with symptoms or disease, but allows for the continued presence of pneumococci within the
population, allowing for prolonged low-level transmission among contacts.

3.2.2

Pneumococcal Diseases
In the case of people with a weakened immune system, the pneumococcus has a

better chance of moving from the throat to other parts of the body. Although this situation
- 12 -

Introduction

occurs in only a small percentage of persons who are colonized, it may lead to serious
infections, which can be classified into two main types: Non-Invasive and Invasive
pneumococcal diseases (Cartwright, 2002).

3.2.2.1

Non-Invasive Pneumococcal Manifestations
Due to its potential to spread from nasopharynx to the upper and lower respiratory

tract, S. pneumoniae is commonly involved in mucosal infections such as otitis media, nonbacteremic pneumonia, sinusitis and bronchitis, which are then considered as non-invasive
pneumococcal diseases (Figure 2) (Obaro and Adegbola, 2002). Otitis media, also referred to
as middle ear infection, is the inflammation and accumulation of fluid in the middle ear and
usually affects children under the age of 10. The non-bacteremic pneumonia is the infection of
the lower respiratory tract without detectable spread of organisms to the blood stream. The
infection of the small air-filled cavities behind the cheekbones and forehead (sinuses) with
S. pneumoniae leads to sinusitis. And the infection of the bronchi, which are the tubes that run
from the windpipe down into the lungs, produces bronchitis (Cartwright, 2002). These noninvasive pneumococcal manifestations are considered mild diseases and tend to be less
serious than invasive pneumococcal infections because they occur outside the major organs or
the blood (Bridy-Pappas, et al., 2005).

3.2.2.2

Invasive Pneumococcal Diseases (IPDs)
Pneumococcal invasive diseases occur inside a major organ or in the blood and are

serious diseases. Translocation of pneumococci from nasopharynx to a major organ or the
blood is a multifactorial process, which is still under investigation (Obaro and Adegbola,
2002). Infection with S. pneumoniae can result in pneumonia when it transmigrates into the
lungs, producing the inflammation of one or both of them. Pneumonia is the main type of IPD
and the most common cause of death due to pneumococcal diseases. S. pneumoniae is also the
most common cause of community-acquired pneumonia (CAP), a term used to describe
diseases in which individuals who have not recently been hospitalized develop an infection of
the lungs. The presence of live pneumococci in the blood is a relatively mild infection called
bacteraemia, while the infection of the bloodstream with the pneumococcus leads to
septicaemia, a more serious blood disease also called blood poisoning, which is associated
with capillary leak, shock and an increased risk of mortality. Meningitis or infection of the
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meninges, which are the three protective membranes surrounding the brain and spinal cord, is
the most serious type of IPD and is also the rarest (only one person in every 100,000 will
develop meningitis) (Figure 2). Nevertheless, the pneumococcus causes 70,000 deaths from
meningitis in young children each year in developing countries (Obaro and Adegbola, 2002).
Symptoms of Streptococcus pneumoniae diseases include fever, chills, headaches, chest pain,
shortness of breath, disorientation vomiting, diarrhea, and a stiff neck.

Figure 2.

3.2.3

Acquisition/transmission, carriage and pneumococcal infections.

Burden of Pneumococcal Diseases and Risk Factors
In the early 20th century, William Osler called pneumococcal pneumonia the

“Captain of the Men of Death” because of its high case fatality rate of 30-35% in untreated
adults. Nowadays, according to the World Health Organization (WHO), cardiovascular and
general infectious diseases are the major causes of mortality in humans. By itself,
Streptococcus pneumoniae is responsible for a high burden of human disease and death. As
mentioned before, the pneumococcus is the leading pathogen causing severe CAP and
responsible for >1.5 million death worldwide and kills more people in the United States and
Europe than other vaccine-preventable disease (Atkinson, et al., 2009). Pneumonia is one of
the major health care problems in developing and industrialized countries and is associated
with considerable morbidity and mortality. The mortality rates due to CAP have stabilized at
~12% since 1950, despite advances in knowledge of this illness, the availability of intensive
care units (ICU), and the use of potent antimicrobial agent and effective vaccines (Gilbert and
Fine, 1994; Niederman, et al., 2001). Pneumonia is a common clinical problem and usually
- 14 -

Introduction

treatable with antibiotics, however, severe pneumonia (sCAP) can evolve causing respiratory
failure and requiring intensive care (Ware and Matthay, 2000; Rubenfeld, et al., 2005).
Although pneumonia is a disease of all age groups, pneumonia in the developing world is
found predominantly in young children and younger adults, who have a substantial inpatient
mortality of 5-23% (Scott, et al., 2000; Rudan, et al., 2004). Remarkably, vaccination of
children against pneumococcal disease in the United States resulted also in lower rates of
pneumonia in adults (Metlay, et al., 2006). Pneumococcal pneumonia progresses to sepsis
when the bacteria translocate from lung alveoli into the bloodstream thereby causing
epithelial and endothelial tissue destruction. In patients suffering on pneumococcal CAP and
concurrent sepsis mortality rates of more than 20% are observed (Balakrishnan, et al., 2000;
Lim, et al., 2001). In particular elderly and immunocompromised individuals are at high risk
of suffering on serious invasive pneumococcal diseases (IPD) including septicemia and
bacterial meningitis with case-fatality rates of ~20% and ~30%, respectively, which increase
dramatically in the elderly (Kupronis, et al., 2003; Kadioglu, et al., 2008). Bacterial
meningitis accounts for approximately 0.6% of all death worldwide (WHO) and this catapults
bacterial meningitis into the list of top ten infectious burdens around the world (Gámez and
Hammerschmidt, 2012).

3.3 PREVENTION AND TREATMENT OF PNEUMOCOCCAL DISEASES
Pneumococcal infections are traditionally treated with antibiotics and prevented with
polysaccharide-based vaccines. However, antibiotic resistance in the recent decades has
increased and available vaccines still have limitations.

3.3.1

The Pneumococcal Vaccines
Killed pneumococci were used by Sir Almorth Wright 100 years ago (1911) as the

first clinical attempt of a whole-cell pneumococcal vaccine to protect mine workers in South
Africa. In the 1920s, Avery, Heidelberger and Goebel isolated CPSs from S. pneumoniae
cultures by chemical processes and stablished the links between polysaccharides, capsule and
serotypes. From 1940 to 1945, pneumococcal vaccines based on purified capsular
polysaccharide were introduced for the first time and presented by MacLeod, Hodges,
Heidelberger, and Bernhard as effective in preventing infections with the homotypic
pneumococcal strains. Then the availability of two hexavalent pneumococcal polysaccharide
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vaccines developed by Squibb and Sons in the United States in the 1950s coincided with the
era of penicillin, sulfonamides and other new antimicrobial drugs, which showed significant
efficacy in the treatment of pneumococcal pneumonia. Therefore, these vaccines were
withdrawn from the market until the 1960s, when the interest in the prevention of
pneumococcal infections using vaccines was renewed with a dodecavalent vaccine assayed in
South Africa. But the first pneumococcal vaccine was produced and licensed in November
1977 and was composed of the 14 serotypes known to cause about 80% of pneumococcal
diseases in the United States.

3.3.1.1

Current Vaccines against Streptococcus pneumoniae
As mentioned before, 93 different pneumococcal serotypes are distinguished,

expressing structurally and antigenetically different capsular polysaccharides. Up to date,
there is no vaccine that can protect against all of them. Nevertheless, vaccination against
pneumococcal infections relies nowadays on two types of currently licensed vaccines: the
pneumococcal polysaccharide vaccines, based on purified capsular polysaccharide, and
pneumococcal conjugate vaccines, obtained by chemical conjugation of the capsular
polysaccharide to a protein carrier (Bridy-Pappas, et al., 2005).

 Pneumococcal Polysaccharide Vaccines (PPVs): The first licensed PPV was the
14-valent pneumococcal polysaccharide vaccine (PPV14; Pneumovax®, Merck) in 1977. Each
dose of this vaccine contained purified polysaccharide of pneumococcal serotypes 1, 2, 3, 4,
6A, 7F, 8 9N, 12F, 14, 18C, 19F, 23F, and 25F. Since 1983, the 23-valent polysaccharide
(PPV23; Pneumovax®, Merck) vaccine (Musher, 1992; Mulholland, 1999) is available and
recommended for all adults who are older than 65 years of age. This polysaccharide-based
vaccine contains the purified capsular polysaccharide antigens of Streptococcus 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 are responsible for at least 85-95% of the IPD among adults and
children in the United States and Europe. The major limitation of PPV is its inability to induce
protective immunity in children <2 years of age. The PPV23 has been shown to be effective
in reducing IPD among adults, but is less effective in young children <2 years of age, adults
who are at risk for pneumococcal diseases and the elderly (Pletz, et al., 2008; Bridy-Pappas,
et al., 2005).
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 Pneumococcal Conjugate Vaccines (PCVs): The 7-valent conjugate vaccine
(PCV7; Prevnar®, Wyeth Pharmaceuticals Inc., Philadelphia, PA, USA) was licensed in the
United States in 2000 and in the European Union in 2001 (McGee, 2007). The PCV7 covers
the most prevalent serotypes in children and is a sterile solution of saccharides of capsular
antigens from serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, individually conjugated to a nontoxic variant of diphtheria toxin known as Cross-Reactive Material, CRM197 (Bridy-Pappas, et
al., 2005). Vaccination with PCV7 induces a B- and T-cells response resulting in mucosal
immunity and as a consequence, IPDs due to vaccine-types (VT) declined in both children
and adults, thereby also reducing carrier rates of VTs and increasing herd immunity (Pletz, et
al., 2008; Lynch and Zhanel, 2010). However, the emergence of IPD after introduction of the
PCV7 due to non-vaccine serotypes (NVT) with high virulence potential is distressing
(Whitney, et al., 2003; Whitney, 2005; Brueggemann, et al., 2007; Singleton, et al., 2007;
Munoz-Almagro, et al., 2008; Lynch and Zhanel, 2010). Although IPD among children <5
years declined by 76%, NVT and particular serotype 19A increased, demonstrating that
eradication of VT triggers the serotype replacement (Brueggemann, et al., 2007; Pilishvili, et
al., 2010). Due to this suboptimal efficacy two new conjugate vaccine formulations were
developed and have recently become commercially available. The 10-valent non-typable
Haemophilus influenzae protein D conjugate (PCV10, Synflorix or PHiD-CV; GSK
Biologicals, Rixensart, Belgium) contains, in addition to the PCV7 serotypes, the capsular
polysaccharide of serotypes 1, 5, and 7F, and was approved from the European Medicines
Agency (EMA) in March 2009. The protein D was selected due to its potential to provide
protection against H. influenza infections such as acute otitis media (Janson, et al., 1999;
Vesikari, et al., 2009). The PCV13 (Prevnar 13, Wyeth Pharmaceuticals Inc., a subsidiary of
Pfizer Inc.), containing the seven serotypes of PCV7 and six additional serotypes (1, 3, 5, 6A,
7F, and 19A), all conjugated to CRM197, received EMA approval in December 2009 and
from the Food and Drugs Administration in February 2010. It is assumed that PCV10 and
PCV13 have the potential to further reduce IPD (Vesikari, et al., 2009; (CDC), 2010;
Kieninger, et al., 2010). The increase of NVTs is caused by the expansion of pre-existing
clones rather than a de novo emergence of new pneumococcal clones (Pletz, et al., 2008).
However, the emergence of an increasingly drug resistant clone of serotype 19A, a serotype
not covered by PCV7, is the result of so called “vaccine escape recombinants” but not clonal
expansion (Pai, et al., 2005). Moreover, while in the prePCV7 era most penicillin-resistant
clones belonged to serotypes 14, 9F, 23F, 19F, and 6B, in 2005 the majority of penicillinresistant clones belonged to NVTs 35B, and 19A (Kyaw, et al., 2006; Pletz, et al., 2008).
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3.3.2

Therapy against Pneumococcal Infections with Antimicrobial Drugs and
Antibiotics
The search for effective anti-pneumococcal drugs started in the 1930s. In 1932,

Gerhard Domagk in Germany discovered the Prontosil, a water-soluble salt of sulfonamide,
which by itself could inhibit the growth of hemolytic streptococci and other bacteria in vitro.
This discovery opened the modern era of antimicrobial agents and provided for the first time a
therapeutic agent, which was effective against the pneumococcus irrespective of its capsular
type, reducing substantially its case fatality rate. In 1939, researchers at Pasteur Institute
identified sulfapyridine, a more-effective and less-toxic derivative of sulfanilamide, which
was approved later by the Food and Drug Administration (FDA) for treatment of pneumonia.
But in 1943, when sulfonamide resistance in the organism was discovered, the era of these
wonderful antimicrobial drugs came to the end. Later, Sir Alexander Fleming, discovered the
ability of the antibiotic penicillin to reduce the overall case-fatality rate of pneumococcal
pneumonia. However, in the early 1960s, the widespread usage and misuse of this antibiotic
resulted also in an emergence of resistance against it in S. pneumoniae. Other antibiotics
belonging to the -lactam, Cephem, Ketolide, Macrolide, Lincosamide, Tetracycline,
Sulfonamide, Fluoroquinolone, Glycopeptide and Amphenicol groups came also into the
scene. But in the late 1970s, a serotype 19A strain manifesting resistance to multiple drugs
and causing an outbreak of infection was isolated in a hospital in South Africa.

3.3.3

Antibiotic Resistance and Tolerance in Pneumococci
The increase in antimicrobial resistance of pneumococci observed over the past three

decades is mainly due to the misuse of antibiotics, population density and global
dissemination of a few clones. The emergence of new serotypes due to serotype replacement
is probably also associated with heightened antimicrobial resistance of the NVTs (Singleton,
et al., 2007; Lynch and Zhanel, 2010), A new challenge is the emergence of new serotypes
not encompassed in the current vaccine due to serotype replacement, whose patterns of
antibiotic resistance and invasive disease may provoke new health risks (Singleton, et al.,
2007; Lynch and Zhanel, 2010). The increase in antibiotic consumption boosts the rapid
dissemination of antibiotic resistant pneumococcal clones in North and South America, Asia
and areas of eastern and southern Europe (Low, 2005; Goossens, et al., 2007; Linares, et al.,
2010). First penicillin-non-susceptible isolates were described in 1967. Higher resistant clones
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spreading from south Africa to Europe were detected in 1977 (Jacobs, et al., 1978; Klugman,
1990) and a high prevalence of antibiotic resistance among pneumococci against penicillin
and macrolides was reported already in the 1980s, which leads to serious problems in
combating IPD (Linares, et al., 2010). The most important pneumococcal clones involved in
the global spread of antibiotic resistance in the 1980s and 1990s involved e.g. the Spanish
clone Spain23F-ST81 (ST: sequence type), Spain6B-ST90, Taiwan19F-ST236, and Taiwan19FST242. Importantly, pneumococcal serotypes which have mainly contributed to the
worldwide spreading of penicillin and erythromycin resistance are the so called `pediatric
serotypes´ (6A, 6B, 9V, 14, 15A, 19F, 19A, and 23F), whose prevalence declined after the
introduction of the PCV7 (Ardanuy, et al., 2009; Linares, et al., 2010). Global surveillance
studies showed in the prePCV7 era from 1992 to 2001 an increase of β-lactam resistance rates
up to 20.4% in the USA, 30.2% in Spain, and 35.8% in France, while the rates remained
below 5% in Germany, Italy, and UK (Felmingham, et al., 2005). Another study, the
PROTEKT US study, showed that the penicillin resistance declined from 26.3% in 2000-2001
to 16.5% in 2003-2004 in isolates of CAP patients. Moreover, highest rates of penicillin nonsusceptible pneumococci were found in South Africa (74%), the Far East (63%), Middle East
(54%) and Southern Europe (resistant isolates up to 15.9%), while the rates in Northern
Europe were in the range of 5% (Felmingham, et al., 2007; Jenkins, et al., 2008; Linares, et
al., 2010). The efficacy of PCV7 will remain high and in addition, PCV10 and PCV13 will
most likely reduce the prevalence of serotypes 1, 3, 5, 6A, 7F, and 19A. However, it can be
hypothesized that some of the remaining serotypes will emerge with novel drug-resistant
clones. Therefore, infections caused by multiple drug-resistant pneumococci will remain as
one of the major concerns in pneumococcal research (Gámez and Hammerschmidt, 2012).

3.4

PATHOPHYSIOLOGY OF PNEUMOCOCCAL INFECTIONS AND
S. pneumoniae VIRULENCE FACTORS

3.4.1

Toward an Adhesin-Based Strategy against Pneumococcal Infections
The high burden of pneumococcal diseases, the limitations of currently used vaccines

and the dramatic increase in antibiotic resistance among pneumococcal isolates accentuate the
need to develop new approaches and alternative strategies to face the battle against the
pneumococcus. All currently available PCVs still have limitations as they do not cover all
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pneumococcal serotypes causing pneumonia and severe invasive diseases. Therefore, the
development of protein-based vaccines with expanded coverage and immunogenicity (as noncapsular antigens they are thought to be responsible for the decline of age-related invasive
diseases (Lipsitch, et al., 2005) will be essential to combat pneumococcal transmission and
diseases, especially in developing countries. Pneumococcal virulence requires adherence,
colonization, invasion, fitness and immune evasion during the host infection process.
Therefore, one alternative avenue to fight against the pneumococcal pathogenicity is offered
by employing anti-virulence strategies (Rasko, et al., 2008; Rasko and Sperandio, 2010).
S. pneumoniae is an extracellular pathogen using several diverse manners to encounter the
host and cause disease. Its ability to colonize efficiently the nasopharynx depends on the
interaction of pneumococcal surface-exposed proteins with cellular receptors and/or host
proteins, which promote attachment of pneumococci to mucosal epithelial cells. Adherence to
host cells, considered to be the first step of an invasive infection, may trigger the activation of
further virulence determinants involved in invasion, fitness and immune evasion, on the
pneumococcal side, whereas on the host cell side, it may induce signal cascades and immune
responses such as cytokines release and complement activation pathways, which provoke
significant inflammatory processes. Thus, preventing infections and the clinical severity of
pneumococcal diseases may directly depend on the ability to target important pneumococcal
patho-physiological players and processes. Specifically, the disruption of pneumococcal
adhesin-host protein interactions by anti-virulence drugs, represented by small organic
compounds, and/or a more effective multi-adhesin-based vaccine with expanded coverage,
may serve as an alternative strategy in the battle against the pneumococcal infections.
Nevertheless, the basis for developing these non-polysaccharide anti-virulence approaches
requires an essential and comprehensive understanding of the targeted protein antigen(s).
Therefore, the conservation, distribution and pathogenic role of the recently discovered
pneumococcal surface-exposed virulence factors; the recent advances in pneumococci -host
interactions and immune evasion; and the potential of the pneumococcal adhesins as vaccine
candidates, regarding their immunogenic and protective properties will be discussed below
(Gámez and Hammerschmidt, 2012).

3.4.2

Pneumococcal Surface Architecture Overview
The pneumococcal surface architecture is composed of a flexible lipid bilayer (cell

membrane), a rigid peptidoglycan layer (cell wall), with attached accessory molecules such as
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teichoic (TAs) and lipoteichoic acids (LTAs), a facultative polysaccharide coat termed
capsule, two kinds of long filamentous pilus-like structures, extending from the surface and
present only in some pneumococcal strains and clinical isolates; and many surface-exposed
proteins for the interaction with the host (Figure 3).

3.4.3

The Pneumococcal Polysaccharide Capsule and the Capsular Switch
The capsular polysaccharide is the most important virulence factor of S. pneumoniae.

It is expressed by almost all pathogenic pneumococci and has been shown to increase the
virulence of a pneumococcal strain by more than a million-fold in an animal model system
(Avery and Dubos, 1931). The reason why this pneumococcal structure is used as the antigen
in all pneumococcal vaccines is because it prevents phagocytosis by host immune cells by
inhibiting C3b opsonization of S. pneumoniae. The pneumococcal capsule is extensively
investigated serologically, genetically, and biochemically because of its impact on human
health. The nucleotide sequences of all capsule gene loci have been already determined for the
93 different capsule types. Biochemically, pneumococcal capsules are polysaccharides
excreted outside the cell, which are usually composed of repeating units of simple sugars that
remain attached, probably in a covalent form, to the outer surface of the bacterium (Zartler, et
al., 2008; Rubens, 2006; Yother, 2011). The propensity for a pneumococcal strain to switch
its capsular type independently of its environment is a phenomenon known as the “natural”
capsular switch. Nevertheless, some highly invasive or antibiotic resistant pneumococci may
also have this propensity due to the selective pressure of conjugate vaccination on
pneumococcal strains. The worring fact here is that the additive effect of both natural and
vaccine-selected capsular switch phenomena is conducting to an evasion of the immunity
conferred by vaccination and has a high impact on IPD incidence (Temime, et al., 2008).

3.4.4

Pili in Pneumocci and Streptococci
Oligocomponent pilus structures, recently discovered in many important Gram-

positive pathogens, represent a new class of virulence factors with adhesive and matrix
protein-binding activity. Some of these pilus constituents have emerged as very promising
lead components of protein-based vaccines against streptococci. These extended surface
structures play key roles in host cell and tissue adherence, paracellular translocation, and
biofilm formation of major pathogenic streptococci S. pyogenes, S. agalactiae and
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S. pneumoniae. The number of pilus gene islet variants differs markedly within each
streptococcal species. S. pyogenes encodes nine variants (9 FCT types), S. agalactiae three,
and S. pneumoniae just two gene regions (Figure 11). It is very likely that all these islets are
derived from one ancestral region. That region was spread via horizontal transfer to the
different species and subsequently diversified within a given species according to selection
mechanisms from the respective species-specific host-pathogen interaction. In pneumococci,
natural competence favours horizontal transfer. In the remaining streptococci, phage
transduction may allow the inter-species dispersion of the pilus gene regions (Kreikemeyer,
Gámez, et al., 2011).
The main Streptococcus pneumoniae pilus (pilus-1 or PI-1) is encoded by a 12-kb
genomic region and referred to as rlrA pathogenicity islet (Hava, et al., 2003). This islet
contains seven genes: three coding for the PI-1 subunits RrgA, RrgB and RrgC, three for the
sortase enzymes SrtB, SrtC and SrtD required for pilus assembly, and one for the stand alone
transcriptional regulator named RlrA. The pilus-1 pathogenicity islet in the pneumococcal
genome is flanked by conserved genes and mobile genetic elements, which are characterized
by direct inverse repeats and known as Insertion Sequence (IS) elements (Barocchi, et al.,
2006; Telford, et al., 2006) (Figure 12). Pneumococci are capable of taking up foreign DNA
in a natural way for chromosomal integration, also known as natural competence. Hence, the
presence of the rlrA islet in some but not all the pneumococcal strains and clinical isolates (in
less than 30%) and the identification of the bacterial transposable elements in all the
S. pneumoniae pilus-containing strains, such as TIGR4 (with two IS1167 elements), suggests
that the origin of the capacity to express pili in pneumococci can be explained by an
horizontal transfer of genetic elements coding for the complete pilus biosynthesis pathways
(Telford et al., 2006). Furthermore, the pilus-1 genes rrgA and rrgB, coding for proteins
directly exposed to the host immune response, have been suggested to be under positive
selection, while the other genes in the operon, coding for non-surface exposed proteins are
more conserved among the pneumococcal pilus-containing strains (Muzzi, et al., 2008;
Bagnoli, et al., 2008; Kreikemeyer, Gámez, et al., 2011).
Additionally, a second pilus type (pilus-2 or PI-2) has been described in
S. pneumoniae, which has been reported as present in emerging serotypes. This pneumococcal
pilus-operon contains five genes: two genes coding for the pilus islet-2 subunits PitA and
PitB; two for the sortase-like proteins SrtG1 and SrtG2, required for pilus assembly; and one
for a signal peptidase-related protein, SipA. The pilus islet-2 pathogenicity islet is also
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flanked by conserved genes (pepT and hemH) and putative 7-bp (TCCTTTT) insertion sites
(Bagnoli, et al., 2008). In contrast to the pilus-1, which is short and expressed in several units
per pneumococcus, the pneumococcal pilus-2 is long and only one is expressed on the cell
surface per pneumococcus (Kreikemeyer, Gámez, et al., 2011).

3.4.4.1

Pilus Assembly and Architecture
Following the assembly model proposed for Corynebacterium diphtheriae,

streptococcal and pneumococcal pilus assembly processes start with Sec-dependent secretion
of the pilus proteins to the cell membrane. Then, transpeptidase reactions catalized by pilus
sortases trigger oligomerization of the protein subunits and finally, the oligomerized structure
is anchored to the cell wall by the housekeeping sortase SrtA encoded oustside the pilus
genomic regions (Telford, et al., 2006; Mandlik, et al., 2008). The three structural PI-1
subunits RrgA, RrgB and RrgC of Streptococcus pneumoniae contain characteristic pilin
domains and LPxTG motifs for cell wall-anchoring. RrgB contains a functional pilin motif
and arises as the major pilin subunit forming the pilus backbone. RrgA and RrgC are
considered as ancillary proteins of the pilus containing minor pilin motifs. No pilus formation
was observed in rrgB-mutant strains, while ancillary protein knockouts failed to avoid the
pilus formation (Telford, et al., 2006; Mandlik, et al., 2008; Hilleringmann, et al., 2008;
Hilleringmann, et al., 2009). Similarly, the two structural PI-2 subunits PitA and PitB present
characteristic motifs of Gram-postive pilus subunits, such as signal peptides and noncanonical
cell wall-sorting signals (VTPTG for PitB and VPETG for PitA) (Bagnoli, et al., 2008). Both
pneumococcal pili, like the pili in other Gram-positive bacteria, are strong structures made of
covalently attached major subunits (RrgB for PI-1 and PitB for PI-2). New detailed insights
into the molecular architecture of the native PI-1 in S. pneumoniae TIGR4 were achieved by
electron microscopic analysis. According to this, the pneumococcal pilus consists of a cell
wall surface anchor (ancillary protein RrgC), a backbone made of RrgB monomers assembled
in a head-to-tail organization and a tip of RrgA, which is also considered as the pilus adhesion
(Hilleringmann, et al., 2009). Isopeptide bonds present in both RrgB and RrgC proteins have
been identified to play a role in protein and pilus structure stabilization (Izore, et al., 2010).
The pneumococcal pilus-1 assembly requires enzyme-catalized reactions. Deletion of all three
PI-1-associated sortases genes (srtB, srtC and srtD) avoids the covalently pilus subunit
association, while srtB expression alone is sufficient for pilus formation (Kreikemeyer,
Gámez, et al., 2011).
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3.4.4.2

Pilus Pathogenic Role
Adherence, colonization and dissemination within the host represent the most

important stages in the pathogenesis of streptococcal species, which have evolved common
and unique sophisticated strategies for their interactions with human host components. In this
context pili are a paradigm for bacterial factors playing similar roles across serotype borders.
Several studies have suggested and demonstrated the important roles of S pneumoniae pili in
pneumococcal pathogenesis. Similar to the other streptococcal species, the pilus-1 in
pneumococci is mainly involved in adhesion and colonization, which demonstrates its direct
role in pathogenesis (Barocchi, et al., 2006). The ancillary protein RrgA is considered to be
the major pilus-associated adhesin, due to its localization at the tip of the pilus
(Hilleringmann, et al., 2008). A high-resolution crystal structure for this protein has been
reported by Izore et al., where an integrin I collagen-recognition domain has been identified.
This finding establishes the first structural basis of host-cell recognition by the pneumococcal
pilus adhesion RrgA (Izore, et al., 2010). Similarly, the implication of the second pilus type in
pathogenic processes, such as adhesion to respiratory host cells, was also confirmed. But
compared with the other streptococcal species, the prevalence of pneumococcal pili is low,
which indicates that the pilus-operons are not present in all the pneumococcal strains and
clinical isolates. In addition, no correlations between pili and pneumococcal serotypes have
been found and so far only the strain Taiwan19F-14 encodes and expresses both types of
pneumococcal pilus (Bagnoli, et al., 2008; Kreikemeyer, Gámez, et al., 2011).

3.4.5

Surface-Exposed Proteins as Virulence Factors and Key Molecules for Vaccine
Development
Two kinds of proteins have been deciphered on the surface of pneumococci: the

anchorless or non-classical surface proteins and the predicted classical surface proteins. The
pneumococcal adherence and virulence factor A (PavA), and the glycolytic enzymes enolase,
6-phosphogluconate dehydrogenase (6PGD) and glyceraldehide-3-phosphate dehydrogenase
(GAPDH), which have been related with invasive diseases (sepsis and meningitis) (Table 1),
are considered non-classical surface proteins of S. pneumoniae because they do not possess
classical features of bacterial surface proteins. According to genome sequence analyses, the
majority of pneumococcal surface-exposed proteins exhibit a signal peptide and/or additional
signature sequences required for their extra-cytoplasmic transport, protein transversal across
the membrane and covalent or non-covalent attachment to the bacterial cell-surface (Table 1).
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3.4.5.1 Conservation, Distribution, and Role in Adherence and Colonization of Recently
Discovered Pneumococcal Surface-Exposed Proteins
Although each individual virulence factor described up to date plays an important
role during the infection processes of pneumococci, the impact of all pneumococcal surfaceexposed proteins on pathogenesis remains only partially deciphered. It is widely accepted that
a multitude of factors are involved in the initial processes of virulence, as knockouts of
individual proteins reduced, but did not completely abolish adherence, colonization and
invasion of host cells. The Pneumococcal adherence and virulence factor A (PavA), for
example, is an anchorless surface-exposed protein, which has been shown to be critical for
colonization and invasive diseases, with PavA-deficient pneumococci less able to cross the
mucosal epithelial line and reach the bloodstream (Pracht, et al., 2005; Kadioglu, et al., 2010).
In addition, PavA contributes to the fibronectin-binding properties of pneumococci. However,
as PavA-deficient pneumococcal strains retain 50% of their fibronectin-binding activity,
additional fibronectin adhesins are produced by S. pneumoniae (Table 1 and Figure 3)
(Holmes, et al., 2001; Schwarz-Linek, et al., 2004; Pracht, et al., 2005; Gámez and
Hammerschmidt, 2012).
By using new comprehensive techniques and in silico genome-based approaches
several pneumococcal proteins have been identified and/or confirmed as vaccine candidates
(Rappuoli, 2001a; Rappuoli, 2001b; Wizemann, et al., 2001; Meinke, et al., 2004). In
particular, bioinformatic analysis of the pneumococcal genome organization identified
approximately 471 encoded proteins with a signal peptide, which facilitated studying a novel
class of highly conserved potential vaccine antigens (Overweg, et al., 2000; Zysk, et al.,
2000; Adrian, et al., 2004; Ling, et al., 2004; Barocchi, et al., 2006; Giefing, et al., 2008)
(Table 1). Undoubtedly, the majority of pneumococcal virulence factors are located on the
bacterial surface, which facilitates their interactions with the host and enables pneumococci to
act as a serious human pathogen. According to the anchoring or attachment mechanisms, three
main distinct clusters of surface proteins have been identified in S. pneumoniae: the LPxTGproteins, anchored covalently to the cell wall via sortases; the choline-binding proteins
(CBPs), non-covalently attached to the cell wall by interacting with phosphorylcholines
(PCho) residues decorating the teichoic (TAs) and lipoteichoic acids (LTAs); and the
lipoproteins, non-covalently attached to the membrane phospholipid bilayer (Mitchell, et al.,
1997; Mitchell, 2000; Bergmann and Hammerschmidt, 2006; Hammerschmidt, 2006;
Kadioglu, et al., 2008; Gámez and Hammerschmidt, 2012).
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 Sortase-Anchored LPxTG Proteins: The LPxTG-proteins contain the cell wallanchoring conserved motif LPxTG, which is recognized and catalyzed by transpeptidases,
called sortases, for cell wall protein attachment. At least 20 LPxTG-proteins are predicted to
be encoded in the pneumococcal genome (Bergmann and Hammerschmidt, 2006;
Hammerschmidt, 2006; Kadioglu, et al., 2008; Nobbs, et al., 2009). The highly conserved and
distributed pneumococcal adherence and virulence factor B (PavB) is one of them. PavB is a
recently discovered adhesin containing N-terminally a classical leader peptide and Cterminally a LPNTG peptidoglycan-anchoring motif and a hydrophobic transmembrane (TM)
domain. The major and more interesting part of PavB is the SSURE (streptococcal surface
repeats) domain. The SSURE domain consists of highly conserved repeats, each of ~150
amino acid residues, whose number of repetitive units is variable and relies on the strain but
does not correlate with the serotype (Bumbaca, et al., 2004; Jedrzejas, 2007). PavB has been
demonstrated to interact via its SSURE domain with soluble fibronectin and plasminogen. In
addition, PavB contributes as adhesin to nasopharyngeal colonization and airways infection
(Jensch, Gámez, et al, 2010) (Table 1 and Figure 3). Similarly, utilizing genomic approaches,
some additional host-binding LPxTG-proteins were identified in S. pneumoniae. One of them
is the highly conserved LPxTG-protein PfbA, which was identified as a novel plasmin- and
fibronectin-binding protein and is involved in fibronectin-dependent adhesion and antiphagocytosis (Yamaguchi, et al., 2008). Another identified factor contributing to
pneumococcal adherence and invasion of host cells is the pneumococcal collagen-like protein
(PclA), which has a moderate distribution among pneumococci. The gene encoding PclA is
located in a 9.6 kb genomic region of R6, which was discovered after comparison of R6 with
the TIGR4 genome. This R6-genomic region, referred to as R6-specific cluster 1 (Bruckner,
et al., 2004), encodes a putative Mga-like regulatory protein as well (Paterson, et al., 2008).
The pneumococcal serine-rich repeat protein (PsrP) was recently shown to mediate
pneumococcal attachment to lung, but not to nasopharyngeal cells. Keratin 10 of lung cells
was identified as PsrP receptor. PsrP is a highly conserved pathogenicity islet-encoded
adhesin with an extended serine-reach repeat (SRR2) domain for adherence, promoting in
vitro and in biofilm pneumococcal aggregation (Table 1) (Rose, et al., 2008; Shivshankar, et
al., 2009; Sanchez, et al., 2010). Moreover, all the pilus constituents are LPxTG-proteins,
containing functional pilin motif, signal peptide and TM domain, as mentioned above
(Telford, et al., 2006; Bagnoli, et al., 2008; Hilleringmann, et al., 2008; Mandlik, et al., 2008;
Hilleringmann, et al., 2009; Gámez and Hammerschmidt, 2012).
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 Choline-Binding Proteins: The CBPs are highly homologous in their cholinebinding domains (CBDs), which are located in with the exception of LytB and LytC in the Cterminal part of the protein and consist of repetitive segments (2 to 12 copies of 20 amino
acids). The CBDs are preceded by a proline-rich flexible linker and the individual biological
active domain. These CBDs are important to anchor the CBPs non-covalently to the bacterial
cell surface via an interaction with the phosphorylcholine and seem to non-immunogenic.
Depending on the strain, pneumococci produce 13 to 16 different CBPs, which are important
for virulence, including the pneumococcal surface proteins PspA and PspC (also known as
CbpA or SpsA), the major autolysin (LytA), the phosphorylcholine esterase Pce (also
designated CbpE) and the murein hydrolase CbpD (Bergmann and Hammerschmidt, 2006;
Hammerschmidt, 2006). CBP loss of function significantly reduces LytA-mediated autolysis
and hence pneumococcal pneumolysin release, nasopharyngeal colonization of rats (PspC and
CbpD), alters adherence to human cells and causes changes in colony phenotype (Pce), and
attenuates virulence in animal models (PspA and PspC) (Bergmann and Hammerschmidt,
2006; Hammerschmidt, 2006; Kadioglu, et al., 2008; Nobbs, et al., 2009). Recent studies also
indicated that CbpD supports the major autolysin LytA in competence-induced pneumococcal
autolysis and is involved in allolysis, i.e. in release of virulence factors from non-competent
pneumococci, triggered by competent cells (Table 1 and Figure 3) (Guiral, et al., 2005;
Gámez and Hammerschmidt, 2012).

 Lipoproteins: In lipoproteins, the N-terminus signature sequence LX1X2C, also
referred to as the lipobox, is a consensus motif recognized by the lipoprotein signal peptidase
II (Lsp) for direct linking between the Cys residue and the diacylglyceryl of the phospholipid
bilayer. The pneumococcal genome encodes approximately 40 of these lipid-attached
components, which are essential for bacterial fitness and substrate transport due to their
biological function, as substrate binding protein of ATP binding cassette systems, peptide
permeases or peptidyl-prolyl cis/trans isomerases (PPIases). Loss of function of these proteins
was shown to reduce adherence and cause sensitivity to oxidative stress and virulence
attenuation in mouse infection models (Bergmann and Hammerschmidt, 2006; Kadioglu, et
al., 2008). The pneumococcal surface antigen A (PsaA), for example, is a surface-exposed
protein with binding specificity for Mn2+ and Zn2+. PsaA is the cell wall exposed binding
subunit of a manganese-type ABC transporter and has been demonstrated to act directly as an
adhesin involved in pneumococcal pathogenesis (Berry and Paton, 1996; Anderton, et al.,
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2007). Similarly, the pneumococcal iron-uptake (PiuA) and iron-acquisition (PiaA)
lipoproteins are components of two separate ABC transporters involved in iron transport and
virulence (Brown, et al., 2001). Furthermore, pneumococci produce two lipoproteins
belonging to the family of PPIases: PpmA, the putative proteinase maturation protein A,
suggested as being important for virulence, and SlrA, the streptococcal lipoprotein rotamase
A, a functional PPIase involved in nasopharyngeal colonization (Hermans, et al., 2006; Cron,
et al., 2009). These two lipoproteins, as members of the PPIase-family, are supposed to be
involved in secretion and/or active folding of surface-exposed molecules (Table 1 and Figure
3) (Marra and Lawson, et al., 2002; Hermans, et al., 2006; Gámez and Hammerschmidt,
2012).

 Other

Surface-Exposed

Proteins:

Immunoproteome

and

ANTIGENome

approaches allowed discovering seven additional pneumococcal proteins involved in
pathogenesis: the pneumococcal histidine triad proteins: PhtA, PhtB, PhtD and PhtE
(Adamou, et al., 2001; Wizemann, et al., 2001), the pneumococcal protective protein A
(PppA), the protein required for cell wall separation of group B streptococcus (PcsB), and the
serine-threonine protein kinase (StkP). Although the pneumococcal histidine triad protein
family members exhibit hydrophobic N-terminus signal peptides containing LX1X2C motifs,
they are still considered as an independent surface-exposed protein group because their
lipoprotein-like motif does not appear to work as real lipoboxes and the way they attach to the
lipids, deduced from their primary sequence, is up to now unclear (Hamel, et al., 2004). The
characteristic feature of these Pht proteins, present only in the genus Streptococcus, is their
unusual polyhistidine signature motif HxxHxH, repeated five to six times (Wizemann, et al.,
2001; Rioux, et al., 2011). These proteins were demonstrated to be important for adherence
and invasion and their histidine triad motifs have zinc- and manganese-binding properties,
acting as Zn2+ and Mn2+ scavengers (Adamou, et al., 2001; Jedrzejas, 2007; Rioux, et al.,
2011). The genes for PhtD, PhtE, PhtB and PhtA occurred in 100, 97, 81 and 62% of the
pneumococcal strains respectively, and only PhtD displays very little variability, which makes
it a promising candidate for pneumococcal vaccine development (Rioux, et al., 2011).
Furthermore, PppA is another highly conserved and widely distributed small (20 kDa)
pneumococcal protein involved in colonization. PppA shows similarities to other
streptococcal proteins, including an iron-containing protein. However, its anchoring model to
the cell surface structures still remains unclear (Green, et al., 2005). Finally, StkP and PcsB,
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surface-exposed pneumococcal virulence determinants discovered by genomic antigenic
fingerprinting approaches, are highly conserved and distributed among pneumococcal clinical
isolates. These proteins are also involved in pneumococcal fitness and have a key role in
pneumococcal cell division (Giefing, et al., 2008). StkP, the unique eukaryotic-type serinethreonine kinase in pneumococci, co-localizes and interacts with the cell division apparatus,
thereby interfering with bacterial multiplication and hence virulence (Giefing, et al., 2010).
Likewise, PcsB seems to be a putative murein hydrolase, important for peptidoglycan
remodeling and cell separation during division (Table 1) (Barendt, et al., 2009; Gámez and
Hammerschmidt, 2012).

Figure 3.

Virulence factors displayed on the surface of pneumococci.

The cell wall of pneumococci is decorated with virulence determinants belonging to different classes of surfaceexposed molecules. Here, the LPxTG proteins PavB, PsrP, PfbA and the pilus-1 subunits RrgA, RrgB and RrgC
are depicted. Similarly, the choline-binding proteins PspA, PspC and LytA, and the lipoproteins PsaA, PiuA,
PiaA, PpmA and SlrA are shown. In addition, the anchorless proteins PavA, Enolase and GAPDH, the cell wall
components TAs, LTAs and PCho, and the cytosolic pneumolysin are also depicted (Gámez and
Hammerschmidt, 2012. Current Drug Targets 13(3): 323 - 337).
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3.4.5.2

Immunogenic and Protective Properties of the Pneumococcal Surface-Exposed
Adhesins: Perspectives on Vaccine
As non-capsular antigens, pneumococcal proteins have been shown to be responsible

for the decline of age-related invasive diseases, and hence, proteins play a role in natural
resistance against pneumococcal infections (Lipsitch, et al., 2005). A pneumococcal adhesinbased vaccine should induce sufficient concentrations of antibodies and a good immunologic
memory in the human population where it will be applied to reduce pneumococcal colonization
and invasive diseases. Therefore, the efficacy of such a vaccine will depend on the immunogenic
and protective properties of the included targeted protein antigen(s). The recently discovered
adhesin PavB represents an immunogenic pneumococcal surface-exposed protein and conserved
vaccine antigen (Jensch, Gámez, et al., 2010). It was also shown that immunization with
recombinant PsrP protects mice against pneumococcal challenge (Shivshankar, et al., 2009).
Similarly, both active and passive immunization with recombinant pneumococcal pilus subunits
afforded protection against lethal challenge in a mouse model of intraperitoneal infection
(Gianfaldoni, et al., 2007). In addition, PspA is considered as an immune protective molecule,
and the presence of PspC and Hic improves the survival of pneumococci in a systemic mouse
infection model (Iannelli, et al., 2004). Other proteins exhibiting significant immunogenic and
protective properties are the pneumococcal histidine triad proteins: PhtA, PhtB and PhtD, which
induce protection against lethal pneumococcal sepsis after mice immunization (Adamou, et al.,
2001), the pneumococcal protective protein A (PppA), which elicits cross-reactive antibodies
reducing colonization in a murine intranasal immunization and challenge model (Green, et al.,
2005), and the pneumococcal choline-binding protein A (PcpA), which elicits protection against
lung infection and fatal sepsis (Glover, et al., 2008). Furthermore, the lipoprotein PpmA elicits
species-specific

opsonophagocytic

antibodies

that

are

cross-reactive

against

various

pneumococcal strains (Overweg, et al., 2000) and the glycolytic enzymes are antigenic in
humans and elicit protective immune responses in mice as well (Ling, et al., 2004). Finally, PcsB
and StkP were demonstrated to be immunogenic by inducing opsonophagocytic/bactericidal
antibodies during pneumococcal infections (Giefing, et al., 2008), and the immunogenicity of
other pneumococcal factors such as PrtA and SpuA (surface-located pullulanase) was also
demonstrated (Bongaerts, et al., 2000; Bethe, et al., 2001). In summary, regarding their
immunogenic and protective properties, these pneumococcal antigens may serve as effective
components for adhesin-based vaccines to prevent pneumococcal infections (Gámez and
Hammerschmidt, 2012).
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Table 1.

Pneumococcal surface-exposed proteins with immunogenic properties

Protein (Description / Key Domain)
LPXTG-Proteins
PavB (Pneumococcal adherence and virulence Factor B /
SSUREs)
PfbA (Plasmin- and fibronectin-binding protein A)
*PclA (Pneumococcal collagen-like-protein A)
PsrP (Pneumococcal serine-rich repeat Protein / SRRs)
RrgA (Rlr-regulated gene A / Minor pilin motif)
RrgB (Rlr-regulated gene B / Major pilin motif)
RrgC (Rlr-regulated gene C / Minor pilin motif)
*PitA (pilus islet-two A / Minor pilin motif)
*PitB (pilus islet-two B / Major pilin motif)
Choline-Binding Proteins
PspA (Pneumococcal surface protein A)
PspC (Pneumococcal surface protein C), CbpA or SpsA
LytA (Autolysin A), the major autolysin
Pce (Phosphorylcholine esterase), CbpE
CbpD (Choline-Binding Protein D)
Lipoproteins
PsaA (Pneumococcal surface antigen A)
PiaA (Pneumococcal iron acquisition A), Pit2A
PiuA (Pneumococcal iron uptake A), Pit1A
PpmA (Putative proteinase maturation protein A)
SlrA (Streptococcal liprotein rotamase A)
Histidine Triad Proteins
PhtA (PhpA), B, C, D
(Pht: Pneumococcal histidine triad / HxxHxH), PhpA
Other Surface-Exposed Proteins
PavA (Pneumococcal adherence and virulence Factor A)

Host-Target Protein or Receptor

Pathogenic Role

Reference(s)

Fibronectin, plasmin(ogen)

Adherence, colonization

41,106,108

Fibronectin, plasmin(ogen), human serum albumin
ND
Keratin 10
Collagen I, fibronectin, laminin, plasmin(ogen),
lactoferrin
ND
ND
ND
ND

Adherence, immune evasion
Adherence, invasion
Adherence

228
177
192,197,202

Adherence, virulence

15,18,19,92,93,211

Virulence
Virulence
Virulence
Adherence, virulence

18
18
15
15

(Apo-)lactoferrin, complement C3b
pIgR, factor H, laminin receptor, complement C3b,
IgA
Peptidoglycans
Laminin, plasmin(ogen), fibrin(ogen), factor H
Murein

Fitness, immune evasion
Adherence, colonization, invasion immune
evasion
Colonization
Adherence, colonization, fitness
Colonization

22,35,80,82,94,188,189,201

E-cadherin
No binding
No binding

8
37
37

No binding

Adherence, immune evasion
Virulence
Virulence
Adherence, colonization, invasion, immune
evasion
Colonization, invasion, immune evasion

ND

Adherence, invasión, immune evasion

149,227

No binding

Adherence, colonization, invasion, immune
evasion
Colonization
Fitness
Fitness

Fibronectin

PppA (Pneumococcal protective protein A)
ND
PcsB (Protein for cell wall separation - Group B streptococci) ND
StkP (Serine-threonine protein kinase / PASTA)
ND
*Immunogenicity has not yet been determined (Gámez and Hammerschmidt, 2012. Current Drug Targets 13(3): 323 - 337).
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22,56,80,135,136,137,189,232
113
22,113
22,75,113

49,169
91

95,114,163,181
74
67,68
17,67
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3.5

RECENT

ADVANCES

IN

PNEUMOCOCCAL-HOST

INTERACTIONS AND THEIR IMPACT ON IMMUNE EVASION
AND PNEUMOCOCCAL INTERNALIZATION
The surface-exposed virulence factors produced by pneumococci are important in the
progression from nasopharyngeal colonization to infection of the lungs and bloodstream.
However, in order to consider their interactions with the host counterparts as potential drug
targets, it is also important to understand the biological function and role in pathogenesis of
the human players targeted by the pneumococcal adhesins. The host proteins, which were
discovered to interfere with pneumococcal infections of human lung and/or nasopharyngeal
epithelia, are extracellular matrix (ECM) components, circulating plasma proteins, cell
adhesion molecules (CAMs) and, more recently, fibrous structural proteins (Figure 4 and
Figure 5) (Gámez and Hammerschmidt, 2012).

3.5.1

Pneumococcal Virulence Factors Binding to and Digesting Extracellular Matrix
Components
As part of the ECM, mammalians produce different collagen families, elastin,

proteoglycans

(including

hyaluronan),

and

non-collagenous

glycoproteins.

These

glycoproteins are in turn divided into adhesive glycoproteins such as fibronectin, laminin and
vitronectin, and matricellular glycoproteins like thrombospondin-1 (Daley, et al., 2008;
Jarvelainen, et al., 2009). RrgA is demonstrated to interact with multiple ECM substrates
including collagen I, laminin and fibronectin (Barocchi, et al., 2007; Hilleringmann, et al.,
2008). In agreement with these findings, the high-resolution crystal structure of RrgA
identified an integrin I collagen-recognition domain, which establishes the first structural
basis of host-cell recognition by this pneumococcal pilus adhesin (Izore, et al., 2010).
However, among all the ECM components interacting with pneumococci, the adhesive human
glycoprotein fibronectin seems to play the central role in pneumococcal infections. As
mentioned above, PavA is suggested to be a fibronectin-binding protein, although it does not
possess fibronectin-binding repeats or domains similar to other fibronectin-targeting proteins.
Moreover, PavA is proposed to modulate still other unidentified pneumococcal virulence
factors, instead of acting directly as an adhesin (Pracht, et al., 2005; Noske, et al., 2009;
Kadioglu, et al., 2010). In addition, fibronectin interacts with PfbA (Yamaguchi, et al., 2008)
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and PavB via its conserved repeats in the SSURE domain (Figure 4) (Jensch, Gámez, et al.,
2010; Gámez and Hammerschmidt, 2012).
All these recently discovered pneumococcal surface-exposed proteins interacting
with the ECM are considered to be part of the pneumococcal MSCRAMMs (microbial surface
components recognizing adhesive matrix molecules). In conclusion, fibronectin interaction
properties can be considered as a potential drug target trait or process to combat
pneumococcal infections. Furthermore, the classical pneumococcal virulence factors PspC
and Pce possess laminin-binding activities, while for the pneumococcal collagen-like protein
PclA (Paterson, et al., 2008) binding to extracellular matrix components has not yet been
determined (Table 1). On the other hand, the human matricellular glycoprotein
thrombospondin-1 promotes adherence of pneumococci and other Gram-positive bacteria via
recognition of peptidoglycan. In this context, thrombospondin-1 acts as a molecular bridge
and peptidoglycan as an adhesin, thereby linking the pathogen with still unknown cellular
receptor(s) (Rennemeier, et al., 2007). This thrombospondin-1 recruitment by pneumococci
may also play an important role in immune evasion as thrombospondin-1 is a major activator
in vivo of the transforming growth factor-1 TGF-1, which in turn appears to block the
activation of lymphocytes and monocytes derived phagocytes (Crawford, et al., 1998).
Finally, pneumococci produce their own enzymatic arsenal against ECM components to
facilitate pneumococcal invasion and dissemination. The LPxTG-enzyme hyaluronidase (Hyl)
degrades the hyaluronic acid. Meanwhile, other pneumococcal proteolytic enzymes such as
the subtilisin-like serine protease A (PrtA) (Bethe, et al., 2001), the immunoglobulin A1
protease (IgA1, also referred to as ZmpA), and the zinc-metalloproteases: ZmpB, ZmpC and
ZmpD (an additional IgA paralog present only in some pneumococcal strains such as INV200
and 23F (Blue, et al., 2003; Kilian, et al., 2008) are shown to be implicated in adherence and
colonization of pneumococci to host nasopharyngeal cells, and invasion by host protein
degradation (Bergmann and Hammerschmidt, 2006; Hammerschmidt, 2006; Bergmann and
Hammerschmidt, 2007; Kadioglu, et al., 2008; Gámez and Hammerschmidt, 2012).

3.5.2

Pneumococcal Virulence Factors Binding to Circulating Plasma Proteins and
Recruitment of Host-Derived Proteolytic Activities
The common circulating human plasma proteins acting in coagulation cascades and

playing a role during pneumococcal infections are plasmin(ogen), fibrin(ogen), Factor H, and
vitronectin (Adkins, et al., 2002; Frolet, et al., 2010). As suggested for fibronectin, the
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protease plasmin seems to be a key player in pneumococcal invasive diseases as pneumococci
are able to recruit factors of the host fibrinolytic system. In addition to SSURE-mediated
binding of plasmin(ogen) to surface-exposed PavB protein of pneumococci (Jensch, Gámez,
et al., 2010), PfbA interacts with human serum albumin and also plasmin(ogen) (Yamaguchi,
et al., 2008).The pilus adhesin RrgA exhibits plasmin(ogen)-binding proteins as well (Table
1) (Hilleringmann, et al., 2008).In addition, the pneumococcal glycolytic enzymes -enolase
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were also shown to exhibit
plasmin(ogen)-binding properties and this recruitment accelerates ECM degradation,
dissolution of fibrin and pneumococcal transmigration (Bergmann, et al., 2005; Bergmann
and Hammerschmidt, 2007) (Figure 4). Although in several plasmin(ogen) adhesins of other
streptococci C-terminal lysine residues are important for the recognition and interaction with
plasmin(ogen), recent data indicated that an exposed plasmin(ogen)-binding site (BS2) of nine
residues (FYDKERKVY), comprising the residues 248 to 256 of the -enolase, is critical for
its interaction with plasmin(ogen) (Bergmann, et al., 2003). Both pneumococcal enzymes are
usually located in the cytosol. However, electron microscopic images indicated that both
enzymes and probably also others stay anchorless surface-exposed (Bergmann and
Hammerschmidt, 2006; Hammerschmidt, 2006; Kadioglu, et al., 2008; Nobbs, et al., 2009).
In conclusion, plasmin(ogen) interaction properties can also be considered as a potential drug
target for the treatment of pneumococcal diseases (Gámez and Hammerschmidt, 2012).

3.5.3

Pneumococcal Virulence Factors Binding to Fibrous Structural Proteins
The unique example of binding between a pneumococcal adhesin and a major human

fibrous structural protein is given by the recently discovered PsrP-Keratin 10 (K10)
interaction, which established the molecular basis to explain the lung selective PsrP-mediated
pneumococcal pathogenesis (Figure 4). In order to act as an adhesin, PsrP requires its
extended SRR2 (serine-rich repeat) domain, whose basic region (BR; amino acids 273 to 341)
is responsible for the adhesive properties of PsrP (Shivshankar, et al., 2009). Deletion of the
psrP gene in pneumococci was shown to have no effect on nasopharyngeal colonization
(Rose, et al., 2008), and recently, the PsrP-K10 interaction has been demonstrated to be
independent of lectin activity and selective for lung tissue but not for the nasopharyngeal
tissue, probably because nasopharyngeal cells are devoid of K10 (Shivshankar, et al., 2009;
Gámez and Hammerschmidt, 2012).
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Figure 4.

Pneumococcal strategies for adherence and colonization.

Pneumococcal adhesins interact directly with human extra-cellular matrix (ECM) components, soluble plasma
proteins and/or cellular receptors at the host epithelium. The interactions of PavA, PavB, PfbA, RrgA, and PspC
with ECM proteins such as fibronectin, laminin and collagen are shown here. Likewise, the interaction of PspA,
PspC, PavB, PfbA, RrgA, enolase and GAPDH with the circulating plasma proteins: plasmin(ogen), human
serum albumin, complement regulator Factor H, complement C3b, IgA, and lactoferrin are also depicted.
Importantly, the specific pneumococcal adhesin-cellular receptor interactions between PsrP and K10, PsaA and
E-cadherin, PspC and laminin receptor, and PspC and pIgR are shown (Gámez and Hammerschmidt, 2012.
Current Drug Targets 13(3): 323 - 337).
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3.5.4

Pneumococcal Virulence Factors Sensed by Pathogen Recognition Receptors
and other Innate Immune Proteins: Pneumococcal Strategies for Immune
Evasion
For subversion of the host immune and cellular response pneumococcal surface-

exposed proteins have evolved mechanisms to interact with components of the innate immune
system. The pathogen pattern-recognition signaling receptors (PRRs) are key innate immune
players to seek and respond to pneumococcal counterparts, the so called pathogen-associated
molecular patterns (PAMPs). The human PRRs are variable in their cellular localization,
chemical structure and biological function. They are usually involved in pathogen tissue
invasion from airways into blood and contribute to host-defense activation and inflammation
in lungs (Gámez and Hammerschmidt, 2012).
During pneumococcal pathogenesis, the surface-located Toll-like receptor 4 (TLR4)
is the PRR sensing pneumolysin (Ply). Similarly, other PRRs sensing pneumococcal PAMPs
are: TLR9 for pneumococcal DNA (CpG motifs) in the endosomes, TLR1, TLR2, TLR6,
CD14 (cluster-determining 14) and PAFR (platelet-activating factor receptor) for LTA, PCho
and peptidoglycan, and MARCO (macrophage receptor with collagenous structure), CD14
and SIGN-R1 (dendritic cell-specific ICAM-3 grabbing non-integrin-R1) for the capsule. In
addition, pneumococcal peptidoglycan is recognized by the secreted PPR LPS-binding protein
(LBP) and by the cytosolic nucleotide-binding oligomerisation domain 2 (NOD2) (Figure 5)
(Paterson and Mitchell 2006; Hammerschmidt and Paterson et al., 2007; van der Poll and
Opal 2009; Paterson and Orihuela, 2010; Gámez and Hammerschmidt, 2012).
One important aspect in the pathogenesis of S. pneumoniae is how the cytosolic
pneumolysin (the major pneumococcal virulence factor, in addition to the CPS) senses the
innate immune receptor TLR4, thereby modulating inflammatory responses and contributing
to pneumococcal diseases (Malley, et al., 2003). Ply is a sulfhydryl-(thiol)-activated host
cytolysin, produced by all clinical isolates and pneumococcal strains, and involved in
pneumococcal colonization and invasion (Cockeran, et al., 2002). The major autolysin LytA
releases Ply after pneumococcal autolysis, which induce host-cell lysis by binding and
interaction of Ply with cholesterol molecules in the plasma membrane. Ply is also able to
activate the complement system and cause TNF and IL-1 release (Hollingshead, et al., 2000;
Iannelli, et al., 2002; Jedrzejas, 2007; Kadioglu, et al., 2008; Gámez and Hammerschmidt,
2012).
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Remarkably, pneumococci use a variety of different strategies to circumvent the host
immune responses by interacting other innate immune-involved proteins such as complement
C3b, factor H and (apo-)lactoferrin (Table 1), or by inducing the production and release of
proinflammatory cytokines such as interleukins (IL) and/or tumor necrosis factors (TNFs).
For example, PavA was demonstrated to manipulate phagocytosis and induction of the innate
and adaptive immune responses during pneumococcal uptake by human dendritic cells. PavA
interferes indirectly with the production of IL-1, IL-6, IL-8, IL-12, and TNF and is
required for an optimal immune response by DCs (Noske, et al., 2009; Gámez and
Hammerschmidt, 2012).
On the other hand, the deficiency of pneumococcal PspA, PspC and histidine triad
proteins (Phts), all interacting with components of the human complement system, was shown
to increase complement-receptor-mediated clearance of pneumococci (Jarva, et al., 2002;
Shaper, et al., 2004; Hammerschmidt and Agarwal, et al., 2007; Zipfel, et al., 2008; Melin, et
al., 2010). PspA inhibits both the activation and deposition of human complement C3, via the
classical pathway, and the alternative complement pathway by declining C3b deposition (Tu,
et al., 1999; Ren, et al., 2003; Ren and McCrory, et al., 2004; Ren and Szalai, et al., 2004).
Mutations in the psaA gene causes pleiotropic effects including decreased adherence to type II
pneumocytes, resistance to oxidative stress, and virulence, and a requirement for additional
Mn2+ (Tseng, et al., 2002; Johnston, et al., 2004; McAllister, et al., 2004; Johnston, et al.,
2006; Gámez and Hammerschmidt, 2012).
Strikingly, pneumococci are also able to evade the immune system by binding the
major iron transport protein lactoferrin through PspA (Figure 5). Interactions with
apolactoferrin (ALF), an iron depleted form of lactoferrin, is known to be bacteriostatic and
bactericidal. However, pneumococci, most likely unable to acquire iron from iron-saturated
hololactoferrin, bind ALF by PspA thereby circumventing the bacteriostatic and bactericidal
effects ALF (Hammerschmidt, et al., 1999; Shaper, et al., 2004; Gámez and Hammerschmidt,
2012).
Up to now, only PspC, Hic (factor H-binding inhibitor of complement; a PspC-like
protein) and Pht proteins are the pneumococcal proteins known to bind the human factor H,
which prevents complement-mediated phagocytosis and avoids complement attack in blood
by inhibition of C3b (Janulczyk, et al., 2000; Smith and Hostetter, 2000; Jarva, et al., 2002;
Dave, et al., 2001; Dave, et al., 2004; Melin, et al., 2010). Hic is a pneumococcal surfaceexposed LPxTG-protein, whose factor H-binding domain was mapped between the amino
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acids 39 and 261, and residues 38 to 149 share homology with classical PspC sequences
(Janulczyk, et al., 2000; Lu, et al., 2006; Hammerschmidt and Agarwal, et al., 2007).
Moreover, by using its multifunctional adhesin PspC and exploiting, in a human- and cellspecific manner, the polymeric immunoglobulin receptor (pIgR), pneumococci adhere to and
transcytose across mucosal respiratory epithelial cells which finally promotes invasive
diseases (Hammerschmidt, et al., 2000; Zhang, et al., 2000; Lu, et al., 2003; Elm, et al., 2004;
Gámez and Hammerschmidt, 2012).
To date, this unique and direct pneumococcal adhesin-receptor interaction is the only
direct interaction known to trigger cell signaling transduction pathways (Agarwal and
Hammerschmidt, 2009; Agarwal and Asmat et al., 2010). Pneumococcal PspC binding to the
pIgR ectodomain (also known as human secretory component, SC) occurs via conserved
hexapeptide motifs Y/RRNYPT located in ~110 amino-acid-long N-terminal repeated domains
(R1 and R2) of PspC (Hammerschmidt, et al., 2000). These R1 and R2 domains, sharing 78%
identity, contain 12 imperfect copies of a leucine zipper heptad motif, and adopt an unusual
three--helix, raft-like structure through antiparallel -helix/-helix interactions (Luo, et al.,
2005). The loop between helix 1 and helix 2 of each R domain contains the hexapeptide
motif, and conserved residues in the loop form a “tyrosine fork” structure that is critical for
pIgR-binding. Functional inactivation of both YPT motifs reduced adherence to a level
equivalent to the PspC-deficient mutants. However, one hexapeptide motif has been shown to
be sufficient for binding free human SC, and interestingly enough, mutations in one of the two
YPT motifs did not alter significantly the binding affinity and number of adherent
pneumococci to epithelial cells (Hammerschmidt, et al., 2000; Elm, et al., 2004; Luo, et al.,
2005; Gámez and Hammerschmidt, 2012).
These data raised the question of the individual impact of one hexapeptide motif on
adhesion. It has been suggested that the specificity for human SC is determined by amino acid
differences rather than differential glycosylation. In fact, specific regions required for PspC
binding were identified in two of the five Ig-like human SC ectodomains (in D3 and D4). Inframe deletions of biological active pIgR suggested a key role of amino acids 349 to 389 of
D4 for adherence via PspC (Zhang, et al., 2000; Lu, et al., 2003; Elm, et al., 2004). Finally,
because excess of free human SC and secretory IgA (sIgA) is present in the mucosal cavity,
binding of both might saturate the pneumococcal adhesin and provide a preventive
mechanism against phagocytosis by declining pIgR-mediated adherence (Figure 5) (Gámez
and Hammerschmidt, 2012).
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Figure 5.

Pneumococcal strategies for invasion and immune evasion.

The pneumococcus is sensed by PRRs, indirectly bound to integrin receptors, and interacts with components of
the innate immune system. The specific pneumolysin-TLR4 interaction, the promiscuous sensing of LTAs, TAs
and PCho by TLR2, TLR6, CD14 and PAFR, and the triple recognition of the pneumococcal capsule by
MARCO, CD14 and SIGN-R1 are depicted. Furthermore, the indirect interactions between pneumococci and
integrin receptors (M2 and V3) are also shown with their respective molecular bridges (factor H and
vitronectin). Finally, the interactions of the human complement protein C3b and Factor H with PspA and PspC,
respectively, are depicted (Gámez and Hammerschmidt, 2012. Current Drug Targets 13(3): 323 - 337).

3.5.5

Pneumococcal Virulence Factors Interacting with Cell Adhesion Molecules and
Internalization of Pneumococci
Human cell adhesion molecules (CAMs) such as the Ca2+-dependent cadherins and the

Ca2+-independent integrins are transmembrane proteins mediating cell-to-cell and cell-to-ECM
interactions. The CAMs are essential for adhesion, migration, intracellular signaling, cell cycle
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and differentiation (Aplin, et al., 1999). The epithelial-cadherin (E-cadherin) receptor has been
identified as the human epithelial cell receptor for the pneumococcal lipoprotein PsaA (Figure
6). Although the downstream signaling effects of the human E-cadherin interaction with PsaA
are still unclear, it was demonstrated that the PsaA protein binding is direct and Ca2+-dependent
(Anderton, et al., 2007). Adhesion of pneumococci to the nasopharynx involves a multiplicity
of events. The pneumococcal adhesion PspC binds to the ectodomain of pIgR (polymeric
immunoglobulin receptor) and despite being a pathogen preferentially infecting humans, the
PspC-pIgR interaction is the sole human specific interaction of pneumococci known so far
(Hammerschmidt, et al., 2000). However, PsaA has been proposed to bind to E-cadherin and
due to the fact that binding of internalin A of Listeria monocytogenes to E-cadherin is a human
specific trait (Schubert, et al., 2002) it is of high interest whether this is also the case for the
PsaA-E-cadherin interaction (Gámez and Hammerschmidt, 2012).
Moreover, these potential therapeutic bindings probably contribute to the human
specificity of S. pneumoniae, although the rationale for this is still unknown. In addition, the
flamingo cadherin receptor (FCR) was proposed to interact with the pneumococcal fructose
biphosphatase aldolase (FBA). FBA is a cell wall localized lectin and considered as an adhesin
due to its interaction with FCR (Blau, et al., 2007). By using an experimental meningitis
models, the human laminin receptor, which is a member of the integrin family of cell adhesion
receptors (Gehlsen, et al., 1988), was demonstrated to initiate pneumococcal contact with the
vascular endothelium of the blood brain barrier by interacting with PspC (Figure 6). Besides
this, recent advances in pneumococcal internalization research have involved integrins in two
alternative pathways for pneumococcal uptake. In the first mechanism, pneumococci are linked
to the integrin M2 in PMN cells and to an unknown integrin in epithelial cells, respectively,
via PspC-mediated recruitment of the complement regulator factor H, which acts in this
scenario as a molecular bridge (Agarwal and Asmat, et al., 2010). A second molecular bridge is
represented by vitronectin. Pneumococci bind to cell-bound vitronectin and this links the
pathogen indirectly with integrin V3 of nasopharyngeal epithelial cells (Figure 6) (Bergmann,
et al., 2009).These adherence mechanisms and the PspC-polymeric immunoglobulin receptor
(IgR)-mediated pneumococcal attachment to respiratory epithelial cells as well trigger
cytoskeleton rearrangements involving specifically protein-tyrosine kinases (PTKs), protein
kinase B (Akt), phosphatidylinositol 3-kinase (PI3K), and the integrin-linked kinase (ILK),
respectively (Agarwal and Hammerschmidt, 2009; Bergmann, et al., 2009; Agarwal and
Asmat, et al., 2010; Gámez and Hammerschmidt, 2012) (Figure 6).
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Figure 6.

Pathways for pneumococcal uptake.

Schematic model of pneumococcal attachment mechanisms to host cells and pneumococci-induced signaling
cascades. The PspC-h-pIgR interaction in respiratory epithelial cells; the vitronectin bridge linking pneumococci
with integrin V3 in nasopharyngeal epithelial cells; the interaction of pneumococci with integrin M2 in PMN
cells, via PspC-mediated recruitment of the complement regulator factor H; and the interaction of
Glycosaminoglycans with factor H bound to pneumococci are depicted. The signaling molecules (PTKs, Akt,
PI3K, and ILK) activated upon pneumococcal adhesion and triggering cytoskeleton rearrangements and
pneumococcal internalization for degradation of pneumococci in lysosomes or transcytosis are also depicted.

3.6

GENE REGULATION IN Streptococcus pneumoniae

3.6.1

The Bacterial Two-Component Signal Transduction Systems (TCSs)
Protein phosphorylation is a key mechanism for intracellular signal transduction in

both prokaryotic and eukaryotic cells (Klumpp and Krieglstein, 2002). In bacteria, in the
absence of serine/threonine/tyrosine kinase proteins, conserved histidine kinases (HKs) play
the major role in signal transduction (Goulian, 2010) (Figure 7). The predominant prokaryotic
phosphorylation scheme involving HKs for biological process regulation is referred to as the
two-component regulatory system (TCS), due to the participation of second conserved
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cognate proteins, called response regulator (RR), in the signal transduction mechanism (Laub
and Goulian, 2007). TCS are ancient and evolutionarily conserved signaling mechanisms,
present in both prokaryotes and eukaryotes. They enable Gram-positive and Gram-negative
bacteria to sense, respond and adapt to a wide range of environments, stressors and growth
conditions (Klumpp and Krieglstein, 2002; Laub and Goulian, 2007) (Figure 7).
A typical HK protein consists of a periplasmic putative receptor domain, which is
anchored in the cell membrane with one to six transmembrane domains (TM), and a
cytoplasmic signaling domain responsible for the histidine kinase activity (Goulian, 2010;
Stock, et al., 2000) (Figure 7). The cytoplasmic kinase domain can be further divided into two
distinctive functional subdomains: the subdomain A, which contains the histidine (His/H)
residue for the ATP-dependent autophosphorylation, and the subdomain B, which contains 4
highly conserved short motifs (N, G1, F, G2) involved in the ATP-binding kinase domain.
The HK sensors are known to function as dimers (Khorchid and Ikura, 2006) (Figure 55).
In most prokaryotic systems, RRs are the terminal component of the pathway,
working as phosphorylation-activated switches to generate an adaptive response. Most RRs
consist of two principal domains: a highly conserved N-terminal regulatory receiver (REC)
domain, which contains a conserved aspartate (Asp/D) residue for the HK-dependent
transphosphorylation, and a variable C-terminal effector domain responsible for the many
different types of output existing in prokaryotes (Figure 7). The majority of RRs are
transcription factors with DNA-binding effector domains (Figure 55), which in the case of
E. coli can be divided into three major families, represented by the OmpR, NarL and NtrC
proteins with 14, 7 and 4 members, respectively. The other types of RRs either lack
C-terminal effector domains altogether, like CheY, or have particular C-terminal enzymatic or
regulatory domains (Stock, et al., 2000; Khorchid and Ikura, 2006; Laub and Goulian, 2007).
In the mechanism of a prototypical TCS signal transduction process, a bimolecular
sensor HK catalyzes its own trans-phosphorylation. Subsequently, its cognate RR catalyzes
the phosphoryl group transfer to the conserved Asp on its own REC domain. This autocatalyzed phosphoryl transfer induces conformational changes in the REC domain. This
results in the activation of the associated output effector domain, which, in the case of the
transcription factors, regulates the expression of specific genes involved in the adaptive
response, triggered by the initial extracellular stimuli (Goulian, 2010; Stock, et al., 2000;
Laub and Goulian, 2007) (Figure 7).

- 42 -

Introduction

3.6.2

Genetic Regulation of the Pneumococcal Surface-Exposed Virulence Factors by
the TCSs in Pneumococci
The data for bacterial two-component system proteins and pathways were limited

before the availability of complete genome sequences. Nevertheless, with the exploitation of
this source of primary information, the full-TCS repertoire became apparent. HK and RR
features are sufficiently characterized and conserved to allow their identification from
sequence databases for any bacterium with the complete genome sequence available. In
Streptococcus pneumoniae, screening for pneumococcal TCS identified a complement of
thirteen HK-RR cognate pairs with an additional orphan unpaired response regulator (Lange,
et al., 1999; Throup, et al., 2000; Klumpp and Krieglstein, 2002; Paterson, et al., 2006;
Hakenbeck, 2007).

Figure 7.

Prototypical pneumococcal two-component signal transduction system.

Schematic of a TCS in Streptococcus pneumoniae. External environmental stimuli trigger the auto- and transphosphorylation of HKs and RRs, respectively. These signal transduction processes enable pneumococci to
respond to the changing environmental conditions by controlling the expression of specific target genes.
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The ability of pneumococci to adapt to different host conditions and host niches is
strongly correlated with virulence gene regulation by two-component signal transduction
systems, which sense and respond to environmental stimuli (Figure 7). In fact, the adaptation
of pneumococci to different host milieus, including nasopharynx and blood, has been
correlated with a differential expression of many virulence determinants (Polissi, et al., 1998;
Hava and Camilli, 2002; Marra and Asundi, et al., 2002; Ogunniyi, et al., 2002; Orihuela, et
al., 2004). Like in other human pathogenic bacteria (Beier and Gross, 2006 Skerker, et al.,
2005), several pneumococcal two-component systems, including the TCS09 (ZmpH/ZmpR),
TCS05 (CiaH/CiaR), TCS12 (ComD/ComE), TCS02 (VicK/VicR), TCS04 (PnpS/PnpR),
TCS13 (BlpH/BlpR) and the orphan response regulator (RR14, Rr489/RitR), have been well
studied and shown to be involved in pneumococcal virulence (Paterson, et al., 2006), For
instance, the pneumococcal CiaH/CiaR (TCS05) contributes to pneumococcal virulence
probably due to its function in regulating gene expression of HtrA, which encodes a serine
protease and heat-shock protein involved in virulence (Sebert, et al., 2002). Moreover, the
major pneumococcal adhesin PspC, also known as CbpA, has been shown to be regulated by
the pneumococcal TCS06 (CbpS/CbpR) (Standish, et al., 2005).

3.6.3

The Bacterial Stand-Alone Regulators
Alternatively, prokaryotic cells possess other transcriptional regulators, for which the

sensory element is still unknown or does not exist at all. These bacterial proteins are the so
called Stand-Alone regulators and can be either activators or repressors. Multiple examples
exist across bacteria, regulating a vast range of genes. However, their regulatory networks and
functional roles have been deﬁned in detail for relatively few of them (Nobbs, et al., 2009).

3.6.4

Genetic Regulation of the pilus-Operons in Streptococci and Pneumococci by
Stand-Alone Regulators and TCSs
In order to confer a beneficial fitness to the streptococcal human pathogens, the

genes present in the horizontally acquired pathogenicity (pilus-) islets must be appropriately
and tightly regulated. At least four different classes/families of stand-alone transcriptional
regulators have been described in the streptococcal pilus regions: The Ralp-family of
RofA/Nra-like regulators, the AraC/XylS-type of regulators, the AtxA/Mga-family of
regulators and some TCS regulator players (Figure 8) (Kreikemeyer, Gámez, et al., 2011).
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The regulation of the S pneumoniae pilus-2-operon remains still unknown (Figure
8C), while very little is reported about the PI-1 genes regulation, despite they are flanked by a
transcriptional regulator encoding gene (Scott and Zahner, 2006; Telford, et al., 2006). The
first gene in the rlrA islet encodes the stand-alone transcriptional regulator, RlrA, required for
colonization, lung infection and systemic infection. RlrA regulates positively itself and the
other six genes in the rlrA pathogenicity islet at four different promoters, each with AT-rich
sequences: rlrA, the three sortases, rrgA and rrgBC (Hava, et al., 2003). Similarly, MgrA, a
further stand-alone transcriptional regulator in S. pneumoniae is implicated in the
development of pneumonia, acting as a transcriptional repressor of the same four promoters in
the rlrA pathogenicity islet (Figure 8C). Pneumococcal RlrA and MgrA proteins exhibit
homology to RofA/Nra and Mga of S. pyogenes respectively. In GAS, Nra is a transcriptional
repressor of mga, while the virulence gene activator Mga activates the transcription of nra
(Podbielski, et al., 1999). Strikingly, this GAS regulatory circuit was not observed for the
respective homologue proteins in pneumococci. Furthermore, PsaR (Mn2+-dependent) and
MerR (metal-dependent) regulators in pneumococci act as transcriptional repressors of rlrA
gene and affect negatively the transcription of the other genes in the rlrA pathogenicity islet
(Johnston, et al., 2006) (Figure 8C).
As metioned above, the pneumococcal TCSs play a dominant role in the expression
of virulence factors in pneumococci (Paterson, et al., 2006) and the Pi1us-1 is not the
exception (Figure 8C). When pilus-1-positive stains were cultured in two different growth
media, the rlrA and rrgA genes were observed to be strongly down-regulated in early log
growth phase and strongly up-regulated in the later log growth phases, suggesting a growth
phase- and/or a growth medium-dependent regulation model for both pilus-1 genes
(Hendriksen, et al., 2007; LeMieux, et al., 2008). Similarly, this unusual growth phasedependent expression pattern of the pilus-1 genes was linked with the TCS08 by using RR08deficient mutant strains (Song, et al., 2009). Moreover, the TCS06 and TCS03 have been
directly involved with the down-regulation of RlrA, who in turn regulates the expression of
the pilus-1 on the surface of pneumococci (Telford, et al., 2006). Finally, microarray analyses
identified the rlrA pathogenicity islet of TIGR4 as a target for RR09 (Hendriksen, et al.,
2007) (Figure 8C). The RR09 has been shown to be involved in pneumococcal virulence
(Hendriksen, et al., 2007), while its cognate HK09 has been reported as a putative sensor HK
in the databases. All these interesting findings provide additional elements to the complexity
of the regulatory networks converging on the rlrA gene (Kreikemeyer, Gámez, et al., 2011).
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Figure 8.

Genetic regulation of pilus-operons in streptococci.

Schematic representation of promoters, transcriptional regulators and external stimuli, affecting pilus gene
expression. A. S. pyogenes FCT3 region, mga-operon, and ERES region. Positive and negative regulator
interactions and temperature effects on RofA/Nra regulator in exponential and transition growth phases of
S. pyogenes are also shown (right side of part A). B. S. agalactiae pilus-1 (PI-1) and pilus-2 (PI-2) operons,
including the regulatory activities of the AraC and RogB transcriptional regulators. C. S. pneumoniae pilus-1
(PI-1) and pilus-2 (PI-2) operons, including the regulatory inﬂuences of the two-component system regulators
and RlrA, and MgrA transcriptional regulators. Dimensions in the depicted operons are not drawn to scale
(Kreikemeyer, Gámez, et al., 2011. Int J Med Microbiol 301: 240 - 251).
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4 AIMS OF THIS WORK
After 5 years of use in Germany, there are no molecular epidemiology studies showing
the impact of the 7-valent pneumococcal conjugate vaccine (PCV7) on pneumococcal disease
incidence. Many other reports worldwide show the emergence of non-vaccine serotypes after
the introduction of this conjugate vaccine. The first aim of this study was to use the pilus-1,
pilus-2, psrP and pavB genomic loci as helpful nucleic acid-based genotyping biomarkers for
a molecular surveillance of pneumococcal disease in Germany, by evaluating the scenario of
their distribution among Streptococcus pneumoniae clinical isolates.
The number of SSURE in pneumococcal PavB proteins, whose sequences are available
in databases, varies from 2 to 8 units for different strains. Previous analysis of the pavB-ssure
region in G54, TIGR4, D39, and R6 revealed significant discrepancies between the numbers
of repeats reported for PavB in databases. Importantly, the Pneumococcal Genome Projects
have difficulties to determine the full-length pavB sequence by primer walking or standard
sequencing methods, due to the PCR-artifacts when the ssure region is amplified. Therefore,
they inserted placeholder sequences into these genomic regions in order to report a complete
pneumococcal genome sequence in databases. Since PavB is an important recently discovered
pneumococcal adhesin, the second aim was to perform a complete molecular analysis of this
surface-exposed protein and estimate the real number of SSURE units in different strains.
The majority of reports in prokaryotic TCS are focused in single cognate pairs of TCS.
Several studies suggest that the molecular mechanism underlying the bacterial signal
transduction is not as simple as though, and, in fact, is much more sophisticated. Depending
on the genome size, many bacteria contain dozens or sometimes hundreds of these signaling
proteins. It is clear that TCS pathways are often arranged into complex circuits with extensive
cross-regulation at a variety of levels, thereby endowing cells with the ability to perform
sophisticated information processing tasks. Understanding how pneumococci perceives and
adapts to its environment in the host can offer a potential opportunity to improve interventions
and treatment strategies. For this reason, the third aim was to establish the molecular bases for
studying the interactions and connections among pneumococcal TCSs, which is necessary for
the development of a comprehensive, pneumococcal genome-wide interaction map of the
complex TCS pathways operating inside the cells. This map will be crucial for a holistic
understanding of how this human pathogen interacts with the cells and tissues and carries out
its virulence and pathogenic processes.
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5 RESULTS
5.1

MOLECULAR EPIDEMIOLOGY OF Streptococcus pneumoniae
IN GERMANY
The recent discovery of long filamentous pilus-like structures extending from the

surface of the pneumococcus has opened a new window in the research field of pneumococci.
Two pilus regions have been identified in two different pathogenicity islets in the
pneumococcal genome: pilus islet-1 and pilus islet-2 and, at least for pilus-1, their role in
pneumococcal pathogenesis has been suggested. Utilizing genomic approaches, a further
pathogenicity islet-encoded protein, called PsrP, with an extended Serine-Rich Repeat (SRR2)
domain, has been reported. The presence of the RD10-(psrP-secY2A2) pathogenicity islet
correlated positively with the ability of pneumococci to cause IPD (Obert, et al., 2006;
Blomberg, et al., 2009) and recent studies indicated that PsrP is a protective adhesin
interacting with keratin 10 on lung epithelial cells (Rose, et al., 2008; Shivshankar, et al.,
2009). Similarly, analysis of the S. pneumoniae core genome identified another Pneumococcal
adherence and virulence factor, called PavB, whose repetitive sequences (SSURE) interact
with human fibronectin (Bumbaca et al 2004). In order to assess the scenario of
pneumococcal pili, PsrP and PavB distribution among clinical isolates of S pneumoniae in
Germany and to get insights into the impact of the PCV7 after 10 years of use, the genomic
loci encoding these four recently discovered surface-exposed pneumococcal virulence factors
(pilus-1, pilus-2, psrP and pavB) were used as nucleic acid-based (geno-)typing biomarkers
for molecular epidemiology studies of S pneumoniae isolated from patients in Germany.

5.1.1
5.1.1.1

Description of the Study Population
Origin and Date of Collection of the S. pneumoniae Clinical Isolates used in this
Study
The basis for this study is formed by a set of 419 S. pneumoniae clinical isolates

(N=419) from population-based surveillance of carriage and pneumococcal diseases isolated
mainly between 2008 and 2011 in Germany. These pneumococcal clinical isolates were
randomly obtained from the National Reference Center for Streptococci at the Institute for
Medical Microbiology, Univesity Hospital Aachen, in Germany, which has a large collection
of S. pneumoniae clinical isolates and maintains a complete computer database with the
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available patient data (sex, age, pneumococcal disease, etc.) and all the information about the
pneumococcal clinical isolates, including serotype, date of isolation, antimicrobial drug
susceptibility, etc. Laboratory S. pneumoniae strains D39, R6, TIGR4, SPPD1, and
Taiwan19F-14 (Table 6) were used as control in the genotyping strategy and experiments.

5.1.1.2

Demographics and Pneumococcal Disease Representation
 Carriers: One hundred and thirteen clinical isolates (n=113, 27%) of the study

population (N=419) were obtained by nasopharyngeal swabs from children aged less than 24
months. The median children age was 9.8 months. According to the children data, these
samples were divided into two groups: 0 - 11 months, 70 isolates (61.9%) and 12 - 23 months:
43 isolates (38.1%) (Figure 32). Fifty-one isolates were obtained from females (45.1%) and
62 samples were isolated from males (54.9%) (Figure 9). Seven isolates were obtained in
2008, 72 in 2009, 34 in 2010 and none of them in 2011 (Figure 32).
 Non-Invasives: Seventy-three clinical isolates (n=73, 17%) of the study
population (N=419) were obtained from swab, sputum, tracheal secretion or bronchial
secretion of patients with non-bacteremic pneumonia (non-invasive pneumonia). The median
patient age was 40.1 years (range 0 to 78 years). According to the patient data, these samples
were divided into three groups: 0 - 14 years, 25 isolates (34.3%) 15 - 59 years: 18 isolates
(26.0%) and 60 years: 29 isolates (39.7%) (Figure 32). Twenty-five isolates were obtained
from females (34.2%) and 48 samples were isolated from males (65.8%) (Figure 9). Twentythree isolates were obtained between 1992 and 2007, 17 in 2008, 22 in 2009, 11 in 2010 and
none of them in 2011 (Figure 32).
 Invasives: Two hundred and thirty-three clinical isolates (n=223, 56%) of the
study population (N=419) were obtained mainly from blood of patients with invasive
infections, including bacteremic pneumonia (n=218), sepsis (n=12) and meningitis (n=3). The
median patient age was 52.9 years (range 0 to 93 years). According to the patient data, these
samples were divided into three groups: 0 - 14 years, 37 isolates (15.9%) 15 - 59 years: 78
isolates (33.5%) and 60 years: 118 isolates (50.6%) (Figure 32). Ninety-four isolates were
obtained from females (40.3%) and 139 samples were isolated from males (59.7%) (Figure 9).
One isolate was obtained in 1995, none of them between 1996 and 2008, 33 in 2009, 163 in
2010 and 36 in 2011 (Figure 32).
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Figure 9.

5.1.1.3

Study population.

Serotype Representation of S.pneumoniae Clinical Isolates
In general, forty-three of the 93 pneumococcal serotypes discovered up to date are

represented in the set of samples of this study (Figure 10A), including those used in the 23valent PPSV23 (Pneumovax) and in the 7-valent, 10-valent and 13-valent pneumococcal
conjugate vaccines (PCVs). The group of carrier isolates is represented by 30 different
pneumococcal serotypes and the most frequent serotypes are 11A (n=17), 6A (n=12), 35F
(n=9), 19A (n=8), 15B (n=6) and 19F (n=6) (Figure 10B). The group of non-invasive isolates
is represented by 25 different pneumococcal serotypes and the most frequent serotypes are 3
(n=9), 19A (n=8), 19F (n=6), 9V (n=5), 23F (n=5), 7F (n=4) and 11A (n=4) (Figure 10C).
The group of invasive isolates is represented by 30 different pneumococcal serotypes and the
most frequent serotypes are 1 (n=33), 7F (n=30), 9V (n=28), 19F (n=24), 6A (n=23), 19A
(n=18), 3 (n=14) and 11A (n=14) (Figure 10D). The isolates were serotyped using the
Quellung reaction (Statens Serum Institut, Copenhagen, Denmark). However, for seven noninvasive isolates no serotype data (ND) was available and other two clinical isolates were not
serotyped (NT): One invasive and one non-invasive.
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Figure 10.

Serotype representation of S. pneumoniae clinical isolates.
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5.1.2

Genotyping Strategies
To evaluate the scenario of both pneumococcal pili, PsrP and PavB distribution

among the 419 pneumococcal clinical isolates used in this study, PCR-based strategies for
each of these four genomic loci of Streptococcus pneumoniae were designed, aiming to use
them as helpful nucleic acid-based biomarkers for genotyping and routinary molecular
surveillance of carriage and pneumococcal diseases.

5.1.2.1

Genotyping Model for PI-1: The rlrA (Pilus-1) Pathogenicity Islet
In order to create first a genomic organization model for the streptococcal pilus-

operons, an extensive bioinformatic analysis of the available sequence information reported
for streptococcal species in databases was performed. After comparison, pilus-operons in
streptococci were clustered together into five different groups based only on gene-positioning,
location and organization of pilus loci in each operon (Figure 11) (Kreikemeyer, Gámez, et
al., 2011).
The first group is represented by the S. pneumoniae pilus-1, where the structural
pilus protein encoding genes are clustered together in tandem, with the pilus backbone gene in
the middle; upstream is located the pilus ancillary gene encoding for the protein at the tip of
the pilus (adhesin); and downstream, the pilus ancillary gene encoding for the protein required
for pilus cell wall anchoring. Other streptococcal pilus-operons in this group are S. pyogenes
FCT5 and S. pyogenes FCT9 (Figure 11) (Kreikemeyer, Gámez, et al., 2011).
S. pyogenes FCT3 represents the second group of pilus-operons. In this group, the
structural pilus protein encoding genes are clustered together in tandem with the same
organization observed for the first group, but interrupted by a signal peptidase encoding gene
and a sortase encoding gene. The pilus-operons FCT4, FCT8, FCT7 and FCT2 of S. pyogenes
belong also to this group (Figure 11) (Kreikemeyer, Gámez, et al., 2011).
Because of its particular traits, the S. pneumoniae pilus-2 has been identified as the
unique member of the third group in the pilus genomic organization model proposed here.
This operon contains only two structural pilus protein encoding genes, interrupted by a signal
peptidase encoding gene. The ancillary gene of this pneumococcal pilus-operon contains a
conserved stop codon in the middle of its sequence. Besides, this operon lacks regulatory
genes, which are characteristic in the other streptococcal pilus-operons (Figure 11)
(Kreikemeyer, Gámez, et al., 2011).
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Figure 11.

Comparative genomic organization of pilus-operons in streptococci.

Schematic representation of the pilus-operons in S. pyogenes (9 variants), S. agalactiae (3), and S. pneumoniae
(2, in yellow). Structural pilus protein encoding genes are highlighted into the gray boxes and pilus-associated
regulator encoding genes are specifically named. Distances between pilus genes are not drawn to scale. The S.
pyogenes FCT 7 and 8 regions are not fully sequenced and thus the theoretical composition is so far based on
PCR results (Falugi, et al., 2008; Koller, et al., 2010). The light-grey boxes highlight regions which are
apparently very similar in their gene content and gene organization. However, this does not mean that a
consensus sequence can be deﬁned at this stage. The pilus islets (titles) highlighted by dark black boxes were
used in Figure 8 to explain the genetic regulation (Kreikemeyer, Gámez, et al., 2011. Int J Med Microbiol 301:
240 - 251).

The fourth group is represented by the S. agalactiae PI-2a together with
S. agalactiae PI-2b and S. pyogenes FCT1. In this group, the structural pilus protein encoding
genes are interrupted only by sortase gene(s) between the pilus backbone gene and the pilus
ancillary gene encoding for the protein required for pilus cell wall anchoring (Figure 11)
(Kreikemeyer, Gámez, et al., 2011).
The last group is represented by S. agalactiae PI-1, where the organization of the
structural pilus protein encoding genes is changed and totally different to the other groups.
Here the pilus backbone gene is placed first and sortase genes are interrupting the pilus
ancillary genes (Figure 11) (Kreikemeyer, Gámez, et al., 2011).
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It is important to mention that all the pilus genes considered here have the same
orientation in the positive strand of the streptococcal genomes and the groups of this genomic
organization model do not correspond to independent phylogenetic clusters based on pilus
gene sequence similarities, despite it is likely true (Kreikemeyer, Gámez, et al., 2011).
Furthermore, the genomic information available in databases for 9 different S. pneumoniae
strains was compared, in order to identify positive strains for both pili. Pilus islet-1 positive
strains (TIGR4 and Hungary 19A-6) were found to be clustered together. The globally
distributed multidrug-resistant pneumococcal strain Taiwan19F-14 contains both pilusoperons and SPPD1 appears as a pilus islet-2 positive strains. In other pneumococcal strains
such as D39 and R6, negative for pili, the pilus-operons are not present between the
correspondent flanking genes (Figure 12) (Kreikemeyer, Gámez, et al., 2011).

Figure 12.

Distribution of pilus-operons in pneumococci.

Schematic representation and comparison of the pilus islet-1 and pilus islet-2 regions in 9 different
S. pneumoniae strains. Structural pilus protein encoding genes and their flanking genes were specifically named
and depicted by using molecular information retrieved from databases. Dimensions in the depicted operons are
not drawn to scale.

The rlrA pathogenicity islet of Streptococcus pneumoniae is a 16.2-kb genomic
region containing two mobile genetic elements and seven genes (rlrA, rrgA, rrgB, rrgC, srtB,
srtC and srtD), coding for the structural, biosynthetic and regulatory proteins of the first
pneumococcal pilus (Hava, et al., 2003; Barocchi, et al., 2006; Telford, et al., 2006).
According to bioinformatic analyses, using the genomic information reported in databases, the
genes flanking this pathogenic islet belong to the pneumococcal core genome and are highly
conserved and distributed among pneumococci (data not shown) (Figure 13). To investigate
the prevalence of pilus islet-1 among the 419 pneumococcal samples, two complementary
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PCR reactions were performed in each isolate to ascertain whether PI-1 is present (PI-1positive fragment amplification) or absent (PI-1-negative fragment amplification). For the
positive amplification, primers targeting the PI-1-specific genes rrgB (end) and rrgC
(beginning) were designed to produce a 0.6-kb amplicon. Similarly, for the negative fragment
amplification, primers against the conserved PI-1-flanking genes were designed to produce a
2.8-kb amplicon (Table 10). This experimental model was tested with the laboratory strains
TIGR4 and Taiwan19F-14, which were previously reported as PI-1-positive strains, and D39,
R6 and SPPD1, which are reported as negative (Barocchi, et al., 2006; Telford, et al., 2006)
(Figure 13). The complete clinical isolate collection was screened with the PI-1-positive
fragment amplification strategy. Isolates producing a 0.6-kb band were assumed as PI-1
positive clinical isolates, while the abscense of PI-1 in these negative isolates was further
confirmed by using the complementary PI-1-negative fragment amplification (Figure 13).

Figure 13.

Pilus islet-1 genotyping model.

The genomic organization for a PI-1-positive strain (TIGR4) and a pilus-negative strain (D39/R6) are depicted.
Genomic region and expected PCR product sizes for both strains are indicated. Expected genotyping results for
different pneumococcal laboratory strains are also shown.
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5.1.2.2

Genotyping Model for PI-2: The Pilus-2 Pathogenicity Islet
The pilus-2 pathogenicity islet of S. pneumoniae is a 7-kb genomic region

containing two putative 7-bp (TCCTTTT) insertion sites and five genes (pitA, sipA, pitB,
srtG1 and srtG2), coding for the structural and biosynthetic proteins of the second
pneumococcal pilus (Bagnoli, et al., 2008). According to bioinformatic analyses using the
genomic information deposited in databases, the genes flanking this pathogenic islet (pepT
and hemH) belong to the pneumococcal core genome and are therefore highly conserved and
distributed among pneumococci (data not shown) (Figure 14).
The PI-2-positive fragment amplification with primers targeting the pilus-2 genes
sipA (end) and pitB (beginning) produced a 0.6-kb amplicon. Similarly, for the PI-2-negative
fragment amplification, primers for the conserved PI-2-flanking genes produced a 0.6-kb
amplicon (Table 10). The PI-2 positive laboratory strains SPPD1 and Taiwan19F-14, and the
PI-2 negative D39, R6 and TIGR4 (Bagnoli, et al., 2008) were used as controls (Figure 14).

Figure 14.

Pilus islet-2 genotyping model.

The genomic organization for a PI-2-positive strain (Taiwan19F-14) and a pilus-negative strain (D39/R6) are
depicted. Genomic region and expected PCR product sizes for both strains are indicated. Expected genotyping
results for different pneumococcal laboratory strains are also shown.
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5.1.2.3

Expression Cloning of Pneumococcal Pilus Proteins
DNA fragments that encode the pilus-1 proteins RrgA, RrgB and RrgC, or the

pilus-2 proteins PitA and PitB were amplified from chromosomal DNA of TIGR4 (Serotype
4) and Taiwan19F-14 (Serotype 19F) laboratory strains respectively (Table 10 and Figure 15).

Figure 15.

PCR amplification of individual pilus-1 and pilus-2 genes from TIGR4 and
Taiwan19F-14 genomes.

Separation by Agarose gel electrophoresis of the PCR products of: A. the pilus-1 genes: rrgA (2472 bp), rrgB
(1796 bp) and rrgC (1011 bp), amplified from TIGR4 genomic DNA, and B. the pilus-2 genes: pitA (1833 bp)
and pitB (1012 bp), amplified from Taiwan19F-14 genomic DNA.

Figure 16.

Molecular cloning of pilus-1 and pilus-2 genes into pQE30 vector.

Restriction analysis of plasmids pQPilus digested at 37°C during 3 hours with the appropriate restriction
enzymes and separation by Agarose gel electrophoresis. pQPilus-rrgA (BamHI / SalI, 3461 bp + 2472 bp),
pQPilus-rrgB (BamHI / PstI, 3461 bp + 1796 bp) and pQPilus-rrgC (BamHI / PstI, 3461 bp + 1011 bp).
pQPilus-pitA (BamHI / PstI, 3461 bp + 1833 bp) and pQPilus-pitB (BamHI / PstI, 3461 bp + 1012 bp).
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The amplified pilus genes were cloned into the T/A vector pSC-A-amp/kan
(Stratagene) and subsequently subcloned into the expression vector pQE30 (QIAGEN)
(Figure 16). The His6-tagged recombinant proteins were induced with IPTG in E. coli
M15[pREP4] strain (Figure 17) and purified by Ni-NTA (His-Trap) affinity chromatography
method. The transmembrane domains and LPxTG motifs were excluded for each protein and
puriﬁed pilus-1 and pilus-2 recombinant proteins were used to generate mouse polyclonal
antisera for Western-Blot, Fluorescence Microscopy and flow cytometric analysis.

Figure 17.

Production of recombinant pilus-1 and pilus-2 proteins: RrgA, RrgB, RrgC, PitA
and PitB in E. coli.

The His6-tagged pilus proteins RrgA, RrgB, RrgC, PitA and PitB were produced in E. coli M15[pREP4]. The
induction was performed by adding 1 mM IPTG (end concentration) for 1, 2, 3 and 4 hours at 37°C. The samples
were separated in a 12% SDS-PAGE and stained with Coomassie Brilliant Blue. A. Induction of E. coli BL21
pASK-rrgA. His6-RrgA (93.2 kDa). B. Induction of E. coli M15 pQE30-rrgB. His6-RrgB (65.8 kDa for domains
D1-D4 and 49.5 kDa for D2-D4). C. Induction of E. coli M15 pQE30-rrgC. His6-RrgC (39.7 kDa). D. Induction
of E. coli M15 pQE30-pitA. His6-PitA (68.6 kDa). E. Induction of E. coli M15 pQE30-pitB. His6-PitB (37.6
kDa). NI: not induced; M: protein marker (Unstained Protein Ladder Page RulerTM).
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5.1.2.4

Detection of the Expression and Exposure of Pili on Pneumococci
To confirm the genotyping results obtained by PCR, the exposure of both kinds of

pili was detected on the surface of pilus-positive laboratory strains and clinical isolates.
 Western-Blot Analyses: In order to check the antibodies produced against the
individual pilus proteins, the expression of pilus subunits RrgB, RrgC and PitB was
confirmed in total lysates of laboratory pneumococcal strains by western-blot (Figure 18).
S. pneumoniae TIGR4, SPPD1, Taiwan19F-14 and D39 were grown to the late-logarithmic
phase (OD600 = 1.2 to 1.4). The detection of the proteins was performed by using a secondary
anti-mouse peroxidase-coupled antibody.

Figure 18.

Detection of pilus proteins by western-blot analysis in different strains of
Streptococcus pneumoniae

The S. pneumoniae strains were cultured in THY medium, harvested in the late-logarithmic phase and lysed with
urea. Equal amount of samples (1 x 109 pneumococci / 20 µL) were mixed with 20 µL of 5x protein sample
buffer and loaded on a 12% SDS-PAGE. For immunostaining, proteins were transferred to a nitrocellulose
membrane and detected with appropriate polyclonal antisera: -RrgB (A), -RrgC (B) and -PitB (C), at a
dilution of 1:50. The anti-mouse Pox-antibody was 1:2000 diluted and the detection was performed by using
ECL solution. The bands of the pilus proteins were always higher than the highest band (200 kDa) of the marker,
due to the presence of the high molecular weight pilus polymers.

 Double-Immunofluorescence Staining (DIF): The extension of the pilus-like
structures from the surface of laboratory pneumococcal strains and pilus-positive clinical
isolates was visualized by DIF staining (Figure 19). S. pneumoniae Taiwan19F-14, SPPD1,
TIGR4, D39 and the clinical isolates were grown to mid-exponential phase (OD600 = 0.6 to
0.8). Pneumococci were fixed with a PFA solution (3% in PBS) for 30 min. Pili were stained
with -RrgB or -PitB and the anti-pneumococcal antibody was used for pneumococci. Goat
anti-mouse IgG coupled to Alexa 488 and anti-rabbit Alexa568 were used as secondary
antibodies. The samples were later examined under confocal laser scanning microscope.
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Figure 19.

Double-immunofluorescence (DIF-) staining for pilus-1 and pilus-2 in pneumococci.

A. Detection of the expression of Pilus-1 and Pilus-2 constituents on the surface of the pneumococcal laboratory
strains TIGR4 (pilus-1 positive), SPPD1 (pilus-2 positive) and Taiwan19F-14 (pilus double positive). The pilus
double negative pneumococcal strains D39 and R6 were used as controls. B. Representative results for some
invasive, non-invasive and carrier clinical isolates, which were identified in this study as pilus-1 positive strains.
See annexes (Table 22, 23, 24, 25, 26 and 27) for the complete pilus-1 and pilus-2 genotyping results.
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 Flow-Cytometric Analyses: The pilus-1 RrgB protein was further detected on the
bacterial surface of pilus-1 positive pneumococcal laboratory strains (Figure 20). Pilus-1
positive TIGR4 and Taiwan19F-14 pneumococcal strains were grown to the late-logarithmic
phase (OD600 = 1.2 to 1.4). The pilus-1 negative D39 pneumococcal strain was used as a
control. Pneumococci were incubated with -RrgB (mouse, 1:50) and an anti-mouse IgG
Alexa Fluor 488 antibody (goat, 1:600) was used as secondary antibody. The flow cytometric
measurements were performed using the FACSCalibur (Becton Dickinson, Bioscience)
equipment. Results are shown in form of point cloud diagram, as a representation of the
measured fluorescence intensity, using the parameter FL1-H relative to the Side-Scatter (SSC)
(SOFTWARE: FACSDiva™ 5.0.2). Controls using only the secondary antibody were also
considered.

Figure 20.

Detection of the RrgB expression on the surface of S. pneumoniae by flow
cytometry

The scatter diagrams of the measured data are shown. The RrgB protein was detected with the -RrgB (mouse,
1:50) and anti-mouse IgG Alexa Fluor 488 (goat, 1:600). Flow cytometry was performed using a FACSCalibur
(Becton Dickinson, Bioscience). The percentages indicate the proportion of fluorescent bacteria within the range
of all bacteria.
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5.1.2.5

Genotyping Model for PsrP: The RD10-(psrP-secY2A2) Pathogenicity Islet
The Region of Diversity 10 (RD10) of Streptococcus pneumoniae is a 37-kb

pathogenicity islet containing 18 genes: seven coding for proteins required for secretion
(black arrows in Figure 21), ten for putative glycosil-transferases (white arrows in Figure 21)
and one for the lung-specific virulence factor PsrP (the yellow arrow in Figure 21), which is a
lung cell adhesin promoting pneumococcal aggregation in vivo and the largest bacterial
protein known up to date with 4776 aa (Obert, et al., 2006; Blomberg, et al., 2009). PsrP is a
LPxTG protein with a classical signal peptide, which contains a Basic Region (BR) between
two Serine-rich Repeat Regions: the SRR1, which is short and SRR2, whose
SAS[A/E/V]SASAS[T/I] motif is repeated 539 times. According to bioinformatic analyses
using the genomic information reported in databases for seven pneumococcal strains (TIGR4,
Hungary19A-6, JJA, Taiwan19F-14, R6, D39 and G54), the genes flanking this pathogenic
islet belong to the pneumococcal core genome and are highly conserved and equally
distributed among pneumococci (data not shown) (Figure 21). TIGR4, Hungary19A-6 and
JJA are PsrP-positive strains because they contain the RD10-(psrP-secY2A2), while
Taiwan19F-14, R6, D39 and G54 are considered PsrP-negative strains because these strains
do not contain the RD10-(psrP-secY2A2) genomic region.
Following the same genotyping model used for pili, the prevalence of RD10-(psrPsecY2A2) among the study population was also investigated in this study. The two
complementary PCR reactions carried out in each isolate, allowed to ascertain the PsrP
presence and absence. The 0.55-kb PsrP-positive fragment amplification was achieved by
using primers targeting the non-repetitive basic region of psrP gene. Similarly, for the PsrPnegative fragment amplification, a couple of primers against the conserved RD10-flanking
genes were designed to produce a 0.45-kb amplicon (Table 10). The laboratory S. pneumoniae
strain TIGR4, which was previously reported as a PsrP-positive strain (Obert, et al., 2006;
Blomberg, et al., 2009), and D39, R6, Taiwan19F-14 and G54, which were identified as PsrPnegative strains in the bioinformatic analysis (Figure 21) were used as controls.
With this PsrP genotyping model, the 419 clinical isolate were screened first with
the PsrP-positive fragment amplification strategy. Those isolates producing a 0.55-kb band for
this PCR reaction were considered as PsrP-positive clinical isolates, while the abscense of
PsrP in those negative isolates was further confirmed by using the complementary PI-2negative fragment amplification (Figure 21).
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Figure 21.

PsrP genotyping model.

The genomic organization for a RD10-positive strain (TIGR4) and a PsrP-negative strain (D39/R6) are depicted.
Genomic region and expected PCR product sizes for both strains are indicated. Expected genotyping results for
different pneumococcal laboratory strains are also shown.

5.1.2.6

Genotyping Model for PavB: The pavB-ssure + tcs08 Core Genome Region
A 4.5-kb region of the Streptococcus pneumoniae core genome contains the pavB

gene, which encodes the recently discovered surface-exposed protein PavB-SSURE, and the
tcs08 genes for the pneumococcal two-component signal transduction system 08 (TCS08)
(Figure 22) (Obert, et al., 2006; Blomberg, et al., 2009). According to bioinformatic analyses
using the genomic information reported for 19 pneumococcal strains in databases, these genes
are highly conserved and distributed among pneumococci (Data shown below).
To investigate the prevalence of this genomic region among the set of 419
pneumococcal clinical isolates, only one PCR reaction was performed in each sample. The
PavB-positive fragment amplification produced a 0.65-kb amplicon, by using the primers
targeting the pavB (end) and the rr08 (beginning) (Table 10).
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This experimental model was tested with the laboratory S. pneumoniae strains
TIGR4, Taiwan19F-14, D39, R6, SPPD1 and G54, which were previously found as PavBpositive strains in bioinformatic analyses (Figure 22).

Figure 22.

PavB-SSURE + TCS08 genotyping model.

The genomic organization for a PavB-positive strain (TIGR4) is depicted. Genomic region and expected PCR
product sizes for this strain are indicated. Expected genotyping results for different pneumococcal laboratory
strains are also shown.

A complete table containing all the genotyping results obtained here for these
biomarkers is reported in the annexes of this manuscript (Table 22, 23, 24, 25, 26 and 27). All
the collected data were analyzed and compared with other experimental results and with the
information available for each clinical isolate, including those collected from the patients they
were isolated.
- 64 -

Results

5.1.3

Biomarker Genotyping
Using the PCR-based screening models for PavB, pilus islet-1, pilus islet-2 and

PsrP, positive and negative clinical isolates for each nucleic acid-based biomarker were
accurately identified in this study population. Overall, the 100% of the pneumococcal clinical
isolates collected in Germany and used in this study were positive for both PavB and TCS08.
135 (32.2%) isolates were positive for pili: 17.2% for PI-2 and 13.4% for PI-1. Similarly, 125
(29.8%) isolates were positive for PsrP (Figure 23). Remarkably, the frequency of piliated
pneumococci within the invasive group (45.5%) was higher than the frequency within noninvasive (13.7%) and carrier (16.8%) groups, while the prevalence of PsrP was higher in
carriers (Figure 23).

Figure 23.

Overall genotyping results for PavB, pilus islet-1, pilus islet-2 and psrP-secY2A2.

A. Overall frequencies for PavB, PI-1, PI-2 and PsrP. Pilus islet-1 (B), pilus islet-2 (C) and PsrP (D) frequencies
for carrier, non-invasive and invasive clinical isolates.
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The frequencies of both pneumococcal pili in each clinical isolate group were
compared. The 61% of pilus-positive invasive isolates were positive for PI-2, whereas 2/3rd
of the pilus-positive carrier isolates were positive for PI-1. The results in the non-invasive
group showed similar frequencies for both pili (Figure 24).

Figure 24.

Pilus islet-1 and pilus islet-2: comparative frequencies in carrier, non-invasive and
invasive clinical isolate groups.

Interestingly, the prevalence of PsrP in invasive isolates was lower than in noninvasive isolates and carrier strains (Figure 25) and showed a contrary distribution pattern
when compared with that for pneumococcal pili (Figure 26).

Figure 25.

Prevalence of PsrP in pneumococcal clinical isolates.
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Figure 26.

Pneumococcal pili and PsrP: comparative frequencies in carrier, non-invasive and
invasive clinical isolate groups.

5.1.4

Coexistance of Pneumoccal Pili and PsrP in the Clinical Isolate Groups
In general, 7 (1.7%) clinical isolates were found to be pilus-double positive

pneumococci. The majority of them belong to the non-invasive group of isolates (Figure 27).

Figure 27.

Representation of pilus types.
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The coexistence of pili and PsrP among the clinical isolates collected in Germany
was also evaluated. In the three clinical isolate groups, the majority of PsrP-positive clinical
isolates were negative for pilus-1, pilus-2 or for both pili. Nevertheless, coexistence, between
PsrP and pilus-1, PsrP and pilus-2, and PsrP and both pili was confirmed in the carrier, noninvasive and invasive groups, rescpectively (Figure 28).

Figure 28.

Coexistance of PsrP and pneumococcal pili among clinical isolates.

Interestingly, for the serotype 6A in the invasive group, eleven pilus-1-positive
clinical isolates and nine PsrP-positive clinical isolates were identified. But none of them
were positive for both nucleic acid-based biomarkers. A similar result was observed in the
carrier group, where seven pilus-1-positive clinical isolates, two PsrP-positive clinical isolates
and only one PsrP/pilus-1-double positive clinical isolate were also identified. Only three
clinical isolates, belonging to serotypes 19F (2) and serotype 19A (1), were found to be
PsrP/pilus triple-positive isolates in the non-invasive clinical isolates.
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5.1.5

Association of Serotypes with Pneumoccal Pili and PsrP
The genotyping results suggested a direct relationship between pneumococcal

serotypes and pneumococcal pili. Serotypes 19F, 19A, 11A, 6A, 7F, 1 and 9V are strongly
related to the prevalence of pneumococcal pili in Germany (Figure 29). The frequency of
pilus-positive isolates was higher for serotypes 9V, 1, 7F and 6A. Interestingly, only two of
these pilus-associated serotypes (9V and 19F) are present in the currently available PCV7
against S. pneumoniae. In contrast, serotypes 1, 7F, 6A, 11A and 19A are not included in
PCV7 (Figure 29). Serotypes 6A, 19F, 11A and 9V are strongly related to pilus islet-1 in the
carrier group, 19F, 9V and 19A are related to pilus islet-1 in the non-invasive group; and 9V,
6A, 11A, 19A and 7F in the invasive group (Figure 30A, D and G, respectively). Pilus islet-2
was mainly associated with serotypes 11A and 19F in the carrier group, 19F, 7F, 11A and
19A in the non-invasive group; and 7F, 1, 11A and 19A in the invasive group (Figure 30B, E
and H, respectively). In addition, PsrP was found to be well distributed in the serotypes
representing the three groups of clinical isolates (Figure 30C, F and I, respectively).

Figure 29.

Correlation between pilus-positive clinical isolates and serotypes.
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Figure 30.

Asociation of pili and PsrP with serotypes in carrier, non-invasive and invasive clinical isolates.
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5.1.6

Discrimination of Pilus-Positive Serotypes by Pilus Type
As mentioned above, serotypes 6A and 9V correlated strongly with pilus islet-1,

while pilus islet-2 correlated with serotypes 1 and 7F in this molecular epidemiology study
carried out in Germany. For serotype 11A, either pilus-1-positive clinical isolates or pilus-2positive clinical isolates, but no clinical isolates positive for both kinds of pili were found.
The double-positive isolates, found in this study, belong to the serotypes 19F, 19A and 7F.
Serotype 19F was the only serotype with clinical isolates positive for pilus-1, pilus-2 and both
pili (Figure 31).

Figure 31. Pilus-positive serotypes and results for serotype 19F.
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5.1.7

Multilocus Sequence Typing (MLST) of Pilus-Positive Clinical Isolates
In order to establish the genetic relationships and the clonal distribution of pilus-

positive and/or PsrP-positive clinical isolates in Germany, conventional MLST analyses by
sequencing fragments of the housekeeping genes: aroE, gdh, gki, recP, spi, xpt, and ddl, in
both directions were carried out. The Sequence Types, STs, were later assigned for each
clinical isolate by eBurst analysis (http://spneumoniae.mlst.net). In general, several STs
representing the population of pilus-positive and/or PsrP-positive isolates in the three clinical
isolate groups were found. The most frequent STs found for pilus-1-positive isolates were
ST162 and ST490 associated with serotypes 9V and 6A, respectively. For pilus-2-positive
isolates, the most frequent ST was ST306, found in all serotype 1 pilus-2-positive isolates.
Interestingly, the pilus-double positive clinical isolates belong to different STs: SLV320,
ST3605, ST4465, ST276 and SLV191. Similarly, PsrP- and pilus- double-positive clinical
isolates belonged also to different STs (Table 2).

Table 2.

MLST results: clonal distribution of pilus-positive clinical isolates per
serotypes in the three groups of samples.

Positive Clinical Isolates

Serotypes (n)

Carriers

ST (n)
Non-Invasives
SLV 156 (1)

9V (22)

162 (1)
DLV 156 (1)

PI-1 Only

2 (1)

SLV490 (2)
490 (1)
681 (1)
242 (1)
654 (1)
62 (1)
191 (1)
----490 (1)
SLV 681 (1)
SLV 62 (1)
SLV 1367 (1)
---

19F (2)

---

19A (1)
7F (1)
9V (2)
11A (3)
19F (1)
1 (1)

------62 (3)
179 (1)
--1143 (1)
SLV 490 (1)

6A (7)
19F (2)
11A (2)
7F (1)
1 (7)
7F (2)

PI-2 Only

6A (2)
11A (3)

PI-1 + PI-2

PI-1 + PsrP

PI-2 + PsrP

6A (2)

---

Invasives
162 (13)
156 (3)
SLV 162 (2)
1271 (1)
490 (2)
3403 (1)

---

---

------63 (1)

166 (1)
--306 (7)
SLV 581 (1)

---

---

SLV 62 (1)

---

--SLV 320 (1)
3605 / 4465 (1)
----156 (1)
-------

1504 (1)

276 (1)
SLV 191 (1)
156 (1)
----306 (1)

---

---

---

SLV 236 (1)
19F (2)
----PI-1 + PI-2 + PsrP
SLV 320 (1)
19A (1)
--320 (1)
--ST, Sequence Type; PI, Pilus Islet; PsrP, Pneumococcal Serine-Rich Protein; SLV, Single-Locus Variant; DLV; Double-Locus Variant
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5.1.8

Correlation of Pneumococcal Pili and PsrP with Antibiotic Resistance Profiles
The susceptibility levels of pilus-positive and PsrP-positive clinical isolates to

different antibiotics were also investigated. In general, these results showed that the majority
of pilus-positive and PsrP-positive isolates are susceptible to the antibiotics. However,
depending on the antibiotic, some levels of resistance were observed in the population, which
allowed us to divide the results in three different groups of antibiotics and dosis ranges (Table
3, 4 and 5).
The highest levels of resistance was observed in the first group of antibiotics:
Clarithromycin,

Clindamycin,

Tetracyclin

and

Trimethoprim/Sulfamethoxazole

(concentrations ranging from 0.06 µg/mL to 16 µg/mL). PsrP-positive isolates were more
resistant to Clarithromycin and Clindamycin than pilus-1-positive and pilus-2-positive
isolates, while pilus-1-positive and pilus-2-positive clinical isolates were more resistant to
Trimethoprim/Sulfamethoxazole and Tetracyclin than PsrP-positive clinical isolates. The noninvasive group showed the highest levels of resistance for these four antibiotics (Table 3).

Table 3.

Susceptibility levels of pilus-, PsrP-positive clinical isolates to Clarithromycin,
Clindamycin, Tetracyclin and Trimethoprim/Sulfamethoxazole.

Antibiotic

Conc. [ µg/mL ]
PI-1

MD-Clarithromycin
(Macrolide)

PI-2

PsrP

PI-1
MD-Clindamycin
(Lincosamide)

PI-2

PsrP

PI-1
MD-Tetracyclin
(Tetracycline)

PI-2

PsrP

PI-1
MD-Trimethoprim/
Sulfamethoxazole
(Sulfonamide)

PI-2

PsrP

Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives

ND

0.06

12,5

1,5

12,5

0.12

0.25

76,9
25,0
66,7
1,0
28,6
97,0
76,0
52,2
76,9
92,4
5,0
89,0
1,0
57,1
95,5
84,0
6,9
84,6

7,7

0.5

1

2

4

8

16

4,8

7,7
37,5
14,3

7,7
25,0
2,4

2,4

9,5

28,6
4,0
8,7
1,9

1,9

2,0
4,3
3,8

2,0
1,9

2,4

42,9
3,3

1,5
4,3

38,5

38,5

7,7
37,5

7,1
16,7
3,3
4,0
4,3
5,8

4,5
16,7
14,3
66,7
36,0
34,8
48,8
84,6

39,0
66,7
14,3
28,8
34,0
17,4
23,8

59,5
66,7
28,6
83,3
78,4
39,1
75,0

7,1
33,3

8,0

4,8

2,4

2,0

4,0

5,8

1,9

16,0
34,8
15,4
15,4
62,5
7,1
71,4
1,5
12,0
43,5
15,4

15,4

12,5

1,5

42,9
1,5
16,0
34,8
13,5
7,7
37,5
9,5

12,1
3,9
4,3
7,7

12,5
2,4
14,3
1,5
7,8
8,7
3,8

14,3

75,0
16,7
57,1

1,5
8,7
3,8

3,9
8,7
5,8

5,9
3,4
3,8

Results are shown in % of positive isolates for each concentration (µg/mL) of antibiotic. Percentages for antibiotic-resistant
populations are shown in red. ND: no data.
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Similarly, in the second group of antibiotics, pilus-1-positive and pilus-2-positive
isolates were more resistant to penicillin, Cefotaxime and Telithromycin (concentrations
ranging from 0.008 µg/mL to 4 µg/mL) than PsrP-positive isolates isolates. Interestingly, the
highest levels of resistance were observed in the non-invasive group, which has been
identified here as the pilus-double positive group (Table 4), including serotype 19F (Figure
31).

Table 4.

Susceptibility levels of pilus-, PsrP-positive isolates to Penicillin, Cefotaxime
and Telithromycin.

Antibiotic

MD-Penicillin
(β-lactam)

MD-Cefotaxime
(Cephem)

MD-Telithromycin
(Ketolide)

Conc. [ µg/mL ]
Carriers
PI-1 Non-Invasives
Invasives
Carriers
PI-2 Non-Invasives
Invasives
Carriers
PsrP Non-Invasives
Invasives
Carriers
PI-1 Non-Invasives
Invasives
Carriers
PI-2 Non-Invasives
Invasives
Carriers
PsrP Non-Invasives
Invasives
Carriers
PI-1 Non-Invasives
Invasives
Carriers
PI-2 Non-Invasives
Invasives
Carriers
PsrP Non-Invasives
Invasives

ND

0.008 0.015
92,4

1,5

83,3
1,0
28,6
97,0
78,0
34,8
75,0
84,6
76,2
66,7
28,6
72,7
48,0
3,4
5,0

12,5

1,5

0.03

0.06

0.12

0.25

0.5

1

2

4

12,5
2,4

2,4

12,5
9,5

75,0

2,4

4,0
13,4
3,8

4,0
4,3
1,9

8,7
1,9

4,8

25,0
7,1

37,5
2,4

37,5
2,4

28,6

42,9

26,9
1,9

8,7
1,9

7,7

71,4
1,5
8,0
8,7
7,7
15,4

4,0
5,8

2,0
4,3
1,9

7,1
33,3
25,8
38,0
8,7
26,9
92,4
25,0
71,4
1,0
28,6
98,5
88,0
78,3
9,4

4,3

2,0
4,3
1,9

1,5
2,0
4,3
1,9

12,5
4,8

4,0
17,4
1,9
7,7
37,5
4,8

12,5
4,8

11,9

14,3

42,9

14,3

4,0
4,3
3,8

4,0
13,4
3,8

4,3

6,0
13,5

21,7
1,9

2,4

4,0
1,9

Results are shown in % of positive isolates for each concentration (µg/mL) of antibiotic. Percentages for antibiotic-resistant
populations are shown in red. ND: no data.

In the third group of antibiotics, low levels of resistance to Moxifloxacin,
Levofloxacin, Vancomycin and Chloramphenicol were observed. Only few pilus-1-positive
and PsrP-positive clinical isolates were found to be resistant to these antibiotics (Table 5).
Moreover, in other complementary studies carried out at the National Reference
Center for Streptococci in Aachen - Germany, with the same collection of pneumococcal
clinical isolates used here, it has been stablished that the macrolide resistance levels in
Germany have been reduced considerably in the last 5 years, whereas penicillin resistance
levels have not changed, since the disappearance of penicillin resistant vaccine serotypes was
compensated by the appearance of penicillin resistant serotype 19A (Data from the National
Reference Center for Streptococci, Institute for Medical Microbiology, Univesity Hospital
Aachen, Germany. Dr. Mark van der Linden, et al., 2011. Personal Communication).
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Table 5.

Susceptibility levels of pilus-, PsrP-positive isolates to Moxifloxacin,
Levofloxacin, Vancomycin and Chloramphenicol.

Antibiotic

Conc. [ µg/mL ]
PI-1

MD-Moxifloxacin
(Fluoroquinolone)

PI-2

PsrP

PI-1
MD-Levofloxacin
(Fluoroquinolone)

PI-2

PsrP

PI-1
MD-Vancomycin
(Glycopeptide)

PI-2

PsrP

PI-1
MD-Chloramphenicol
(Amphenicol)

PI-2

PsrP

Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives
Carriers
Non-Invasives
Invasives

ND

0.06

12,5

2,0

0.12

0.25

53,8
62,5
5,0
33,3
85,7
69,7
48,0
69,6
48,8

46,2
25,0
45,2
66,7
14,3
28,8
5,0
3,4
44,2

0.5

1,5

1,5

4

8

16

2,4

1,5

5,8
15,4
7,1

1,7
1,0

12,5

2

2,4

12,5
2,4

1

13,5
1,0
87,5
1,0
1,0
1,0
98,5
1,0
95,7
1,0

1,9
84,6
87,5
9,0
83,3
1,0
87,9
84,0
91,3
73,8

7,1
16,7

2,4

6,0
8,7
11,5

1,9

4,3

12,5

1,5

1,0
87,5
1,0
1,0
1,0
98,5
1,0
95,7
92,4

3,8

4,3
3,8

Results are shown in % of positive isolates for each concentration (µg/mL) of antibiotic. Percentages for antibiotic-resistant
populations are shown in red. ND: no data.

5.1.9

Association of Age and Gender with Prevalence of Pili and PsrP in Germany.
The genotyping information obtained in this study for pilus islet-1, pilus islet-2 and

PsrP was compared with the available patient data in order to find further links and
correlations between them.
In the carrier group, pilus islet-1 was more prevalent in females (69%) than in males
(31%), while pilus islet-2 was more prevalent in males (83%) than in females (17%). The
PsrP prevalence in this group was proportional for both sex (56% for males and 44% for
females). Interestingly, the prevalence of these three DNA-based biomarkers was higher in
children aged less than 12 month (69% for pilus islet-1, 83% for pilus islet-2 and 64% for
PsrP).
In the non-invasive group, the pilus islet-1 and pilus islet-2 were more prevalent in
males (75% and 87%, respectively) than in females. Surprisingly, the PsrP prevalence in this
group was higher (91%) in males than in females (9%). The prevalence of pilus islet-1 and
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pilus islet-2 were higher in children aged less than 14 years (50% for pilus islet-1, 71% for
pilus islet-2). For PsrP, the prevalence in the three groups of age was very similar.
In the invasive group, the prevalence of pilus islet-1 was proportional for both sex
(52% for males and 48% for females). Similarly, the prevalence of pilus islet-2 was
proportional for males and females (54% and 46% females, respectively). PrsP prevalence
was found to be higher in males (71%) than in females (29%). Interestingly, the prevalence of
pilus islet-1 and PsrP was higher in the elderly (60% and 50%, respectively) and adults (36%
and 37%, respectively) than in children (4% and 13%, respectively). Conversely, the
prevalence of pilus islet-2 was higher in children (30%) and adults (50%) than in the elderly
(20%).

5.1.10

Prevalence of Pilus Islet-1, Pilus Islet-2 and PsrP among the Clinical Isolates
from 2008 to 2011 in Germany
The genotyping data were also compared with the date of isolation of the clinical

isolates from the patients in order to know the behaviour of the pneumococcal pilus islet-1,
pilus islet-2 and PsrP prevalence during the last 4 years in Germany (from 2008 to 2011)
(Figure 32).
Interestingly, in the three clinical isolate groups (Figure 32A, D and G), the pilus-1
prevalence decreased among the Streptococcus pneumoniae clinical isolates during the last 4
years (2008 - 2011) in Germany. Surprisingly, in the three clinical isolate groups (Figure 32B,
E and H), the pilus-2 prevalence increased among the clinical isolates in the same period of
time. Similarly, the prevalence of PsrP increased among the clinical isolates from 2008 to
2011 in the carrier and non-invasive groups (Figure 32C and F), but it decreased in the
invasive group (Figure 32I).
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Figure 32.

Pneumococcal pilus and PsrP prevalences after the introduction of PCV7 (2008 - 2011) in Germany.

Decrease (A, D, G) of the pneumococcal pilus-1 prevalence, increase (B, E, H) of the pneumococcal pilus-2 prevalence, and increase (C, F) / decrease (I) of
PsrP prevalence in the three isolate groups. Color bars represent the proportional contribution of different group of ages in the result.
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5.2

MOLECULAR ANALYSIS OF THE RECENTLY DISCOVERED
PNEUMOCOCCAL ADHESIN PavB-SSURE
As mentioned, Streptococcus pneumoniae is an important human pathogen

responsible for most common cause of fatal community acquired pneumonia, meningitis,
sepsis and middle ear infections. The main factors involved in the pneumococcal pathogenesis
are the capsule, surface-exposed proteins and enzymes as well. Surface-exposed proteins
including lipoproteins, choline-binding proteins and LPxTG proteins play a key role during
the infection process of pneumococci. The genomic analysis of S. pneumoniae strains
identified a gene (e.g. TIGR4: sp0082; D39: spd0080; R6: spr0075 and G54: spn01181)
coding for a putative surface-exposed protein containing a peptidoglycan binding LPxTG
motif and variable number of copies of a novel repetitive sequence, designated Streptococcal
Surface REpeat (SSURE). According to previous reports, this conserved SSURE domain
shows no significant sequence similarity to proteins of known function and is able to interact
with human fibronectin (Bumbaca, et al., 2004; Jedrzejas, 2007). Nevertheless, the number of
repeats reported for each pneumococcal genome strains, the molecular structure, the role and
the impact on pneumococcal pathogenesis of this surface molecule, referred to as the
Pneumococcal adherence and virulence factor B (PavB) remained still partially deciphered.

5.2.1

Bioinformatic Analysis of the pavB Locus in Pneumococci: Generation of a
Theoretical PavB Model
To gain insight into the genomic organization of the pavB locus of pneumococcal

strains, sequence alignments (blastn and blastp) were conducted using 19 available
pneumococcal genome sequences retrieved from databases (Table 9). The detailed
computational analysis of the pavB gene region, which includes the pavB ORF as well as 1.0
kb upstream and 2.0 kb downstream flanking sequences, showed a highly conserved pavBtcs08 organization in the genomes (Figure 33A). The inter-strain PavB sequence alignments
confirmed the presence and conservation of a 42 amino acids signal peptide (SP) in the
N-terminal region and a 108 aa C-terminal part, containing the hydrophobic transmembrane
(TM) domain with the LPNTG peptidoglycan-anchoring motif (Figure 33B). In contrast, the
inter-strain alignment of the SSURE domain showed that the sequence variation is mainly due
to a variable number of repeats, namely 2, 3, 4, 5 and 6 for pneumococcal strains G54,
SP23BS72, TIGR4, Taiwan19F-14 and D39/R6, respectively (Figure 33B).
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Figure 33.

Analysis of the molecular information reported in databases for the pavB locus.

A. Pneumococcal genome organization of the pavB locus. B. Schematic model for the PavB protein structure
deduced from 19 pneumococcal strain sequences deposited in databases. The SSURE domain organization and
its correspondent number of reported-SSURE units are presented for some representative pneumococcal strains
and [other strains showing similar characteristics] (Jensch, Gámez et al., 2011. Mol Microbiol 77(1): 22 - 43).

According to the lengths and the sequence identities between these repeats, three
different kinds of repeats in the SSURE domain of PavB were predicted. The first repeat (150
amino acid residues), which is highly conserved among different strains, but differs from core
SSURE and last repeat, the core repeats (each of 152 amino acid residues), which show intraand inter-strain conservation, while their number varies among different strains, and the last
repeat (136 amino acid residues), which is a C-terminally truncated SSURE but highly
conserved among the strains (Figure 34). The first repeat is the most polymorphic SSURE
repeat with only 80-82% of identity, when compared with the global consensus SSURE repeat
model sequence or with any of the central or last repeat in the same strain. In the same way,
the last repeat shows a 100% of identity, when compared with the consensus sequence or with
any of the central repeats in the same strain (Figure 34). Finally, after intra and inter-strains
blast analyses, it could also been established that the genetic polymorphisms at the ssure
region are more frequent than variations in protein sequence. In the DNA inter-strain blast,
where all the reported ssure repeats were aligned, one short deletion of 6 nucleotides in the
first repeat, one long deletion of 57 nucleotides in the last repeat and 119 single-nucleotide
genetic changes were found: 58 transitions and 61 transversions. In contrast, the same interstrain analysis for the protein sequences showed only 26 aa replacements and no protein
frameshift changes, due to both deletions (Figure 34).
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Figure 34.

Comparison of inter- and intra-strain SSURE protein sequences as deposited in
databases for 19 pneumococcal strains.

Sequences from different strains are grouped in: First Repeat (dark-gray box), Core Repeats (black box) and Last
Repeat (light-gray box). The SSURE consensus sequence is shown at the bottom (below) and the TIGR4 new
SSURE correspond to the sequencing and translation of the additional and non-reported repeat, experimentally
found in this study for TIGR4 genome (Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22 - 43).

5.2.2

Distribution of pavB among Pneumococcal Strains
The genetic organisation of the pavB locus is highly conserved in the pneumococcal

strains. Sequence alignments using the JVCI Comprehensive Microbial Resource (CMR) and
NCBI BLAST identified SSURE homologous sequences in the three streptococcal species
Streptococcus mitis (NCTC12261: SMT1642), S. agalactiae (NEM316: gbs0428), and
S. gordonii (NCTC7868: SGO1182) and confirmed previous results (Jedrzejas, 2007).
Nevertheless, pavB orthologues were not identified in pneumococcal related species such as
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S. mutans, S. pyogenes, C and G streptococci, enterococci, lactococci, and in other pathogenic
microorganisms. In the molecular epidemiology study shown above, the presence of the pavB
gene was detected by PCR among all the 419 S. pneumoniae clinical isolates from Germany
(prevalence of 100%). However, in order to further confirm the presence of the pavB locus
and its ssure-related sequence across other pneumococcal strains available in the laboratory,
but coming from different geographic origins (Table 6), dot-blot analyses were carried out by
using their chromosomal DNA and a ssure-specific DIG-labeled DNA-probe, produced by
PCR with the primer pair Fnbrep5 and Fnbrep6. In total, 23 clinically relevant encapsulated
pneumococcal strains of different serotypes were evaluated together with 4 streptococcal
species and other 4 pathogenic bacteria (Table 6 and 8). Hybridization of chromosomal DNA
with the ssure-specific probe revealed the distribution of the pavB gene and its ssure region in
all the pneumococcal strains (100%) tested in this study. The results further confirmed the
presence of homologous ssure sequences in other streptococcal species such as S. mitis,
S. agalactiae and S. gordonii and confirmed its absence in S. mutans. No signals were
detected for the other tested prokaryotic

species, suggesting a species-specific

nucleotide/protein sequence (Figure 35).

Figure 35.

Distribution

of

the

pavB

gene

in

pneumococci

and

other

pathogenic

microorganisms as analyzed by dot-blot DNA hybridization.
Positive signals were detected for all pneumococcal strains tested here. Homolog pavB-ssure sequences were
also detected in three streptococci. Some other microorganisms were used as external controls in this study
(Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22 - 43).
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5.2.3

Molecular Analysis of the pavB Gene and its ssure Region
To analyze the sequence of pavB and determine the number of ssure in pavB

sequences chromosomal DNA of six pneumococcal strains including strains with annotated
genomes (TIGR4, G54, D39, R6x, R800 and 35A) was used as template DNA for PCR and
southern-blot analysis. Amplification of the ssure region with the primers Fnbrep5 and
Fnbrep6 (Table 12 and Figure 36A) revealed a ladder of amplicons differing by one repeat
unit (456 nucleotides). This PCR amplification pattern was also obtained by Lanie et al., in
2007 and reported as characteristic amplification of the ssure region, representing problems
for the pneumococcal genome sequencing projects. They established that the number of
amplicons in the ssure ladder was pneumococcal strain dependent and used the most
prominent band to assign the number of repeats for each strain. Here, the same parameter was
applied, but in disagreement with their results, the PCR products showed sizes corresponding
to 5 ssure units in TIGR4 and G54, and seven units for the strain D39 (Figure 36B). In order
to avoid confusions because of the intensity of the bands obtained, a dilution (1/10) of the
PCR products was hybridized with a radiolabeled pavB DNA-probe in a southern-blot
experiment, which confirmed the results obtained for TIGR4, G54 and D39, and in addition
showed a number of 9 units for the strains R6x, R800 and 35A (Figure 36C).

Figure 36.

Molecular analysis of ssure regions in S. pneumoniae strains.

A. Schematic molecular model of the TIGR4 pavB gene and its ssure units. Positions of primers used are
indicated. B. PCR of ssure regions with primers Fnbrep5/Fnbrep6, C. Southern-blot analysis of ssure PCR
products amplified with primers Fnbrep5/Fnbrep6 and hybridized with a pavB DNA-probe (Jensch, Gámez, et
al., 2011. Mol Microbiol 77(1): 22 - 43).
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5.2.3.1

Confirmation of the Number of ssure Units in pavB
In order to confirm the number of ssure units for each pneumococcal strain, a

similar PCR analysis for the strains TIGR4, G54 and D39 was performed. This time the
primers Fnbrep1 and Fnbrep4 (Table 12 and Figure 37A) were used, and a long-expand DNA
Taq Polymerase kit for amplification of the full-length pavB gene, including its flanking
sequences. Again the results revealed a ladder of amplicons showing 5 repeats for TIGR4 and
G54 and 7 for D39. (Figure 37B). In addition, the chromosomal DNA of the pneumococcal
strains: TIGR4, G54, D39, R6x, R800 and 35A was digested with the restriction enzymes
EcoRI and SphI and, after southern-blotting, hybridized with a radiolabeled pavB DNA-probe.
By using the genomic information annotated in databases for TIGR4, G54, D39 and R6x, the
restriction sites and calculated the theoretical size of each pavB gene were predicted. The
results confirmed five ssure in TIGR4 and G54 and seven in strain D39, while pavB of
pneumococcal strains 35A, R6, and R800 consist of nine ssure sequences as also shown
before by PCR and southern blot analysis (Figure 37C).

Figure 37.

Molecular analysis of full-length pavB gene in S. pneumoniae strains.

A. Schematic molecular model of the TIGR4 pavB gene and its ssure units. Positions of restriction sites and
primers used are indicated. B. PCR analysis of full-length pavB with primers Fnbrep1/Fnbrep4, C. Southern-blot
analysis of full-length pavB using chromosomal DNA of six different pneumococcal strains. Hybridization was
conducted with a radiolabeled pavB DNA-probe (Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22 - 43).
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5.2.3.2

Localization of the Non-Reported ssure Units in pavB
In order to avoid wrong conclusions due to amplification artifacts resulting from

internal pairing of the repeats during the PCR, another intensive analysis of the PavB DNA
sequences reported in the NCBI database for the strains TIGR4, G54, D39 and R6x was
carried out. The aim of this genomic sequences comparison between the different reported
SSURE repeats for each strain (intra-strain blast) was to identify discriminatory genetic
differences between the SSURE repeats and use them as specific-SSURE experimental
markers. This molecular analysis failed for the strains D39 and R6 because the SSURE
repeats 2 and 3 are 100% similar; and for the G54 strain it failed as well, because its reported
SSURE units are just two (first and last repeats) and they are non informative for this kind of
analysis and experimental strategy design. In contrast, for the strain TIGR4 it was possible to
find at least one Single Nucleotide Polymorphism (SNP) specific for each of the four reported
SSURE repeats (Figure 38).

Figure 38.

Intra-TIGR4 ssure-specific SNP’s identification.

In this intra-TIGR4 ssure alignment, at least one TIGR4 ssure-specific SNP was found per ssure unit.

With this information, as a unique available source of discriminatory genetic
variation between the SSURE repeats, a TIGR4 genome-based strategy to study the SSURE
domain using an Amplification Refractory Mutation System (ARMS-PCR), which is able to
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discriminate among DNA templates that differ by a single nucleotide residue, was designed.
In the first SSURE repeat, four consecutive SNPs in the positions 393-396 (AGAC), which
are conserved in the other three pneumococcal strains were found. For the second SSURE
repeat, just one specific SNP in the position 201 (C), which is also present in the strains D39
and R6 in a non-specific manner (repeats 2, 3 and 4) was found. For the third SSURE repeat,
another specific SNP in the position 238 (T), which is also present non-specifically in the
strains D39 and R6 (repeats 5 and 6) was found Finally, in the fourth SSURE repeat, one
specific SNP in the position 3 (T), which is present non-specifically in the strains D39 and R6
(repeats 4, 5 and 6) was also found. Altogether, the specific-SSURE SNP’s map for the
reported TIGR4 sequence is: (SSURE1: AGAC, SSURE2: C, SSURE3: T, SSURE4: G)
(Figure 38).
Consequently, the localization of the non-reported repeats in the annotated genome
sequences of TIGR4 and G54 was of high interest. The specific ARMS-PCR forward and
reverse primers for each SSURE-SNP were designed in such a way that the SNP position(s)
were located at the 3’-end of the oligonucleotides. In this sense, the primers have several
targets inside the SSURE domain, but just in one of them the DNA polymerase is able to find
a well-paired 3’-OH as an appropriate substrate for polymerization. Due to the presence of
several tandem repeats in the SSURE domain with specific SNPs, several primer
combinations, including those to amplify each independent repeat, are possible to study this
genomic region in the different pneumococcal strains. The primer combinations used to
amplify short specific fragment in the boundaries of the repeats (1-2, 2-3 and 3-4) have
special characteristics, because they allow not only to confirm each reported SSURE repeat,
but also to identify both the presence and the localization of the new or non-reported SSURE
repeat(s). According to the reported SSURE domain sequence, the expected results for this
experimental strategy for the TIGR4 genome are three unique specific amplicons with the
following band sizes: boundary 1-2, 304 bp; boundary 2-3, 534 bp; and boundary 3-4, 263 bp.
Obtaining this band pattern would confirm that the assigned number of SSURE repeats, at
least for the TIGR4 pneumococcal strain, is correctly reported in the NCBI database. But in
the case where a new or non-reported SSURE repeat(s) is present in a given pneumococcal
strain, a non-expected band of the same intensity of the expected one and differing by one
repeat unit (456 nucleotides) will appear.
The results for TIGR4 strain confirmed the presence of the four SSURE repeats
reported previously, but also confirmed previous results and identified a new or non-reported
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SSURE repeat located between the repeats 3 and 4 (Figure 39). From these ARMS-PCR
results, the specific-SSURE SNP’s map for TIGR4: (SSURE1: AGAC, SSURE2: C,
SSURE3: T, SSURE4: T and SSURE5: G) was reconstructed. Interestingly, the best results
were obtained for the G54 strain, using the TIGR4 genome-based strategy. Due to the low
number of reported SSURE repeats (2), the expected results for G54 were no amplicons in
any SSURE repeat boundary ARMS-PCR. But in agreement with previous experimental
results, G54 presents five SSURE repeats instead of 2. The two SSURE repeats reported
previously are confirmed and three new, and hence, non-reported SSURE repeats located
between them were identified (Figure 39). Additionally, the band patterns of the ARMS-PCR
for the D39 strain was also evaluated, using the TIGR4 genome-based strategy. Nevertheless,
the higher number of SSURE repeats in D39 and the absence of ssure-specific SNPs in this
strain made the molecular analysis more complex. But after an intensive and comparative
analysis of the results for D39, the presence of the six SSURE repeats reported previously was
confirmed and a new or non-reported SSURE repeat, located between the 5th and 6th repeat,
was identified, which is in agreement with previous experimental results (data not shown).

Figure 39.

Detection and localization of non-reported repeats in the ssure region of pavB.

A. Schematic molecular model of the TIGR4 pavB gene and distinctive nucleotides in ssure sequences. Position
of primers used are indicated. Analysis of ssure region in TIGR4 (B.) and G54 (C.) by Amplification Refractory
Mutation System PCR (ARMS-PCR) (Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22 - 43).
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5.2.4

A New PavB-Structural Model and Report of the Full-Length TIGR4-PavB
Sequences with Five Repeats
The results of the molecular analysis were finally confirmed by DNA sequencing of

the TIGR4-ssure region, using different primers targeting the pavB gene and the primers for
ARMS-PCR as well. After translation, it could be established that the non-reported TIGR4
SSURE amino acid sequence is 99.8% similar to the SSURE-consensus sequence and 100%
identical to the third reported-TIGR4 SSURE.
Taking together all these findings, a new organization and predicted number of
SSURE units is then proposed for PavB (Figure 40).

Figure 40.

A new sequence-based structural model for the pneumococcal adhesin PavB

Schematic model for the pavB gene (A.) and protein (B.) structure. Number of repeats in the SSURE domain
obtained by molecular analysis of six pneumococcal strains (C.). Repeat sequences reported in the current
databases are shown in gray and black. Non-reported repeats of genomic strains (G54, TIGR4, D39, R6) and
repeats of pavB genes from other S. pneumoniae strains (R800 and 35A) analyzed here are shown in white boxes
(Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22 - 43).

In addition, the nucleotide and protein sequence data for the full-length PavB of
TIGR4 are shown below and already available in EMBL/GenBank (NCBI database) under the
accession number: FN547057.
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5.2.5

Cloning of ssure-Fragments, Recombinant SSURE Protein Purification and
Polyclonal Antisera Production
Taking into account the new PavB model, three different TIGR4 ssure DNA

sequences were designed to produce His6-tagged fusion proteins for further experiments. One
SSURE domain, representing the second SSURE of TIGR4 (SSURE2) and two SSURE
domains, representing the second and third SSURE of TIGR4 (SSURE2+3) were then
produced. In addition, a recombinant PavB protein, termed SSURE1-5, which represents the
mature PavB protein of TIGR4 without signal peptide and the membrane anchoring domain
was also produced (Figure 41A).

Figure 41.

Cloning of TIGR4 ssure sequences and expression of His6-tagged SSURE peptides.

A. Schematic model of the TIGR4 PavB protein and the three SSURE domains produced as His6-tagged fusion
proteins. B. Molecular analysis of ssure DNA-fragments cloned into pGEMT-Easy. DNA-inserts were excised
using EcoRI. C. Coomasie brilliant-blue (CBB) staining and immunoblot detection of the recombinant
His6-tagged SSURE peptides with anti-SSURE antibodies (Jensch, Gámez, et al., 2011. Mol Microbiol 77(1): 22
- 43).
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Coomassie brilliant blue staining of His6-tagged fusion proteins and immunoblot
analysis confirmed the calculated molecular masses of 17.5 kDa for SSURE2, 33.7 kDa for
SSURE2+3, and 99.4 kDa for SSURE1-5 (Figure 41B and C). Polyclonal antibodies generated
against SSURE2+3 and SSURE1-5, respectively, reacted with SSURE2+3 and for SSURE1-5, but
showed only weak reactivity with the single repeat SSURE2, while the Penta-His™ antibody
(QIAGEN) reacted equally well with all produced His6-tagged proteins (data not shown).
In order to solve the protein structure of the PavB-SSURE domain, recombinant
SSURE peptides were purified in huge amounts, highly concentrated (13 mg/mL) and used
for crystallography with the cooperation of Prof. Dr. Juan Hermoso, CSIC, Madrid - Spain.
Despite small crystal with SSURE2 and SSURE2+3 in different experiments were obtained by
using different buffer and salt conditions, those crystals did not difract and therefore it was
not possible to solve the PavB-SSURE protein structure (data not shown).
On the other hand, in a complementary study of this PhD thesis, Dr. Inga Jensch used
these recombinant SSURE peptides to investigate their ability to interact with host proteins.
Ligand-overlay assays with human plasma revealed recruitment of fibronectin and
plasminogen by all tested SSURE peptides. The specificity of fibronectin- and plasminogenbinding by SSURE peptides was investigated by incubating immobilized host proteins with
equimolar amounts of SSURE2, SSURE2+3 or SSURE1-5. All three employed SSURE peptides
showed fibronectin-binding activity as shown previously for one repeat (Bumbaca, et al.,
2004). In addition, results revealed also a dose-dependent interaction with plasminogen.
Remarkably, the complete SSURE domain of PavB consisting of five repeats showed the
highest binding to fibronectin, while this domain showed the lowest binding to plasminogen
compared to the two other SSURE peptides (Jensch, Gámez, et al., 2010).
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5.3

MOLECULAR ANALYSIS OF THE PNEUMOCOCCAL TCS08
AND ITS ASSOCIATION WITH PavB AND METABOLISM
The immediate neighborhood of the pavB gene with the two-component regulatory

system 08 (tcs08) genes on the pneumococcal genome suggest that PavB is probably linked
with the TCS08. This proposed functional association between pavB and the TCS08 was also
predicted by using STRING (Search Tool for the Retrieval of Interacting Genes/Proteins), a
database of known and predicted protein interactions (Figure 42). Nevertheless, no
experimental evidences have been reported up to date for these putative interactions between
the tcs08 and their upstream (pavB) and downstream (rpsD) flanking genes. Therefore, the
aim of this part of the study was to perform a molecular analysis of the pneumococcal TCS08
and its putative association with the recently discovered pneumococcal adhesin PavB.

Figure 42.

TCS08 genomic context and prediction of its putative association with pavB, rpsD
and other pneumococcal tcs genes.

Representative association network for the pneumococcal TCS08. The rr08 gene was taken as the central point
only for reference. Evidences for functional associations are represented by colored lines. Neighbor genes are
loci within 300 bp on the same strand in the genome. Adapted from STRING, version 9.0. (http://stringdb.org/newstring_cgi/show_input_page.pl?UserId=Yz5MrgYwOiLL&sessionId=68mU9Dlr4ghw). Dimensions
are not drawn to scale.
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The extended region where the pavB-tcs08 genes are located in the genome was
analyzed in different streptococcal species, whose genomes are reported in databases. Taken
the pavB gene as a reference, it could be established that the sequences and genes located
upstream of pavB are variable and has been reported to be involved in diverse metabolic
processes of streptococci, such as transport and DNA synthesis (data not shown). In contrast,
the downstream region of pavB correlates with the two-component system 08 in pneumococci
(Figure 33) or with the respective TCS08-homolog in the other streptococcal species analyzed
here (data not shown).

5.3.1

Bioinformatic Analysis of the HK08 and RR08
Initially, the bioinformatic analysis of the pneumococcal TCS08 was focused on the

comparison of the HK08 and RR08 gene and protein sequences. Alignments of the HK08 and
RR08 protein sequences, by using the information retrieved for 8 pneumococcal strains from
databases, showed the high conservation level (99%) of these proteins among different
pneumococci (Figure 43A and Figure 44A). The molecular analysis of the pneumococcal
histidine kinase 08 helped to identify the functional domains and the conserved amino acid
residues important for its function.
The catalytic ATPase domain of the histidine kinase 08 has been identified here as a
member of the Histidine Kinase-like ATPases (HATPase_C) family, which includes several
ATP-binding proteins, such as other histidine kinases, DNA gyrase B, topoisomerases, heat
shock protein HSP90, phytochrome-like ATPases and DNA mismatch repair proteins
(Marchler-Bauer, et al., 2011). Likewise, the conserved N, G2, F and G2 subdomains,
required for a functional ATP-pocket, were also identified in the HATPase_C domain of
HK08 (Figure 43B and C).
The presence of the functional His-residue (H) of the HK08 was confirmed in its
Histidine Kinase A (HisKA) phosphoacceptor domain, which is also the part of the protein
responsible for dimerization. Theoretically, dimers of HK08 are formed through parallel
association of two HisKA domains, creating 4-helix bundles. Usually this paired HisKA
domains are activated via trans-autophosphorylation by the catalytic ATPase domain of the
histidine kinase (Marchler-Bauer, et al., 2011).
The signaling HAMP (Histidine kinase, Adenylyl cyclase, Methyl-accepting protein,
and Phosphatase) domain, which occurs in a wide variety of bacterial signaling proteins, was
also found in the HK08 structure. The HAMP domain consists of two -helices connected by
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an extended linker. It has been suggested that the structure of the HAMP dimer can rotate
between an unusual packed conformation and a canonical coiled-coil arrangement. Such
rotation may coincide with signal transduction, but a common mechanism by which HAMP
domains relay a variety of input signals has yet to be established (Marchler-Bauer, et al.,
2011).

Figure 43.

Comparative molecular analysis of HK08 in different pneumococcal strains.

A. Comparison of the HK08 protein sequences for 8 pneumococcal strains available in databases. Important
functional residues (His, Asn, Gly, Phe and Gly) are highlighted with colors. B. and C. Schematics of the HK08
depicting its functional HisKA, HATPase_C, HAMP and TM domains. Polymorphisms are shown in red letters
for some pneumococcal strains. Dimensions are not drawn to scale.

Furthermore, the molecular analysis of the pneumococcal response regulator 08
allowed to identify its N-terminal phospho-receptor or receiver domain and its C-terminal
DNA-binding or output domain, which is important for transcriptional regulation of target
genes (Figure 44B and C).
The RR08 signal receiver (REC) domain, containing the phospho-acceptor site (Aspresidue, D) was also identified here. This aspartate residue is supposed to be phosphorylated
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by the RR08-sensor cognate partner, the HK08, in the signal transduction process. The
bacterial REC domains are higly conserved and despite they were originally thought to be
unique to bacteria (CheY, OmpR, NtrC, and PhoB), now recently a REC domain has been
identified in the eukaryote Arabidopsis thaliana (Marchler-Bauer, et al., 2011).
Similarly, the effector domain of the RR08, which is responsible for the response of
pneumococci to the environmental stimuli sensed by the TCS08, was also identified here as a
member of the Trans reg_C family. The bacterial Trans reg_C domains are activated by
phosphorylation and contain both DNA- and RNA polymerase-binding sites. Small tandem
repeats upstream of the genes have been identified as the genetic elements recognized by
response regulators and it has been suggested that their RNA polymerase-binding sites
interact with the - and/or σ-subunites of the RNA polymerase, triggering the transcription of
their specific genes (Marchler-Bauer, et al., 2011).

Figure 44.

Comparative molecular analysis of RR08 in different pneumococci.

A. Alignment of the RR08 protein sequences retrieved from databases for 8 pneumococcal strains. Functional
residues such as Asp and Lys, important for function, are highlighted with colors. B. and C. Schemtics of the
RR08 depicting its functional REC and Trans reg_C domains. Polymorphisms are shown in red letters for some
pneumococcal strains. Dimensions are not drawn to scale.
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5.3.2

Expression Cloning of the HK08 and RR08-encoding Genes
An important aim of this study was to produce the pneumococcal HK08 and RR08

proteins. The soluble cytoplasmatic part of the HK08 (without TM domain) and the complete
ORF of its cognate RR08 were first amplified with the Pfu DNA Polymerase in order to
minimize sequence mistakes and subsequently cloned into the T/A cloning vector pGEMTEasy (Promega) (Figure 45A). By using the restriction sites included in the primers
(BamHI/HindIII for RR08 and BamHI/PstI for HK08), both hk08 and rr08 genes were
subcloned into the pQE30 system (QIAGEN). The recombinant hk08- and rr08-positive
E. coli clones were confirmed by colony-PCR and restriction analysis after plasmid isolation
for both cloned fragments (Figure 45B). Additionally, the subcloning of the rr08 and hk08
genes into pQE30 was proved by DNA sequencing, thus confirming the authenticity of both
sequences (data not shown). The recombinant RR08 was expressed by induction with IPTG
and purified by His6-tagged affinity chromatography (Figure 45C). However, the recombinant
HK08 could not be expressed, using the pQE30 system, because of its insolubility and the
formation of inclusion bodies in the E. coli host cells. Purified RR08 protein was used to
generate anti-RR08 antisera in mice by standard procedures.

Figure 45.

Cloning of the tcs08 genes and recombinant protein expression and purification.

A. Both tcs08 genes: rr08 (699 bp) and hk08 (1000 bp) were amplified by PCR using TIGR4 genomic DNA as
template. In addition, a Genomic Fragment (GF-) containing both genes and their flanking regions (1841 bp) was
also amplified for the tcs08-mutant construction strategy (see below). B. The amplified genes were cloned into
pGEMT-Easy and then subcloned into pQE30. C. Recombinant constructs were used to transform E. coli
M15[pREP4] competent cells for protein expression. Purification of the recombinant proteins was carried out by
affinity chromatography (His6-tagged proteins / Ni-NTA matrix in Äkta purifier).
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5.3.3

Construction of Pneumococcal tcs08-Mutant Strains
Another important goal of this study was to investigate the role of the TCS08 in

pneumococcal metabolism and its impact on the pavB gene regulation. In order to address
these aims, TCS08-deficient strains were produced by insertion-deletion mutagenesis and
used in further comparative experiments with their respective wild-type or control strains.
Strategically, a pGEMT-Easy-based tcs08 construct was first generated by the T/A
cloning of a genomic fragment (GF) of 1841 bp, containing the complete genomic region
where the tcs08 genes are located in the pneumococcal genome. Subsequently, an internal
fragment of 817 bp was deleted by inverse PCR and the spectinomycin antibiotic resistance
cassette (aad9 gene) was finally ligated in order to achieve the tcs08 construct (Figure 46).

Figure 46.

Insertion-deletion strategy for the construction of tcs08-mutants.

A. Pneumococcal WT strains produce functional TCS08 proteins. B. A pGEMT-Easy-tcs08 construct,
contining the add9 (spectinomycin resistance cassette) gene, was obtained experimentally for insertion-deletion
mutagenesis. The targeted tcs08 genes are disrupted by homologous recombination in the transformed
pneumococcal strain. C. Spectinomycin resistant clones are TCS08-deficient. Therefore, they are not able to
produce functional HK and/or RR proteins. A BamHI restriction site was introduced for PCR-RFLP screening
and confirmation of the pneumococcal tcs08-mutant strains. Dimensions are not drawn to scale.
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Figure 47.

PCR-RFLP confirmed pneumococcal tcs08-mutant strains.

A. The TCS08-deficient D39 and TIGR4 pneumococcal mutants were successfully confirmed by PCR (size
shift) with primer pairs TCS08RRf1 and TCS08HKr1 (Table 13). Expected PCR product sizes are as follow:
WT, 1748 bp and tcs08, 2001 bp in both cases. B. Subsequently, the obtained PCR products were digested with
BamHI in order to release 724 bp corresponding to the 3’-end homolog recombination fragment, which is
downstram from the aad9 gene (1149 bp). 5’- end homolog recombination fragment (128 bp) and the aad9 gene
held together (1277 pb) (Figure 46B and C).
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The resultant pGEMT-tcs08-spec construct (Table 18) was subsequently used in the
production of TCS08-deficient mutants, by using the D39 WT, D39cps, TIGR4 WT and
TIGR4cps pneumococcal strains as genetic backgrounds (Figure 47). Furthermore, the
integrity of the aad9 gene in the genome of the transformed pneumococcal strains was proved
by PCR-RFLP (Figure 47), DNA sequencing (data not shown) and RT-PCR (Figure 48),
confirming the authenticity of the TCS08-deficient mutants obtained here. Similarly, a loss of
function of TCS08 through polar effects, caused by the mutagenesis strategy for PavB, was
excluded by RT-PCR in D39pavB (Figure 48) and TIGR4pavB (data not shown).

Figure 48.

Analysis of the tcs08 gene expression by RT-PCR in WT and mutant D39 strains.

Encapsulated D39 WT and pavB-mutant strains express tcs08 mRNA, while the D39pavB-mutant strain does
not, confirming the success of the insertion-deletion mutagenesis strategy for pavB and absence of polar effects.
Dimensions are not drawn to scale.

5.3.4

Role of the TCS08 in Pneumococcal Metabolism
In order to keep stable the acquired-recombinant tcs08-mutation in the genome, the

pneumococcal TCS08-deficient strains were cultured in liquid media and on blood-agar plates
both supplemented with the antibiotic spectinomycin.
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The growth behaviour of the pneumococcal D39 and TIGR4 TCS08-deficient strains
was very similar to the growth behaviour of their respective wild-type or control strains, when
they were cultured in the complex medium THY (Figure 49). However, when doubling-time
(slopes) was highlighted, slight differences between the encapsulated and the nonencapsulated pneumococcal strains were observed. Pneumococci expressing a capsule (WT)
grew slower than pneumococci lacking capsule (cps strains) (Figure 49). Probably, wild-type
pneumococcal strains have to invest more energy and expend extra-time in order to
accomplish with the synthesis of their own capsule, while non-encapsulated strains skip this
commitment and grow faster.

Figure 49.

Growth curves for pneumococcal wild-type and tcs08-mutant strains in THY.

The growth behaviour of the D39tcs08 (A) and TIGR4tcs08 (C) were very similar to the growth of their
respective controls (wild-type strains). Similarly, the growth behaviour of the D39cpstcs08 (B) and
TIGR4cpstcs08 (D) were very similar to the growth of their respective controls (capsule-deficient strains)
These data were collected from three independent experiments carried out at different weeks, under similar
conditions.
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Strikingly, the growth behaviour of D39 strains in chemically defined medium was
significantly different (Figure 50). Compared to its WT, the D39tcs08 pneumococcal strain
showed an accelerated growth behaviour (Figure 50A). Without capsule, the growth
behaviour of D39 (D39cps) was significantly reduced. Both, D39 WT and D39tcs08 readly
grew in chemically defined medium and much better than D39cps, which actually never
reached an OD600 = 0.8 after 8 hours of culture (Figure 50B and C). Surprisingly, the TCS08deficiency in the D39cps (D39cpstcs08) was able to recover the growth behaviour of the
D39cps pneumococcal strain (Figure 50D). Identical results were observed when purified
capsule polysaccharide was present in the CDM during culture (data not shown).

Figure 50.

Growth curves for D39 wild-type and tcs08-mutant strains in CDM.

A. The growth behaviour of the D39tcs08 was similar to the growth behaviour observed for the D39 wild-type
strain. B. Surprisingly, without capsule the growth behaviour was different between WT and TCS08-deficient
strains. C. Without capsule the growth in chemically-defined medium was very slow. D. The deletion of the
tcs08 genes allowed the recovery of the normal growth behaviour for capsule-deficient D39 strains. These data
were collected from three independent experiments carried out at different weeks, under similar conditions.
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Nevertheless, if the deletion of the tcs08 genes from the pneumococcal D39 genome
represents a real advantage for TCS08-deficient strains, growing under limited conditions, this
hypothetic role of the TCS08 in the pneumococcal metabolism has to be also proved in other
pneumococcal strains. Remarkably, when the same experiment was carried out in TIGR4, the
results obtained were totally different. The growth behaviour of TIGR4 wild-type in
chemically defined medium was much slower than the growth behaviour observed previously
for D39 pneumococcal strains, and definitely, neither TIGR4tcs08 nor TIGR4cpstcs08
mutant strains were able to recover and grow properly in this medium containg only essential
components for pneumococcal growth (Figure 51).

Figure 51.

Growth curves for TIGR4 wild-type and tcs08-mutant strains in CDM.

A. TIGR4 WT and TIGR4tcs08-mutant strains grew slowly in CDM with a similar behaviour. B. Likewise,
there were no differences in growth between non-encapsulated TIGR4 strain and its correspondent
TCS08-deficient mutant. C. TIGR4 WT grew better than its non-encapsulated variant. D. The deletion of the
tcs08 genes in TIGR4 did not recover the normal growth behaviour for capsule-deficient TIGR4 strains. These
data were collected from three independent experiments carried out at different weeks, under similar conditions.
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5.3.5

Role of the TCS08 in Pneumococcal Virulence, via Genetic Regulation of pavB
Finally, in order to assess the role of the TCS08 in pneumococcal virulence, via

genetic regulation of virulence factors, the expression of the PavB protein was evaluated in
the TCS08-deficient mutants, by using the anti-PavB polyclonal antibody (-PavB) produced
in this study. A significant reduction of the PavB protein expression was observed in the D39
and TIGR4 tcs08-mutant strains, when compared with their respective controls, strongly
suggesting that TCS08 may play a role in pneumococcal virulence (Figure 52).

Figure 52.

Analysis of the PavB protein expression in tcs08-mutant strains.

The S. pneumoniae strains were cultured in THY medium, harvested in the late-logarithmic phase and lysed with
urea. Equal number of bacteria (1 x 109 pneumococci / 20 µL) were mixed with 20 µL of 5x protein sample
buffer and loaded on an 8% SDS-PAGE. For immunostaining, proteins were transferred onto a nitrocellulose
membrane and detected with -PavB polyclonal antisera at a dilution of 1:200. The anti-mouse HRP-antibody
was 1:2000 diluted and the detection was performed by using ECL solution. The protein marker used was the
Prestained Protein Ladder Page RulerTM. The PavB proteins were 139.7 kDa for D39 (A) and 107.1 for TIGR4
(B) because of their 7 and 5 SSURE units, respectively.

- 101 -

Results

5.4

MOLECULAR ANALYSIS OF THE TWO-COMPONENT SYSTEMS
IN

S. pneumoniae AND THEIR CONNECTIVITIES

The availability of complete genome sequences in databases, for at least 19
pneumococcal strains, favors the exploitation of this source of primary information of
Streptococcus pneumoniae. The analysis of this genomic information identified the full-TCS
repertoire of this human pathogenic bacterium. The complement of thirteen hk-rr cognate
pairs with an additional orphan unpaired response regulator, which has been also reported by
other studies for pneumococci (Lange, et al., 1999; Throup, et al., 2000; Klumpp and
Krieglstein, 2002; Paterson, et al., 2006; Hakenbeck, 2007), was confirmed here, by screening
of the S. pneumoniae databases. All the available TCS information was retrieved from
databases for 8 different S. pneumoniae strains to perform an extensive molecular and
bioinformatic analysis of the annotated TCS gene and protein sequences.
As in the case of the TCS08, sequence alignments for the other pneumococcal TCS
proteins showed high conservation levels for all of them in pneumococci (data not shown).
Therefore, in order to establish the molecular relationships among the pneumococcal TCSs,
dendrograms for both pneumoccal HKs and RRs were constructed, by using the online
molecular tools available on the ExPASy website (http://ca.expasy.org/tools/) for sequence
alignment and comparison (Figure 53).

Figure 53.

Relationships among the pneumococcal two-component systems.

Dendrograms for the pneumococcal histidine kinases (in red) and response regulators (in blue) were constructed
by comparing the DNA and protein sequences. The Histidine Kinases and Response Regulators most likely
related to the TCS08 are highlighted in bold.
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In addition to the predicted functional associations between the tcs08 genes and their
upstream (pavB) and downstream (rpsD) flanking genes, the STRING analysis carried out for
the rr08 clearly showed other functional associations among the RR08 and some other
pneumococcal histidine kinases, such as HK02 (VicK), HK04 (PnpS) and HK05 (CiaH)
(Figure 42). Interestingly, a similar analysis performed with the RR08-cognate pair, the
HK08, not only confirmed the results obtained for RR08, but also suggested further putative
interactions of the TCS08 with many other TCSs in pneumococci (Figure 54). For instance,
the pneumoccoal response regulators RR02 (VicR), RR04 (PnpR), RR05 (CiaR), RR06
(CbpR), RR09 (ZmpR), RR10 (VncR) and RR13 (BlpR), which have been closely related
here to the TCS08 (Figure 53), are also shown to be functionally associated with the HK08,
according to the molecular evidences considered by the STRING program for the prediction
of protein interactions (Figure 54).

Figure 54.

Putative associations among pneumococcal two-component systems.

Representative scheme for the TCS08. The hk08 was taken as the central point only for reference. Evidences for
interactions and associations are represented by coulored lines. PavB is linked with the TCS08 because of their
neighborhood. Dimensions are not drawn to scale.
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However, up to date, no experimental evidences have been reported for these kinds
of pneumococcal TCS interactions. Therefore, this situation can be considered as an
opportunity to initiate a holistic study of the pneumococcal two-component signal
transduction systems, from a theoretical (here) and an experimental (in a following study)
point of view.
In this direction, a new technique called phosphotransfer profiling, in which a purified
HK is simultaneously assayed for the ability to facilitate the phosphorylation of each purified
RR protein from a given microorganism, arises as a strong experimental alternative to
overcome the challenges that underlie the study of the TCS signal transduction as a global,
complex, interconnected and/or synchronized process (Ryan, 2006). Therefore, and as a
complement of the theoretical bioinformatic analyses of the pneumococcal TCS carried out
here, one important goal of this study is to establish the molecular bases for using this
experimental phophotransfer profiling tool in order to study those biological functions of the
pneumococcal TCS proteins, which have not been studied before. Like this, the pneumococcal
genome-coded, non-functional (putative) TCS protein(s) reported up to date in databases can
be confirmed. Similarly, the natural partner(s) of the orphan RR14 can be easily found and
promiscuous histidine kinase activity in pneumococci can be also detected and clarified.
Likewise, the needing of an intermediate receiver in the signal transduction mechanism
(phosphor-relay) can be inferred, and the sequence-based analysis to discover the bases of the
molecular HK-RR recognition, using bioinformatic methods can be complemented.
As a consequence, accurate bioinformatic analyses of the pneumococcal TCS
sequences, including: (1) the comparison of the DNA and protein sequences; (2) the
identification of regulatory elements (promoters) in the genome; and (3) the recognition of
functional motifs and/or domains in the proteins, together with the phosphotransfer profiling
approach and other biochemical, molecular, structural and recombinant methods, have to be
addressed and applied in order to exploit the TCS signaling regulatory networks of the human
pathogen S. pneumoniae.

5.4.1

Bioinformatic Analysis of the Whole Set of S. pneumoniae TCS Proteins
The molecular analyses performed for the TCS08 protein sequences was extended to

the whole set of S. pneumoniae TCS proteins and, again, the functional pneumococcal HK
domains, such as the Histidine Kinase and the catalytic ATPase domains, were identified
(Figure 55). Likewise, RR’s REC- and DNA-binding domains were identified (Figure 55).
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Figure 55.

Schematic models of pneumococcal HK and RR proteins and their functional
domains

Pneumococcal TCS proteins (HKs and RRs) are comparative depicted with their corresponding functional
domains. Dimensions are not drawn to scale.

- 105 -

Results

Here, four different DNA-binding domains were found among the 14 pneumococcal
RRs: Trans reg_C, HTH ARAC, HTH LUXR and LytTR, while the REC-domain was highly
conserved in all of them (Figure 55). Similarly, the 13 HKs were divided into four main types:
(1) the HisKA, which was found together with other accessory domains, such as HAMP and
PAS-PAC, (2) the His_Kinase superfamily (also referred to as HisKin), (3) the HisKA_3 (also
called H3), and (4) those HKs with no HK domain identified (HK12 and HK13) (Figure 55).
Interestingly, a correlation between the four kinds of HKs and RRs was observed, via cognate
pair constitution, which may explain, at least in part, the molecular recognition between TCS
cognate pairs. HisKA linked to Trans reg_C in TCS08, 10, 06, 05, 04, 01, 02, HisKin to HTH
ARAC in TCS09, 07, and H3 linked to HTH LUXR in TCSS03, 11, while the absence of HK
domain in HK12 and 13 was found to correlate with LytTR in RR12 and RR3 (Figure 55).

5.4.2

Expression Cloning of the Whole Set of S. pneumoniae TCS Proteins
By using the available information, the data from bioinformatic analyses and the

experience working in the laboratory with the TCS08, used here as a model for
standardization, an experimental strategy was designed for the expression cloning of the 27
pneumococcal TCS proteins (see annexes) into pDB.His.MBP and pKLSLt systems (Table 13
and 16). Soluble cytoplasmatic HK parts and the complete RR ORF (Figure 56 and Figure 58)
were cloned into pGEMT-Easy (Figure 57 and Figure 59). Other successful experiences from
bacterial TCS studies were also considerd (Park, et al., 1998). The E. coli cognate pairs EnvZOmpR and CpxA-CpxR were chosen as external controls (see annexes and Table 18). After
several expression cloning trials, production of the recombinant His6-MBP-TEV-HK08 /
RR08 and LSLt-TEV-HK08 / -RR08 proteins was achieved in E. coli (Figure 60).
Unfortunately, affinity chromatography protein purification failed for LSLt-TEV-HK08 and,
after TEV digestion, all of them became insoluble again and precipitate. However, despite
these drawbacks made it difficult to perform further experiments, the obtained soluble
functional proteins can be further used for phosphotransfer profiling experiments. But the
recombinant HK and RR molecular weights are very similar and this problem has to be solved
for phosphotransfer profiling experiments. Since the TEV digestion-based strategy for size
modulation, implemented here, failed, the alternative to discriminate between HK and RR
proteins is to clone the whole hk genes into pDB.His.MBP, while the whole rr genes is cloned
into pKLSLt. Molecular weights of MBP and LSLt are 42.5 kDa and 17.2 kDa, respectively.
With this difference between fusion proteins, the HKs/RRs size problems will be overcomed.
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Figure 56.

PCR amplification of the whole set of Histidine Kinase-encoding genes present in
the S pneumoniae TIGR4 genome.

The soluble cytoplasmic part of the 13 pneumococcal histidine kinase genes (without transmembrane domain
encoding sequences), were amplified by PCR with Pfu DNA Polymerase. Expected PCR product sizes are as
follow: hk01, 798 bp; hk02, 1254 bp; hk03, 795 bp; hk04, 948 bp; hk05, 720 bp; hk06, 843 bp; hk07, 840 bp;
hk08, 816 bp; hk09, 795 bp; hk10, 846 bp; hk11, 654 bp; hk12, 708 bp; hk13, 714 bp.

Figure 57.

Molecular cloning of the whole set of S. pneumoniae Histidine Kinase-encoding
genes into pGEMT-Easy vector.

The 13 histidine kinase fragments were cloned into pGEMT-Easy vector after PCR amplification. Digestion with
the correspondent restriction enzymes released the expected fragments from the cloning vector as follow: hk01,
798 bp; hk02, 1254 bp; hk03, 795 bp; hk04, 948 bp; hk05, 720 bp; hk06, 843 bp; hk07, 840 bp; hk08, 816 bp;
hk09, 795 bp; hk10, 846 bp; hk11, 654 bp; hk12, 708 bp; hk13, 714 bp.
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Figure 58.

Amplification by PCR of the whole set of Response Regulators-encoding genes
present in the S. pneumoniae TIGR4 genome.

The complete pneumococcal response regulator ORFs (14 genes in total) were amplified by PCR with Pfu DNA
Polymerase. Expected PCR product sizes are as follow: rr01, 678 bp; rr02, 705 bp; rr03, 633 bp; rr04, 708 bp;
rr05, 675 bp; rr06, 654 bp; rr07, 1287 bp; rr08, 699 bp; rr09, 738 bp; rr10, 657 bp; rr11, 600 bp; rr12, 753 bp;
hk13, 738 bp; hk14, 690 bp. PCR reactions for rr05 and rr07 were repeated and obtained (data not shown).

Figure 59.

Cloning into pGEMT-Easy vector of the whole set of S. pneumoniae Response
Regulator-encoding genes.

After digestion with the correspondent restriction enzymes, the expected fragments were released: rr01, 678 bp;
rr02, 705 bp; rr03, 633 bp; rr04, 708 bp; rr05, 675 bp; rr06, 654 bp; rr07, 1287 bp; rr08, 699 bp; rr09, 738 bp;
rr10, 657 bp; rr11, 600 bp; rr12, 753 bp; hk13, 738 bp; hk14, 690 bp.
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Figure 60. Expression cloning of the His6-MBP-TEV-HK08 and LSLt-TEV-RR08.
A. Representative result for the pneumococcal HK08 protein, whose gene (partial sequence) was cloned into the
pDB.His.MBP vector system, in order to produce the recombinant soluble fusion protein His6-MBP-TEV-HK08.
B. Representative result for the pneumococcal RR08 protein, whose gene was (completely) cloned into the
pKLSLt vector system in order to produce the recombinant soluble fusion protein LSLt-TEV-HK08. Both
recombinant proteins were digested, after affinity chromatography purification, with the Tobacco Etch Virus
(TEV) protease. Molecular weights of MBP and LSLt are 42.5 kDa and 17.2 kDa, respectively. M (Marker);
PageRuler Unstained Protein Ladder (Fermentas).

5.4.3

Comparative Analysis of the Whole S. pneumoniae tcs Loci and Flanking Genes
In order to design an uniform tcs-mutant construction strategie, useful for the

generation of TCS-deficient pneumococcal strains, the genomic context, the gene
organization and the respective restriction maps of the whole tcs-operons in pneumococci was
analyzed in the 8 pneumococcal genomes retrieved from databases (Figure 61). According to
the results, the tcs-operons are organized in five different ways in pneumococci. The majority
of them (six in total) are located on the positive strand of the pneumococcal genome with the
rr gene placed in the first position. Other 3 tcs loci showed the same gene organization, but
they are located on the negative strand of the genome. Four tcs-operons present a different
gene organization with the hk gene before the rr gene: two of them are located on the positive
strand and the other two in the negative one. The orphan RR14 is located on the positive
strand and, in all the cognate pair cases, both hk and rr genes were found to be overlapped in
two, three or four nucleotides. Finally, to avoid undesired polar effects on the pneumococcal
TCS flanking genes, caused by the mutagenesis strategy, upstream and downstream neighbor
genes were analyzed in order to know their distance from the TCS genes and also to identify
promoters in the region, which can be potentially affected by the insertion-deletion
mutagenesis (Figure 61).
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Figure 61.

Genomic context and gene organization of the whole S. pneumoniae tcs loci.

Pneumococcal TCS genes are depicted with their corresponding flanking genes. Distances in base pairs (bp)
between genes are also included. Arrows represent their orientation in the genome and flanking genes with
known function are highlighted in bold. Dimensions are not drawn to scale.
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6 DISCUSSION
6.1

IMPACT OF THE IMMUNIZATION WITH THE 7-VALENT
CONJUGATE VACCINE ON THE DISTRIBUTION OF PILI AND
PsrP AMONG CLINICAL ISOLATES IN GERMANY
The recent discovery of the virulence factors PavB, PsrP and pili, extending from the

pneumococcal surface opened a new window in the research field of pneumococci. PsrP and
PavB have been identified as adhesins (Jensch, Gámez, et al., 2010; Shivshankar, et al.,
2009), while the role of both pili (pilus-1 and pilus-2) in pneumococcal pathogenesis has been
suggested (Barocchi, et al., 2006; Bagnoli, et al., 2008). After 5 years of use in Germany,
there were not molecular epidemiology studies showing the impact of the 7-valent
pneumococcal conjugate vaccine (PCV7) on pneumococcal disease incidence. Here, the
genomic loci of these pneumococcal virulence factors were used as nucleic acid-based
genotyping biomarkers for molecular epidemiology studies.
The genotyping and analysis of 419 isolates samples, divided in three different
groups: invasive (n=233), non-invasive (n=73) and carriers (n=113) (Figure 9) allowed us to
know the scenario of the distribution for these four pneumococcal virulence factor genes
among clinical isolates from Germany. Forty-three of the 93 pneumococcal serotypes known
up to date were represented in this set of samples (Figure 10), including those used in the 7valent, 10-valent and 13-valent pneumococcal conjugate vaccines (PCVs) and 23-valent
PPSV23 (Pneumovax) (Figure 29). Overall, 100% of clinical isolates were positive for PavB,
which makes this locus a non-informative biomarker for molecular epidemiology studies
and/or molecular surveillance of S. pneumoniae (Figure 23). In contrast, psrP and pilus genes
emerged as useful biomarkes por molecular epidemiology purposes, since only 29.8% of
isolates were PsrP-positive (Figure 23, Figure 25 and Figure 26), while 102 (32.2%) isolates
were pilus-positive: 17.2% pilus islet-2 (PI-2), 13.4% pilus islet-1 (PI-1), and 1.6% for both
islets (Figure 23, Figure 24 and Figure 26). These results may be explained by the fact that
psrP and pilus genes are mobile genetic elements, known as pathogenicity islets.
For pili, the frequency within the invasive group (32.2%) was higher than the
frequency within non-invasive (13.7%) and carrier (15.0%). Interestingly, the 84% of the
pilus-positive invasive isolates were positive for pilus islet-2, whereas 2/3rd of the piluspositive carrier isolates were positive for pilus islet-1. Surprisingly, the majority (71.4%) of
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the pilus-positive non-invasive isolates were positive for both pneumococcal pilus groups
(Figure 23, Figure 24 and Figure 26). Up to date, only the world-wide spread multidrugresistant pneumococcal clone Taiwan19F-14 had been reported as the unique pilus doublepositive strain (Bagnoli, et al., 2008). However, here seven additional pilus double-positive
clinical isolates belonging to the serotypes 19F, 19A and 7F are reported (Figure 27).
Strikingly, three of these samples were found to be triple-positive clinical isolate, when the
psrP gene was screened with the PsrP genotyping model (Figure 28). These seven PsrP/piluspositive clinical isolates will be important for further studies in pneumococci in the future.
Additionally, serotypes 19F, 19A, 11A, 6A, 7F, 1, 9V were found to be related to
pneumococcal pili (Figure 29). Serotypes 1 and 7F are strongly related to pilus islet-2,
whereas pilus islet-1 was present mainly in serotypes 6A, 9V and 11A (Figure 31). Only two
(9V and 19F) of the pneumococcal serotypes identified as pilus-positive in this study are
present in all currently available vaccines against S. pneumoniae (Figure 29 and Figure 30). In
contrast, serotype 6A and 11A are included only in PCV13 and PPSV23 respectively (Figure
29 and Figure 30). On the other hand, PsrP was found to be well distributed in the serotypes
representing the three groups of clinical isolates without a clear correlation with any specific
serotype (Figure 30). Two additional interesting findings were observed for PsrP. First, an
exclusion between pilus-1 and PsrP in serotype 6A was observed in both carrier and invasive
clinical isolates (data not shown), whose reasons can not be explained here with the results
obtained in this work. And second, emergent invasive serotypes such as 7F and 1 appeared to
be PsrP-negative or with a very low prevalence in the carrier and invasive groups of this study
population, respectively (Figure 30).
Several sequence types (STs), belonging to different clonal complexes (CCs)
represented the pilus- and PsrP-positive population in the MLST analysis (Table 2). This may
indicate that the occurrence of both types of pneumococcal virulence factors is not a clonal
property of the S. pneumoniae population, at least not in Germany. Moreover, the majority of
these pilus- and PsrP-positive isolates were found to be susceptible to different kind of
antibiotics at different dosis ranges (Table 3, 4 and 5), which is in agreement with the results
obtained by Dr. Mark van der Linden and collaborators in a parallel research using the same
pneumococcal study population in Germany. They observed a clear reduction of antibiotic
resistance among S. pneumoniae isolated from IPD in children and adults, as a result of the
German national immunization program for pneumococcal conjugate vaccine (Data shown in
the Deutsche Gemeinschaft für Hygiene und Mikrobiologie, DGHM, meeting, 2011).
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Similarly, the major finding in this study, the pilus prevalence behaviour among the S.
pneumoniae clinical isolates from 2008 to 2011 (Figure 32), is able to show the impact of the
vaccination with the PCV7 in Germany. For pilus islet-1, a significant reduction of its
prevalence in the three groups of the study population was observed, especially in the invasive
group (Figure 32A, D and G). This pilus islet-1 prevalence reduction is most likely due to the
introduction of the PCV7, starting in 2006 in Germany. Conversely, the pilus islet-2
prevalence increased in the carrier and non-invasive groups from 2008 to 2011 (Figure 32B
and E). But strikingly, during the last two years (2010 and 2011), the pilus-2 prevalence
among invasive S. pneumoniae clinical isolates increased and reached unexpected high levels
(Figure 32H). According to the results, the emergency of the non-vaccine serotypes 7F and 1,
which has been strongly related here and by Zähner et al., with pilus-2, is the responsible for
such an increase in the pilus islet-2 prevalence (Zähner, et al., 2010). Taking together these
results, it can be conclude that the pilus islet-1 arises coincidentially in the last four years as a
powerfull biomarker to follow the impact of the PCV7 vaccination programs, which were
initiated to combat pneumococcal infections. Thus the pilus islet-2 arise as a useful biomarker
for molecular surveillance of the emergency of the pneumococcal invasive serotypes 7F and
1. Furthermore, the impact of the PCV7 vaccination in Germany was corroborated with the
results obtained for PsrP. Among carrier and non-invasive isolates, the PsrP prevalence
increased in the last four years (Figure 32C and F), probably as a consequence of the
emergency of several non-vaccine pneumococcal serotypes, while in the invasive group, its
prevalence decreased (Figure 32I) because of the very low frequence observed for PsrP in
serotypes 7F and 1.
On the other hand, one of the most interesting features that have emerged from the
study of pneumococcal virulence factors in S. pneumoniae is that they can be potentially used
as targets for the prevention of pneumococcal infections. This is possible because they are
highly expressed during infections and mediate pneumococcal opsonophagocytic killing and
protection against lethal challenge in animal models. In particular, pneumococcal pilus-1
subunits have been shown to protect mice against lethal challenge and serum antibodies
against pilus antigens were detected in infected patients (Gianfaldoni, et al., 2007). However,
the fact that the pilus-operons are not present in all the pneumococcal strains and clinical
isolates, which is a difference with other streptococcal species, arises as a drawback in the
perspective of using the S. pneumoniae pilus constituents in a broad coverage protein-based
vaccine in the future. Indeed, in molecular epidemiology studies performed in other
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populations in Europe and all around the world up to 2008, the pilus islet-1was found in about
30% of clinical isolates with higher frequencies in those antibiotic resistant isolates, while the
pilus islet-2 was found in only 17%of isolates (Basset, et al., 2007; Bagnoli, et al., 2008;
Aguiar, et al., 2008). Nevertheless, despite the results obtained in this study confirm the
relatively low prevalences of both pneumococcal pili, the dynamic decrease (for pilus-1) and
increase (for pilus-2) observed during the last 4 years, due to the vaccination with the PCV7,
may strongly support the idea of including pneumococcal pilus subunits in future vaccines.
This can be done together with other protective antigens in order to combat more efficiently
the pneumococcal infections produced by invasive serotypes, especially those responsible for
serotype replacement in the population such as serotype 7, 1 and 19A. However, additional
studies on pneumococcal pili are required to get more detailed insights into the mechanisms
of how pneumococci encounter its host and to decipher the implication of pili. A deeper
knowledge about the pilus structures and a comprehensive understanding of the mechanisms
underlying their expression and regulation could also be relevant to understand the role and
contribution of both pilus types in the pneumococcal pathogenic process.
Finally, the results are in agreement with other epidemiological studies carried out in
Europe. Very recently, Isaacman et al., reported a general decline in invasive pneumococcal
disesases, antibiotic non-susceptibility, and vaccine serotypes, with routine effective use of
PCV7 (Isaacman, et al., 2010). Moreover, the most common IPD clinical isolates collected
since PCV7 introduction in Europe belong to the serotypes 1, 19A, 3, 6A, and 7F,
highlighting the need for inclusion of these serotypes in future vaccine formulations
(Isaacman, et al., 2010). In Germany, after 5-years of use, PCV7 is favoring the reduction in
numbers of reported cases of IPD with vaccine serotypes in children less than 2 years-old.
Similarly, the observed reduction of IPD cases with vaccine serotypes in older children and
adults indicates a herd protection effect of PCV7. In addition, due to the disappearance of
vaccine serotypes, macrolide resistance levels have been reduced considerably, whereas
penicillin resistance levels have not changed, since the disappearance of penicillin resistant
vaccine serotypes was compensated by the appearance of penicillin resistant serotype 19A
(National Reference Center for Streptococci, Univesity Hospital Aachen, Germany, 2011).
In conclusion, these results show the impact of the immunization of children <2
years-old with the 7-valent pnumococcal conjugat vaccine (3 + 1 doses), starting in July 2006,
on the distribution of pili and PsrP among S. pneumoniae clinical isolates in Germany. This
may support the potential of PsrP and pilus constituents as vaccine candidates.
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6.2

A NEW PRIMARY SEQUENCE-BASED STRUCTURAL MODEL
FOR THE PNEUMOCOCCAL ADHESIN PavB-SSURE
The ability of pneumococci to adhere to host epithelial cells of the respiratory tract

and to evade the host immune system are prerequisites to initiate transient persistence in the
nasopharynx and subsequent transmigration into the lungs or bloodstream (Hammerschmidt,
2006; Paterson and Mitchell, 2006; Kadioglu, et al., 2008) (Figure 2). Pneumococci are
encased by a polysaccharide capsule, which protects against uptake by phagocytes and thus,
allows them to survive and multiply during colonization and bacteraemia (Magee and Yother,
2001). However, high amounts of CPS impede efficient adherence of pneumococci to host
cells, which is preferentially mediated by surface-displayed proteins (Hammerschmidt, et al.,
2005) (Figure 3). In particular, adhesive properties have been demonstrated PspC, pili, and the
anchorless adhesin PavA (Hammerschmidt, 2006; Telford, et al., 2006; Nobbs, et al., 2009).
Moreover, recent studies demonstrated that PsrP and PfbA act directly as adhesins. The
serine-rich repeat protein PsrP was shown to bind to keratin of lung epithelial cells and the
plasmin- and fibronectin binding protein PfbA, mediates pneumococcal adherence to host
cells (Yamaguchi, et al., 2008; Shivshankar, et al., 2009) (Table 1 and Figure 4). A key
virulence strategy of Gram-positive pathogens and pneumococci is their ability to interact
with human serum or extracellular matrix (ECM) proteins (Figure 4). These interactions are
associated with pneumococcal immune evasion, adherence to and invasion into host cells
(Hammerschmidt, 2006; Kadioglu, et al., 2008; Nobbs, et al., 2009) (Figure 5). For example,
pneumococci bind to host vitronectin and exploit the vitronectin-αvβ3-integrin complex as a
cellular receptor for invasion (Bergmann, et al., 2009) (Figure 6). However, pneumococci
bind also to fibronectin, probably via PavA and PavB-SSURE, since they were previously
shown to adhere directly to immobilized fibronectin (van der Flier, et al., 1995; Bumbaca, et
al., 2004) (Table 1 and Figure 4). In a complementary study of this PhD, Dr. Inga Jensch
confirmed the ability of SSURE to interact with fibronectin, discovered its plasminogenbinding activity, and demonstrated the relevance of PavB in pneumococcal colonization and
virulence, most likely by acting directly as an adhesin and thereby mediating the attachment
of pneumococci to a so far unknown host cellular receptor (Jensch, Gámez, et al., 2010).
As a part of this study, a detailed molecular analysis of the pavB locus was
conducted, using different pneumococcal strains (Table 9 and Figure 34). PavB was
independently identified by screening annotated genomes of several pneumococcal strains for
classical surface proteins possessing an LPxTG anchoring motif and by screening a D39
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whole-genome -display library with sera from infected individuals, respectively (Bumbaca,
et al., 2004; Beghetto, et al., 2006). The mature PavB protein contains a signal peptide (SP) in
the N-terminal region, a hydrophobic transmembrane (TM) domain with a LPNTG
peptidoglycan-anchoring motif in the C-terminal part and a variable number of repetitive
sequences referred to as SSURE (Bumbaca, et al., 2004) in the central part of the protein
structure (Figure 33). The number of SSURE in pneumococcal PavB proteins whose
sequences were available in databases varied from two to six SSURE (Figure 33). The results
of the molecular analysis of pavB and its ssure region in G54, TIGR4, D39, and R6 revealed
significant discrepancies between the numbers of repeats reported for pneumococcal pavB
sequences and these experimental data (Figure 36 and Figure 37). The initial molecular
analysis of the SSURE domain of strain R6 revealed eight repeats while its progenitor D39
seemed to contain only six repeats (Figure 33). Importantly, the full-length pavB sequence
could not be determined by primer walking or standard sequencing methods and a placeholder
sequence was therefore inserted to determine the sequence (Lanie, et al., 2007). By employing
various molecular techniques including ARMS-PCR, the exact number of ssure in pavB of six
pneumococcal strains was demonstrated (Figure 36 and Figure 37). In addition, the location of
non-reported ssure in pneumococcal strains TIGR4 and G54 was determined (Figure 38 and
Figure 39). For example, the number of repeats in D39 and R6 was calculated to be seven and
nine, respectively (Figure 36 and Figure 37). In order to solve the discrepancies in the number
of pavB-ssure between these results and those reported for D39 (Lilly and NCTC) and R6, the
information provided in the study of Lanie and colleagues (Lanie, et al., 2007) was reanalyzed. Remarkably, their initial molecular analysis is in agreement with the number of
repeats calculated here. But their analysis and conclusions were not correct. They obtained
PCR products of 4.7 kb for D39 and 5.6 kb for R6, using the primers III-F-036 and III-R-042
(Lanie, et al., 2007, Supplemental file S1). The identification of the primer targets in the
pavB-ssure model (Figure 33) (III-F-036: 462 bp upstream of the first ssure, and III-R-042:
1109 bp downstream of the last ssure) indicated that their PCR product sizes fit perfectly with
seven-times 450 bp (7 ssure) in D39 and nine-times 450 bp (9 ssure) (Jensch, Gámez, et al.,
2010). To know the real number of SSURE units in PavB is important as several prokaryotic
and eukaryotic proteins are composed of repetitive structures and it is assumed that the
number of repeats influences their activity and function. In the nature, proteins carrying
repeats are thought to have an advantage in adaptation processes contributing to rapid
evolutionary changes when environmental conditions are altered (Alba, et al., 2007). In the
case of PavB in S. pneumoniae, although the three employed SSURE peptides showed
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fibronectin- and plasminogen-binding activities, the efficiencies varied depending on the
number of repeats in the peptides and the host protein used (Jensch, Gámez, et al., 2010). In
addition, the affinity between PavB or SSURE domains and fibronectin or plasminogen
increased with the number of repeats (Jensch, Gámez, et al., 2010). Thus, taking together all
the PavB molecular analysis results and discussion, a new primary sequence-based structural
model for the pneumococcal adhesin PavB and its SSURE domain is proposed here (Figure
40). And it is also recommended that the Streptococcus pneumoniae genome sequencing
projects check the number of SSURE units for the pavB gene and the PavB protein sequences
in each pneumococcal strain they reported up to date in the databases. At least for the TIGR4
pneumococcal strain, the real complete sequence for the pavB gene and the PavB protein with
five SSURE units were reported in the GenBank database of the NCBI website, which can be
retrieved with the accession number: FN547057 (see annexes).
Furthermore, concerning its distribution in pneumococci and other streptococcal
species, PavB arises as a promising candidate for a multi-component protein-based
pneumococcal vaccine to combat pneumococcal infections (Gámez and Hammerschmidt,
2012). As mentioned above, the presence of the gene encoding PavB was indicated in all the
419 clinical isolates from Germany, which were used as the main S. pneumoniae study
population of this study (Figure 22 and Figure 23). Furthermore, it was demonstrated here that
the pavB gene is also present in the all tested pneumococcal laboratory strains (23 in total)
and confirmed the presence of pavB orthologue sequences in other closely related
streptococcal species (Jedrzejas, 2007), such as S. agalactiae, S. gordonii and S. mitis (Figure
35). Remarkably, the well distribution of the pavB gene among pneumococci, together with
the findings that PavB and its SSURE domain are highly conserved among the strains (Figure
34 and Figure 38), are essential to consider PavB as a potential target for vaccine
development. This idea is also supported by the fact that SSURE peptides of PavB were
previously shown to be highly immunogenic by using convalescent-phase sera (Jensch,
Gámez, et al., 2010). However, it remains to be determined whether the immunogenicity of
PavB is sufficient to elicit protective antibodies, which is also of high relevance.
In conclusion, PavB is a higly conserved and well distributed protein among
pneumococci, representing an important virulence determinant of S. pneumoniae with
multiple functions. In addition, because of its ﬁbronectin- and plasminogen-binding activity,
PavB is nowadays considered as a novel adhesin of pneumococci promoting colonization of
mice and mediating directly adherence to eukaryotic cells via an interaction of SSURE
domains with eukaryotic cells (Jensch, Gámez, et al., 2010).
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6.3

PUTATIVE ROLE OF TCS08 IN PavB GENETIC REGULATION
AND ITS LINK WITH PNEUMOCOCCAL METABOLISM
The pneumococcal genomic region, in which the pavB gene is present, was also of

high interest in this study. Strikingly, the sequences and genes located upstream of pavB are
variable and involved in diverse metabolic processes of streptococci such as transport and
DNA synthesis (data not shown). In contrast, the pavB or its orthologous genes correlates
with a downstream-located two-component regulatory system, which in the case of
S. pneumoniae is known as the TCS08 (Figure 33). This particular pneumococcal signal
transduction cognate pair has been shown to be involved in pneumococcal virulence and
metabolism in the R6 pneumococcal strain, which contains a genomic islet with the cellobiose
metabolism genes (Throup, et al., 2000; McKessar and Hakenbeck, 2007).
The bioinformatic analysis revealed that in the other closely related streptococci
TCS08 homologous genes were also found downstream of pavB orthologues (data not
shown). Functional association analysis confirmed the prediction of links between pavB and
tcs08 genes because of their neighbourhood, defined here as loci within 300 bp on the same
strand in the genome (Figure 42). Additionally, HK08 and RR08 protein sequence alignments,
using the information retrieved from databases for 8 pneumococcal strains, showed the high
conservation level (99%) of these proteins in pneumococci (Figure 43 and Figure 44), which
is definitely a direct evidence of their important role(s) in S. pneumoniae. Functional domains
and conserved amino acid residues, important for the histidine kinase and response regulator
activities, were also identified for both proteins (Figure 43 and Figure 44).
The distribution of the tcs08 loci in the pneumococcal genome was confirmed in the
molecular epidemiology study together with the pavB gene (Figure 22), which was indicated
in 100% of clinical isolates and pneumococcal strain in Germany (Figure 23). This result may
indicate that the pneumococcal two-component system 08 genes belong also to the so called
Streptococcus pneumoniae core genome, as the pneumococcal pavB gene does.
Expression cloning of the histidine kinase protein failed in different expression
cloning systems such as pQE30, pET28a, pTP1, pMALc2x and pKLSLt due to its insolubility
and formation of inclusion bodies in different E. coli host cells (data not shown). This
technical problem was a challenge in this study. Nevertheless, by using the expression vector
pDB.His.MBP, minimal amounts of the recombinant His-MBP-HK08 fusion protein were
recently obtained in the supernatant after cell lysis, indicating that the maltose-binding protein
(MBP) is able to increase the solubility of the HK08 protein inside the host (Figure 60).
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Conversely, the RR08 could be produced in all the systems implemented in this study (Figure
45) and the purified recombinant RR08 was successfuly used for mouse immunization in
order to produce polyclonal anti-sera against this regulatory protein of S. pneumoniae for
further studies.
On the other hand, the experimental insertion-deletion mutagenesis strategy, based
on the use of spectinomycin antibiotic resistace cassette, allowed to generate a pGEMT-Easybased tcs08 construct (Figure 46), which was subsequently used in the production of
TCS08-deficient mutants, by using the D39 WT, D39cps, TIGR4 WT and TIGR4cps
pneumococcal strains as genetic background (Figure 47). The authenticity of these mutants
was confirmed by PCR-RFLP (Figure 47), DNA sequencing (data not shown) and RT-PCR
(Figure 48). Similarly, a loss of function of TCS08 through polar effects caused by the
mutagenesis strategy was excluded by RT-PCR for the D39pavB (Figure 48) and
TIGR4pavB (data not shown).
All the pneumococcal tcs08-mutant strains were selected with spectinomycin on
blood-agar plates and in liquid culture media in order to keep stable the acquired-recombinant
trait in the genome. The growth behaviour of these mutants in THY medium was very similar
to their respective wild-type or control strains (Figure 49). However, a slight difference
between the encapsulated and the non-encapsulated strains could be observed. Encapsulated
S. pneumoniae strains grew slower than pneumococci without capsule (D39cps and
TIGR4cps strains) (Figure 49). This effect is probably due to the fact that capsule synthesis
requires extra-time and more energy investment. Strikingly, their growth behaviour in
chemically defined medium (CDM) was very different (Figure 50). When compared with its
wild-type, the D39tcs08 pneumococcal strain grew faster (Figure 50A). However, without
capsule, the growth behaviour was significantly different. Both, D39 WT and D39tcs08
readly grew in chemically defined medium and much better than D39cps, which actually
never reached an OD600 = 0.8 after 8 hours of culture (Figure 50B and C). Surprisingly, the
TCS08-deficiency in the D39cps (D39cpstcs08) was able to recover the growth
behaviour of the D39cps pneumococcal strain (Figure 50D). The same effect was observed
when CDM was supplemented with purified capsule polysaccharide, indicating that
pneumococci may use its own capsule as an energy source under nutrient-limited growth
conditions (data not shown). Then the point now is: how can a deficiency in TCS08 proteins
produce such an effect in the pneumococcal growth? When the same experiments were
repeated in TIGR4, the results were totally different. As a rule, the growth of TIGR4 WT in
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CDM was slower than the growth of D39 WT and neither TIGR4tcs08 nor
TIGR4cpstcs08 were able to grow properly in CDM, showing the same behaviour than
TIGR4cps after 8 hours of culture (Figure 51). As mentioned above, the TCS08 has already
been reported to be strongly involved in the catabolism of cellobiose in R6 pneumococcal
strain, by heavily suppressing the genes spr0276 to spr0282, encoding a putative cellobiose
phosphoenolpyruvate sugar phosphotransferase system (PTS) (McKessar and Hakenbeck,
2007). Thus, the elimination of this metabolic suppression could partially explain why the
deletion of the tcs08 genes from the pneumococcal genome is linked with metabolism and is
able to recover the growth behaviour in CDM for non-encapsulated strains. However, these
genes (spr0276 to spr0282) are only present in a variable genomic islet in S. pneumoniae,
which is not well distributed in all the pneumococcal strains and clinical isolates. Hence, this
genomic feature could also help to explain the different results between D39 and TIGR4
pneumococcal strains.
On the other hand, the two-component system 08 is one of the pneumococcal
regulatory systems that are important for virulence of Streptococcus pneumoniae (Throup et
al., 2000). Although there was no experimental evidence up to now, the pavB-tcs08 gene
organization suggested that the TCS08 may contribute to the regulation of pavB gene
expression. By using the generated anti-PavB polyclonal antibody (-PavB) for the detection
of the PavB protein in the tcs08-mutants strains and their respective controls, a significant
reduction of the PavB protein expression was observed in the D39tcs08, D39cpstcs08,
TIGR4tcs08 and TIGR4cpstcs08 (Figure 52). Hence, the observed attenuation of TCS08deficient mutants in a respiratory tract infection model can also be, at least in part, due to the
altered pavB gene expression (Throup, et al., 2000). However, despite additional studies have
to be carried out in order to confirm these results, this study opened the avenue and
established the experimental bases for future research projects aiming to solve this interesting
problem, by using experimental procedures such as Electrophoretic Mobility-Shift Assay
(EMSA), infection assays in cell lines with the wild-type and tcs08-mutant strains, and
infection experiments in different mouse models.
In conclusion, the TCS08 is a pneumococcal signal transduction regulatory system,
whose components are involved in pneumococcal metabolism, by repression of genes
encoding enzymes for the cellobiose catabolism, and putative linked with virulence of
Streptococcus pneumoniae, most likely by the genetic regulation of the pneumococcal adhesin
PavB.
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6.4

MOLECULAR

BASES

AND

PERSPECTIVES

FOR

THE

CONSTRUCTION OF A COMPREHENSIVE GENOME-WIDE
INTERACTION MAP OF PNEUMOCOCCAL TCSS: MORE THAN
SIMPLE, INDEPENDENT COGNATE PAIRS
Although the majority of reports in prokaryotic TCS are focused in single cognate
pairs of TCS, several studies suggest that the molecular mechanism underlying the bacterial
two-component signal transduction is not simple as, and, in fact, is more sophisticated than
thought previously. The utility of these signaling regulatory systems is underscored by their
prevalence throughout bacteria and by the fact that many bacteria contain, depending of the
genome size, dozens or sometimes hundreds of these signaling proteins (Figure 55). HKs and
RRs that function together in vivo (cognate pairs) are often encoded adjacent to each other or
within the same operon (Figure 61) (Stock, et al., 2000). It has been demonstrated in in vitro
assays that HKs exhibit a large, system-wide kinetic preference for phosphorylation to their in
vivo cognate substrate, implying that specificity of TCS pathways is dictated primarily at the
level of molecular recognition (Siryaporn and Goulian, 2008; Skerker, et al., 2008; Casino, et
al., 2009). This molecular specificity, ensuring a phosphor-transfer reaction between correct
partners, is also evident by the fact that in vivo RRs are typically more abundant than HKs and
so compete for phosphorylation by cognate HKs (Laub and Goulian, 2007). Probably, this
difference in protein expression of single-copy genes belonging to the same operon is related
with their genomic organization. According to the bioinformatic analysis, in S. pneumoniae,
nine TCSs of the 13 identified in the genome contain the response regulator gene in the first
place in the operon with its ATG near the promoter. Strikingly, the ATG of the histidine
kinase gene in all these pneumococcal TCSs is overlapped with the stop codon of the cognate
response regulator gene (Figure 61). Nevertheless, at least for pairs of TCS that share
extensive homology in their functional domains, there may be sufficient overlap to allow
some levels of interaction and cross-phosphorylation. Indeed, many HKs can phosphorylate
non-cognate response regulators in vitro, although the phosphorylation rates are generally
much slower than the corresponding rate for phosphorylating the cognate RR (Siryaporn and
Goulian, 2008; Mizuno, 1998). By analyzing the information reported by the different
genome sequencing projects in databases, the potential of the bacterial TCSs for considerable
cross-phosphorylation or cross-talk, based on the significant homology levels between HK
and RR family members, was corroborated. In fact, the TCSs genes represent the single
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largest paralogous (duplication) gene family encoding signaling proteins in the bacterial
kingdom (Laub and Goulian, 2007; Mizuno, 1998). Thus, the presence of so many highly
related signaling proteins in individual cells creates not only the opportunity to integrate
different signals (many HKs to one RR branched pathway model) or to diversify the response
to a single signal (one HK to many RRs branched pathway model), but also the challenge to
provide additional protection or insulation against inappropriate cross-phosphorylation in
order to ensure faithful information transfer (Laub and Goulian, 2007).
In the same way, the potential connectivity between different TCSs in a bacterium
can, not only, be focused on the phosphotransfer mechanisms, but also at other levels. In
many cases, TCSs converge at the transcriptional level so that activated RRs from different
pathways regulate overlapping set of genes (Laub and Goulian, 2007). This cross-regulation
at the level of transcription allows distinct pathways to elicit some of the same adaptive
responses. Additionally, TCSs can also converge and influence one another at levels other
than transcription. For instance, activation of some RRs by their cognate HK can directly
regulate the gene expression of other TCSs or, in an alternative way, trigger the synthesis
and/or activation of other kind or gene regulators in the cells (Siryaporn and Goulian, 2008).
Hence, it is clear that TCS pathways are often arranged into complex circuits with extensive
cross-regulation at a variety of levels, thereby endowing cells with the ability to perform
sophisticated information processing tasks (Mizuno, 1998, Goulian, 2010).
Remarkably, in the molecular analysis of the tcs08 genes, besides its predicted
functional association with the pavB gene due to their neighborhood, other functional
associations with other pneumococcal TCS genes were also observed (Figure 42 and Figure
54), despite their distance on the genome. According to the STRING database, the reasons for
these links between the pneumococcal TCS genes are other than simply genomic
neighborhood and includes direct (physical) and indirect (functional) associations, based on a
quantitative integration of the interaction data derived from four different sources: genomic
context, high-throughput experiments, conserved coexpression and previous knowledge.
These findings were initially observed for the RR08 (Figure 42) and confirmed for the HK08,
which is proposed to have connectivity with the pneumococcal RR01, RR02 (VicR), RR04
(PnpR), RR05 (CiaR), RR06 (CbpR), RR09 (ZmpR), RR10 (VncR) and RR13 (BlpR) (Figure
54). The same analysis was repeated for all the 27 TCS proteins (13 HKs and 14 RRs)
encoded in the pneumococcal genome and the result was definitely the same (data not shown),
suggesting that the pneumococcal TCSs probably work together in a controlled and connected
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way, forming a molecular regulatory network responsible to respond to the changing
environmental conditions. This problem was further addressed and an extensive molecular
analysis of the complete pneumococcal TCS genes and proteins was performed. The
relationship among the pneumococcal TCSs was also evidenced by direct alignment and
comparison of the DNA and protein sequencies, retrieved from databases, for the 13 HKs and
the 14 RRs. Dendrograms for HKs and RRs were obtained by their DNA and protein
sequence comparisons (Figure 53), supporting the idea that connectivity among
pneumococcal TCS is possible if the molecular recognition plays the main role in the TCS
specificity. Furthermore, the functional domains for each pneumococcal TCS protein were
identified and, for example, it could be established that the receiver (REC) domain is highly
conserved among the 14 RRs, while their output domain can be classified in four different
groups: Trans reg_C, HTH ARAC, HTH LUXR and LytTR (Figure 55). Similarly, the 13
HKs were analyzed and classified in four main groups, based on the known largest histidine
kinase superfamilies: the HisKA, which can also be divided in three subgroups according to
the presence or absence of accessory domains such as HAMP and PAS-PAC; the His_Kinase
superfamily (also referred to as HisKin), the HisKA_3 (also called H3) and those proteins
with no histidine kinase domain identified, such as HK12 and HK13 (Figure 55).
Interestingly, the four HK groups are related with the four RR groups via cognate pair
constitution as follow: HisKATrans reg_C (for TCS08, TCS10, TCS06, TCS05, TCS04,
TCS01 and TCS02), His_KinaseHTH ARAC (for TCS09 and TCS07), HisKA_3HTH
LUXR (for TCS03 and TCS11), and No HK domainLytTR (for TCS12 and TCS13)
(Figure 55). Strikingly, the HK12 (ComD) belongs to the TCS ComD/ComE, which is
responsible for the competence regulation in S. pneumoniae; a very important pneumococcal
trait. Now the key questions are: in case the HK12 is a non-functional histidine kinase, is its
cognate RR12 an Orphan RR from the functional point of view? If this is the case, which
other HKs in pneumococci are able to phosphorylate the RR12 in order to regulate accurately
the competence in S. pneumoniae? Moreover, which other TCS interactions, such as brached
pathways, cross-talk and phospho-relay are given in the pneumococcal context? To address all
these questions, a new research project has been initiated, in which the soluble cytoplasmatic
parts of the HKs and the complete ORF of their cognate RRs (Park, et al., 1998) are already
amplified (Figure 56 and Figure 58) and cloned into pGEMT-Easy (Figure 57, Figure 59).
Subsequently, their expression cloning (only for HK08 and RR08 proteins as implementation
model) into the pDB.His.MBP and pKLSLt recombinant protein expression systems were
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standardized (Figure 60). In the near future, the purified proteins will be biochemically
characterized, used for phosphotransfer profiling experiments (Ryan, 2006), and analyzed by
structural biology (crystallography) (Casino, et al., 2009). These tools will provide powerful
data, allowing a deeper insight into the functions of the pneumococcal TCSs.
Alternatively, the genomic context of all the tcs-operons in the TIGR4 pnemococcal
genome (Figure 61) was also analyzed to design an accurate mutant construction strategy,
based on the implementation of the CHESHIRE Cassette, which is a Cre-lox-ermAM-based
self-deleting system for marker-less gene deletion in S. pneumoniae (Weng, et al., 2009). The
aim is to produce HK-deficient mutants by deleting only their functional HK domain and
decoy response regulators by deleting only part of their output DNA-binding domain. With
this strategy, non-functional HKs and RRs proteins, instead of complete protein suppressions
can be achieved, which could be helpful to avoid undesirable interactions of the remaining
cognate pair with other pneumococcal TCSs (Siryaporn and Goulian, 2008). The obtained
TCS-deficient mutants will provide us with an additional tool for comprehensive functional
analysis of the TCSs by performing infection assays in cell lines and further experiments in
mouse infection models. Since the CHESHIRE Cassette is a self-deleting system, it will also
be possible to know the minimal number of TCSs required for survival and which of them
(additive effects), by consecutive mutation of different tcs-operons in the genome (Weng, et
al., 2009). Moreover, avoiding undesired polar effects, caused by the mutagenesis strategy on
TCS upstream and downstream neighbor genes, has been also aimed (Jensch, Gámez, et al.,
2010). Additional bioinformatic analyses were carried out in order to identify promoters and
to know the distances between genes for all these genomic regions (Figure 61). These data
will also provide insights into the role of the TCSs in pneumococcal virulence and will be a
perfect complement for the biochemical and molecular data obtained before.
Understanding how the S. pneumoniae perceives and adapts to its environment in the
host in a global manner will offer important insights into pneumococci and the potential
opportunity for improving intervention and treatment strategies. Therefore, the perspectives of
this study are: (1) to discover which are the connections among the pneumococcal TCSs, and
(2) to develop a comprehensive, pneumococcal genome-wide interaction map of the complex
TCS signal transduction pathways operating inside the cells. The molecular bases to continue
addressing these open questions in the near future has been established now, which is crucial
for developing a complete understanding of how this human pathogen interacts with the host
and carries out its virulence and pathogenic processes.
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7 CONCLUSIONS
7.1

MAJOR FINDINGS AND CONCLUDING REMARKS FOR THE
MOLECULAR EPIDEMIOLOGY STUDIES

 The major finding in the molecular epidemiology study of S. pneumoniae in
Germany is the pilus prevalence behaviour among the clinical isolates from 2008 to
2011. For the pilus islet-1, there is a significant reduction of its prevalence in the
three groups of the study population, especially in the invasive group. Conversly, the
pilus islet-2 prevalence increased from 2008 in the three groups, especially among
invasive clinical isolates in the last two years (2010 and 2011).

 The emergent invasive serotypes 7F and 1, which were found to be PsrP-negative
serotypes, are strongly related to the pilus islet-2, whereas the pilus islet-1 is mainly
present in serotypes 6A, 9V and 11A. As a general rule, PsrP is well distributed
among serotypes without any specific correlation. Nevertheless, an exclusion
between pilus-1 and PsrP was found in the serotype 6A belonging to carrier and
invasive clinical isolates.

 The majority of pilus- and PsrP-positive isolates are susceptible to different kind of
antibiotics at different dosis ranges and belong to several different sequence types
(STs) and clonal complexes (CCs).

 Seven pilus double-positive clinical isolates, belonging to the serotypes 19F, 19A
and 7F are reported here. Three of them were found to be triple-positive, when PsrP
is also considered.

 Because of their prevalences, pilus and psrP genes emerge as useful biomarkes for
molecular epidemiology studies of S. pneumoniae. The pilus islet-1 became
coincidentially in the last four years a powerfull biomarker to follow the impact of
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the PCV7 vaccination programs to combat pneumococcal infections and the pilus
islet-2 arise as a helpful biomarker for molecular surveillance of pneumococcal
invasive serotypes 7F and 1 emergency. In contrast, the pavB gene can be considered
as a non-informative biomarker for the same purposes because it is present in all
clinical isolates and laboratory strains.

 In conclusion, these results show the impact of the immunization of children <2
years-old with the 7-valent pneumococcal conjugate vaccine (3 + 1 doses) started in
July 2006 on the distribution of pneumococcal pili and PsrP among S. pneumoniae
clinical isolates in Germany and may strongly support the idea of including
pneumococcal pilus constituents , in combination with other protective antigens, in a
broad coverage protein-based vaccine against pneumococcal infections produced by
invasive serotypes, in the future.

7.2

MAJOR FINDINGS AND CONCLUDING REMARKS FOR THE
PavB MOLECULAR ANALYSIS

 The major finding in the PavB molecular analysis is the construction of a new
primary sequence-based structural model for the pneumococcl adhesin PavB and its
SSURE domain, consisting of a N-terminal signal peptide, a C-terminal hydrophobic
transmembrane domain with a LPNTG peptidoglycan-anchoring motif, and a central
SSURE domain, which can be divided in: core-repeats (variable in the number of
units), first-repeat (different in sequence) and last-repeat (different in length).

 The exact and correct numbers of PavB-SSURE units for six pneumococcal strains
are reported here as follow: 9 SSURE units for R6, R800 and 35A, instead of 8; 7
SSURE units for D39, instead of 6; 5 SSURE units for TIGR4, instead of 4; 5
SSURE units and G54, instead of 2. It is recommended that the S. pneumoniae
genome sequencing projects check and correct the number of SSURE units for the
pavB gene and the PavB protein sequences for each pneumococcal strain reported up
to date in the databases.
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 The additional non-reported SSURE units for the pneumoccal strains TIGR4 and
G54 were determined to be localized in the middle of the SSURE domain as a part of
the core-repeats in the molecular model for the PavB protein, and, at least for the
TIGR4 pneumococcal strain, the real complete sequence for the pavB gene and the
PavB protein with five SSURE units were reported in the GenBank database of the
NCBI website. These sequences can be retrieved with the accession number:
FN547057.

 The presence of the gene encoding PavB in all tested clinical isolates (419 samples in
total) and pneumococcal laboratory strains (23 samples in total) confirms the well
distribution of the PavB protein among pneumococci, which, together with the
previous findings that PavB and its SSURE domain are highly conserved among the
strains, enables PavB as a potential target for protein-based vaccine development in
the future.

 In conclusion, PavB is a higly conserved and well distributed protein among
pneumococci, representing an important virulence determinant of S. pneumoniae
with multiple functions. In addition, because of its ﬁbronectin- and plasminogenbinding activity, PavB is considered as a novel adhesin of pneumococci promoting
colonization of mice and mediating directly adherence to eukaryotic cells via an
interaction of SSURE domains with eukaryotic cells (Jensch, Gámez, et al., 2010).

7.3

CONCLUDING REMARKS AND PERSPECTIVES FOR THE
MOLECULAR ANALYSIS OF THE PNEUMOCOCCAL TCSS

 The tcs08 loci were found in the 100% of clinical isolates and pneumococcal strains,
tested together with the pavB gene in the molecular epidemiology study.
Additionally, the high-levels of conservation were assessed for HK08 and RR08 by
bioinformatic analysis of sequences retrieved from databases for 8 strains.
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 Non-encapsulated D39 pneumococcal strains were not able to grow properly in
chemically-defined medium (CDM) as the WT strains did. Nevertheless, TCS08deficiencies in these D39cps strains (D39cpstcs08) were able to recover their
growth behaviour, suggesting a role of the TCS08 in pneumococcal metabolism.

 A significant down-regulation of the PavB protein expression was observed in the
pneumococcal D39tcs08, D39cpstcs08, TIGR4tcs08 and TIGR4cpstcs08
mutant strains by Western-Blot. This is the first experimental evidence suggesting a
putative regulation of the pavB gene by the TCS08.

 Extensive bioinformatic analyses were successfully carried out for the 13
pneumococcal HKs and the 14 RRs in order to elucidate their characteristics, to
confirm their potential for interactions and to design experimental strategies for
expression cloning and TCS-deficient pneumococcal mutant constructions.

 The soluble cytoplasmatic parts of the HKs and the complete ORF of their cognate
RRs were successfully cloned into pGEMT-Easy and will be sub-cloned into the
pDB.His.MBP system for the expression and purification of the 27 pneumococcal
TCS proteins. In addition, the construction of tcs-mutant pneumococci will be
carried out by using the Cre-lox-ermAM-based self-deleting CHESHIRE system.

 After the implementation of different expression cloning methods to produce the
recombinant HK08 and RR08, the best results (no inclusion bodies, high expression
levels of soluble fusion proteins) were obtained with the pDB.His.MBP and pKLSLt
systems, which are now standardized for the whole S. pneumoniae HK and RR sets.

 In conclusion, the molecular bases for studying the interactions and connections
among pneumococcal TCSs are already established and the future construction of a
comprehensive, pneumococcal genome-wide interaction map of the complex TCS
pathways, operating inside the cells will provide a holistic understanding of how
Streptococcus pneumoniae regulates its virulence and pathogenic processes.

- 128 -

Materials

8 MATERIALS AND METHODS
8.1

MATERIALS

8.1.1

Laboratory Strains, Primers, Plasmids, Proteins and Antibodies

Table 6.

S. pneumoniae wild-type laboratory strains.

Strain

Characteristic(s)

Source or reference

P34
P35
P36
P37
P39
P41
P51
P52
P53
P54
P55
P56
P57
P58
P59
P60
P63
P64
P70
P108
P129
P139
P173
P257
P261
P309

serotype 1
serotype 2
serotype 3
serotype 35A
serotype 3
serotype 5
serotype 2
serotype 1
serotype 1
serotype 3
serotype 4
serotype 6A
serotype 6B
serotype 8
serotype 7F
serotype 9V
serotype 19F
serotype 23F
serotype 12F
serotype 19F
serotype 19F
R6, nonencapsulated
R800, nonencapsulated, derived from R36A
D39, serotype 2
TIGR4, serotype 4
G54, serotype 19F

ATTC 33400
NCTC 7466
NCTC 7978
NCTC 10319
ATCC 6303
ATCC 6305
ATCC 11733
ATCC 12213
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
MUDa
MUDa
MUDa
Tomasz and Hotchkiss, 1964
Holmes et al., 2001
NCTC7466
Tettelin et al., 2001
Dopazo et al., 2001

a

MUD, Medical University of Düsseldorf, Germany

Table 7.

E. coli laboratory strains.
Characteristic(s)a

Strain
DH5
JM109
TOP10
XL1 blue MRF'
M15[pREP4]
BL21(DE3)
SoluBL21(DE3)

Δ(lac)U169, endA1, gyrA96, hsdR17, Φ80Δ(lacZ)M15, recA1, relA1, supE44, thi-1
F’ (traD36, proAB+ lacIq, (lacZ)M15) endA1, recA1, hsdR17(rk-, mk+), mcrA,
supE44, -, gyrA96, relA1, (lac-proAB), thi-1
F- mcrA, Δ(mrr- hsdRMS- mcrBC), Φ80Δ(lacZ)M15, ΔlacX74, recA1, araD139
Δ(araleu), 7697 galU, galK, rpsL (StrR), endA1, nupG
Δ(mcrA)183, Δ(mcrCB-hsdSMR-mrr)173, endA1, supE44, thi-1, recA1, gyrA96, relA1
lac[F´proAB lacIq Z ΔM15 Tn10(Tetr)]
NaIS, StrS, RifS, Thi–,Lac–, Ara+, Gal+, Mtl–, F–, RecA+, Uvr+, Lon+.
Repressor plasmid pREP4, Kmr
F- ompT, hsdSB(rB–, mB–) gal dcm (DE3).
DE3 prophage carrying T7 polymerase expression cassette
F- ompT, hsdSB(rB-, mB-) gal dcm (DE3). A BL21(DE3) derivative strain
DE3 prophage carrying T7 polymerase expression cassette

Source or reference
New England BioLabs
Promega
Invitrogen
Stratagene
Qiagen
Invitrogen
Genlantis

a

Km, kanamycin; r, resistant

Table 8.

Other microorganisms.

Strain

Characteristic(s)

Source or reference

C. albicans
L. pneumophila
S. aureus
S. agalactiae
S. gordonii
S. mitis
S. mutans

Wild-type
Wild-type
MA12, wild-type
Wild-type
Wild-type
B6 wild-type genome strain
UA159, wild-type

Staib et al., 2000
Jepras et al., 1985
Rachid et al., 2000
Jerlström et al., 1991
Oggioni and Pozzi, 1996
König et al., 1998
Ajdić et al., 2002
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Table 9.

PavB-SSURE information from databases for 19 pneumococcal strainsa.

Strain

Serotype

pavB locus

PavB GenBank ID

No. of reported SSURE

D39

2

SPD_0080

ABJ53732.1

6

R6

Nonencapsulated

spr0075

AAK98879.1b

6

CGSP14

14

SPCG_0080

ACB89332.1

6

SP70585

5

SP70585_0145

ACO17525.1b

6

CDC3059-06

19F

SP305906_0130

EDT96670.1

6

Hungary19A-6

19A

SPH_0184

ACA35889.1b

5

Taiwan19F-14

19F

SPT_0116

ACO23453.1b

5

CDC1873-00

6A

SP187300_0175

EDT51092.1

5

P1031

1

SPP_0144

ACO21750.1b

5

TIGR4

4

SP_0082

AAK74270.1b

4

JJA

14

SPJ_0108

ACO18463.1b

4

SP195

9V

SP195_0121

EDT92624.1

4

MLV-016

11A

SPMLV016_0066

EDT97851.1

4

SP6-BS73

6

CGSSp6BS73_09881

EDK77349.1

4

SP9-BS68

9

CGSSp9BS68_02873

EDK78655.1

3

SP23-BS72

23

CGSSp23BS72_10470

EDK82297.1

3

CDC1087-00

7F

SP108700_0067

EDT90844.1

3

SP18-BS74

18C

CGSSp18BS74_01161

EDK67540.1

2

G54

19F

spn_01181

ACF55890.1b

2

a

All the reported S. pneumoniae nucleotide and protein sequences used in this study were retrieved from the Comprehensive Microbial Resource (CMR)

(http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi) of the J. Craig Venter Institute (JCVI) and/or from the GenBank (http://www.ncbi.nlm.nih.gov/Genbank/)
of the National Center for Biotechnology Information (NCBI) genome sequence databases.
b

Sequences available in both databases.

Table 10. Primers used in the molecular epidemiology studies of S. pneumoniae.
Usage

Primer name

Primer sequence (5’-3’)

rrgCmut1

5’-AACAGCCTGCTGGTTATGC-3’

rrgCmut2

5’-TAGAGCGAACATAGTAAAGAC-3’

pitBmut1

5’-GAGTGTCTGGGGAGAATTCCTTTAC-3’

pitBmut2

5’-GGTTATTGCTGAATTAGGATCCGC-3’

Pilus F

5’-CGCCTTGGATGCATTGAGC-3’

Pilus R

5’-GTATTACAAGATATTATTTCACC-3’

Pilus2-F

5’-AAAATCAGCAGTATCCATGTG-3’

Pilus2-R

5’-GGGACTGGAAAACTTATTAGC-3’

RD10-PsrP-F

5’-CAACTGCTAAGAAGGTCGAAG-3’

RD10-PsrP-R

5’-CAAGTATACCCACTACCCTGC-3’

RD10-Neg-F

5’-CACCCTTCTTCAACTCCTACG-3’

RD10-Neg-R

5’-CTTCCAAGCGAGCCACCATCC-3’

PavB (pavB gene boundary)

Fnbmut3

5’-GCTACCAAATACTGGTGAGACTC-3’

TCS08 (rr08 gene boundary)

tcs08-mut2-rev

5’-CGCAAAATATTGTGGACACGCAAAACC-3’

Pilus genotyping (positive fragment)
Pilus islet-1 (rrgB-rrgC boundary)

Pilus islet-2 (pitA-pitB boundary)

Pilus genotyping (negative fragment)
Pilus islet-1 (flanking genes)

Pilus islet-2 (flanking genes)

RD10-PsrP genotyping (positive fragment)
PsrP (BR; basic region)

RD10-PsrP genotyping (negative fragment)
RD10-(psrP-secY2A2) (flanking genes)

PavB + TCS08 genotyping (positive fragment)
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Table 11. Primers used in the molecular analysis of pili.
Usage

Primer name

Primer sequence (5’-3’)

rrgAF1

5’-ATGCTTAACAGGGAGACAC-3’

rrgAR1

5’-TTACGGATGTTTCCGTGTG-3’

rrgBF1

5’-ATGAAATCAATCAACAAATTTTTAAC-3’

rrgBR1

5’-TTAAGCAAGTTGATCCTCATC-3’

rrgCF1

5’-ATGATTAGTCGTATCTTCTTTG-3’

rrgCR1

5’-TCAGTTATTTGGTTTTTTCGTAAG-3’

pitAF1

5’-ATGAACGTTCAATATGATTTTAAG-3’

pitAR1

5’-TCACTTCCTCCTATTCACCAC-3’

pitBF1

5’-ATGATCATAATGAAAAAAGAAAATAAA-3’

pitBR1

5’-TTAGGCTTCTCTACGTTTTTTAG-3’

rrgAF2 (BamHI)

5’-GGATCCGAAACGCCTGAAACC-3’

rrgAR2 (SalI)

5’-GTCGACTTCTCTCTTTGGAGG-3’

rrgBF2 (BamHI)

5’-GGATCCGCTGGGACGACAACAACATC-3’

rrgBR2 (PstI)

5’-CTGCAGATAGTGATTTTTTTGTTGACTAC-3’

rrgCF2 (BamHI)

5’-GGATCCCAAGAAGATCACACGTTGG-3’

rrgCR2 (PstI)

5’-CTGCAGATCAATCCGTGGTCGCTTG-3’

pitAF2 (BamHI)

5’-GGATCCTTGGACGCGGGCATTGGC-3’

pitAR2 (PstI)

5’-CTGCAGGCTGTTTTTATTATTCGTGACTG-3’

pitBF2 (BamHI)

5’-GGATCCGATAATTCAGCAATAACCAAAG-3’

pitBR2 (PstI)

5’-CTGCAGGTCGTCGATTTTGTTAGTAAC-3’

Pilus-1 genes amplification
rrgA ORF

rrgB ORF

rrgC ORF

Pilus-2 genes amplification
pitA ORF

pitB ORF

Pilus-1 recombinant protein productiona
rrgA

rrgB

rrgC

Pilus-2 recombinant protein productiona
pitA

pitB

a

The coding sequences for the signal peptide (SP), the LPNTG-motif and the C-terminal hydrophobic transmembrane (TM) domain were not included

Restriction sites are underlined

Table 12. Primers used in the PavB-SSURE molecular analysis.
Usage

Primer

Primer sequence (5’-3’)

Fnb1

5’-ATGAAATTCAATCCAAATCAAAGATATAC-3’

Fnb2

5’-TTAGTTTTCTTCTTTTTTGTTTTTCAAAC-3’

Fnbmut1 (BamHI)

5’-GGATCCCCGATCTGGAACAGCGGAGC-3’

Fnbmut4 (HindIII)

5’-AAGCTTGGTTTTTTCTTGAACAGCTCTAGC-3’

Fnbrep5 (BamHI)

5’-GGATCCGCAAGTCCAGCAGAAACTACTCC-3’

Fnbrep6 (PstI)

5’-CTGCAGGCCAGAACCAGAGTTAGAAGGTG-3’

1f (AGAC)

5’-AGTTGCTACTAAAAATGTAGAC-3’

2r (C)

5’-CTTTGGTCTTCACGTTTTCG-3’

2f (C)

5’-GCCCTATCTCCACTAGGC-3’

3r (T)

5’-ACATTTCCGTCCAAGGCTAA-3’

3f (T)

5’-CAAAGGTCAATACTTCTATCAAT-3’

4r (G)

5’-CTGGAACATCGATACTGTCC-3’

pavB gene amplification
pavB ORF
pavB + 5’ and 3’ flanks
ssure region + 5’ and 3’ flanks

TIGR4 ssure repeat-specific ARMS-PCR
1st - 2nd ssure boundary
2nd - 3rd ssure boundary
3rd - 4th ssure boundary

Continue in the next page…
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PavB recombinant protein productiona
TIGR4 pavB

TIGR4 complete ssure1-5 region
TIGR4 2nd and 3rd ssure2+3
TIGR4 2nd ssure2

Fnb1pQE (BamHI)

5’-GGATCCACCCCAGGTCAAGTCTTACCTG-3’

Fnb2pQE (PstI)

5’-CTGCAGAGCTTTATCCTCTGACATCATCG-3’

Fnb3pQE (BamHI)

5’-GGATCCCCAGGAGACACCGTTCTCACTC-3’

Fnb4pQE (PstI)

5’-CTGCAGGTTTTCACCTGCCATCGTGTTGG-3’

Fnbrep1 (BamHI)

5’-GGATCCAAAGACAGTATCGATGTTCCAGC-3’

Fnbrep4 (PstI)

5’-CTGCAGGTTTATGTTAATAGTGACTTTTTTAG-3’

Fnbrep1 (BamHI)

5’-GGATCCAAAGACAGTATCGATGTTCCAGC-3’

Fnbrep2 (PstI)

5’-CTGCAGAACGTTGTCTGCAACGGCTTTTTG-3’

a

The coding sequences for the signal peptide (SP), the LPNTG-motif and the C-terminal hydrophobic transmembrane (TM) domain were not included

In bold, ssure-specific nucleotide(s) from database-reported TIGR4 sequences and 3’-end of ARMS primers
Restriction sites are underlined

Table 13. Primers used in the molecular analysis of TCS08.
Usage

Primer

Primer sequence (5’-3’)

TCS08 recombinant protein production in pQE30, pMALc2x and pDB.His.MBP
TIGR4 rr08

TIGR4 hk08

TCS08RRf1 (aBamHI / bNheI)

5’-GGATCC / GCTAGCTTGGGAAAGACAATTTTACTCGTTG-3’

TCS08RRr1 (a,b HindIII)

5’-AAGCTTTCATGTTTGTCCTCTCGGTTTC-3’

TCS08HKf1 (aBamHI / bNheI)

5’-GGATCC / GCTAGCGGCGAGATTTACTTTTTGCTTG-3’

TCS08HKr1 (aPstI / bSacI)

5’-CTGCAG / GAGCTCTTAGGCTTTATTTTCACTACCAG-3’

TCS08 recombinant protein production in pKLSLt (Megaprimers)a
TIGR4 rr08

c

5’-TGAAAACCTGTATTTCCAGGGCATGGGAAAGACAATTTTACTCGTTG-3’

c

5’-TCAGCTTCCTTTCGGGCTTTGTTATCATGTTTGTCCTCTCGGTTTC-3’

c

5’-TGAAAACCTGTATTTCCAGGGCTCGTTGGGCAAACTC-3’

c

5’-TCAGCTTCCTTTCGGGCTTTGTTATTAACTTCCTAGACCGTAC-3’

pKLSLt-rr08-F
pKLSLt-rr08-R

TIGR4 hk08

pKLSLt-hk08-F
pKLSLt-hk08-R

The coding sequences for the signal peptide (SP), the LPNTG-motif and the C-terminal hydrophobic transmembrane (TM) domain were not included for hk08.
Restriction sites compatible with each vector (apQE30, apMALc2x, and bpDB.His.MBP) are underlined. cMegaprimer pET28a-overlapping sequences are in bold.

Table 14. Primers for the construction of pavB- and tcs08-mutant strains.
Usage

Primer

Primer sequence (5’-3’)

pavB insertion-deletion mutagenesis
5’-end homolog fragment

Fnbmut1 (BamHI)

5’-GGATCCCCGATCTGGAACAGCGGAGC-3’

Fnbmut2 (PstI)

5’-CTGCAGCCAACTAGGACAAAGAAGCCAC-3’

Fnbmut3 (PstI)

5’-CTGCAGGCTACCAAATACTGGTGAGACTC-3’

Fnbmut4 (HindIII)

5’-AAGCTTGGTTTTTTCTTGAACAGCTCTAGC-3’

TCS08mut1 (BamHI)
TCS08mut3 (HindIII)
TCS08mut4 (HindIII)
TCS08mut2 (PstI)

5’-GGATCCCATCAGACACAGCAAATGGTTC-3’
5’-AAGCTTTTGAACAGCTCTAGCGCTTC-3’
5’-AAGCTTTGATTCCTTGGAAGAAAGC-3’
5’-CTGCAGGTGGACATCTCTTCTCTCCTG-3’

spectinomycin (aad9)

Spcfor-HindIII (HindIII+EcoRI+BamHI)
Spcrev-HindIII (HindIII+NheI)

5’-AAGCTTGAATTCGGATCCATCGATTTTCGTTCGTGAATAC-3’
5’-AAGCTTGCTAGCAATTAGAATGAATATTTCCC-3’

erythromycin (ermB)

Erm1 (PstI)

5’-CTGCAGACGGTTCGTGTTCGTGCTG-3’

Erm2 (PstI)

5’-CTGCAGCGTAGGCGCTAGGGACCTC-3’

3’-end homolog fragment

tcs08 insertion-deletion mutagenesis
5’-end homolog fragment
3’-end homolog fragment

Antibiotic cassette amplification

Restriction sites are underlined
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Table 15. S. pneumoniae mutant strains used in this study.
Strain

Characteristic(s)

Source or reference

PN111
PN126
PN139
PN140
PN149
PN150
PN306
PN307
PN308
PN309

D39Δcps
NCTC10319ΔpavB
D39ΔpavB (Δspd_0080)
D39 ΔcpsΔpavB (Δspd_0080)
D39lux
D39luxΔpavB
TIGR4Δtcs08 (ΔSP_0083 and ΔSP_0084)
D39Δtcs08 (Δspd_0081 and Δspd_0082)
TIGR4ΔcpsΔtcs08 (ΔSP_0083 and ΔSP_0084)
D39ΔcpsΔtcs08 (Δspd_0081 and Δspd_0082)

Noske, et al., 2004
Jensch, Gámez, et al., 2010
Jensch, Gámez, et al., 2010
Jensch, Gámez, et al., 2010
This study
Jensch, Gámez, et al., 2010
This study
This study
This study
This study

Table 16. Cloning and expression vectors used in this study.
Characteristic(s)a

Plasmid

Source or reference

pGEM-T Easy

Cloning vector (3016 bp) for PCR products, Apr

Promega

pSC-A

Cloning vector (4300 bp) for PCR products, Apr, Kmr

Stratagene

pBBR1 MCS-5

Cloning vector (4768 bp), Apr, Gmr

LSUb

r

pQE30

Expression vector (3461 bp), Ap

pMALc2x

Expression vector (6646 bp), Apr

Qiagen
New England BioLabs

pASK-IBA 5 plus

Expression vector (3260 bp), Apr

IBA BioTAGnology

pET28a

Expression vector (5369 bp), Kmr

Invitrogen

pTP-1

pET28a derivative expression vector (5314 bp) with a TEV protease recognition site, Kmr

EMAUC

pKLSLt

pET28a derivative expression vector (5753 bp) with LSL150 (first 150 aa of the lectin from
Laetiporus sulphureus, LSLa) and TEV protease recognition site, Kmr

pDB.His.MBP

CSICd

pET28a derivative expression vector (6494 bp) with Maltose-Binding Protein (MBP)
and TEV protease recognition site, Kmr

ASU Biodesign Institute

a

Ap, ampicillin; Km, kanamycin; Gm, Gentamycin; r, resistant; Erm, erythromycin; Spec, spectinomycin; GF, genomic fragment

b

LSU, Lousiana State University - Shreveport, United States

C

EMAU, Ernst-Moritz-Arndt University - Greifswald Germany

d

CSIC, Spanish National Research Council - Madrid, Spain

e

ASU, Arizona State University - Tempe, United State

Table 17. Universal sequencing primers for cloning and expression vectors.
Usage

Primer name

Primer sequence (5’-3’)

Forward

M13

5’-GACGTTGTAAAACGACGGCCAG-3’

Reverse

rM13

5’-CACAGGAAACAGCTATGACCATG-3’

Forward

QE1b

5’-GAGCGGATAACAATTTCACACAG-3’

Reverse

QE2

5’-GTTCTGAGGTCATTACTGGATC-3’

Forward

pMAL-F

5’-GGTCGTCAGACTGTCGATGAAGCC-3’

Reverse

pMAL-R

5’-CGCCAGGGTTTTCCCAGTCACGAC-3’

Forward

T7 promoter

5’-TAATACGACTCACTATAGGG-3’

Reverse

T7 terminator

5’-GCTAGTTATTGCTCAGCGG-3’

pGEMT-Easy, pSC-A, and pBBR1 MCS-5

pQE30, pQTEV-5

pMALc2x, pMAL-TEV, pDB.His.MBP

pET28a, pTP1, pKLSLt, pDB.His.MBP
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Table 18. Plasmid-based recombinant constructs produced in this study.
Characteristic(s)a

Plasmid

Source or reference

For the pilus-1 Constituents
pGEM632
S. pneumoniae TIGR4 rrgA (2472 bp) cloned into pGEMT-Easy / JM109
pAS644
S. pneumoniae TIGR4 rrgA (2472 bp) cloned into pASK-IBA / DH5 for protein expression
pSC447
S. pneumoniae TIGR4 rrgB (1797 bp) cloned into pStrata-Clone / JM109
pQE448 and 449 S. pneumoniae TIGR4 rrgB (1797 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression
pSC450
S. pneumoniae TIGR4 rrgC (1011 bp) cloned into pStrata-Clone / JM109
pQE451 and 452 S. pneumoniae TIGR4 rrgC (1011 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression

This study
This study
This study
This study
This study
This study

For the pilus-2 Constituents
pGEM635
S. pneumoniae Taiwan19F-14 pitA (1833 bp) cloned into pGEMT-Easy / JM109
pQE637
S. pneumoniae Taiwan19F-14 pitA (1833 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression
pGEM636
S. pneumoniae Taiwan19F-14 pitB (1137 bp) cloned into pGEMT-Easy / JM109
pQE638
S. pneumoniae Taiwan19F-14 pitB (1137 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression

This study
This study
This study
This study

For the SSURE Peptides
pQE415 and 318 S. pneumoniae TIGR4 2nd TIGR4 ssure (ssure2: 456 bp) / JM109 and M15[pREP4] for protein expression
pQE416 and 385 S. pneumoniae TIGR4 2nd and 3rd ssure (ssure2+3: 912 bp) / JM109 and M15[pREP4] for protein expression
pQE417 and 389 S. pneumoniae TIGR4 Complete pavB-ssure (ssure1-5: 2781 bp) / JM109 and M15[pREP4] for protein expression

This study
This study
This study

For the TCS08 Cognate Pair
pGEM438
S. pneumoniae R6 rr08 (699 bp) cloned into pGEMT-Easy / JM109
pGEM441
S. pneumoniae R6 hk08 (816 bp) cloned into pGEMT-Easy / JM109

This study
This study

pQE439 and 440
pQE442 and 443

S. pneumoniae R6 rr08 (699 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression
S. pneumoniae R6 hk08 (816 bp) cloned into pQE30 / JM109 and M15[pREP4] for protein expression

This study
This study

pMAL-rr08
pMAL-hk08

S. pneumoniae TIGR4 rr08 (699 bp) cloned into pMALc2x for MBP-RR08 fusion protein expression
S. pneumoniae TIGR4 hk08 (816 bp) cloned into pMALc2x for MBP-HK08 fusion protein expression

This study
This study

pKL662 and 663
pKL664 and 665

S. pneumoniae TIGR4 rr08 (699 bp) cloned into pKLSLt for LSLt-TEV-RR08 fusion protein expression
S. pneumoniae TIGR4 hk08 (816 bp) cloned into pKLSLt for LSLt-TEV-HK08 fusion protein expression

This study
This study

pDB751 and 752
pDB749 and 750

S. pneumoniae TIGR4 rr08 (699 bp) cloned into pDB.His.MBP for MBP-TEV-RR08 fusion protein expression
S. pneumoniae TIGR4 hk08 (816 bp) cloned into pDB.His.MBP for MBP-TEV-HK08 fusion protein expression

This study
This study

For the Whole Set of Histidine Kinase ( hk ) Genes
pGEM459
S. pneumoniae TIGR4 hk01 (798 bp) cloned into pGEMT-Easy / JM109
pGEM460
S. pneumoniae TIGR4 hk02 (1254 bp) cloned into pGEMT-Easy / JM109
pGEM461
S. pneumoniae TIGR4 hk03 (795 bp) cloned into pGEMT-Easy / JM109
pGEM462
S. pneumoniae TIGR4 hk04 (948 bp) cloned into pGEMT-Easy / JM109
pGEM463
S. pneumoniae TIGR4 hk05 (720 bp) cloned into pGEMT-Easy / JM109
pGEM464
S. pneumoniae TIGR4 hk06 (843 bp) cloned into pGEMT-Easy / JM109
pGEM465
S. pneumoniae TIGR4 hk07 (840 bp) cloned into pGEMT-Easy / JM109
pGEM466
S. pneumoniae TIGR4 hk08 (816 bp) cloned into pGEMT-Easy / JM109
pGEM467
S. pneumoniae TIGR4 hk09 (795 bp) cloned into pGEMT-Easy / JM109
pGEM468
S. pneumoniae TIGR4 hk10 (846 bp) cloned into pGEMT-Easy / JM109
pGEM469
S. pneumoniae TIGR4 hk11 (654 bp) cloned into pGEMT-Easy / JM109
pGEM470
S. pneumoniae TIGR4 hk12 (708 bp) cloned into pGEMT-Easy / JM109
pGEM471
S. pneumoniae TIGR4 hk13 (714 bp) cloned into pGEMT-Easy / JM109

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

For the Whole Set of Response Regulator ( rr ) Genes
pGEM472
S. pneumoniae TIGR4 rr01 (678 bp) cloned into pGEMT-Easy / JM109
pGEM473
S. pneumoniae TIGR4 rr02 (705 bp) cloned into pGEMT-Easy / JM109
pGEM474
S. pneumoniae TIGR4 rr03 (633 bp) cloned into pGEMT-Easy / JM109
pGEM475
S. pneumoniae TIGR4 rr04 (708 bp) cloned into pGEMT-Easy / JM109
pGEM476
S. pneumoniae TIGR4 rr05 (675 bp) cloned into pGEMT-Easy / JM109
pGEM477
S. pneumoniae TIGR4 rr06 (654 bp) cloned into pGEMT-Easy / JM109
pGEM478
S. pneumoniae TIGR4 rr07 (1287 bp) cloned into pGEMT-Easy / JM109
pGEM479
S. pneumoniae TIGR4 rr08 (699 bp) cloned into pGEMT-Easy / JM109
pGEM480
S. pneumoniae TIGR4 rr09 (738 bp) cloned into pGEMT-Easy / JM109
pGEM481
S. pneumoniae TIGR4 rr10 (657 bp) cloned into pGEMT-Easy / JM109
pGEM482
S. pneumoniae TIGR4 rr11 (600 bp) cloned into pGEMT-Easy / JM109
pGEM483
S. pneumoniae TIGR4 rr12 (753 bp) cloned into pGEMT-Easy / JM109
pGEM484
S. pneumoniae TIGR4 rr13 (738 bp) cloned into pGEMT-Easy / JM109
pGEM485
S. pneumoniae TIGR4 rr14 (690 bp) cloned into pGEMT-Easy / JM109

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

For Escherichia coli TCSs ( two as control )
pGEM486
E. coli envZ (816 bp) cloned into pGEMT-Easy / JM109
pGEM487
E. coli ompR (720 bp) cloned into pGEMT-Easy / JM109
pGEM488
E. coli cpxA (813 bp) cloned into pGEMT-Easy / JM109
pGEM489
E. coli cpxR (699 bp) cloned into pGEMT-Easy / JM109

This study
This study
This study
This study

For the Stand-Alone pilus-1 Regulators
pGEM626
S. pneumoniae Taiwan19F-14 rlrA (1530 bp) cloned into pGEMT-Easy / JM109
pGEM627
S. pneumoniae Taiwan19F-14 mgrA (1482 bp) cloned into pGEMT-Easy / JM109

This study
This study

Continue in the next page…
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Characteristic(s)a

Plasmid

Source or reference

pGEM315

pGEM-T derivative with the 5’-end homolog fragment (411 bp) of pavB for mutagenesis

This study

pGEM316

pGEM-T derivative with the 3’-end homolog fragment (417 bp) of pavB for mutagenesis

This study

pQE376

pQE30 derivative vector with the subcloned 5’ and 3’-end homolog fragments of pavB
interrupted by the ermB gene (Erm resistance cassette for mutagenesis)

This study

pGEM-GF-tcs08

pGEM-T derivative with the 1841 bp genomic fragment (GF) of tcs08 for mutagenesis

This study

pGEM-tcs08-spec

pGEM-T derivative vector with the 5’ and 3’-end homolog fragments of tcs08
interrupted by Spec-aad9 gene (Spec resistance cassette for mutagenesis)

This study

pQTEV-5

pQE30 derivative expression vector (3482 bp) with a TEV protease recognition site, Apr

This study

pMAL-TEV

pMALc2x derivative expression vector (6622 bp) with a TEV protease recognition site, Apr

This study

pG-EcoChS

The CHESHIRE Cassette without LoxP sites (2448 bp) cloned into pGEMT-Easy for preservation

This study

a

Erm, erythromycin; Spec, spectinomycin; GF, genomic fragment

Table 19. Recombinant (fusion-) proteins produced, purified and used in this study.
Recombinant Protein

E. coli strain

Expression

Purification

Usage

His6-RrgC

M15[pREP4]

1 mM IPTG / 30°C / 3 h

6-His-Tag in Äkta purifier

Antisera

His6-RrgB

M15[pREP4]

1 mM IPTG / 30°C / 3 h

6-His-Tag in Äkta purifier

Antisera

StrepTag-RrgA

M15[pREP4]

0.5 mM IPTG / 30°C / 4 h

Strep-Tag in Econo-Columns

Antisera

His6-PitB

M15[pREP4]

1 mM IPTG / 30°C / 3 h

6-His-Tag in Äkta purifier

Antisera

His6-PitA

M15[pREP4]

0.5 mM IPTG / 30°C / 4 h

6-His-Tag in Äkta purifier

Antisera

His6-SSURE2

M15[pREP4]

1 mM IPTG / 30°C / 3 h

6-His-Tag in Äkta purifier

Crystallography

His6-SSURE2+3

M15[pREP4]

1 mM IPTG / 30°C / 3 h

6-His-Tag in Äkta purifier

Crystallography

His6-SSURE1-5

M15[pREP4]

0.5 mM IPTG / 30°C / 4 h

6-His-Tag in Äkta purifier

Crystallography

His6-RR08

M15[pREP4]

1 mM IPTG / 30°C / 4 h

6-His-Tag in Äkta purifier

Antisera

His6-LSLt-TEV-RR08

BL21(DE3)

1 mM IPTG / 30°C / 4 h

LSLt-Tag in Econo-Columns

Phosphotransfer profiling

His6-MBP-TEV-RR08

BL21(DE3)

1 mM IPTG / 30°C / 4 h

6-His-Tag in Äkta purifier

Crystalography

His6-MBP-TEV-HK08

BL21(DE3)

1 mM IPTG / 30°C / 4 h

6-His-Tag in Äkta purifier

Crystalography

Table 20. Antibodies and antisera produced and used in this study.
Antibody or Antiserum

Dilution

Source or reference

Anti RrgB mouse (-RrgB)

1:50 / 1:200

This study

Anti RrgC mouse (-RrgC)

1:50 / 1:200

This study

Anti PitB mouse (-PitB)

1:50 / 1:200

This study

Anti PavB mouse (-PavB)

1:50 / 1:200

This study

Anti RR08 mouse (-RR08)

1:50 / 1:200

This study

Table 21. Other antibodies used in this study.
Antibody or Antiserum

Dilution

Source or reference

Goat anti-mouse IgG peroxidase conjugate

1:2000

Sigma

Goat anti-mouse IgG alkaline phosphatase conjugate

1:2000

Chemicon

Alexa Fluor 488 goat anti-mouse IgG antibody

1:300 / 1:600

Invitrogen

Rabbit anti-S. pneumoniae IgG antibody

1:100

Eurogentech

Mouse penta-His antibody

1:600

QIAGEN
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8.1.2

Laboratory Equipments

Laboratory Device

Manufacturer or Distributor

Agarose gel (horizontal) electrophoresis chambers

Biometra

Allegra TM X-15R centrifuge

Beckman Coulter, Inc.

Allegra

TM

X-12 centrifuge

Beckman Coulter, Inc.

Autoclave (steam sterilizer AD 400)

Zirbus

Biofuge pico centrifuge

Heraeus

Biophotometer plus

Eppendorf

Bunsen burner (gas profi 1)

Wartewig

Cell disruption ultrasound machine

Bandelin Sonopuls

FACS machine (BD FACSCalibur)

Becton Dickinson, Bioscience

Film cassette

Dr. Goos-Suprema

Fine-scale analytical balance

Sartorus

Freezer (-80°C, ultra low temperature freezer)

New Brunswick Scientific

Freezer

Privilege Öko

French Press (French pressure cell press)

SLM Aminco

Gel Documentation (camera / printer)

INTAS

Heating block (Thermomixer 5436)

Eppendorf

Helper pipetting device

Brand

HisTrapTM FF crude

Pharmacia

Hybridization oven (OV5)

Biometra

Ice maker (AF80)

Scotsman

Incubation mixer (Polymax 1040)

Heidolph

Incubation roller (RM5)

Assistent

Incubator (bacteria, 37°C)

VEB Laborageräte Berlin

Incubator (bacteria, 37°C, 5% CO2)

Thermo Scientific

Laminar flow cabinets (Hera-safe)

Heraeus Instruments

Lightbox

Rex Messinstrumentebau GmbH

Magnetic mixer (with heat block, MR 3001)

Heidolph

Micropipettes (P20, P100, P200, P1000)

Gilson

Microscopes

Nikon Eclipse TS100

Microwave oven (intellowave)

LG

Mono Q column

Pharmacia
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NanoDrop 1000 (Spectrophotometer)

PeqLab

PCR thermocycler (T3 Thermocycler)

Biometra

pH Meter

Mettler Toledo

Photometer Ultraspec 1000

Pharmacia Biotech

PowerPac 300 and PowerPac 3000

Bio-Rad

Precellys 24

Bertin Technologies

Refrigerators

Liebherr

Scanners

Hewlett Packard

SDS-PAGE (vertical) chambers

Bio-Rad

Semi-Dry Trans-Blot SD

Bio-Rad

Speed-Vac (RVC 2-25)

Christ

Timers

Roth

Ultracentrifuge (RC5C)

Sorvall Instruments

Vortexer

Janke & Kunkel

Water bath ultrasound machine

VWR

Water baths

GFL

8.1.3

Laboratory Consumables

Product

Manufacturer or Distributor

Centrifuge tubes (12 mL)

Grainer

Conical test tubes (15 mL and 50 mL)

Falcon, Sarstedt

Cotton swabs

Saviour

Disposable pipettes (sterile, 5 mL, 10 mL, 5 mL)

Sarstedt

Gloves (Peha-soft)

Hartmann

Nitrile gloves (Nitra-Tex EP)

Ansell

Nitrocellulose membrane (Protran)

Whatman Protran

Parafilm

Pechiney, Hartenstein

PCR tubes (0.2 mL)

Sarstedt

Petri dishes for bacteria culture

Sarstedt

Pipette tips (10 µL, 200 µL, 1000 µL)

Sarstedt

Plastic cuvettes (1.5 mL, 10 x 4 x 45 mm)

Sarstedt

Scalpel and blades

Schreiber

Slides and cover slides

Roth
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Sterile filters

Roth

Vials (0.5 mL, 1.5 mL, 2.0 mL)

Sarstedt

Whatman filter paper

Whatman Protran

X-ray films

Fujifilm

8.1.4

Chemicals

Chemical

Manufacturer or Company

Acetic acid

Roth

Ammonium persulfate (APS)

Roth

Ammonium sulfate

Fluka

Anhydrotetracycline (AHTC)

IBA Göttingen

Benzaldehyde

Fluka

Bromophenol

Merck

Calcium chloride

Altbestand

Chloroform

AppliChem, Merck

Chloronaphthol

Sigma

Developer solution

AGFA

Enhanced chemiluminescence (ECL)

Amersham

Ethanol

Biochemistry Institute, Greifswald

Fixative solution

AGFA

Formaldehyde (37%)

Roth

Glucose

Merck

Glycerin

Roth

Glycine

Roth

Hydrochloric acid

Roth

Isopropanol

Roth

Magnesium chloride hexahydrate

Fluka

Methanol

Biochemistry Institute, Greifswald

Moviol

Aldrich

Na2HPO4 x 2H2O (sodium pyrophosphate)

AppliChem

NaH2PO4 x H2O (sodium dihydrogen phosphate)

AppliChem

Nitro blue tetrazolium salt (NBT)

Roth

N-lauroylsarcosine (10%)

Sigma
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Paraformaldehyde (PFA)

Merck

Phenol

Roth

Phenol-chloroform-isoamyl alcohol (25:24:1)

Roth

Potassium acetate

AppliChem

Potassium chloride

Merck, Roth

Rubidium chloride (RbCl)

AppliChem

SDS

AppliChem

Skimmed milk powder

Roth

Sodium acetate

Merck

Sodium chloride

Roth

Sodium hydroxide

Merck

Sucrose

Roth

Tris (tris-(hydroxymethyl)-aminomethane)

AppliChem

Tween-20

Sigma

Urea

Merck

8.1.5

Molecular Biology Reagents

Product

Manufacturer or Company

5-bromo-4-chloro-3-indolyl phosphate (BCIP)

Roth

Acetyl Phosphate

Sigma

Acrylamide-(bis-)acrylamide ready mix

Roth

Agarose

Roth

Ampicillin sodium salt

Roth

Bradford Reagent

Sigma

BSA (bovine serum albumin)

Roth

Coomassie Brilliant Blue R-250

Roth

CSP (competence stimulating peptide)

NZI, Brunswick

D-(+)-Fucose

Sigma

EDTA (Ethylenediaminetetraacetic acid)

AppliChem

Erythromycin

Sigma

Ethidium bromide

Roth

FCS (fetal calf serum)

PAA Laboratories GmbH

Gentamycin sulfate

Roth

- 139 -

Materials

Guanidine hydrochloride (GuHCl)

AppliChem

Imidazole

Sigma, Merck

IPTG (isopropyl-β-D-thiogalactopyranoside)

AppliChem

Peptone from casein

Roth

PMSF (phenylmethylsulfonylfluoride)

AppliChem, Roth

Ponceau red S staining solution

Sigma

TEMED

Roth

Todd Hewitt Broth

Roth

X-Gal (5-bromo-4-chloro-3-indoxyl-β-D-galactopyranoside)

AppliChem

Yeast extract

Roth

β-mercaptoethanol

AppliChem, Sigma

8.1.6

Molecular Biology Kits

Kit

Manufacturer or Company

Wizard Plus SV Miniprep DNA Purification System

Promega

WizardSV Gel and PCR Clean-Up System

Promega

Zymoclean Gel DNA Recovery Kit

ZYMO RESEARCH

RNeasy mini kit

QIAGEN

OneStep RT-PCR Kit

QIAGEN

8.1.7

Molecular Biology Enzymes

Enzyme

Manufacturer or Company

AmpliTaq Gold DNA polymerase

Applied Biosystems

Pfu recombinant DNA polymerase

Fermentas

Taq DNA polymerase

New England BioLabs

T4 DNA ligase

New England BioLabs

RQ1 RNase-free DNase

Promega

RNase A

QIAGEN

Mutanolysin

Sigma

Lysozyme

Sigma

Pronase E

Merck

Tobacco Etch Virus (TEV) Protease

Promega

- 140 -

Materials

8.1.8

Restriction Enzymes

Enzyme

Manufacturer or Company
G↓GATCC

New England BioLabs

DpnI

GmA↓TC

New England BioLabs

EcoRI

G↓AATTC

New England BioLabs

HindIII

A↓AGCTT

New England BioLabs

NdeI

CA↓TATG

New England BioLabs

NheI

G↓CTAGC

New England BioLabs

PstI

CTGCA↓G

New England BioLabs

SacI

G↓TCGAC

New England BioLabs

SalI

GAGCT↓C

New England BioLabs

SmaI

CCC↓GGG

New England BioLabs

SphI

GCATG↓C

New England BioLabs

BamHI

8.1.9

Buffers and Solutions

LB (Luria-Bertani Broth) Medium
12 g peptone
5 g yeast extract
5 g NaCl;
1 L distilled water
THY (Todd Hewitt Broth) Medium
36.4 g Todd Hewitt broth (Roth)
5 g yeast extract
1 L distilled water
Autoclave: 10 min, 115°C
CDM (Chemically Defined) Medium
5 mg/L FeSO4.7H2O
1 mg/L Fe(NO3)2.9H2O
0.7 g/L MgSO4.7H2O
5 mg/L MnSO4.H2O
10 g/L Glucose
0.2 mg/L p-Aminobenzoic acid (Vit H1)
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0.2 mg/L Biotin
0.8 mg/L Folic acid
1 mg/L Niacinamide (Vit PP)
2.5 mg/L Nicotinamide Adenine Dinucleotide (NAD)
2 mg/L Pantothenate calcium salt
1 mg/L Pyridoxal
1 mg/L Pyridoxamine 2HCl
2 mg/L Riboflavin (Vit B2)
1 mg/L Thiamine hydrochlorid (Vit B1)
0.1 mg/L Vitamin B12
20 mg/L Adenine
20 mg/L Guanine HCl
20 mg/L Uracil
20 mg/L Choline chloride
10 mg/L CaCl2.6H2O
4.5 g/L NaC2H3O2.3H2O
2.5 g/L NaHCO3
3,2 g/L NaH2PO4.H2O
7.3 g/L Na2HPO4.2H2O
200 mg/L KH2PO4
1 g/L K2HPO4
100 mg/L DL-Alanine (non-essential)
100 mg/L L-Arginine (essential)
100 mg/L L-Asparagine (non-essential)
100 mg/L L-Aspartic acid (non-essential)
100 mg/L L-Cystine (non-essential)
100 mg/L L-Glutamic acid (non-essential)
200 mg/L L-Glutamine (essential)
100 mg/L Glycine (essential)
100 mg/L L-Histidine (essential)
100 mg/L L-Isoleucine (essential)
100 mg/L L-Leucine (essential)
100 mg/L L-Lysine (non-essential)
100 mg/L L-Metionine (non-essential)
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100 mg/L L-Phenylalanine (non-essential)
100 mg/L L-Proline (non-essential)
1 mg/L L-HyProline (non-essential)
100 mg/L L-Serine (non-essential)
200 mg/L L-Threonine (non-essential)
100 mg/L L-Tryptophan (non-essential)
100 mg/L L-Tyrosine (non-essential)
100 mg/L L-Valine (essential)
500 mg/L L-Cysteine (non-essential)

Solutions for competent E. coli cells production
Buffer 1:

100 mM CaCl2.2H2O (4.41 g)
10 mM RbCl (0.3 g)
300 mL distilled water

Buffer 2:

50 mM CaCl2.2H2O (2.205 g)
10 mM RbCl (0.36 g)
15% glycerol (45 mL)
300 mL distilled water

Solutions for plasmid isolation from E. coli (miniprep)
Solution 1: 25 mM Tris, pH 7.5
10 mM Na2EDTA
50 mM glucose
500 mL distilled water
Solution 2: 1% SDS
0.2 M NaOH
10 mL distilled water
Solution 3: 3 M potassium acetate, pH 5.0
500 mL distilled water

Solutions for conventional DNA isolation (chromosomal DNA from S. pneumoniae)
TES buffer: 50 mM Tris-HCl
5 mM Na2EDTA
10 mM NaCl
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TAE buffer (20x):

800 mM Tris (96.8 g)
500 mM EDTA (146.13 g)
2.28% glacial acetic acid (22.8 mL)
1 L distilled water

TAE buffer (1x):

50 mL 20x TAE buffer
950 mL distilled water

Lysozyme solution:

5 mg/mL lysozyme in TES buffer

Mutanolysin solution:

2500 U/mL mutanolysin in distilled water

Pronase E solution:

5 mg/mL pronase E in TES buffer (4x106 PU/g)

RNase stock solution:

5 mg/mL RNase in distilled water

N-lauroylsarcosine solution:

10% N-lauroylsarcosine in distilled water

Sodium acetate solution:

3 M sodium acetate, pH 5.2

Agarose gel solution
0.8% agarose (4 g)
500 mL TAE buffer 1x
1 drop ethidium bromide (Roth)

TE buffer, pH 8.0
10 mM Tris
1 mM EDTA

DNA loading buffer
25% sucrose (5 g)
0.1% bromophenol blue (20 mg)
20 mL TE buffer

SDS-PAGE solutions
Resolving gel buffer:

1.5 M Tris (181.7 g)
1 L distilled water, pH 8.8

Stacking gel buffer:

0.5 M Tris (60.6 g)
1L distilled water, pH 6.8

SDS solution (10%):

10% SDS (10 g)
100 mL distilled water
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APS solution (10%):

10% APS (1 g)
10 mL distilled water

Running buffer (10x TGS): 230 mM Tris
1.52 M glycine
1% SDS
Running buffer (1x TGS):

100 mL running buffer (10x TGS)
900 mL distilled water

Protein sample buffer (2x)
6 mL distilled water
4 mL stacking gel buffer, pH 6.8
4 mL 10% SDS solution
4 mL 100% glycerol
2 mL β-mercaptoethanol
A spatula tip of bromophenol blue

Coomassie staining solutions
Staining solution:

25% ethanol (250 mL)
10% acetic acid (100 mL)
0.05% Coomassie Brilliant Blue R-250 (50 g)
65% distilled water (650 mL)

Unstaining solution: 25% ethanol (250 mL)
10% acetic acid (100 mL)
65% distilled water (650 mL)

PBS (phosphate buffered saline)
137 mM NaCl
2.7 mM KCl
12 mM total phosphates, pH 7.3

PBS-Tween-20
50 L Tween-20
100 mL PBS
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TBS buffer
50 mM Tris, pH 7.6
150 mM NaCl

TBS-Tween-20
2.5 mL Tween-20
500 mL TBS

Protein transfer buffer (20x) for semi-dry blotting
116 g Tris
58 g glycine
74 mL 10% SDS solution
1 L distilled water

Protein transfer buffer (1x) for semi-dry blotting
50 mL protein transfer buffer (20x)
200 mL methanol
750 mL distilled water

Protein transfer buffer (tank-blotting)
25 mM Tris
190 mM glycine
20% methanol (500 mL)
2 L distilled water

Blocking solution (5%)
5% skimmed milk powder (1 g)
20 mL PBS or 20 mL TBS-Tween-20

AP buffer
100 mM Tris (6.05 g)
100 mM NaCl (2.92 g)
5 mM MgCl2 (0.51 g)
500 mL distilled water, pH 9.5
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Chromogen solution (alkaline phosphatase-detection)
50 µL NBT (0.5 g NBT in 10 mL of 70% dimethylformiat)
25 mL BCIP (0.5 g mL BCIP in 10 mL of 100% dimethylformiat)
10 mL AP buffer

Chromogen solution (peroxidase-detection)
500 µL chloronaphthol (1 tablet dissolved in 10 mL of methanol)
10 µL H2O2
10 mL PBS

IPTG solution
1 M (2.38 g) IPTG (isopropyl-β-D-thiogalactopyranoside)
10 mL distilled water

X-gal solution
20% (200 mg) X-gal (5-bromo-4-chloro-3-indoxyl-β-D-galactopyranoside)
10 mL DMSO

Protein purification by HisTrap FF crude in Äkta Purifier
Lysis and binding buffer:

10 mM Na2HPO4.2H2O (1.78 g)
10 mM NaH2PO4.H2O (1.38 g)
500 mM NaCl (29.22 g)
20 mM imidazole (1.36 g)
1 L distilled water, pH 7.4

Elution buffer:

10 mM Na2HPO4.2H2O (1.78 g)
10 mM NaH2PO4.H2O (1.38 g)
500 mM NaCl (29.22 g)
500 mM imidazole (34.0 g)
1 L distilled water, pH 7.4

Protein purification by anion exchange chromatography - Mono Q 5 / 50 GL
Binding buffer: 20 mM Tris (2.42 g)
10 mM NaCl (0.58 g)
1 L distilled water, pH 8.0
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Elution buffer: 20 mM Tris (2.42 g)
500 mM NaCl (29.22 g)
1 L distilled water, pH 8.0

Protein purification under denaturing conditions
Buffer A: 6 M guanidine hydrochloride (GuHCl)
100 mM Na2PO4
10 mM Tris, pH 8.0
Buffer B: 8 M urea
100 mM Na2PO4
10 mM Tris
Buffer C: 8 M urea
100 mM Na2PO4
10 mM Tris, pH 6.3
Buffer D: 8 M urea
100 mM Na2PO4
10 mM Tris, pH 5.3
Buffer D: 8 M urea
100 mM Na2PO4
10 mM Tris, pH 4.5
Buffer F:

6 M guanidine hydrochloride (GuHCl)
0.2 M glaciar acetic acid

Flow cytometry Buffer
0.5% FCS (fetal calf serum)
1% PFA (paraformaldehyde)
In PBS
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8.2

METHODS

8.2.1

Bacterial Strains, Plasmids, Growth Conditions and Transformations
Bacterial laboratory strains and plasmids used in this study are listed in Table 6, 7, 8,

15, 16 and 18. S. pneumoniae clinical isolates were obtained from the National Reference
Center for Streptococci at the Institute for Medical Microbiology, Univesity Hospital Aachen,
in Germany (Figure 9 and annexes). Serotyping of these clinical isolates was performed using
the Neufeld Quellung reaction (Figure 10) and their Minimal Inhibitory Concentrations
(MICs) for different antibiotics were determined using the microdilution (microtitre) method
(Table 3, 4 and 5). Pneumococci, other streptococci, and Candida albicans were grown on
blood agar or in Todd-Hewitt broth (Oxoid, Basingstoke, UK) supplemented with 1% yeast
extract (THY) at 37°C and 5% CO2. Legionella were grown on active coal agar (Rennemeier,
et al., 2007). Pneumococcal WT and tcs08-mutant strains were alternatively cultured in
chemically-defined medium (CDM) for growth curve experiments (Figure 50). E. coli strains
were grown on Luria-Bertani (LB) agar or LB broth. S. pneumoniae strains were transformed
as described previously (Hammerschmidt and Agarwal, et al., 2007) using competencestimulating peptide-1 and cultivated in the presence of the appropriate antibiotics:
erythromycin (5 µg/mL) and/or kanamycin (200 µg/mL). Transformation of E. coli strains
with plasmid DNA was carried out with CaCl2-treated competent cells according to standard
procedures.

8.2.2

Bioinformatic Analysis
The pneumococcal pilus-1, pilus-2, RD10-psrP, pavB, rr08 and hk08 genes and their

correspondent 1.0 kb upstream and downstream flanking sequences from 19 available
pneumococcal genome sequences were retrieved from the Comprehensive Microbial
Resource (CMR) (http://cmr.jcvi.org/tigr-scripts/CMR/shared/Genomes.cgi) of the J. Craig
Venter Institute (JCVI) and/or from the GenBank (http://www.ncbi.nlm.nih.gov/sutils/
genom_table.cgi) of the National Center for Biotechnology Information (NCBI) genome
sequence databases. Genomic region comparisons for each gene were performed by using the
complete microbial genome cart available in the CMR web site and the complete list of all
genomic BLAST databases available in the NCBI web site. The wild-type sequences from
TIGR4 for each gene was taken as reference to find significant sequence similarities in other
(micro-)organisms. Particularly, for PavB, a multiple inter- and intra-strain pavB gene and
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PavB protein sequences alignment was constructed by using the online multiple sequence
alignment (http://bioinfo.genotoul.fr/multalin/multalin.html) program (Corpet, et al., 2000).
An intensive analysis of the genomic ssure region and the protein SSURE domain was carried
out by using also the multi-alignment programme to perform multiple inter and/or intra-strain
SSURE nucleotide and amino acid sequences comparisons. Flanking gene sequences for each
virulence factor gene targeted in this study were also compared in order to establish their
conservation and distribution for primer design.

8.2.3

Primers and Molecular Biology Techniques
Primers that were used in this study are provided in Table 10, 11, 12, 13, 14 and 17.

Bacterial chromosomal DNA isolation and purification was performed using a standard
Phenol/Chloroform extraction method as described previously (Hammerschmidt, et al., 1997)
or the QIAGEN Genomic Tip 100/G and according to the instructions of the distributor
(Qiagen, Hilden, Germany). DNA amplification for genotyping was performed by
conventional PCR using the Taq DNA polymerase (New England Biolabs). For expression
cloning, the AmpliTaq Gold® DNA polymerase (Perkin-Elmer) or the Pfu polymerase were
employed. The Expand Long Template PCR system (Roche, Germany) for high-fidelity PCR
was used in the pavB-ssure analysis. DNA polymerases were used as recommended by the
commercial distributor. PCR amplifications were carried out in 15 µL volumes for genotyping
and 25 µL or 50 µL volumes for other purposes. PCR reactions were subjected to
denaturation at 94°C, 32 cycles of 94°C, primer annealing for 1 min, and elongation at 72°C.
The annealing temperature depended on the primers used and the extension time on the length
of the expected PCR product, following the rule: 1.0 kb/minute. PCR products were purified
using PCR DNA purification kits (Qiagen or Promega) and plasmids were extracted by
conventional minipreps or according to the QIAprep Spin Midi/Maxiprep Kit protocol. DNA
sequencing was carried out by using the Qiagen-sequencing or GATC services. Amplification
Refractory Mutation System (ARMS-PCRs) were performed by using special 3’-ended
primers designed to be TIGR4 ssure-specific (Table 12, Figure 38 and Figure 39). PCR
products, plasmids or genomic DNAs were separated by 0.8% to 2% agarose-gel
electrophoresis and visualized by staining with EtBr. Pictures (.TIFF) were documented and
stored using the GelDoc system (camera/printer, INTAS). Primer, dsDNA or ssRNA
concentrations were measured by spectrophotometry using the NanoDrop 1000 equipment
(PeqLab). Southern blot analysis were performed under stringent conditions in 4.8 x SSC, 1 x
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Denhardt´s solution, 10 mM Tris-HCl (pH 7.5), 10% (w/v) dextran sulphate, 1% (w/v) SDS
and 50% formamide at 42°C as described (Hammerschmidt, et al., 1997). To generate DIGlabeled DNA probes, the PCR DIG labelling mix (Roche) was used in the PCR reactions
together with the specific primer pair Fnbmut1/Fnbmut2 which was used to amplify a region
between nucleotides -308 and nucleotide +103 of the TIGR4 pavB gene to confirm the gene
knockout in pavB. A radiolabeled DNA probe was used to study the presence of pavB in
selected pneumococcal strains by southern blot analysis and for hybridizations with PCR
products. Primers Fnbmut1 and Fnbmut4 were used to amplify pavB including upstream (308
nt) and downstream (303 nt) regions by PCR. End-labelling of the PCR product with 5 µL of
[α32P] dATP (3000 Ci/mmol; Amersham, Buckinghamshire, UK) and Klenow fragment was
carried out with the Random Primers DNA Labeling System® according to the instructions
(Invitrogen, Karlsruhe, Germany). To further study the distribution of pavB in pneumococcal
strains and to identify pavB homologues in other microorganisms the DNA dot spot technique
was used. Purified chromosomal DNA (~1 µg) was immobilized onto a nylon membrane
(Macherey & Nagel, Düren, Germany). After UV fixation (UV-Stratalinker 1800, Stratagene,
La Jolla, CA) and heating at 80°C for 2 h, DNA-DNA hybridization was performed under
stringent conditions using the DIG-labeled PCR product amplified with primers Fnbrep1 and
Fnbrep4 (surre2+3) and TIGR4 chromosomal DNA as template. Detection of the DIG-labeled
DNA hybrids was carried out according to the manufacturer´s instructions (Roche).

8.2.4

Molecular Cloning, Recombinant Protein Purification, SDS-PAGE, Production
of Protein-Specific Polyclonal Antisera and Immunoblotting
The TIGR4 DNA sequences coding for the genes targeted in this study were

amplified by PCR and the products were cloned into the pGEM-T Easy vector (Promega).
The different fragments were subcloned by BamHI/PstI or HindIII digestion into similarly
digested pQE30 or pMALc2x, pASK, pET28a, pKLSLt or pTP-1 expression vectors (Table
16) and results in plasmid-based constructs for protein expression (Table 18). Integrity of the
insert DNA was confirmed by DNA sequencing in all cases. For protein production these
plasmids were transformed into E. coli M15[pREP4], BL21(DE3), SoluBL21(DE3) or JM109
(Table 7) and the expression of the recombinant His6-tagged proteins was induced with 2 mM
IPTG during 4 hours at 30°C. The His6-tagged proteins were purified by affinity
chromatography using nickel-nitrilotriacetic acid resins (Macherey-Nagel, Düren, Germany)
or Hi-Trap Ni-NTA columns (GE Healthcare) according to the instructions of the
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manufacturers. Proteins were further purified by anion exchange chromatography using a
MonoQ HR5/5 column (GE Healthcare) (Table 19). Purity of the proteins was analyzed by
both Coomasie brilliant-blue (CBB) staining and immunoblotting. Detection of recombinant
protein derivatives or natural proteins in pneumococci was carried out by using mouse
antisera or Penta-His™ antibodies (QIAGEN; 1:500 in PBS) (Figure 16).
The polyclonal anti-SSURE antiserum, recognizing specifically one SSURE of
PavB, was raised in rabbits by routine immunogenic procedures using His6-tagged-SSURE2 as
antigen (Immunoglobe, Himmelstadt, Germany). In addition, antibodies against PavB in mice
(female Balb/c) by using SSURE1-5 as antigen were generated. Mice were immunized
subcutaneously with 20 µg of the recombinant protein in 200 µL 1:1 emulsion of buffer and
incomplete Freund´s adjuvant (Sigma). Mice were boosted at day 14 and bled after five
weeks. Purification of rabbit anti-SSURE2 antiserum was performed by affinity
chromatography using protein A-Sepharose 4B affinity chromatography followed by a His
HiTrap™ chelating HP column coupled with recombinant SSURE2+3 (GE Healthcare).
Purified proteins or bacterial lysates were subjected to sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and either stained with Coomassie brilliant
blue or transferred by to a nitrocellulose membrane by using a semidry blotting system (BioRad). The membrane was blocked with 10% skim milk (Roth) and proteins were detected by
immunoblot analysis. The mice-derived polyclonal antisera (IgG) were used at a dilution of
1:200 or 1:1000. As secondary antibodies, goat anti-rabbit IgG peroxidase conjugate
(Dianova; 1:5000) or goat anti-mouse Ig peroxidase conjugate (Dianova; 1:5000) were used
and binding activity was detected by enhanced chemiluminescence (ECL; GE Healthcare).
Convalescent-phase sera were kindly provided by Gregor Zysk, University of Düsseldorf,
Germany (Zysk, et al., 2000) (Table 20).

8.2.5

Implementation of the Recombinant Systems pDB.His.MBP and pKLSLt for
the Expression Cloning of the Whole S. pneumoniae HK and RR Sets.
The pneumococcal hk08 (cytoplasmic soluble-portion corresponding to residues 59

to 345) (Figure 43) and rr08 (complete ORF corresponding to residues 1 to 232) (Figure 44)
genes were amplified by PCR, using TIGR4 genomic DNA as template.
Cloning of the hk08 and rr08 genes into the pDB.His.MBP expression vector was
carried out by digestion of their PCR products with appropriate restriction enzymes (NheI /
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SacI for HK08 and NheI / HindIII for RR08) and downstream conventional cloning methods
were applied. pET28a-specific megaprimers were designed for hk08 and rr08 in order to
clone both sequences into the pKLSLt expression vector (Table 13). A first conventional PCR
was performed in order to amplify the specific gene with its correspondent specificmegaprimer pair and a second (inverse-)PCR was carried out with the obtained product in
order to ligate the specific fragment into pKLSLt, using the vector as template. The inversePCR products were subsequently digested with the restriction enzyme DpnI in order to
eliminate the plasmidic pKLSLt-template remaining in the reaction tube. The DpnI-digestion
product was directly transformed in CaCl2-competent DH5 E. coli cells for recombinant
colony selection on LB-Agar plates supplemeted with Kanamycin (50 µg/mL). Positive
recombinant clones were identified in the implementation of both recombinant systems and
the DNA sequences of the hk08 and rr08 cloned genes were confirmed by restriction analysis
and DNA sequencing.
Purified plasmids of the constructs pDB.His.MBP-hk08 and pDB.His.MBP-rr08,
pKLSLt-hk08 and pKLSLt-rr08 were transformed in CaCl2-competent BL21(DE3) E. coli
cells. Plasmid-positive BL21(DE3)-pDB.His.MBP- / pKLSLt-hk08 / rr08 recombinant clones
were grown in Luria-Bertani (LB) medium supplemented with Kanamycin (50 µg/mL). For
the recombinant HK08 and RR08 protein expression, batches of 1L LB/Kanamycin were
inoculated to an overnight culture with an OD600 (Optical Density at 600nm) of 0.1 and grown
until an OD600 of 0.8 was reached. The recombinant protein was then induced for 4 hours with
a final concentration of 1mM IPTG (isopropyl-D-thiogalactopyranoside).
After thorough cell disruption, the His6-MBP-TEV-tagged proteins were purified by
Ni-NTA affinity chromatography, using a 5 mL-HisTrapTM FF crude column operated in an
ÄktaTM Purifier Chromatography System (GE Healthcare) (Figure 60A), according to the
manufacturer’s instructions. Alternatively, the LSLt-(Lectin)-TEV-tagged recombinant
proteins were purified by affinity chromatography with Sepharose-4B packed in Econocolumns (BioRad) (Figure 60B). Recombinant proteins were confirmed by SDS-PAGE and
alternatively digested with the Tobacco Etch Virus (TEV) protease (Promega) for both size
modulation (needed for phosphotransfer profiling experiments) and further purification
(Figure 60). Finally, after TEV digestion, a second purification round for both kind of fusion
proteins (His6-MBP-TEV-HK08 / RR08 and LSLt-TEV-HK08 / RR08) was carried out by
Ni-NTA affinity chromatography, using a 5 mL-HisTrapTM FF crude column operated in an
ÄktaTM Purifier Chromatography System (GE Healthcare) to eliminate the tag.
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8.2.6

Double-Immunofluorescense (DIF-) Staining
After growth, pilus-positive strains and clinical isolates were washed, resuspended in

1 mL of phosphate-buffered saline (PBS), fixed with 150 µL of paraformaldehyde (3% PFA
in PBS) during 1 hour and finally blocked with 10% fetal bovine serum (FBS) for 30 min.
The cells were then centrifuged, the supernatant discarded and resuspended in 1 mL of PBS.
Microscope coverslips (1.8 mm) were prepared using poly L-lysine for 1 hour. The bacteria
solution (50 µL) was added and homogeneously spreaded all over the slip until it was
completely dry. The slips were washed in PBS and placed on 200 µL of 1:200 anti-RrgB or
anti-RrgC, for pilus-1, and anti-PitB, for pilus-2, antisera during 40 min. The slips were
washed in PBS and placed on 200 µL of 1:200 secondary goat anti-mouse IgG antibody
labeled with alexa green 488 during 40 min (Figure 19). The slips were then washed again
with PBS and placed on 200 µL of 1:100 anti-pneumo antibody during 40 min. Samples were
washed again in PBS and incubated with 200 µL of 1:350 secondary goat anti-rabbit antibody
labeled with alexa red 568 during 40 min (Figure 19). A final washing in PBS was carried out
and then the coverslip samples, prepared with mowiol, were visualized using confocal laser
scanning microscope (Zeiss CLSM 510 META) and images were saved. Samples were
protected and stored in the dark at 4°C.

8.2.7

Flow Cytometric Analysis
Flow cytometry was performed using a FACSCalibur (Becton Dickinson,

Bioscience). Pneumococcal strains were cultured in 40 mL THY (OD600 = 0.08) and
harvested at OD600 = 1.0. Pellets were washed with 10 mL PBS, centrifuged and resuspended
in 5 mL PBS with 0.5% fetal calf serum (FCS). The number of bacteria was fixed to 5 x 107
and appropriate amounts were transferred into 2 mL lab tubes. After centrifugation, the first
antibody was added (1:50 dilution in 50 µL PBS / 0.5% FCS) for 45 min. Controls without
the first antibody were considered with only PBS / 0.5% FCS. After incubation, samples were
centrifuged and the secondary antibody (goat anti-mouse IgG Alexa Fluor® 488, 1:300) was
given for 30 min in the dark. Prior fixation, samples were washed twice with PBS / 0.5% FCS
and finally resuspended in 1 mL of buffer for flow cytometry. Samples were stored for up to 3
days at 4°C before measurements.
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8.2.8

Multilocus Sequence Typing (MLST)
In order to establish the genetic relationship or clonality of 60 clinical isolates,

identified as positive for pilus-1, pilus-2 and/or RD10-PsrP, the genomic DNA of these
selected clinical isolates was extracted with the QIAGEN Genomic Tip 100/G, according to
the instructions of the distributor (Qiagen, Hilden, Germany). Purified genomic DNA (100
ng) of each clinical isolates were then sent for DNA sequencing of the housekeeping genes:
aroE, gdh, gki, recP, spi, xpt, ddl. The typing of each locus was carried out by sequencing
both strands, according to the standar MLST technique protocol speciﬁed in the MLST
website (www.mlst.net) (Chi et al., 2007; Hanage et al., 2005; Enright and Spratt, 1998). The
obtained sequences were queried at www.mlst.net for allele and sequence type (ST)
designations. Finally, ST comparisons were performed by using the eBurst (Based Upon
Related Sequence Types) program, available in the same website for clonal complexes (CC)
determination (http://spneumo-niae.mlst.net).

8.2.9

Generation of Pneumococcal D39 and TIGR4 PavB-deficient Mutant Strains
Streptococcus pneumoniae pavB-mutants were generated by insertion deletion

mutagenesis in pneumococcal D39 WT, D39cps, and NCTC10319 (Rennemeier, et al.,
2007). Briefly, the 5´end (a 411 bp DNA fragment: nucleotide –308 to nucleotide +103 of
pavB) and the 3´end (a 417 bp DNA fragment: nucleotide +2916 bp of pavB and 303 bp
downstream from pavB stop codon) of pavB were amplified by PCR with primer pairs
Fnbmut1/Fnbmut2 and Fnbmut3/Fnbmut4, respectively, in which restriction sites were
incorporated (Table 14). PCR products were separately cloned into pGEM-T Easy resulting in
pGEM315 and pGEM316. DNA-inserts were subcloned sequentially into pQE30 (Qiagen)
and the erythromycin resistance gene cassette (ermB) amplified by PCR and digested with
PstI was cloned into the PstI restriction sites, which was generated between 5´end and 3´end
of pavB during cloning procedure. The integrity of the ermB was verified by sequence
analysis. Transformation of pneumococci was performed as described previously
(Rennemeier, et al., 2007) and erythromycin (5 µg/mL) was added to select the mutants,
which were then verified by Southern-Blot analysis (data not shown). This strategy resulted in
a PavB-deficient but TCS08 positive pneumococci as verified by RT-PCR (Figure 48) and
immunoblot analysis using a mouse anti-TCS08 response regulator specific polyclonal
antiserum (data not shown).
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8.2.10

Construction of Pneumococcal D39 and TIGR4 tcs08-Mutant Strains
Pneumococcal tcs08-mutants were generated by insertion-deletion mutagenesis in

D39 WT, D39cps, TIGR4 WT and TIGR4cps. Briefly, a tcs08-genomic DNA fragment
(GF-tcs08) (1841 bp: nt -483 of rr08 to nt +663 of hk08) was amplified by PCR with the
primer pair TCS08mut1 (BamHI) / TCS08mut2 (PstI) (Table 14) from the TIGR4 genome.
The PCR product was cloned into pGEM-T Easy (Promega) resulting in pGEM-GF-tcs08
(Table 18). Subsequently, an inverse-PCR with the primer pair TCS08mut3 (HindIII) /
TCS08mut4 (HindIII) was performed in order to delete an internal fragment of 817 bp, which
includes the sequences coding for protein domains and amino acid residues important for the
regulatory functions of the HK08 (His104) and RR08 (Asp53, Lys103 and the C-terminal
DNA recognition domain). The remaining flanking sequences correspond to the 5´-end (611
bp: nt –483 to nt +128 of rr08) and 3´-end (334 bp: nt +329 to nt +663 of hk08) homolog
fragments of tcs08 required for the site-specific homolog recombination in pneumococcal
genomes. Finally, the inverse-PCR products was digested with HindIII (incorporated in
primers TCS08mut3 and TCS08mut4) and ligated with a HindIII-digested spectinomycin
resistance cassette (spec-aad9 gene) (Figure 46) resulting in the pGEM-tcs08-spec construct
(Table 18). Transformation of pneumococci was performed as described and spectinomycin
(75 μg/mL) was added to select the mutants, which were verified by PCR-RFLP (Figure 47).
This strategy resulted in TCS08-deficient pneumococci as verified by RT-PCR analysis
(Figure 48).

8.2.11

Statistical Analysis
All data are reported as mean  SD unless otherwise noted. Results were statistically

analyzed using the unpaired two-tailed Student´s test. Proportions and trends were compared
by using the Fisher exact test. A p-value of <0.005 was considered statistically signiﬁcant.
Additionally, a chi-square test was used to analyze the increase and decrease in pilus-2 and
pilus-1 prevalence over time, respectively. A p-value of <0.05 was considered statistically
signiﬁcant.
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10 ANNEXES
10.1 FULL-LENGTH pavB GENE SEQUENCE (3030 bp)
ATGAAATTCAATCCAAATCAAAGATATACTCGTTGGTCTATTCGCCGTCTCAGTGTCGGTGTTGCCTCAGTTGTTGTGGCTAGTGGCTTCTTTGTCCTAGTTGGTCA
GCCAAGTTCTGTACGTGCCGATGGGCTCAATCCAACCCCAGGTCAAGTCTTACCTGAAGAGACATCGGGAACGAAAGAGGGTGACTTATCAGAAAAACCAGGAGACA
CCGTTCTCACTCAAGCGAAACCTGAGGGCGTTACTGGAAATACGAATTCACTTCCGACACCTACAGAAAGAACTGAAGTGAGCGAGGAAACAAGCCCTTCTAGTCTG
GATACACTTTTTGAAAAAGATGAAGAAGCTCAAAAAAATCCAGAGCTAACAGATGTCTTAAAAGAAACTGTAGATACAGCTGATGTGGATGGGACACAAGCAAGTCC
AGCAGAAACTACTCCTGAACAAGTAAAAGGTGGAGTGAAAGAAAATACAAAAGACAGCATCGATGTTCCTGCTGCTTATCTTGAAAAAGCTGAAGGGAAAGGTCCTT
TCACTGCCGGTGTAAACCAAGTAATTCCTTATGAACTATTCGCTGGTGATGGTATGTTAACTCGTCTATTACTAAAAGCTTCGGATAATGCTCCTTGGTCTGACAAT
GGTACTGCTAAAAATCCTGCTTTACCTCCTCTTGAAGGATTAACAAAAGGGAAATACTTCTATGAAGTAGACTTAAATGGCAATACTGTTGGTAAACAAGGTCAAGC
TTTAATTGATCAACTTCGCGCTAATGGTACTCAAACTTATAAAGCTACTGTTAAAGTTTACGGAAATAAAGACGGTAAAGCTGACTTGACTAATCTAGTTGCTACTA
AAAATGTAGACATCAACATCAATGGATTAGTTGCTAAAGAAACAGTTCAAAAAGCCGTTGCAGACAACGTTAAAGACAGTATCGATGTTCCAGCAGCCTACCTAGAA
AAAGCCAAGGGTGAAGGTCCATTCACAGCAGGTGTCAACCATGTGATTCCATACGAACTCTTCGCAGGTGATGGCATGTTGACTCGTCTCTTGCTCAAGGCATCTGA
CAAGGCACCATGGTCAGATAACGGCGACGCTAAAAACCCAGCCCTATCTCCACTAGGCGAAAACGTGAAGACCAAAGGTCAATACTTCTATCAAGTAGCCTTGGACG
GAAATGTAGCTGGCAAAGAAAAACAAGCGCTCATTGACCAGTTCCGAGCAAATGGTACTCAAACTTACAGCGCTACAGTCAATGTCTATGGTAACAAAGACGGTAAA
CCAGACTTGGACAACATCGTAGCAACTAAAAAAGTCACTATTAACATAAACGGTTTAATTTCTAAAGAAACAGTTCAAAAAGCCGTTGCAGACAACGTTAAAGACAG
TATCGATGTTCCAGCAGCCTACCTAGAAAAAGCCAAGGGTGAAGGTCCATTCACAGCAGGTGTCAACCATGTGATTCCATACGAACTCTTCGCAGGTGATGGTATGT
TGACTCGTCTCTTGCTCAAGGCATCTGACAAGGCACCATGGTCAGATAACGGTGACGCTAAAAACCCAGCCCTATCTCCACTAGGTGAAAACGTGAAGACCAAAGGT
CAATACTTCTATCAATTAGCCTTGGACGGAAATGTAGCTGGCAAAGAAAAACAAGCGCTCATTGACCAGTTCCGAGCAAACGGTACTCAAACTTACAGCGCTACAGT
CAATGTCTATGGTAACAAAGACGGTAAACCAGACTTGGACAACATCGTAGCAACTAAAAAAGTCACTATTAACATAAACGGTTTAATTTCTAAAGAAACAGTTCAAA
AAGCCGTTGCAGACAACGTTAAAGACAGTATCGATGTTCCAGCAGCCTACCTAGAAAAAGCCAAGGGTGAAGGTCCATTCACAGCAGGTGTCAACCATGTGATTCCA
TACGAACTCTTCGCAGGTGATGGTATGTTGACTCGTCTCTTGCTCAAGGCATCTGACAAGGCACCATGGTCAGATAACGGTGACGCTAAAAACCCAGCCCTATCTCC
ACTAGGTGAAAACGTGAAGACCAAAGGTCAATACTTCTATCAATTAGCCTTGGACGGAAATGTAGCTGGCAAAGAAAAACAAGCGCTCATTGACCAGTTCCGAGCAA
ACGGTACTCAAACTTACAGCGCTACAGTCAATGTCTATGGTAACAAAGACGGTAAACCAGACTTGGACAACATCGTAGCAACTAAAAAAGTCACTATTAACATAAAC
GGTTTAATTTCTAAAGAAACAGTTCAAAAAGCCGTTGCAGACAACGTTAAGGACAGTATCGATGTTCCAGCAGCCTACCTAGAAAAGGCCAAGGGTGAAGGTCCATT
CACAGCAGGTGTCAACCATGTGATTCCATACGAACTCTTCGCAGGTGATGGCATGTTGACTCGTCTCTTGCTCAAGGCATCTGACAAGGCACCATGGTCAGATAACG
GCGACGCTAAAAACCCAGCTCTATCTCCACTAGGTGAAAACGTGAAGACCAAAGGTCAATACTTCTATCAAGTAGCCTTGGACGGAAATGTAGCTGGCAAAGAAAAA
CAAGCGCTCATTGACCAGTTCCGAGCAAACGGTACTCAAACTTACAGCGCTACAGTCAATGTCTATGGTAACAAAGACGGTAAACCAGACTTGGACAACATCGTAGC
AACTAAAAAAGTCACTATTAAGATAAATGTTAAAGAAACATCAGACACAGCAAATGGTTCATTATCACCTTCTAACTCTGGTTCTGGCGTGACTCCGATGAATCACA
ATCATGCTACAGGTACTACAGATAGCATGCCTGCTGACACCATGACAAGTTCTACCAACACGATGGCAGGTGAAAACATGGCTGCTTCTGCTAACAAGATGTCTGAT
ACGATGATGTCAGAGGATAAAGCTATGCTACCAAATACTGGTGAGACTCAAACATCAATGGCAAGTATTGGTTTCCTTGGGCTTGCGCTTGCAGGTTTACTCGGTGG
TCTAGGTTTGAAAAACAAAAAAGAAGAAAACTAA

10.2 FULL-LENGTH PavB PROTEIN SEQUENCE (1009 aa)
MKFNPNQRYTRWSIRRLSVGVASVVVASGFFVLVGQPSSVRADGLNPTPGQVLPEETSGTKEGDLSEKPGD
TVLTQAKPEGVTGNTNSLPTPTERTEVSEETSPSSLDTLFEKDEEAQKNPELTDVLKETVDTADVDGTQAS
PAETTPEQVKGGVKENTKDSIDVPAAYLEKAEGKGPFTAGVNQVIPYELFAGDGMLTRLLLKASDNAPWSD
NGTAKNPALPPLEGLTKGKYFYEVDLNGNTVGKQGQALIDQLRANGTQTYKATVKVYGNKDGKADLTNLVA
TKNVDININGLVAKETVQKAVADNVKDSIDVPAAYLEKAKGEGPFTAGVNHVIPYELFAGDGMLTRLLLKA
SDKAPWSDNGDAKNPALSPLGENVKTKGQYFYQVALDGNVAGKEKQALIDQFRANGTQTYSATVNVYGNKD
GKPDLDNIVATKKVTININGLISKETVQKAVADNVKDSIDVPAAYLEKAKGEGPFTAGVNHVIPYELFAGD
GMLTRLLLKASDKAPWSDNGDAKNPALSPLGENVKTKGQYFYQLALDGNVAGKEKQALIDQFRANGTQTYS
ATVNVYGNKDGKPDLDNIVATKKVTININGLISKETVQKAVADNVKDSIDVPAAYLEKAKGEGPFTAGVNH
VIPYELFAGDGMLTRLLLKASDKAPWSDNGDAKNPALSPLGENVKTKGQYFYQLALDGNVAGKEKQALIDQ
FRANGTQTYSATVNVYGNKDGKPDLDNIVATKKVTININGLISKETVQKAVADNVKDSIDVPAAYLEKAKG
EGPFTAGVNHVIPYELFAGDGMLTRLLLKASDKAPWSDNGDAKNPALSPLGENVKTKGQYFYQVALDGNVA
GKEKQALIDQFRANGTQTYSATVNVYGNKDGKPDLDNIVATKKVTIKINVKETSDTANGSLSPSNSGSGVT
PMNHNHATGTTDSMPADTMTSSTNTMAGENMAASANKMSDTMMSEDKAMLPNTGETQTSMASIGFLGLALA
GLLGGLGLKNKKEEN
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10.3 FULL-LENGTH rr08 AND hk08 GENE SEQUENCES (1748 bp)
ATGGGAAAGACAATTTTACTCGTTGACGACGAGGTAGAAATCACAGATATTCATCAGAGATACTTAATTCAGGCAGGTTATCAGGTCTTGGTAGCCCATG
ATGGACTGGAAGCGCTAGAGCTGTTCAAGAAAAAACCGATTGATTTGATTATCACAGATGTCATGATGCCTCGGATGGATGGTTATGATTTAATCAGTGA
GGTTCAATACTTATCACCAGAGCAGCCTTTCCTATTTATTACTGCTAAGACCAGTGAACAGGACAAGATTTACGGCCTGAGCTTGGGAGCAGATGATTTT
ATTGCTAAGCCTTTTAGCCCACGTGAGCTGGTTTTGCGTGTCCACAATATTTTGCGCCGCCTTCATCGTGGGGGCGAAACAGAGCTGATTTCCCTTGGCA
ATCTAAAAATGAATCATAGTAGTCATGAAGTTCAAATAGGAGAAGAAATGCTGGATTTAACTGTTAAATCATTTGAATTGCTGTGGATTTTAGCTAGTAA
TCCAGAGCGAGTTTTCTCCAAGACAGACCTCTATGAAAAGATCTGGAAAGAAGACTACGTGGATGACACCAATACCTTGAATGTGCATATCCATGCTCTT
CGACAGGAGCTGGCAAAATATAGTAGTGACCAAACTCCCACTATTAAGACAGTTTGGGGGTTGGGATATAAGATAGAGAAACCGAGAGGACAAACATGAA
ACTAAAAAGTTATATTTTGGTTGGATATATTATTTCAACCCTCTTAACCATTTTGGTTGTTTTTTGGGCTGTTCAAAAAATGCTGATTGCGAAAGGCGAG
ATTTACTTTTTGCTTGGGATGACCATCGTTGCCAGCCTTGTCGGTGCTGGGATTAGTCTCTTTCTCCTATTGCCAGTCTTTACGTCGTTGGGCAAACTCA
AGGAGCATGCCAAGCGGGTAGCGGCCAAGGATTTTCCTTCAAATTTGGAGGTTCAAGGTCCTGTAGAATTTCAGCAATTAGGGCAAACTTTTAATGAGAT
GTCCCATGATTTGCAGGTAAGCTTTGATTCCTTGGAAGAAAGCGAACGAGAAAAGGGCTTGATGATTGCCCAGTTGTCGCATGATATTAAGACTCCTATC
ACTTCGATCCAAGCGACGGTAGAAGGGATTTTGGATGGGATTATCAAGGAGTCGGAGCAAGCTCATTATCTAGCAACCATTGGACGCCAGACGGAGAGGC
TCAATAAACTGGTTGAGGAGTTGAATTTTTTGACCCTAAACACAGCTAGAAATCAGGTGGAAACTACCAGTAAAGACAGTATTTTTCTGGACAAGCTCTT
AATTGAGTGCATGAGTGAATTTCAGTTTTTGATTGAGCAGGAGAGAAGAGATGTCCACTTGCAGGTAATCCCAGAGTCTGCCCGGATTGAGGGAGATTAT
GCTAAGCTTTCTCGTATCTTGGTGAATCTGGTCGATAACGCTTTTAAATATTCTGCTCCAGGAACCAAGCTGGAAGTGGTGGCTAAGCTGGAGAAGGACC
AGCTTTCAATCAGTGTGACCGATGAAGGGCAGGGTATTGCCCCAGAGGATTTGGAAAATATTTTCAAACGCCTTTATCGTGTCGAAACTTCGCGTAACAT
GAAGACAGGTGGTCATGGATTAGGACTTGCGATTGCGCGTGAATTGGCCCATCAATTGGGTGGGGAAATCACAGTCAGCAGCCAGTACGGTCTAGGAAGT
ACCTTTACCCTCGTTCTCAACCTCTCTGGTAGTGAAAATAAAGCCTAA

10.4 FULL-LENGTH RR08 AND HK08 PROTEIN SEQUENCES
MGKTILLVDDEVEITDIHQRYLIQAGYQVLVAHDGLEALELFKKKPIDLIITDVMMPRMDGYDLISEVQYLSPEQPFLFITAKTSEQDKIYGLSLGADDF
IAKPFSPRELVLRVHNILRRLHRGGETELISLGNLKMNHSSHEVQIGEEMLDLTVKSFELLWILASNPERVFSKTDLYEKIWKEDYVDDTNTLNVHIHAL
RQELAKYSSDQTPTIKTVWGLGYKIEKPRGQT

MKLKSYILVGYIISTLLTILVVFWAVQKMLIAKGEIYFLLGMTIVASLVGAGISLFLLLPVFTSLGKLKEHAKRVAAKDFPSNLEVQGPVEFQQLGQTFN
EMSHDLQVSFDSLEESEREKGLMIAQLSHDIKTPITSIQATVEGILDGIIKESEQAHYLATIGRQTERLNKLVEELNFLTLNTARNQVETTSKDSIFLDK
LLIECMSEFQFLIEQERRDVHLQVIPESARIEGDYAKLSRILVNLVDNAFKYSAPGTKLEVVAKLEKDQLSISVTDEGQGIAPEDLENIFKRLYRVETSR
NMKTGGHGLGLAIARELAHQLGGEITVSSQYGLGSTFTLVLNLSGSENKA

10.5 tcs08-aad9 (Spec) DNA SEQUENCE (2001 bp)
ATGGGAAAGACAATTTTACTCGTTGACGACGAGGTAGAAATCACAGATATTCATCAGAGATACTTAATTCAGGCAGGTTATCAGGTCTTGGTAGCCCATGATGGACT
GGAAGCGCTAGAGCTGTTCAA-AAGCTT-GCTAGC-AATTAGAATGAATATTTCCCAAATATTAAATAATAAAACAAAAAAATTGAAAAAAGTGTTTCCACCATTTT
TTCAATTTTTTTATAATTTTTTTAATCTGTTATTTAAATAGTTTATAGTTAAATTTACATTTTCATTAGTCCATTCAATATTCTCTCCAAGATAACTACGAACTGCT
AACAAAATTCTCTCCCTATGTTCTAATGGAGAAGATTCAGCCACTGCATTTCCCGCAATATCTTTTGGTATGATTTTACCCGTGTCCATAGTTAAAATCATACGGCA
TAAAGTTAATATAGAGTTGGTTTCATCATCCTGATAATTATCTATTAATTCCTCTGACGAATCCATAATGGCTCTTCTCACATCAGAAAATGGAATATCAGGTAGTA
ATTCCTCTAAGTCATAATTTCCGTATATTCTTTTATTTTTTCGTTTTGCTTGGTAAAGCATTATGGTTAAATCTGAATTTAATTCCTTCTGAGGAATGTATCCTTGT
TCATAAAGCTCTTGTAACCATTCTCCATAAATAAATTCTTGTTTGGGAGGATGATTCCACGGTACCATTTCTTGCTGAATAATAATTGTTAATTCAATATATCGTAA
GTTGCTTTTATCTCCTATTTTTTTTGAAATAGGTCTAATTTTTTGTATAAGTATTTCTTTACTTTGATCTGTCAATGGTTCAGATACGACGACTAAAAAGTCAAGAT
CACTATTTGGTTTTAGTCCACTCTCAACTCCTGATCCAAACATGTAAGTACCAATAAGGTTATTTTTTAAATGTTTCCGAAGTATTTTTTTCACTTTATTAATTTGT
TCGTATGTATTCAAATATATCCTCCTCACTATTTTGATTAGTACCTATTTTATATCCATAGTTGTTAATTAAATAAACTTAATTTAGTTTATTTATAGATTTCATTG
GCTTCTAAATTTTTTATCTAGATAATAATTATTTTAGTTAATTTTATTCTAGATTATATATGATATGATCTTTCATTTCCATAAAACTAAAGTAAGTGTAAACCTAT
TCATTGTTTTAAAAATATCTCTTGCCAGTCACGTTACGTTATTAGTTATAGTTATTATAACATGTATTCACGAACGAAAATCGAT-GGATCC-GAATTC-AAGCTTTGATTCCTTGGAAGAAAGCGAACGAGAAAAGGGCTTGATGATTGCCCAGTTGTCGCATGATATTAAGACTCCTATCACTTCGATCCAAGCGACGGTAGAAGGGATTT
TGGATGGGATTATCAAGGAGTCGGAGCAAGCTCATTATCTAGCAACCATTGGACGCCAGACGGAGAGGCTCAATAAACTGGTTGAGGAGTTGAATTTTTTGACCCTA
AACACAGCTAGAAATCAGGTGGAAACTACCAGTAAAGACAGTATTTTTCTGGACAAGCTCTTAATTGAGTGCATGAGTGAATTTCAGTTTTTGATTGAGCAGGAGAG
AAGAGATGTCCACTTGCAGGTAATCCCAGAGTCTGCCCGGATTGAGGGAGATTATGCTAAGCTTTCTCGTATCTTGGTGAATCTGGTCGATAACGCTTTTAAATATT
CTGCTCCAGGAACCAAGCTGGAAGTGGTGGCTAAGCTGGAGAAGGACCAGCTTTCAATCAGTGTGACCGATGAAGGGCAGGGTATTGCCCCAGAGGATTTGGAAAAT
ATTTTCAAACGCCTTTATCGTGTCGAAACTTCGCGTAACATGAAGACAGGTGGTCATGGATTAGGACTTGCGATTGCGCGTGAATTGGCCCATCAATTGGGTGGGGA
AATCACAGTCAGCAGCCAGTACGGTCTAGGAAGTACCTTTACCCTCGTTCTCAACCTCTCTGGTAGTGAAAATAAAGCCTAA
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10.6 PRIMER DESIGN FOR THE 13 PNEUMOCOCCAL hk GENES
>SP_1632 sensor histidine kinase [2.7.3.-] (hk01)
BamHI.GGATCCTGGGACATATTGGTGGAAACGCAGGTCTATCGCCAGGAACTTCTCTATGGAGAGAGGGAAGCCAAGTCTCCTTTGGAAATAGCTTTAGCAGAAAA
ATTAGAAGCGCGTGAGATGGAACTCTATCAGCAGAGGTCAAAAGCAGAAAGAAAACTGACGGATTTGCTGGATTACTATACCTTGTGGGTCCATCAGATAAAGACCC
CCATTGCAGCCAGTCAACTCTTAGTTGCAGAAGTGGTCGACCGCCAACTGAAGCAGCAGCTAGAACAGGAAATTTTCAAAATCGACTCCTATACCAACCTAGTTTTA
CAGTACCTGCGTTTAGAAAGTTTCCATGATGATTTGGTCTTAAAGCAGGTTCAAATTGAGGACTTGGTCAAGGAAATAATTCGTAAATATGCTCTTTTCTTTATTCA
AAAAGGCTTAAATGTCAATCTACATGACCTTGATAAAGAAATCGTGACGGATAAAAAGTGGCTGCTAGTGGTTATTGAGCAAATCATCTCAAACAGTCTCAAGTACA
CCAAGGAAGGTGGTCTGGAGATTTATATGGATGACCAAGAGCTTTGTATCAAAGATACGGGAATCGGGATAAAAAACAGTGATGTCCTCCGAGTATTTGAACGTGGC
TTTTCAGGATACAATGGCCGTTTGACCCAGCAGTCCTCTGGACTTGGCCTTTATCTATCTAAGAAAATTTCTGAAGAACTGGGGCACCAGATTCGTATCGAGTCTGA
GGTCGGAAAAGGAACGACAGTGCGGATTCAGTTTGCTCAAGTGAACTTAGTCCTTGAGTAACTGCAG PstI

>SP_1226 sensory box sensor histidine kinase (hk02)
BamHI.GGATCCGAAAATAGACGTGATAATATTCAGTTGAAGCAAGTCAATCAAAAGGTTAAAGATTTGATTGCAGGAGATTATTCCAAGGTTCTTGATATGCAAGG
TGGGTCTGAAATCACCAATATTACCAATAATTTGAATGACTTGTCGGAGGTTATTCGTCTCACTCAGGAAAATCTAGAACAAGAGAGTAAGAGGCTAAATAGTATTC
TGTTTTATATGACAGATGGGGTTCTTGCGACTAACCGTCGGGGTCAGATTATCATGATTAACGATACAGCCAAGAAGCAACTGGGGTTGGTTAAGGAAGATGTTCTG
AATAGAAGCATTTTGGAATTGCTCAAGATAGAAGAAAACTATGAATTGCGTGATTTGATTACCCAAAGTCCAGAATTGTTGCTAGATTCCCAAGATATCAATGGCGA
ATATTTGAACCTTCGAGTTCGCTTTGCCTTGATACGTCGAGAGTCTGGCTTTATTTCAGGTTTGGTGGCTGTTTTGCATGATACGACGGAGCAGGAGAAGGAAGAAC
GCGAACGAAGACTCTTTGTTTCCAATGTTAGCCATGAGTTACGGACTCCTCTGACTAGCGTAAAATCCTATCTTGAAGCCTTGGATGAGGGGGCTTTGTGTGAAACT
GTAGCACCAGACTTTATCAAGGTTTCTCTTGATGAGACCAACCGTATGATGCGCATGGTGACGGATCTCCTCCATCTTTCACGTATTGATAATGCTACCAGTCACCT
AGATGTGGAACTGATTAACTTCACTGCTTTTATTACCTTTATCCTCAATCGTTTTGACAAGATGAAAGGACAGGAAAAGGAGAAAAAATATGAGTTGGTGAGAGATT
ATCCCATCAATTCTATCTGGATGGAAATTGATACAGATAAGATGACGCAGGTTGTCGACAATATTTTAAATAATGCTATTAAGTATTCGCCAGATGGGGGTAAAATC
ACTGTCAGAATGAAGACAACTGAAGACCAGATGATTTTATCCATTTCTGACCACGGTTTGGGGATTCCTAAGCAGGATTTACCACGTATCTTTGACCGTTTCTATCG
TGTGGATCGTGCTAGAAGTCGTGCACAAGGTGGTACAGGTCTAGGACTGTCTATCGCTAAAGAAATTATCAAACAACATAAGGGCTTTATTTGGGCCAAGAGTGAAT
ACGGCAAGGGTTCAACCTTTACCATTGTACTCCCTTATGATAAGGATGCAGTGAAAGAAGAAGTATGGGAGGATGAAGTAGAAGACTAGCTGCAG PstI

>SP_0386 putative sensor histidine kinase (hk03)
BamHI.GGATCCGAAGAGCTTTCTCTAAGAAAAATGCAGGCTAATCTCAAGCGTTTATTAGCAGGGCAAGAAGTGGTTCAGGTTGCAGATCCAGATTTGGATGCCAG
TTTCAAGTCCTTATCAGGTAAACTTAACCTTTTGACAGAGGCTCTTCAAAAAGCTGAAAATCAGAGCCTTGCTCAGGAAGAGGAAATCATCGAGAAGGAACGGAAGC
GAATTGCTCGGGATTTGCACGATACAGTCAGTCAGGAGTTGTTTGCGGCCCACATGATTTTATCGGGTATCAGTCAGCAGGCTTTGAAATTGGATAGAGAAAAGATG
CAGACCCAGTTGCAGAGTGTCACAGCTATTTTAGAAACAGCCCAGAAGGATTTGCGGGTTTTGCTCTTGCATTTGCGACCAGTTGAACTGGAGCAGAAGAGCTTGAT
AGAAGGGATTCAAATTCTTTTAAAAGAGCTTGAGGACAAGAGTGATCTTAGGGTTAGTCTCAAGCAGAATATGACGAAATTGCCTAAGAAAATCGAGGAGCATATCT
TCCGTATCCTGCAAGAGTTGATTAGCAATACCCTCCGCCATGCCCAGGCATCTTGCCTAGATGTCTACCTCTATCAGACAGATGTTGAATTGCAACTGAAGGTGGTG
GACAATGGGATTGGTTTCCAGTTAGGGAGCTTAGACGACTTGAGTTATGGACTGCGAAATATCAAGGAGCGGGTTGAAGATATGGCTGGAACAGTTCAACTCTTGAC
AGCTCCCAAGCAAGGGCTGGCGGTTGATATCCGTATTCCCCTGTTAGATAAGGAATGACTGCAG PstI
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>SP_2083 sensor histidine kinase PnpS (pnpS) (hk04)
BamHI.GGATCCTTATCCAGTCGCTCTCTGCCTCATTATTTTCCCGATGTGGACGGCGACATAAGTTCACTTGATGACCTCAAACGGATGGATATTCGGAATTTAGT
TCACCAAGCCTTTGATCAAAAAACAAGGTTAAAACAAGAAGTAAGTGGGTTTCATGAGGGTGACTTGATTTTAGAAGTGACAGCAGTTCCCGTTTTTAGCCCCACCC
AATCTGTGGAAGCTGTGCTCGTCTTGCTATATGATTTAACAACGATTAGAACTTATGAAAAGTTAAATTTAGCCTTTGTCTCAAATGCCTCCCATGAATTGAGGACA
CCAGTTACTTCGATTAAGGGCTTTGCTGAAACCATTAAGGGGATGTCAGCTGAAGAAGAAGCGCTCAAGGATGACTTTCTAGACATTATTTACAAAGAAAGTTTGCG
TCTTGAGCATATTGTTGAGCATCTTCTTACCTTATCTAAGGCTCAACAAATGCCTATACAATGGACGACCCTTTCTTTGGCAGAATTTGTACAGGATTTGACTCAAA
GCTTGCAACCTCAGCTCAAGAAGAAGGATTTACAGCTAAAGGTGCAGGTGCCAGATGATGTCACCCTCGTATCAGATAGTCAATTACTTTCCCAAATCTTACTCAAT
CTTTTATCCAATGCCATCCGTTACACTGAACAAGGGGGAAAAATTGAGGTCAAGACCCAAAAGGTGAACGAAGGCATTAAGATTTCTGTATCAGATACAGGGATTGG
TATTAGTCAATTAGAGCAGGATCGTATTTTTGAACGTTTTTACCGAGTTAATAAAGGTCGAAGCAGACAAACTGGTGGCACTGGTCTTGGCCTTGCCATTGTCAAAG
AACTCAGTCAATTATTAGGTGGCCAAGTCACGGTGACGAGTCAGCTTGGCAGAGGCAGTTGCTTCACGATTTTTCTTCCTAACCAATCTTTCGCACAGGACTAACTG
CAG PstI

>SP_0799 sensor histidine kinase CiaH (ciaH) [2.7.3.-] (hk05)
BamHI.GGATCCAGTGTTAGGCCCCTGCTTGAGAGTATGCAGAAGCAACAGTCTTTTGTGGAAAATGCCAGTCATGAGTTACGAACTCCACTCGCAGTTTTGCAAAA
TCGCTTAGAGACCCTTTTTCGTAAGCCAGAAGCTACCATTATGGATGTGAGCGAAAGCATTGCATCGAGTTTGGAAGAAGTCCGAAATATGCGTTTTTTAACGACAA
GCTTGCTGAACTTAGCTCGGAGAGATGATGGGATTAAGCCGGAGCTTGCAGAAGTTCCAACTAGCTTTTTTAATACAACTTTCACAAACTACGAGATGATTGCTTCG
GAAAATAATCGTGTCTTCCGTTTTGAAAATCGTATCCATCGAACAATTGTCACAGATCAGCTTCTTCTGAAACAACTGATGACCATTCTTTTCGATAATGCCGTCAA
GTATACTGAGGAGGATGGTGAAATTGATTTTCTTATCTCGGCGACCGATCGCAATCTTTATTTACTTGTTTCTGATAATGGAATCGGTATTTCGACAGAAGATAAAA
AGAAAATTTTTGACCGTTTTTATCGAGTAGACAAGGCTAGAACCCGGCAAAAAGGTGGTTTTGGTTTAGGATTATCCCTAGCCAAGCAAATTGTAGATGCTCTAAAA
GGAACTGTTACTGTCAAAGATAATAAACCCAAGGGAACAATCTTTGAAGTGAAGATTGCCATTCAGACACCATCTAAAAAGAAAAAATAACTGCAG PstI

>SP_2192 sensor histidine kinase (hk06)
BamHI.GGATCCACTAAACGCTTGCTCAATCCTCTTTTTTACATTTCAGAAGTGACTAGTAAAATGCAAGATTTGGATGACAATATTCGTTTTGATGAAAGTAGGAA
AGATGAAGTTGGTGAAGTTGGAAAACAGATTAATGGTATGTATGAGCACTTGTTGAAGGTTATTTATGAGTTGGAAAGTCGTAATGAGCAAATTGTAAAATTGCAAA
ATCAAAAGGTTTCCTTTGTCCGCGGAGCATCACATGAGTTGAAAACCCCTTTAGCCAGTCTTAGAATTATCCTAGAGAATATGCAGCATAATATTGGAGATTACAAA
GATCATCCAAAATATATTGCAAAGAGTATAAATAAGATTGACCAGATGAGCCACTTATTAGAAGAAGTACTGGAGTCTTCTAAATTCCAAGAGTGGACAGAGTGTCG
TGAGACCTTGACTGTTAAGCCAGTTTTAGTAGATATTTTATCACGTTATCAAGAATTAGCTCATTCAATAGGTGTTACAATTGAAAATCAATTGACAGATGCTACCA
GGGTCGTCATGAGTCTTAGGGCATTGGATAAGGTTTTGACAAACCTGATTAGTAATGCAATTAAATATTCAGATAAAAATGGGCGTGTAATCATATCCGAGCAAGAT
GGCTATCTCTCTATCAAAAATACATGTGCGCCTCTAAGTGACCAAGAACTAGAACATTTATTTGATATATTCTATCATTCTCAAATCGTGACAGATAAGGATGAAAG
TTCCGGTTTGGGTCTTTACATTGTGAATAATATTTTAGAAAGCTATCAAATGGATTATAGTTTTCTCCCTTATGAACACGGTATGGAATTTAAGATTAGCTTGTAGC
TGCAG PstI
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>SP_0155 putative sensor histidine kinase (hk07)
BamHI.GGATCCAGGCAGACTTTTGCTAATTACCAAAAGCAGGTAGTGGATTTAGTAGAATCCATTCAAGTCATTGCTCAAGGCGAAGAGGGGCGTCGGATTGACAT
TTCCGAGAAAGATCAGGAATTACTCCTAATCGCGGAGACGACCAATGATATGTTGGATCGATTGGAAAAGAATATCCATGATATTTACCAGTTAGAGCTTAGTCAAA
AAGATGCCAATATGCGAGCCTTGCAGGCGCAAATCAATCCTCATTTTATGTATAATACGCTGGAGTTCTTGCGCATGTATGCAGTTATGCAGAGTCAAGATGAGTTG
GCAGATATCATTTATGAATTCAGTAGTCTCTTGCGTAACAATATTTCCGACGAAAGAGAGACCCTCCTCAAACAGGAATTAGAATTTTGCCGTAAATACAGCTATCT
CTGCATGGTTCGCTATCCCAAGTCCATTGCCTATGGTTTCAAGATAGATCCAGAGTTAGAGAATATGAAGATTCCCAAGTTTACCTTGCAACCGCTGGTAGAAAACT
ATTTCGCGCATGGTGTTGACCACAGGCGGACAGATAATGTGATTAGCATCAAGGCTCTTAAACAGGATGGTTTTGTGGAAATTTTGGTGGTCGATAATGGTAGAGGA
ATGTCGGCTGAAAAGTTGGCAAATATCCGAGAAAAATTAAGTCAGAGATATTTTGAACACCAAGCCAGCTACAGTGATCAAAGGCAGTCTATCGGGATTGTCAATGT
ACACGAGCGTTTTGTGCTCTATTTTGGAGACCGCTATGCCATTACTATAGAGTCTGCAGAGCAAGCCGGTGTTCAGTATCGTATTACAATTCAAGATGAGTAGGTCG
AC SalI

>SP_0084 sensor histidine kinase (hk08)
BamHI.GGATCCTCGTTGGGCAAACTCAAGGAGCATGCCAAGCGGGTAGCGGCCAAGGATTTTCCTTCAAATTTGGAGGTTCAAGGTCCTGTAGAATTTCAGCAATT
AGGGCAAACTTTTAATGAGATGTCCCATGATTTGCAGGTAAGCTTTGATTCCTTGGAAGAAAGCGAACGAGAAAAGGGCTTGATGATTGCCCAGTTGTCGCATGATA
TTAAGACTCCTATCACTTCGATCCAAGCGACGGTAGAAGGGATTTTGGATGGGATTATCAAGGAGTCGGAGCAAGCTCATTATCTAGCAACCATTGGACGCCAGACG
GAGAGGCTCAATAAACTGGTTGAGGAGTTGAATTTTTTGACCCTAAACACAGCTAGAAATCAGGTGGAAACTACCAGTAAAGACAGTATTTTTCTGGACAAGCTCTT
AATTGAGTGCATGAGTGAATTTCAGTTTTTGATTGAGCAGGAGAGAAGAGATGTCCACTTGCAGGTAATCCCAGAGTCTGCCCGGATTGAGGGAGATTATGCTAAGC
TTTCTCGTATCTTGGTGAATCTGGTCGATAACGCTTTTAAATATTCTGCTCCAGGAACCAAGCTGGAAGTGGTGGCTAAGCTGGAGAAGGACCAGCTTTCAATCAGT
GTGACCGATGAAGGGCAGGGTATTGCCCCAGAGGATTTGGAAAATATTTTCAAACGCCTTTATCGTGTCGAAACTTCGCGTAACATGAAGACAGGTGGTCATGGATT
AGGACTTGCGATTGCGCGTGAATTGGCCCATCAATTGGGTGGGGAAATCACAGTCAGCAGCCAGTACGGTCTAGGAAGTCTGCAG PstI

>SP_0662 putative sensor histidine kinase (hk09)
BamHI.GGATCCAAACGCTGGATTGCTCCTTTGAAGGATTTGAGAGAAACCATGTTGGAAATTGCTTCTGGTGCTCAAAATCTTCGTGCCAAGGAAGTTGGTGCCTA
TGAACTGAGAGAAGTAACTCGCCAATTTAATGCTATGTTGGATCAGATTGATCAGTTGATGGTAGCTATTCGTAGCCAGGAAGAAACGACCCGTCAGTACCAACTTC
AAGCCCTTTCGAGCCAGATTAATCCACATTTCCTCTATAACACTTTGGACACCATCATCTGGATGGCTGAATTTCATGATAGTCAGCGAGTGGTGCAGGTGACCAAG
TCCTTGGCAACCTATTTCCGCTTGGCGCTCAATCAAGGCAAGGACTTGATTTGTCTCTCTGACGAAATCAATCATGTCCGCCAGTATCTCTTTATCCAGAAACAACG
CTATGGAGATAAGCTGGAATACGAAATTAATGAAAATGTTGCCTTTGATAATTTAGTCTTACCCAAGCTGGTCCTACAACCCCTTGTAGAAAATGCTCTTTACCATG
GCATTAAGGAAAAGGAAGGTCAGGGCCATATTAAACTTTCTGTCCAGAAACAGGATTCGGGATTGGTCATCCGTATTGAGGATGATGGCGTTGGCTTCCAAGATGCT
GGTGATAGTAGTCAAAGTCAACTCAAACGTGGGGGAGTTGGTCTTCAAAATGTCGATCAACGGCTCAAACTTCATTTTGGAGCCAATTACCATATGAAGATTGATTC
TAGACCCCAAAAAGGGACGAAAGTTGAAATATATATAAATAGAATAGAAACTAGCTAACTGCAG PstI
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>SP_0604 sensor histidine kinase VncS (vncS) [2.7.3.-] (hk10)
BamHI.GGATCCTACGCTCGGACTATTGTTGCACCGATTTTGGAAATCAAGCGGGTGACCCGTCGGATGATGGACCTGGATTCCCAAGTGCGATTGCGCGTGGATTC
TAAGGATGAGATAGGTAATCTCAAGGAACAAATCAATAGCCTCTACCAGCATCTCTTGACTGTTATTGCGGACTTGCATGAAAAGAATGAAGCCATTCTCCAGCTGG
AGAAGATGAAGGTCGAATTCCTACGAGGAGCTTCTCATGAATTGAAAACACCGCTGGCTAGTTTGAAAATCCTAATCGAAAATATGAGAGAGAATATCGGTCGTTAT
AAGGATAGAGACCAGTATCTGGGAGTTGCCTTGGGGATTGTGGATGAACTCAATCACCATGTTCTGCAGATACTTTCCCTCTCTTCTGTGCAGGAATTGCGAGATGA
TAGGGAAACAATTGACCTCCTCCAGATGACGCAAAATCTGGTCAAAGATTATGCCTTGCTAGCCAAGGAAAGAGAGCTCCAGATAGACAATAGTTTGACCCATCAGC
AGGCTTATCTAAACCCATCAGTTATGAAGTTGATTCTTTCTAATCTCATCAGCAATGCCATTAAGCACTCTGTTCCAGGTGGCTTAGTTCGAATTGGAGAAAGAGAA
GGAGAACTTTTTATCGAAAATAGCTGTAGCTCAGAGGAACAAGAAAAACTAGCCCAGTCTTTTTCTGACAATGCCAGTCGCAAGGTCAAGGGGTCTGGTATGGGGCT
CTTTGTGGTTAAGAGTCTATTAGAACATGAAAAATTAGCTTATCGTTTCGAGATGGAGGAGAATAGTTTAACCTTCTTTATAGATTTTCCAAAAGTCGTCCAAGACT
AGGTCGAC SalI

>SP_2001 putative sensor histidine kinase (hk11)
BamHI.GGATCCCGGATTCGTATTGTCGAGGATTTGAAAGAAGCTCAGGTCAAGCAAAATGCTCAGATAAATCTATTGCTTGCTGAAAATGAACGTAGTCGTATCGG
TCAGGATTTGCATGATAGTCTGGGACATACCTTTGCTATGCTGAGTGTCAAGACAGATTTAGCCTTGCAGTTATTTCAGATGGAGGCTTATCCACAGGTGGAAAAGG
AATTAAAAGAAATTCACCAGATCAGCAAGGATTCCATGAATGAAGTGCGAACCATTGTGGAAAATCTTAAGTCTAGAACTTTGACATCCGAACTAGAGACTGTGAAA
AAGATGTTAGAAATTGCTGGAATTGAGGTTCAAGTTGAGAATCACTTGGACAAGTCTAGCTTAACTCAGGAATTGGAGTCAACGGCTTCCATGATTTTGCTTGAATT
AGTGACCAATATCATCAAACATGCTAAAGCGTCTAAAGTCTACTTGAAATTAGAACGGACAGAGAAAGAACTCATTCTAACAGTGAGAGATGATGGCTGTGGCTTTG
CCTCTATAAGCGGGGATGAGCTCCATACAGTCCGAAATCGTGTTTTTCCATTTTCAGGAGAAGTAAGTGTAATCAGTCAGAAACATCCAACTGAAGTGCAGGTTCGA
CTACTTTATAAGGAGAGAAAGTAGCTGCAG PstI

>SP_2236 putative sensor histidine kinase ComD (comD) (hk12)
BamHI.GGATCCAATTCTCATAAAGTTCAAATGGAGAAAGAGATTGCTTTGAAGCAGAAGAAATTTGAACAGAAACATTTACAGAATTACACAGATGAAATTGTTGG
TCTGTATAATGAAATCCGTGGTTTTCGACATGATTATGCTGGAATGCTTGTCAGCATGCAGATGGCAATTGACAGTGGTAATTTACAGGAAATTGACAGAATTTACA
ATGAAGTTTTAGTCAAAGCAAATCATAAATTGCGTTCAGATAAGTACACTTACTTTGATTTGAACAACATAGAAGACTCAGCTTTACGAAGTTTGGTTGCTCAGTCA
ATTGTCTATGCTCGAAATAATGGTGTAGAGTTTACACTGGAAGTAAAAGATACGATTACCAAGCTTCCAATTGAACTATTGGATTTGGTTCGTATCATGAGCGTTTT
ATTGAATAATGCTGTCGAAGGATCGGCTGATAGCTATAAAAAGCAGATGGAAGTAGCAGTTATTAAGATGGAAACTGAAACAGTTATTGTGATTCAGAATTCATGTA
AAATGACGATGACTCCTTCAGGAGATCTATTTGCCTTAGGATTCTCCACTAAGGGAAGAAATCGCGGAGTCGGATTAAATAATGTGAAAGAACTACTAGATAAGTAC
AACAATATTATTTTAGAAACAGAGATGGAAGGCAGTACATTTAGACAAATCATTAGATTTAAGAGGGAATTTGAATGACTGCAG PstI
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>SP_0527 putative sensor histidine kinase BlpH (blpH) (hk13)
BamHI.GGATCCAAGAAATTGGATACCTATTTGAAGGAAAAACTCTATGAGAGATTGGAACAAGAGCAGGCCCTGCGCTATAGAGATATGGAACGCTATAGTCGGCA
TATAGAGGAGCTTTACAAGGAAGTACGGAGCTTTCGTCATGATTATACCAACCTCTTGACTAGCTTACGTCTGGGCATTGAAGAGGAGGATATGGAGCAGATAAAAG
AGGTCTATGGCTCCGTCTTAAAGGATTCCAGTCAGAAATTGCAGAACAATAAATATGACCTGGGCAGATTGGTAAATATTCGTGATAAAGCCCTCAAAAGTCTTCTA
GCAGGGAAATTTTTAAAAGCCAGAGATAAGAACATTGTCTTTAATGTCGAAGTTCCTGAGGAGATTCAGGTCGAGGGGATGAGTCTACTTGATTTTCTAACCATTGT
GTCTATCCTTTGTGACAATGCTATTGAAGCCAGTGTGGAAGCTAGTCAACCTCATGTTTCAATCGCCTTTTTAAAAAATGGAGCACAGGAGACCTTTATCATCGAAA
ACTCCATCAAAGAAGAGGGCATCGATATTTCTGAAATCTTCTCCTTTGGAGCCAGTTCTAAAGGGGAGGAGAGAGGAGTTGGTCTCTATACCGTCATGAAGATTGTG
GAAAGCCATCCTAATACCAGTCTAAATACCACCTGTCAAAATCAAGTCTTTCGTCAGGTACTTACTGTGATACATACAGAATGACTGCAG PstI

10.7 PRIMER DESIGN FOR THE 14 PNEUMOCOCCAL rr GENES
>SP_1633 DNA-binding response regulator (rr01)
BamHI.GGATCCTTGCACAAGATTTTATTAATAGAAGATGATCAGGTCATTCGTCAACAGATTGGGAAAATGCTCTCTGAATGGGGATTTGAAGTGGTCCTGGTAGA
AGACTTTATGGAAGTTTTGAGTCTATTTGTTCAGTCGGAACCTCATCTGGTCCTCATGGATATTGGTTTGCCCTTGTTTAATGGTTATCACTGGTGTCAGGAAATCC
GCAAGATTTCCAAGGTACCTATCATGTTTCTTTCTTCGAGAGACCAGGCTATGGATATTGTCATGGCAATCAATATGGGGGCGGATGACTTTGTGACCAAGCCTTTT
GACCAGCAGGTTCTTTTAGCTAAGGTTCAGGGCTTGTTGCGTCGTTCCTATGAGTTTGGGCGTGATGAGAGTTTGCTGGAATATGCTGGTGTTATCCTCAATACCAA
ATCCATGGATTTACATTATCAAGGGCAAGTCTTGAATTTGACCAAGAATGAATTCCAGATTTTACGCGTGTTATTTGAGCATGCAGGCAACATCGTAGCACGTGACG
ACCTGATGCGGGAACTTTGGAACAGTGACTTTTTCATTGATGATAATACCCTCTCTGTCAATGTGGCTCGTTTGCGTAAAAAGTTGGAGGAGCAGGGATTGGTAGGA
TTTATCGAGACCAAGAAAGGAATAGGGTACGGATTGAAGCATGCTTGACTGCAG PstI

>SP_1227 DNA-binding response regulator (rr02)
BamHI.GGATCCTTGAAAAAAATACTAATTGTAGATGATGAGAAACCAATCTCGGATATTATCAAGTTTAATATGACCAAGGAAGGTTACGAAGTTGTAACTGCTTT
TAATGGTCGTGAAGCGCTAGAGCAATTTGAAGCAGAGCAACCAGATATTATTATTCTGGATTTGATGCTTCCAGAAATTGATGGTTTAGAAGTTGCTAAGACCATTC
GTAAGACAAGCAGTGTGCCCATTCTTATGCTTTCAGCCAAAGATAGTGAATTTGATAAGGTTATCGGTTTGGAACTTGGGGCAGATGACTATGTAACAAAACCCTTC
TCCAATCGTGAGTTGCAGGCGCGTGTTAAAGCTCTTCTGCGTCGTTCTCAACCTATGCCAGTAGATGGTCAGGAAGCAGATAGTAAACCTCAACCTATCCAAATTGG
GGATTTAGAAATTGTTCCAGACGCCTACGTGGCTAAAAAATATGGCGAAGAACTAGACTTAACCCATCGTGAATTTGAGCTTTTGTATCATTTAGCATCGCATACAG
GTCAAGTCATCACGCGCGAACACTTGCTTGAGACTGTCTGGGGTTATGACTATTTTGGTGATGTCCGTACAGTTGATGTGACTGTACGACGTCTGCGTGAGAAGATT
GAAGATACGCCCAGCCGACCAGAGTATATCTTGACGCGCCGTGGTGTAGGGTATTACATGAGAAATAATGCTTGACTGCAG PstI
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>SP_0387 DNA-binding response regulator (rr03)
BamHI.GGATCCTTGAAAATTTTACTAGTAGATGACCATGAAATGGTCCGATTGGGCTTGAAAAGCTACTTTGACCTCCAAGACGATGTAGAAGTTGTGGGTGAGGC
GTCCAACGGGTCTCAAGGGATTGACTTGGCCTTGGAACTGCGTCCAGATGTCATTGTCATGGATATTGTCATGCCTGAGATGAATGGGATTGACGCGACCTTAGCAA
TCCTTAAAGAATGGCCTGAAGCCAAGATTTTGATTGTGACCTCTTATTTGGACAATGAAAAAATCATGCCAGTCTTAGATGCTGGTGCCAAAGGCTATATGCTCAAG
ACTTCTAGTGCAGATGAATTGCTTCATGCCGTCAGTAAGGTAGCTGCTGGCGAGCTGGCCATTGAGCAAGAGGTTAGCAAGAAGGTTGAATACCACCGCAATCATAT
GGAACTTCATGAAGAATTGACTGCGCGTGAGCGAGATGTTCTCCAACTCATCGCCAAGGGCTACGAAAATCAGCGCATCGCAGATGACCTCTTTATCTCTCTCAAGA
CGGTCAAGACCCACGTGTCCAATATTCTTGCCAAACTTGAAGTCAGCGATCGTACCCAGGCGGCTGTCTATGCCTTTCAGCACCATTTGGTGGGGCAAGAGGAGTTT
TAGCTGCAG PstI

>SP_2082 response regulator (rr04)
BamHI.GGATCCTTGACAAAACAAGTCTTATTAGTGGATGATGAAGAACACATTCTGAAATTGCTTGACTACCATTTAAGTAAGGAAGGCTTTTCTACTCAATTGGT
GACAAATGGACGGAAGGCCTTAGCTTTGGCAGAAACAGAACCCTTTGATTTTATCTTGCTTGATATCATGTTACCACAATTAGATGGCATGGAAGTTTGTAAGCGGC
TGAGAGCCAAAGGCGTCAAAACTCCAATTATGATGGTTTCTGCGAAAAGTGATGAATTTGATAAGGTTTTGGCCTTGGAATTAGGGGCTGATGACTACCTGACCAAG
CCTTTTAGCCCTAGAGAATTGCTGGCGCGTGTCAAGGCTGTCCTCAGGCGAACTAAAGGAGAACAAGAAGGAGATGATTCAGATAATATCGCTGACGATTCTTGGCT
ATTTGGGACCTTGAAAGTATACCCTGAGCGTCATGAAGTCTACAAGGCGAATAAGTTACTGAGTTTGACCCCAAAAGAATTTGAACTCTTGCTCTATCTTATGAAAC
ATCCCAACATGACACTGACTAGAGAGCGTCTTTTGGAACGTATCTGGGGGTATGACTTTGGGCAGGAAACACGTTTGGTGGACGTTCATATTGGTAAGTTGAGGGAA
AAAATTGAAGACAATCCTAAAGCCCCTCAATTTATTCGAACCATTCGGGGTTATGGTTATAAGTTCAAGGAGTTATAGCTGCAG PstI

>SP_0798 DNA-binding response regulator CiaR (ciaR) (rr05)
BamHI.GGATCCTTGATAAAAATCTTATTGGTTGAGGATGACCTAGGTCTGTCAAATTCAGTATTTGACTTTTTAGACGATTTTGCGGATGTTATGCAGGTATTTGA
TGGAGAAGAAGGTCTCTACGAAGCTGAGAGTGGTGTCTATGACTTGATTTTGCTGGATTTGATGTTGCCAGAAAAAAATGGTTTCCAAGTCTTAAAAGAATTGCGTG
AAAAGGGAATTACGACACCAGTTCTGATTATGACTGCCAAGGAAAGTTTGGATGACAAGGGACATGGATTTGAACTGGGAGCGGATGATTATCTGACCAAACCTTTC
TACCTAGAAGAACTTAAAATGCGGATTCAGGCCCTTCTCAAACGTTCAGGGAAGTTTAATGAAAACACCTTGACTTATGGGAATATCGTGGTTAATTTATCAACCAA
TACCGTTAAAGTTGAAGATACTCCTGTCGAATTGCTGGGGAAAGAGTTCGATTTACTAGTTTATTTCCTTCAAAATCAAAATGTGATTTTGCCTAAGACGCAGATTT
TTGACCGTCTATGGGGATTTGATAGTGATACAACGATTTCGGTTGTCGAAGTCTATGTTTCAAAAGTCCGTAAGAAATTAAAGGGAACCACTTTTGCAGAGAATTTG
CAAACTTTGCGTAGTGTTGGGTATCTTTTAAAAGATGTTCAGTAACTGCAG PstI
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>SP_2193 DNA-binding response regulator (rr06)
BamHI.GGATCCTTGAACATTTTAGTTGCAGATGACGAGGAAATGATTAGAGAAGGAATTGCAGCATTTCTGACAGAAGAGGGTTATCATGTCATTATGGCTAAGGA
TGGACAAGAGGTCTTGGAAAAATTTCAAGATCTCCCTATCCATCTCATGGTACTGGATTTAATGATGCCTAGGAAGAGTGGTTTTGAAGTGTTAAAAGAAATCAATC
AAAAGCACGATATTCCTGTCATCGTCTTGAGTGCTCTGGGAGATGAAACTACTCAGTCACAGGTATTTGATCTCTATGCTGATGATCATGTGACAAAACCTTTTTCT
TTGGTACTGCTTGTCAAGCGTATTAAGGCGCTTATCAGACGTTACTACGTCATAGAGGATCTTTGGCGATATCAGGATGTAACAGTGGATTTTACCTCTTACAAAGC
ACATTATAAAAATGAAGAAATTGATCTCAAACCAAAGGAATTACTGGTACTAAAGTGTTTGATTCAGCATAAAAATCAAGTTTTAAGTAGAGAGCAGATATTGGAAG
AAATTTCAAAAGATGTAGCTGATTTACCTTGTGATAGGGTCGTTGATGTCTATATTCGTACTCTTCGCAAAAAATTAGCTTTAGATTGTATCGTGACTGTGAAAAAT
GTTGGGTATAAGATTAGCTTATGACTGCAG PstI

>SP_0156 DNA-binding response regulator (rr07)
BamHI.GGATCCTTGTATAAAGTATTATTAGTAGATGATGAGTACATGGTGACAGAAGGTCTGAAGCGTTTGATTCCCTTTGATAAGTGGGATATGGAGGTCGTCGC
AACAGCCAGTCATGCCGATGAAGCTCTAGAATATGTTCAGGAAAATCCTGTCGATGTCATCATTTCCGATGTCAATATGCCAGACAAAACAGGGCTTGATATGATTC
GGGAGATGAAAGAGATCTTACCAGATGCTGCCTATATCCTGCTCTCAGGTTATCAGGAGTTTGATTATGTAAAAAGAGCAATGAACCTTAGTGTGGTGGACTATTTG
GTCAAGCCTGTTGATAAGGTAGAGCTGGGAAATCTGCTGGAGAAGATTGCAGGTCAGCTCGGCGAGAGAGGGAAGAAAAGTCAGACTCTTAGTCAAGAATTAGACGA
GGCTGGATTTGTTAGTTATTTAGGGGATAAGGAGAATTGGTGGATAGGTCTATCCAAGGAAAAACAAGGTTCCTTCACCATTCCCTACTATGTCTTGGGTCAAGACT
GGCAGATTTTCATTTCTGGCCACCCCCTAGATGGTTTAGTCGTTACACCTTTTGAAGCTCCTTATCAAGAACACTTTGAACGCTGGAAGCTGAATGCTGAGAAAACC
CTCTTTTACGGTTCTGTAAATCTGCAGCAGTCTGAGAGTCTCTTTGCCTATTACGAACCGATTTATAGGGTTATCATTCAGGGAAATCTCAATCAAATCGTAGAAGA
GTTAAATCTCTTGGAGAAGGTAGTTCTTGAAAATACACCTCGTGTTTCGATTACTAAACAGCTTTTTATCCAGTTTGTCATGGATGTTTTCCATTTATTTGAACATC
TCAAAGCTGATGATATGACGGACATTGTCAAAACCATTCATGCTATTCAATCCTTCGATGAATTGGTTTCTTATATCAAGGAAACTCTGATCAGCTTTTTCGGTCAA
TACCGTATGAATGAAAATGTGGTCAGTGTGCTGGAAGTCATTGGTCGTGATTACCAAAAAGAGCTTTCCCTCAAGGATATCAGTAAGGCCCTCTTTATCAATCCTGT
CTATCTAGGGCAGTTGATTAAGCGTGAAACCGATTCGACCTTTGCAGAGTTACTAAACAAACAACGTATTAAGGCTGCCCAGCAGCTCTTGCTTTCAACTAGTGACA
GTATCGAAGATATTTGTTATGCTGTTGGTTACAGTAACCTTGGATATTTCTATAAAGTTTTCCGAAAATTGTGCGGAAAATCGCCAAAAGCCTACCGAAAACAGGTA
GAAACTATACTATAAGTCGAC SalI

>SP_0083 DNA-binding response regulator (rr08)
BamHI.GGATCCTTGGGAAAGACAATTTTACTCGTTGACGACGAGGTAGAAATCACAGATATTCATCAGAGATACTTAATTCAGGCAGGTTATCAGGTCTTGGTAGC
CCATGATGGACTGGAAGCGCTAGAGCTGTTCAAGAAAAAACCGATTGATTTGATTATCACAGATGTCATGATGCCTCGGATGGATGGTTATGATTTAATCAGTGAGG
TTCAATACTTATCACCAGAGCAGCCTTTCCTATTTATTACTGCTAAGACCAGTGAACAGGACAAGATTTACGGCCTGAGCTTGGGAGCAGATGATTTTATTGCTAAG
CCTTTTAGCCCACGTGAGCTGGTTTTGCGTGTCCACAATATTTTGCGCCGCCTTCATCGTGGGGGCGAAACAGAGCTGATTTCCCTTGGCAATCTAAAAATGAATCA
TAGTAGTCATGAAGTTCAAATAGGAGAAGAAATGCTGGATTTAACTGTTAAATCATTTGAATTGCTGTGGATTTTAGCTAGTAATCCAGAGCGAGTTTTCTCCAAGA
CAGACCTCTATGAAAAGATCTGGAAAGAAGACTACGTGGATGACACCAATACCTTGAATGTGCATATCCATGCTCTTCGACAGGAGCTGGCAAAATATAGTAGTGAC
CAAACTCCCACTATTAAGACAGTTTGGGGGTTGGGATATAAGATAGAGAAACCGAGAGGACAAACATGAAAGCTT HindIII
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>SP_0661 DNA-binding response regulator (rr09)
BamHI.GGATCCTTGACCTACACAATCTTAATCGTAGAAGATGAATATCTGGTAAGACAAGGTTTGACTAAACTGGTCAATGTAGCAGCCTACGATATGGAAATCAT
CGGTCAGGCTGAAAATGGAAGGCAGGCTTGGGAATTGATCCAAAAGCAGGTGCCAGATATCATTTTAACCGATATCAACATGCCTCATCTAAATGGCATCCAGTTGG
CCAGTCTGGTACGAGAAACCTATCCTCAGGTTCATTTGGTCTTTTTAACAGGTTACGATGATTTTGATTATGCCTTGTCTGCTGTCAAACTAGGTGTGGACGACTAC
CTGCTCAAACCCTTTTCTCGTCAGGATATTGAGGAAATGTTGGGGAAAATCAAACAAAAACTAGACAAGGAAGAGAAAGAAGAGCAGTTACAAGATTTATTGACTAA
TAGGTTTGAAGGAAACATGGCCCAGAAAATCCAGTCTCATCTGGCTGATAGCCAATTTAGTTTAAAGTCTTTAGCCAGTGACTTAGGTTTTAGTCCGACCTATCTGA
GTTCCTTGATTAAGAAAGAGTTGGGCTTGCCTTTTCAGGATTATCTGGTGAGAGAACGTGTTAAACAAGCCAAGCTCTTGCTTTTAACTACAGATCTGAAGATTTAT
GAGATCGCAGAGAAGGTTGGTTTTGAAGATATGAACTATTTTACCCAACGTTTTAAGCAGATTGCAGGTGTGACACCTCGTCAGTTTAAGAAGGGAGAAGACCGATG
ACTGCAG PstI

>SP_0603 DNA-binding response regulator VncR (vncR) (rr10)
BamHI.GGATCCTTGAAAATTTTAATTGTAGAAGATGAAGAGATGATCCGTGAGGGGGTCAGTGATTATTTGACGGATTGTGGCTATGAAACTATTGAGGCAGCGGA
CGGTCAGGAAGCTCTGGAGCAATTTTCTAGCTATGAGGTGGCCCTGGTTTTACTGGATATCCAGATGCCCAAGCTCAACGGCTTAGAAGTCCTAGCTGAGATTCGTA
AAACCAGTCAGGTTCCTGTCTTGATGTTGACAGCTTTTCAAGATGAGGAATACAAGATGAGTGCCTTTGCCTCTTTGGCAGATGGCTATCTGGAAAAACCTTTCTCC
CTCTCCCTTTTAAAAGTGAGGGTGGACGCGATTTTCAAGCGCTACTACGATACAGGACGAATCTTTTCTTACAAGGATACCAAGGTGGACTTTGAAAGCTACAGTGC
AAGCCTCGCAGGTCAAGAAGTGCCTATCAATGCCAAAGAGTTGGAAATTCTGGACTATCTAGTGAAAAATGAAGGCCGGGCCTTGACTCGATCTCAGATTATCGATG
CCGTCTGGAAAGCGACAGATGAGGTTCCCTTTGACCGTGTTATTGATGTTTATATCAAGGAATTGCGGAAAAAGCTAGACTTGGATTGTATCCTCACTGTGCGCAAT
GTTGGTTATAAATTGGAGCGAAAATGACTGCAG PstI

>SP_2000 DNA-binding response regulator (rr11)
BamHI.GGATCCTTGAAAGTATTAGTCGCAGAAGATCAAAGTATGTTGCGAGATGCCATGTGCCAGTTGCTCATGCTTCAACCGGATGTAGAGTCTGTCTTTCAAGC
CAAGAATGGGCAAGAAGCAATCCAACTATTAGAAAAGGAGTCTGTAGATATCGCCATCCTTGACGTAGAAATGCCTGTTAAGACAGGTCTTGAAGTCTTGGAGTGGA
TACGAGCAGAAAAGCTTGAAACAAAGGTGGTTGTGGTGACGACCTTCAAGCGTCCTGGGTATTTTGAACGTGCGGTCAAGGCTGGAGTAGATGCTTATGTATTAAAA
GAAAGAAACATTGCAGACCTCATGCAAACCTTGCACACCGTCCTCGAAGGACGCAAGGAGTATTCGCCTGAATTGATGGAAGTGGTGATGATGCATCCCAATCCATT
AACGGAGCAAGAAATCGCAGTTTTAAAGGGAATTGCTCAGGGCTTCTCTAACCAAGAAATTGCAGACAAACTTTATCTATCCAACGGAACAGTCCGAAACTATGTCA
CCAATATTCTTTCGAAACTAGATGCAGGTAATCGAACAGAGGCAGCTAATATCGCGAAAGAATCTGGTTGGTTATGACTGCAG PstI
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>SP_2235 response regulator ComE (comE) (rr12)
BamHI.GGATCCTTGAAAGTTTTAATTTTAGAAGATGTTATTGAACATCAAGTGAGACTAGAGAGAATATTGGATGAAATTTCGAAAGAATCGAATATTCCAATATC
ATACAAGACAACGGGAAAAGTCCGTGAATTTGAAGAATACATTGAAAATGATGAAGTAAATCAGCTTTATTTCCTAGATATCGATATTCATGGAATTGAGAAAAAGG
GATTTGAAGTGGCTCAGCTCATTCGTCATTACAATCCTTACGCTATTATCGTCTTTATCACTAGTCGATCAGAGTTTGCGACTCTAACCTATAAATACCAGGTATCA
GCCCTAGATTTTGTTGATAAGGATATCAATGATGAGATGTTTAAGAAGAGAATTGAGCAAAATATCTTCTACACGAAGAGTATGTTACTTGAAAATGAAGATGTTGT
AGATTATTTCGACTACAATTACAAGGGAAATGATTTAAAAATTCCTTACCATGATATTTTGTATATTGAAACAACAGGGGTATCTCATAAATTGCGCATTATTGGTA
AGAATTTTGCAAAAGAGTTTTATGGTACCATGACAGATATTCAGGAAAAGGACAAACATACTCAGCGATTTTATTCTCCTCACAAGTCATTTTTGGTAAATATAGGT
AATATCAGAGAAATTGATCGAAAAAACTTAGAAATTGTTTTCTATGAAGACCATCGTTGTCCTATTTCAAGATTAAAAATTAGAAAATTAAAAGATATTTTAGAGAA
AAAATCTCAAAAGTGACTGCAG PstI

>SP_0526 response regulator BlpR (blpR) (rr13)
SphI.GCATGCTTGAGAATATTTGTTTTAGAGGATGATTTTTCCCAACAGACTAGAATTGAAACGACGATTGAGAAACTTTTGAAAGCACATCATATCATTCCTAGC
TCTTTTGAGGTATTTGGCAAGCCGGACCAACTGCTGGCTGAAGTGCATGAGAAGGGGGCCCATCAGCTATTCTTTTTGGATATTGAGATTCGAAATGAAGAGATGAA
GGGACTGGAAGTGGCTAGAAAGATTCGGGATCGGGATCCTTATGCCCTGATTGTCTTTGTGACGACTCACTCGGAGTTTATGCCCCTGTCTTTTCGCTACCAAGTGT
CTGCTTTGGACTACATTGATAAGGCCTTGTCAGCAGAGGAGTTTGAATCTCGGATCGAGACAGCCCTCCTCTATGCCAATAGTCAAGATAGTAAAAGTCTGGCGGAA
GATTGCTTTTACTTTAAATCAAAATTTGCCCAATTTCAGTATCCTTTTAAAGAGGTTTACTATCTCGAAACGTCGCCCAGAGCCCATCGTGTTATTCTCTATACCAA
GACAGACAGGCTGGAATTTACAGCGAGTTTAGAGGAGGTTTTCAAGCAGGAGCCCCGTCTCTTGCAGTGCCACCGCTCTTTTCTCATCAATCCTGCAAATGTGGTGC
ATTTGGATAAGAAAGAAAAACTGCTTTTCTTTCCCAATGGTGGAAGTTGTCTAATCGCCCGTTATAAGGTCAGGGAAGTGTCTGAGGCCATCAATAAATTACACTGA
CTGCAG PstI

>SP_0376 Orphan DNA-binding response regulator / (rr14)
BamHI.GGATCCTTGGGGAAACGGATTTTATTACTTGAGAAAGAACGAAATCTAGCTCATTTTTTAAGTTTGGAACTCCAGAAAGAGCAGTATCGGGTTGATCTGGT
AGAGGAGGGGCAAAAAGCCCTCTCCATGGCTCTTCAGACAGACTATGATTTGATGTTATTGAACGTTAATCTGGGAGATATGATGGCTCAGGATTTTGCAGAAAAAT
TGAGCCGAACTAAACCTGCCTCAGTCATCATGATTTTAGATCATTGGGAAGACTTGCAAGAAGAGCTGGAAGTTGTTCAGCGTTTTGCAGTTTCATACATCTATAAG
CCAGTCCTTATCGAAAATCTGGTAGCGCGTATTTCGGCGATCTTCCGAGGTCGGGACTTCATTGATCAACACTGCAGTCTGATGAAAGTTCCAAGGACCTACCGCAA
TCTTAGGATAGATGTTGAACATCACACGGTTTATCGTGGTGAAGAGATGATTGCTCTGACACGCCGTGAGTATGACCTTTTGGCGACACTTATGGGAAGCAAGAAAG
TATTGACTCGTGAGCAATTGTTGGAAAGTGTTTGGAAGTATGAAAGTGCGACCGAGACAAATATCGTAGATGTCTATATCCGCTATCTACGGAGCAAGCTTGATGTT
AAAGGCCAAAAAAGCTACATTAAAACTGTGCGTGGTGTTGGATATACCATGCAAGAATAGGTCGAC SalI
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10.8 PRIMER DESIGN FOR THE E. coli envZ-ompR tcs GENES
>b3404 histidine kinase EnvZ (envZ) (E. coli K12-MG1655)
BamHI.GGATCCCGTATCCAGAACCGACCGTTGGTCGATCTCGAACACGCAGCCTTGCAGGTTGGTAAAGGGATTATTCCGCCGCCGCTGCGTGAGTATGGCGCTTC
GGAGGTGCGTTCCGTTACCCGTGCCTTTAACCATATGGCGGCTGGTGTTAAGCAACTGGCGGATGACCGCACGCTGCTGATGGCGGGGGTAAGTCACGACTTGCGCA
CGCCGCTGACGCGTATTCGCCTGGCGACTGAGATGATGAGCGAGCAGGATGGCTATCTGGCAGAATCGATCAATAAAGATATCGAAGAGTGCAACGCCATCATTGAG
CAGTTTATCGACTACCTGCGCACCGGGCAGGAGATGCCGATGGAAATGGCGGATCTTAATGCAGTACTCGGTGAGGTGATTGCTGCCGAAAGTGGCTATGAGCGGGA
AATTGAAACCGCGCTTTACCCCGGCAGCATTGAAGTGAAAATGCACCCGCTGTCGATCAAACGCGCGGTGGCGAATATGGTGGTCAACGCCGCCCGTTATGGCAATG
GCTGGATCAAAGTCAGCAGCGGAACGGAGCCGAATCGCGCCTGGTTCCAGGTGGAAGATGACGGTCCGGGAATTGCGCCGGAACAACGTAAGCACCTGTTCCAGCCG
TTTGTCCGCGGCGACAGTGCGCGCACCATTAGCGGCACGGGATTAGGGCTGGCAATTGTGCAGCGTATCGTGGATAACCATAACGGGATGCTGGAGCTTGGCACCAG
CGAGCGGGGCGGGCTTTCCATTCGCGCCTGGCTGCCAGTGCCGGTAACGCGGGCGCAGGGCACGACAAAAGAAGGGTAACTGCAG PstI

>b3405 response regulator OmpR (ompR) (E. coli K12-MG1655)
BamHI.GGATCCTTGCAAGAGAACTACAAGATTCTGGTGGTCGATGACGACATGCGCCTGCGTGCGCTGCTGGAACGTTATCTCACCGAACAAGGCTTCCAGGTTCG
AAGCGTCGCTAATGCAGAACAGATGGATCGCCTGCTGACTCGTGAATCTTTCCATCTTATGGTACTGGATTTAATGTTACCTGGTGAAGATGGCTTGTCGATTTGCC
GACGTCTTCGTAGTCAGAGCAACCCGATGCCGATCATTATGGTGACGGCGAAAGGGGAAGAAGTGGACCGTATCGTAGGCCTGGAGATTGGCGCTGACGACTACATT
CCAAAACCGTTTAACCCGCGTGAACTGCTGGCCCGTATCCGTGCGGTGCTGCGTCGTCAGGCGAACGAACTGCCAGGCGCACCGTCACAGGAAGAGGCGGTAATTGC
TTTCGGTAAGTTCAAACTTAACCTCGGTACGCGCGAAATGTTCCGCGAAGACGAGCCGATGCCGCTCACCAGCGGTGAGTTTGCGGTACTGAAGGCACTGGTCAGCC
ATCCGCGTGAGCCGCTCTCCCGCGATAAGCTGATGAACCTTGCCCGTGGTCGTGAATATTCCGCAATGGAACGCTCCATCGACGTGCAGATTTCGCGTCTGCGCCGC
ATGGTGGAAGAAGATCCAGCGCATCCGCGTTACATTCAGACCGTCTGGGGTCTGGGCTACGTCTTTGTACCGGACGGCTCTAAAGCATGACTGCAG PstI
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10.9 PRIMER DESIGN FOR THE E. coli cpxA-cpxR tcs GENES
>b3911 histidine kinase CpxA (cpxA) (E. coli K12-MG1655)
BamHI.GGATCCAAACCGGCGCGTAAGCTGAAAAACGCTGCCGATGAAGTTGCCCAGGGAAACTTACGCCAGCACCCGGAACTGGAAGCGGGGCCACAGGAATTCCT
TGCCGCAGGTGCCAGTTTTAACCAGATGGTCACCGCGCTGGAGCGCATGATGACCTCTCAGCAGCGTCTGCTTTCTGATATCTCTCACGAGCTGCGCACCCCGCTGA
CGCGTCTGCAACTGGGTACGGCGTTACTGCGCCGTCGTAGCGGTGAAAGCAAGGAACTGGAGCGTATTGAAACCGAAGCGCAACGTCTGGACAGCATGATCAACGAT
CTGTTGGTGATGTCACGTAATCAGCAAAAAAACGCGCTGGTTAGCGAAACCATCAAAGCCAACCAGTTGTGGAGTGAAGTGCTGGATAACGCGGCGTTCGAAGCCGA
GCAAATGGGCAAGTCGTTGACAGTTAACTTCCCGCCTGGGCCGTGGCCGCTGTACGGCAATCCGAACGCCCTGGAAAGTGCGCTGGAAAACATTGTTCGTAATGCTC
TGCGTTATTCCCATACGAAGATTGAAGTGGGCTTTGCGGTAGATAAAGACGGTATCACCATTACGGTGGACGACGATGGTCCTGGCGTTAGCCCGGAAGATCGCGAA
CAGATTTTCCGTCCGTTCTATCGTACCGATGAAGCACGCGATCGTGAATCTGGCGGTACAGGTTTGGGGCTGGCGATTGTTGAAACCGCCATTCAGCAGCATCGTGG
CTGGGTGAAGGCAGAAGACAGCCCGCTGGGCGGTTTACGGCTGGTGATTTGGTTGCCGCTGTATAAGCGGAGTTAACTGCAG PstI

>b3912 response regulator CpxR (cpxR) (E. coli K12-MG1655)
BamHI.GGATCCTTGAATAAAATCCTGTTAGTTGATGATGACCGAGAGCTGACTTCCCTATTAAAGGAGCTGCTCGAGATGGAAGGCTTCAACGTGATTGTTGCCCA
CGATGGGGAACAGGCGCTTGATCTTCTGGACGACAGCATTGATTTACTTTTGCTTGACGTAATGATGCCGAAGAAAAATGGTATCGACACATTAAAAGCACTTCGCC
AGACACACCAGACGCCTGTCATTATGTTGACGGCGCGCGGCAGTGAACTTGATCGCGTTCTCGGCCTTGAGCTGGGCGCAGATGACTATCTCCCGAAACCGTTTAAT
GATCGTGAGCTGGTGGCACGTATTCGCGCGATCCTGCGCCGTTCGCACTGGAGCGAGCAACAGCAAAACAACGACAACGGTTCACCGACACTGGAAGTTGATGCCTT
AGTGCTGAATCCAGGCCGTCAGGAAGCCAGCTTCGACGGGCAAACGCTGGAGTTAACCGGTACTGAGTTTACCCTGCTCTATTTGCTGGCACAGCATCTGGGTCAGG
TGGTTTCCCGTGAACATTTAAGCCAGGAAGTGTTGGGCAAACGCCTGACGCCTTTCGACCGCGCTATTGATATGCACATTTCCAACCTGCGTCGTAAACTGCCGGAT
CGTAAAGATGGTCACCCGTGGTTTAAAACCTTGCGTGGTCGCGGCTATCTGATGGTTTCTGCTTCATGACTGCAG PstI
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10.10 INFORMATION ABOUT THE Streptococcus pneumoniae
CLINICAL ISOLATES USED IN THIS STUDY
Table 22. Invasive clinical isolates
SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
I2747
35A
05.01.2010
01.02.1959
male
I2748
1
+
07.01.2010
01.08.1930
female
I2750
20
+
10.01.2010
23.11.1966
male
I2751
3
12.01.2010
01.02.1929
male
I2752
1
+
+
04.01.2010
23.12.1986
female
I2755
3
09.01.2010
05.06.2008
male
I2756
19A
+
07.01.2010
10.10.1948
male
I2757
8
09.01.2010
01.04.1931
male
I2759
11A
+
03.01.2010
01.01.1921
female
I2760
24F
+
14.01.2010
01.05.2009
female
I2761
7F
+
25.01.2010
01.12.1957
male
I2762
6A
+
24.01.2010
01.11.1944
male
I2763
19A
+
22.01.2010
01.12.1968
male
I2768
1
+
+
05.01.2010
01.01.1934
female
I2784
33F
05.01.2010
26.07.1954
male
I2785
19A
10.01.2010
01.03.1936
female
I2786
7F
+
21.01.2010
11.02.1945
female
I2788
1
+
22.01.2010
01.09.1933
male
I2789
9V
+
05.01.2010
01.03.1951
male
I2790
12F
20.01.2010
01.06.1929
female
I2791
33F
21.01.2010
01.08.1936
female
I2792
17F
+
19.01.2010
01.08.1920
female
I2793
3
+
21.01.2010
01.10.1942
male
I2797
22F
04.01.2010
21.01.1933
male
I2798
9V
+
03.01.2010
05.10.1976
male
I2799
3
05.01.2010
01.05.1920
male
I2801
17F
03.01.2010
01.11.1966
female
I2809
1
+
+
09.02.2010
14.12.2004
female
I2810
3
03.02.2010
17.11.1947
male
I2811
8
+
11.02.2010
08.07.1947
female
I2812
22F
+
08.02.2010
30.11.1974
female
I2813
7F
+
+
06.02.2010
23.07.1975
male
I2814
3
10.02.2010
13.06.1937
male
I2815
3
13.02.2010
01.03.1938
male
I2816
3
15.02.2010
20.11.1922
female
I2817
23F
12.02.2010
19.10.1941
male
I2818
6C
15.02.2010
01.01.2007
male
I2819
19A
15.02.2010
02.03.1928
female
I2820
19A
16.02.2010
05.01.1931
female
I2822
1
+
14.02.2010
16.10.1966
male
I2823
8
02.02.2010
01.10.1966
female
I2824
9V
+
16.02.2010
01.08.1941
female
I2825
19A
17.02.2010
01.09.1950
male
I2826
33F
15.02.2010
01.05.1925
male
I2827
23F
17.02.2010
04.02.1939
male
I2828
19A
19.02.2010
01.02.1923
female
I2829
3
19.02.2010
01.05.1928
male
I2830
3
20.02.2010
01.11.1938
female
I2831
10A
19.02.2010
01.01.1942
female
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
I2833
7F
+
18.02.2010
01.07.1982
female
I2834
7F
+
17.02.2010
01.06.1965
female
I2837
19A
15.02.2010
01.07.1946
female
I2841
7F
+
18.02.2010
02.04.1970
male
I2844
3
18.02.2010
02.12.1939
male
I2845
3
10.02.2010
21.01.1971
female
I2846
35B
07.02.2010
19.02.1936
male
I2848
8
16.02.2010
01.09.1956
female
I2849
19A
21.02.2010
31.08.2008
male
I2864
19A
19.02.2010
01.07.1931
female
I2867
1
+
+
23.02.2010
01.02.2000
female
I2881
7F
+
11.02.2010
01.07.1943
female
I2887
1
+
09.03.2010
10.03.2003
male
I2899
7F
+
17.03.2010
29.12.1999
female
I2906
23F
18.01.2010
08.06.2006
male
I2918
11A
+
27.04.2010
19.06.1994
female
I2923
24F
26.03.2010
20.03.2008
female
I2926
19A
03.04.2010
08.05.2009
female
I2948
7F
+
14.04.2010
12.11.2008
male
I2977
7F
+
08.05.2010
06.11.2007
female
I3007
1
+
27.05.2010
24.02.2002
male
I3049
10A
05.06.2010
28.11.2008
male
I3055
3
17.05.2010
18.07.2006
female
I3085
11A
+
17.07.2010
19.02.2008
male
I3087
1
+
26.07.2010
14.12.2005
male
I3094
18C
19.01.2010
01.07.1922
male
I3095
3
20.01.2010
01.02.1939
male
I3097
10A
04.01.2010
01.06.1922
female
I3098
9N
24.01.2010
17.06.1971
male
I3099
11A
+
28.01.2010
28.07.1929
male
I3100
8
23.01.2010
17.03.1939
male
I3101
14
+
19.01.2010
01.12.1940
male
I3102
1
+
18.01.2010
13.03.1971
male
I3103
6C
19.01.2010
01.12.1928
male
I3105
15B
17.01.2010
01.04.1958
male
I3106
NT
23.01.2010
01.02.1936
male
I3107
22F
27.01.2010
01.08.1944
female
I3108
7F
+
03.02.2010
04.10.2007
male
I3109
12F
29.01.2010
03.09.1937
male
I3110
23F
01.02.2010
01.10.1933
male
I3111
7F
06.02.2010
05.07.1942
male
I3112
9N
04.02.2010
23.11.1971
male
I3113
19F
03.02.2010
24.01.1931
female
I3114
6A
+
06.02.2010
31.10.1958
male
I3115
1
05.02.2010
01.04.1956
male
I3116
1
+
05.02.2010
01.04.1916
male
I3117
4
06.02.2010
01.03.1961
male
I3118
19A
06.02.2010
01.04.1926
male
I3119
7F
25.01.2010
07.11.1931
female
I3120
7F
+
01.02.2010
01.10.1973
male
I3121
15C
06.01.2010
01.05.1965
male
I3122
19A
15.08.2010
01.08.2009
male
I3123
1
+
15.08.2010
14.08.2010
male
I3124
19A
+
+
26.09.2010
28.09.2006
female
I3125
1
+
06.10.2010
02.04.2001
female
I3126
19A
17.10.2010
27.04.2008
male
I3127
19A
+
24.10.2010
02.07.2009
female
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
I3128
19A
29.10.2010
01.03.2009
female
I3129
19A
+
05.11.2010
01.03.2006
female
I3130
1
+
+
26.10.2010
16.12.1963
male
I3131
1
+
29.10.2010
01.04.1964
male
I3132
1
+
29.10.2010
02.03.1973
male
I3133
1
+
+
30.10.2010
01.01.1966
male
I3134
1
+
+
02.11.2010
01.03.1963
male
I3135
1
+
10.11.2010
01.08.1935
female
I3136
1
+
20.11.2010
01.03.2006
female
I3137
1
+
26.11.2010
01.12.1968
male
I3138
1
+
27.11.2010
04.07.1999
female
I3139
1
+
29.11.2010
02.06.1958
female
I3140
1
+
30.11.2010
01.03.1963
male
I3141
1
+
23.12.2010
01.05.1983
female
I3142
1
+
+
26.12.2010
15.05.1980
male
I3143
1
+
+
27.12.2010
01.09.2007
male
I3144
1
+
05.01.2011
30.03.2007
female
I3145
1
+
07.01.2011
17.04.1984
female
I3146
1
+
11.01.2011
01.01.1970
female
I3147
1
+
18.01.2011
10.12.1981
male
I3148
2
+
01.01.1995
ND
female
I3149
2
23.10.2007
24.02.1950
male
I3150
5
22.03.2010
12.12.1959
male
I3151
5
+
25.04.2010
30.08.2004
male
I3152
5
14.09.2010
01.04.1934
male
I3153
5
+
05.01.2011
28.04.1990
male
I3154
6C
+
26.02.2011
20.11.1936
male
I3155
6C
01.03.2011
06.05.1947
male
I3156
6C
08.03.2011
01.08.1939
male
I3157
6C
22.03.2011
01.06.1932
female
I3158
6A
+
07.04.2009
19.03.1927
female
I3159
6A
+
14.04.2009
01.03.1941
male
I3160
6A
18.04.2009
01.02.1937
male
I3161
6A
+
22.05.2009
10.11.1928
female
I3162
6A
+
17.07.2009
03.03.1947
female
I3163
6A
+
09.10.2009
01.10.1931
male
I3164
6A
19.10.2009
31.10.2008
female
I3165
6A
+
10.11.2009
01.04.1940
female
I3166
6A
+
20.02.2010
01.11.1946
male
I3167
6A
+
07.03.2010
01.08.1945
male
I3168
6A
+
17.03.2010
01.10.1941
male
I3169
6A
+
19.03.2010
01.08.1942
female
I3170
6A
13.04.2010
01.02.1950
female
I3171
6A
+
03.05.2010
29.06.1922
female
I3172
6A
+
17.05.2010
12.11.1924
male
I3173
6A
+
02.07.2010
14.11.1948
female
I3174
6A
+
15.09.2010
01.01.1942
male
I3175
6A
+
02.11.2010
04.01.1925
female
I3176
6A
+
03.11.2010
09.04.1951
male
I3177
6A
+
22.02.2011
21.04.1944
male
I3178
6A
+
14.03.2011
01.09.1929
male
I3179
7F
+
11.02.2011
01.02.1969
female
I3180
7F
+
11.02.2011
01.10.1945
male
I3181
7F
+
11.02.2011
01.06.1999
female
I3182
7F
+
14.02.2011
01.09.2007
male
I3183
7F
+
21.02.2011
01.02.1921
male
I3184
7F
+
+
16.02.2011
01.12.1983
male
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
I3185
7F
+
18.02.2011
01.08.1962
male
I3186
7F
+
20.02.2011
01.12.1985
male
I3187
7F
+
21.02.2011
15.05.1968
female
I3188
7F
+
22.02.2011
02.04.1976
female
I3189
7F
+
23.02.2011
01.12.1976
male
I3190
7F
+
01.03.2011
28.02.2005
female
I3191
7F
+
06.03.2011
24.02.1951
male
I3192
7F
+
16.02.2011
24.03.1958
male
I3193
7F
+
15.03.2011
01.01.1958
male
I3194
7F
+
14.03.2011
03.09.1952
female
I3195
9V
+
18.02.2009
27.03.1938
male
I3196
9V
+
25.02.2009
01.09.1926
female
I3197
9V
+
24.03.2009
01.04.1937
female
I3198
9V
+
07.04.2009
01.01.1970
female
I3199
9V
+
12.04.2009
25.05.2005
female
I3200
9V
+
04.06.2009
08.03.1931
male
I3201
9V
+
16.06.2009
29.06.1954
female
I3202
9V
+
19.06.2009
02.01.1931
male
I3203
9V
+
02.09.2009
30.07.1917
male
I3204
9V
+
21.09.2009
01.01.1951
female
I3205
9V
+
01.10.2009
01.02.1949
female
I3206
9V
+
09.10.2009
01.02.1944
male
I3207
9V
+
23.11.2009
01.05.1980
male
I3208
9V
+
30.11.2009
01.10.1921
male
I3209
9V
+
30.12.2009
01.12.1935
male
I3210
9V
+
27.03.2010
01.04.1958
female
I3211
9V
+
14.04.2010
01.12.1935
male
I3212
9V
+
+
21.04.2010
01.08.1960
male
I3213
9V
+
20.05.2010
01.10.1938
male
I3214
9V
+
10.10.2010
04.05.1934
male
I3215
9V
+
28.10.2010
20.12.1966
female
I3216
9V
+
14.12.2010
11.01.1934
female
I3217
9V
+
12.01.2011
01.02.1955
male
I3218
9V
+
22.02.2011
01.07.1974
female
I3219
9V
+
14.03.2011
01.09.1954
male
I3220
11A
27.04.2010
01.05.1950
male
I3221
11A
03.05.2010
17.10.1954
male
I3222
11A
21.05.2010
07.02.1959
female
I3223
11A
25.06.2010
01.03.1925
female
I3224
11A
06.07.2010
01.01.1907
female
I3225
11A
14.09.2010
18.01.1925
female
I3226
11A
+
06.01.2011
05.11.1921
female
I3227
11A
+
14.02.2011
01.11.1926
female
I3228
11A
15.02.2011
01.09.1952
male
I3229
11A
02.03.2011
01.04.1943
male
I3230
19F
+
02.06.2009
07.11.1942
male
I3231
19F
29.07.2009
15.11.1944
male
I3232
19F
+
19.08.2009
28.07.1951
male
I3233
19F
+
01.10.2009
11.05.1944
male
I3234
19F
+
14.10.2009
01.07.1949
male
I3235
19F
18.10.2009
16.01.1937
female
I3236
19F
+
14.11.2009
24.08.1933
male
I3237
19F
+
30.11.2009
11.05.1956
male
I3238
19F
+
18.12.2009
01.03.1943
male
I3239
19F
29.12.2009
01.04.1928
female
I3240
19F
03.02.2010
24.01.1931
female
I3241
19F
+
28.02.2010
13.05.1958
female
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
I3242
19F
+
11.03.2010
01.05.1933
female
I3243
19F
25.04.2010
01.01.1928
female
I3244
19F
+
20.06.2010
20.02.1932
male
I3245
19F
+
05.07.2010
01.07.1958
male
I3246
19F
+
14.09.2010
01.07.1978
male
I3247
19F
18.10.2010
01.10.1934
male
I3248
19F
+
25.10.2010
01.07.1957
male
I3249
19F
+
28.10.2010
29.01.1927
male
I3250
19F
+
25.11.2010
30.04.1952
male
I3251
19F
14.02.2011
24.05.1978
male
I3252
19F
+
18.02.2011
26.06.1937
male
I3253
20
+
21.04.2010
01.10.1944
male
I3254
20
06.07.2010
24.09.1925
male

Table 23. Non-invasive clinical isolates.
SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
N001
NS
03.01.1992
ND
female
N002
15C
03.01.1992
ND
male
N003
23B
01.01.1993
24.06.1983
female
N004
3
09.08.2005
ND
male
N005
37
03.01.1995
ND
male
N006
9V
+
04.01.1995
03.02.1976
male
N008
rough
02.12.1996
19.10.1948
male
N010
NS
09.07.1997
25.11.1984
female
N013
NS
01.01.2002
11.04.1926
male
N014
NS
01.04.2002
ND
female
N015
NS
01.06.2002
15.05.1932
male
N018
NS
01.01.2003
ND
male
N019
NS
01.02.2003
22.03.1980
female
N020
9V
04.02.2004
01.04.1930
female
N021
9N
13.04.2004
01.06.1929
female
N023
19A
18.07.2004
01.10.1990
male
N025
3
09.08.2005
30.05.1945
male
N026
19F
12.12.2005
11.02.2005
female
N027
19A
27.04.2006
15.01.1987
female
N028
6B
+
27.06.2006
03.10.1935
male
N029
3
15.03.2007
01.05.1930
female
N030
3
09.07.2007
01.10.1928
male
N031
14
12.11.2007
15.06.1949
female
N032
11A
06.03.2008
01.11.1966
male
N033
19A
11.03.2008
25.11.1951
male
N034
3
01.04.2008
28.04.1938
female
N035
3
14.04.2008
23.02.2004
male
N036
23F
27.05.2008
28.02.1948
male
N037
9V
+
01.07.2008
05.03.2000
female
N038
16F
18.07.2008
01.01.1933
female
N039
3
24.07.2008
27.05.1955
male
N040
35F
14.07.2008
25.02.1954
female
N041
11A
29.07.2008
12.03.1941
male
N042
18C
28.08.2008
01.08.1946
male
N043
6B
25.08.2008
14.07.1951
male
N044
11A
+
15.10.2008
10.04.1938
male
N045
4
+
22.10.2008
10.03.1948
male
N046
14
27.10.2008
01.06.2004
male
N047
19F
+
+
07.11.2008
04.12.1945
male
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
N048
19F
+
+
30.12.2008
19.02.2005
female
N049
34
05.01.2009
01.01.1940
female
N050
9V
16.01.2009
01.08.1964
male
N051
19F
+
+
+
23.09.2009
09.02.1997
male
N052
3
+
30.01.2009
20.05.1938
male
N053
19F
+
03.02.2009
06.02.2007
female
N054
11A
+
03.02.2009
01.09.2007
male
N055
23F
+
03.02.2009
04.07.2008
male
N056
3
01.02.2009
24.02.1938
female
N057
23F
06.03.2009
04.06.2007
male
N059
23B
27.03.2009
07.11.2007
female
N060
16F
+
05.04.2009
01.09.1938
male
N061
22F
27.04.2009
01.08.1944
male
N062
7F
+
29.04.2009
02.02.2004
female
N063
23F
+
01.06.2009
27.03.1967
male
N064
9V
+
+
08.06.2009
10.04.1948
male
N065
7B
+
12.06.2009
11.02.1961
male
N066
19A
+
07.07.2009
17.05.1958
male
N067
NT
13.07.2009
05.01.1949
male
N068
7F
24.07.2009
30.03.1944
female
N069
23F
+
06.11.2009
14.05.1939
male
N070
19F
+
+
+
29.11.2009
02.07.1961
male
N071
19A
+
16.12.2009
26.03.1983
male
N072
23A
+
12.01.2010
01.12.2006
male
N073
15A
06.01.2010
15.07.1996
male
N074
19A
+
09.03.2010
02.12.1956
male
N075
15A
+
24.03.2010
01.01.2010
male
N076
7F
22.03.2010
13.07.2003
female
N077
23A
+
21.04.2010
03.12.2007
male
N078
3
+
17.05.2010
04.03.1970
male
N079
19A
+
+
+
01.06.2010
26.04.2009
male
N080
14
+
17.07.2010
05.07.1938
male
N081
19A
26.07.2010
04.05.1938
female
N082
7F
+
05.08.2010
07.08.2001
male

Table 24. Carrier clinical isolates
SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
C001
23A
+
18.11.2008
17.09.2008
male
C002
11A
18.11.2008
24.07.2008
female
C003
19F
+
+
18.02.2009
06.11.2008
male
C004
11A
12.02.2009
15.10.2008
female
C005
19A
+
05.03.2009
14.11.2008
male
C006
11A
+
18.11.2008
24.07.2008
female
C007
11A
21.11.2008
22.09.2008
male
C008
15B
22.12.2008
18.10.2008
female
C009
23B
08.01.2009
19.10.2008
male
C010
19F
+
22.01.2009
21.09.2008
female
C011
38
+
18.03.2009
02.01.2009
female
C012
23A
+
05.02.2009
16.10.2008
female
C013
19A
27.01.2009
05.11.2008
male
C014
15B
20.02.2009
15.11.2008
female
C015
11A
+
+
16.03.2009
03.12.2008
female
C016
15B
+
30.01.2009
30.11.2008
female
C017
19F
+
+
05.02.2009
16.10.2008
male
C018
34
+
19.03.2009
14.01.2009
female
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
C019
9N
12.05.2009
02.03.2009
female
C020
6A
+
13.02.2009
04.11.2008
female
C021
11A
05.01.2009
29.09.2008
male
C022
9V
08.01.2009
18.10.2008
male
C023
6B
10.02.2009
21.11.2008
female
C024
11A
17.12.2008
18.10.2008
male
C025
6A
+
15.06.2009
02.03.2009
female
C026
23F
+
14.09.2009
21.09.2008
female
C027
35F
18.08.2009
30.08.2008
male
C028
6C
+
31.08.2009
24.09.2008
male
C029
15C
08.05.2009
03.03.2009
male
C030
11A
+
25.05.2009
11.03.2009
female
C031
1
+
30.04.2009
07.04.2009
male
C032
1
+
30.04.2009
07.01.2009
male
C033
11A
28.04.2009
06.01.2009
male
C034
22F
08.09.2009
21.08.2008
female
C035
8
03.09.2009
19.09.2008
male
C036
6A
+
+
23.04.2009
04.02.2009
female
C037
6A
+
20.02.2009
14.12.2008
female
C038
15C
27.05.2009
24.03.2009
female
C039
9N
+
20.04.2009
06.01.2009
female
C040
22F
15.04.2009
14.02.2009
male
C041
9N
26.02.2009
10.12.2008
male
C042
6B
08.12.2008
21.08.2008
female
C043
19A
+
21.08.2009
11.09.2008
male
C044
11A
07.09.2009
10.09.2008
male
C045
15B
+
17.09.2009
29.09.2008
male
C046
35F
14.01.2009
06.11.2008
female
C047
15B
+
17.09.2009
22.09.2008
male
C048
15C
+
01.10.2009
10.11.2008
male
C049
31
01.10.2009
10.10.2008
male
C050
35F
28.09.2009
29.09.2008
male
C051
23B
+
09.10.2009
24.07.2008
female
C052
35F
+
12.10.2009
12.10.2008
male
C053
35F
+
06.10.2009
16.10.2008
male
C054
23B
09.10.2009
24.07.2008
female
C055
11A
+
28.09.2009
29.09.2008
female
C056
9V
+
05.10.2009
07.10.2008
female
C057
35F
+
16.10.2009
15.10.2008
female
C058
9N
20.10.2009
18.10.2008
male
C059
11A
+
26.10.2009
03.12.2008
male
C060
23F
26.10.2009
22.11.2008
male
C061
35F
+
23.10.2009
06.11.2008
female
C062
28F
+
21.10.2009
15.11.2008
female
C063
19A
24.09.2009
17.09.2008
male
C064
6A
+
06.11.2009
08.11.2008
male
C065
23F
02.11.2009
05.11.2008
female
C066
11A
+
03.11.2009
18.10.2008
male
C067
6A
+
04.11.2009
06.11.2008
male
C068
6A
+
26.10.2009
04.11.2008
female
C069
23B
26.10.2009
28.10.2008
male
C070
22F
25.11.2009
14.01.2009
female
C071
6A
26.11.2009
25.11.2008
male
C072
6B
+
01.12.2009
10.12.2008
female
C073
15B
11.12.2009
29.10.2008
female
C074
23F
08.12.2009
04.01.2009
female
C075
35C
02.12.2009
30.11.2008
female
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SHA-Lab Code Serotype PI-1 PI-2 PsrP Date of Isolation Patient ( Date of Birth ) Patient ( Gender )
C076
28A
08.12.2009
17.12.2008
female
C077
9N
08.12.2009
10.12.2008
male
C078
16F
+
10.12.2009
19.10.2008
male
C079
11A
+
+
18.12.2009
22.12.2008
male
C080
10A
27.01.2010
26.01.2009
male
C081
6C
16.02.2010
15.09.2008
female
C082
19A
+
17.02.2010
18.02.2009
female
C083
35B
+
18.02.2010
15.02.2009
male
C084
11A
+
22.02.2010
14.02.2009
male
C085
19F
+
+
01.03.2010
06.03.2009
female
C086
19A
+
23.02.2010
06.01.2009
female
C087
35B
03.03.2010
17.01.2009
male
C088
7F
+
04.03.2010
11.03.2009
male
C089
23A
+
10.03.2010
30.03.2009
female
C090
6A
15.03.2010
11.04.2009
female
C091
11A
+
16.03.2010
27.03.2009
male
C092
3
+
15.03.2010
09.03.2009
male
C093
15A
+
25.03.2010
22.09.2008
male
C094
6C
08.04.2010
29.10.2008
female
C095
22F
+
08.04.2010
25.09.2008
male
C097
35F
+
14.04.2010
17.02.2009
male
C098
33F
22.04.2010
18.10.2008
male
C099
23F
+
22.04.2010
10.10.2008
male
C100
15C
+
19.04.2010
29.09.2008
male
C101
33F
+
20.04.2010
19.10.2008
male
C102
23A
20.04.2010
31.08.2008
male
C103
19A
+
26.04.2010
09.04.2009
female
C104
19A
+
24.06.2010
04.09.2008
female
C105
23A
27.04.2010
02.09.2008
male
C106
11A
29.04.2010
21.08.2008
female
C107
35F
26.04.2010
20.10.2008
male
C108
35B
04.05.2010
12.10.2008
female
C109
15C
11.05.2010
19.10.2008
male
C110
6A
+
18.05.2010
08.11.2008
male
C111
6A
+
26.07.2010
10.11.2008
male
C112
6A
+
08.10.2010
20.03.2009
female
C113
19F
+
04.06.2010
12.11.2008
male
C114
19F
+
19.01.2010
07.04.2009
male

SHA-Lab Code: number given at the Prof. Dr. Sven Hammerschmidt Laboratory.
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10.11 Streptococcus pneumoniae CLINICAL ISOLATES SELECTED
FOR MULTILOCUS SEQUENCE TYPING (MLST)

Table 25. MLST results for pilus- and PsrP-positive invasive isolates.
Pilus- and PsrP-Positive Invasive Isolates Selected for MLSTs
SHA-Lab Code Serotype PI-1 PI-2 PsrP
NRZS ( RWTH-Aachen ) Codes
I2789
9V
+
42231
PS 12598
I2822
1
+
42824
PS 13253
I2824
9V
+
42858
PS 13275
I2918
11A
+
44408
RKI 3707
I3007
1
+
44980
RKI 3774
I3108
7F
+
42637
RKI 3605
I3116
1
+
42665
PS 13176
I3123
1
+
45764
RKI 3811
I3124
19A
+
+
46335
RKI 3846
I3135
1
+
46722
PS 14934
I3141
1
+
47265
PS 15267
I3142
1
+
+
47262
PS 15264
I3146
1
+
47538
PS 15459
I3148
2
+
4536
PS 1693
I3166
6A
+
42950
PS 13315
I3173
6A
+
45397
PS 14357
I3178
6A
+
48519
PS 16113
I3184
7F
+
+
48160
PS 15862
I3195
9V
+
38412
PS 11212
I3196
9V
+
38413
PS 11213
I3198
9V
+
39311
PS 11653
I3199
9V
+
39427
RKI 3358
I3200
9V
+
41980
PS 12800
I3202
9V
+
40397
PS 12084
I3203
9V
+
40946
PS 12265
I3205
9V
+
37724
PS 12349
I3207
9V
+
41663
PS 12655
I3208
9V
+
41741
PS 12707
I3210
9V
+
43817
PS 13659
I3211
9V
+
44158
PS 13828
I3212
9V
+
+
44271
PS 13876
I3214
9V
+
46472
PS 14780
I3215
9V
+
46756
PS 14954
I3216
9V
+
47154
PS 15187
I3218
9V
+
48207
PS 15898
I3219
9V
+
48497
PS 16095

STs
162
306
162
166
306
SLV 581
306
306
276
306
306
306
306
1504
490
3403
490
SLV 191
162
162
156
162
162
162
1271
162
162
SLV 162
162
162
156
SLV 162
156
162
156
162

TOTAL: 36 Isolates
SHA-Lab Code: number given at the Prof. Dr. Sven Hammerschmidt Laboratory.
NRZS (RWTH-Aachen) Codes: numbers given at the National Reference Center for Streptococci (NRZS),
Institute for Medical Microbiology, RWTH-Aachen Univesity, Germany.
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Table 26. MLST results for pilus- and PsrP-positive non-invasive isolates.
Pilus- and PsrP-Positive Non-Invasive Isolates Selected for MLSTs
SHA-Lab Code Serotype PI-1 PI-2 PsrP
NRZS ( RWTH-Aachen ) Codes
N006
9V
+
4836
PS 1993
N037
9V
+
35436
PS 9866
N047
19F
+
+
36199
PS 10333
N048
19F
+
+
37301
RKI 3231
N051
19F
+
+
+
37620
RKI 3453
N054
11A
+
38036
RKI 3258
N064
9V
+
+
40326
PS 12059
N070
19F
+
+
+
41675
PS 12682
N079
19A
+
+
+
45016
RKI 3776
N082
7F
+
45635
PS 14459

STs
SLV 156
DLV 156
SLV 320
3605 / 4465
SLV 236
SLV 62
156
SLV 320
320
63

TOTAL: 10 Isolates
SHA-Lab Code: number given at the Prof. Dr. Sven Hammerschmidt Laboratory.
NRZS (RWTH-Aachen) Codes: numbers given at the National Reference Center for Streptococci (NRZS),
Institute for Medical Microbiology, RWTH-Aachen Univesity, Germany.

Table 27. MLST results for pilus- and PsrP-positive carrier isolates.
Pilus- and PsrP-Positive Carrier Isolates Selected for MLSTs
SHA-Lab Code Serotype PI-1 PI-2 PsrP
NRZS ( RWTH-Aachen ) Codes
38242
C003
19F
+
+
WYCA 96
38777
C015
11A
+
+
WYCA 127A
38020
C017
19F
+
+
WYCA 77
38137
C020
6A
+
WYCA 85
40796
C025
6A
+
WYCA 232A
39517
C036
6A
+
+
WYCA 168
38280
C037
6A
+
WYCA 99A
37649
C055
11A
+
WYCA 273
37754
C056
9V
+
WYCA 282A
41239
C059
11A
+
WYCA 297A
41431
C067
6A
+
WYCA 313
41262
C068
6A
+
WYCA 299
41950
C079
11A
+
+
WYCA 358
42851
C084
11A
+
WYCA 420A
42991
C085
19F
+
+
WYCA 430
43098
C088
7F
+
WYCA 437A
43309
C091
11A
+
WYCA 448
45578
C111
6A
+
WYCA 550A
46289
C112
6A
+
WYCA 632A

STs
242
62
179
SLV 681
490
1143
SLV 490
SLV 1367
162
SLV 62
SLV490
SLV490
62
62
654
191
62
490
681

TOTAL: 19 Isolates
SHA-Lab Code: number given at the Prof. Dr. Sven Hammerschmidt Laboratory.
NRZS (RWTH-Aachen) Codes: numbers given at the National Reference Center for Streptococci (NRZS),
Institute for Medical Microbiology, RWTH-Aachen Univesity, Germany.
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