
 
 

Impact of TCS08 and TCS09 on the pathophysiology of  
Streptococcus pneumoniae 

 
 
 
 
 
 

I n a u g u r a l d i s s e r t a t i o n 
 

zur 
 

Erlangung des akademischen Grades eines 
 

Doktors der Naturwissenschaften (Dr. rer. nat.) 
 

der 
 

Mathematisch-Naturwissenschaftlichen Fakultät  
 

der  
 

Universität Greifswald  
 
 
 
 
 
 
 
 
       vorgelegt von 
 
       Stephanie Hirschmann 
        
        
 

 
Greifswald, 31. Mai 2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:   Herr Prof. Dr. Gerald Kerth 
 
 
1. Gutachter:  Herr Prof. Dr. Sven Hammerschmidt 
 
2. Gutachter:  Herr Prof. Dr. Jan Maarten van Dijl 
 
 
Tag der Promotion:  21.09.2021 



 

 

 

 

 

 

 

„Doch Forschung strebt und ringt, ermüdend nie, 

Nach dem Gesetz, dem Grund, Warum und Wie.“ 

 

 

Johann Wolfgang von Goethe 

 

 

 

  



 

 

 

 

 

 

 

 

 

  



CONTENTS   

 
i 

 

CONTENTS 

 

1. Zusammenfassung ........................................................................... 1 

 

2. Summary ............................................................................................ 5 

 

3. Introduction ....................................................................................... 9 

3.1. Historical background and characteristics of the pathogen 

Streptococcus pneumoniae ............................................................................... 9 

3.2. Epidemiology, Infection route and Pathogenesis ............................................. 11 

3.3. Diagnostics and Therapy ................................................................................. 13 

3.3.1. Vaccination ................................................................................................ 14 

3.4. Morphological characteristics of S. pneumoniae ............................................. 15 

3.4.1. Capsule ..................................................................................................... 15 

3.4.2. Cell wall ..................................................................................................... 16 

3.5. The metabolism of S. pneumoniae .................................................................. 18 

3.5.1. Carbohydrate metabolism ......................................................................... 18 

3.6. Pneumococcal virulence factors ...................................................................... 19 

3.6.1. Surface proteins ........................................................................................ 20 

3.6.1.1. Choline-binding proteins ....................................................................... 21 

3.6.1.2. Sortase-anchored proteins ................................................................... 22 

3.6.1.3. Lipoproteins .......................................................................................... 23 

3.6.1.4. Moonlighting proteins ........................................................................... 24 

3.7. Regulation ....................................................................................................... 24 

3.7.1. Quorum sensing ........................................................................................ 25 

3.7.2. Stand-alone regulators .............................................................................. 26 

3.7.3. Non-coding RNA ....................................................................................... 28 

3.7.4. Two-component regulatory system ........................................................... 29 

3.7.4.1. TCS in Streptococcus pneumoniae ...................................................... 32 

3.7.4.2. Why is it of crucial importance to study two-component regulatory 

systems? .............................................................................................. 35 

 

 



CONTENTS   

 
ii 

 

4. Publications ..................................................................................... 37 

4.1. Publication 1 .................................................................................................... 39 

4.2. Publication 2 .................................................................................................... 79 

4.3. Publication 3 .................................................................................................. 113 

 

5. Own Contributions to Publications .............................................. 149 

 

6. Results and Discussion ................................................................ 153 

 

7. Outlook .......................................................................................... 163 

 

8. References ..................................................................................... 165 

 

9. List of Abbreviations ..................................................................... 189 

 

10. Pneumococcal strains ................................................................ 191 

 

11. Eigenständigkeitserklärung ....................................................... 193 

 

12. Curriculum Vitae ......................................................................... 195 

 

13. List of Publications ..................................................................... 197 

 

14. Scientific Presentations .............................................................. 198 

 

Acknowledgement ............................................................................ 199 

 

 

 

 

 



ZUSAMMENFASSUNG   

 
1 

 

1. Zusammenfassung 

Streptococcus pneumoniae kolonisiert in einem Teil der Bevölkerung asymptomatisch den 

Nasenrachenraum, kann aber auch als bakterieller Erreger mit hohem Virulenzpotential 

seine ökologische Nische verlassen und sich in Lunge und Blut ausbreiten. Dabei müssen 

sich Pneumokokken an sich wechselnde externe Umweltbedingungen, wie 

Nährstoffverfügbarkeit, Temperatur oder Sauerstoffgehalt, anpassen. Die Weiterleitung 

dieser Umgebungsparameter in das Zellinnere der Bakterien erfolgt über den Prozess der 

Signaltransduktion, welcher letztendlich in einer kontrollierten differentiellen Genexpression 

mündet. Die häufigste verwendete Strategie zur Signaltransduktion ist die Nutzung von Zwei-

Komponenten-Regulationssystemen (TCS), bestehend aus einer membrangebundenen 

Histidinkinase als Sensor und einem zytoplasmatischen Regulatorprotein, dem sogenannten 

„response regulator“, der an die Promotorregion der Zielgene bindet und die Genexpression 

steuert. 

Der Fokus dieser Arbeit liegt auf den Zwei-Komponenten-Regulationssystemen TCS08 und 

TCS09, deren regulatorische Funktion und Einfluss auf den Phänotyp und die 

Pathophysiologie von S. pneumoniae in zwei unterschiedlichen Serotypen (Serotyp 2: D39 

und Serotyp 4: TIGR4) untersucht wurden. Dazu wurden Einzel- (Δrr08/Δrr09 bzw. 

Δhk08/Δhk09) und Doppelmutanten (Δtcs08 bzw. Δtcs09) mit Hilfe der Insertions-Deletions-

Mutagenese konstruiert. 

Zunächst konnte mittels RNA-Sequenzierung in einer vergleichenden Transkriptomanalyse 

zwischen tcs09-Mutanten und dem parentalen Wildtyp D39, insbesondere bei Abwesenheit 

der HK09, eine verstärkte Expression des aga-Operons, welches in Verbindung zum 

Galaktosemetabolismus steht, und eine verringerte Expression des Regulators AgaR 

beobachtet werden. Interessanterweise zeigten bekapselte und unbekapselte hk09-Mutanten 

in D39 signifikante Wachstumsdefekte, wenn Galaktose als Kohlenhydratquelle eingesetzt 

wurde. Mittels Elektronenmikroskopie wurden morphologische Veränderungen wie die 

erhöhte Anzahl an Membranvesikeln und Zellwanddegradation der unbekapselten hk09- und 

tcs09-Mutanten und eine erhöhte Kapselproduktion der bekapselten hk09- und tcs09-

Mutanten in D39 aufgezeigt. Die bekapselten hk09- und tcs09-Mutanten sowie die 

bekapselte rr09-Mutante zeigten außerdem eine veränderte Koloniemorphologie. Dabei 

bildete die Mutante D39Δhk09 nur opaque Kolonien, während D39Δrr09 und D39Δtcs09 

vermehrt transparente Kolonien bildeten. In einem Triton X-100 induzierten Autolysetest und 

in Gegenwart von oxidativem Stress konnte ein negativer Einfluss der morphologischen 

Veränderungen von D39ΔcpsΔhk09 und D39ΔcpsΔtcs09 auf deren Überlebensfähigkeit 
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gezeigt werden. Zusammenfassend wurde beobachtet, dass das TCS09 in S. pneumoniae 

D39 für dessen Fitness durch Regulation des Kohlenhydratstoffwechsels wichtig ist. Über 

weitere Regulationsmechanismen wird dabei indirekt die Zellwandintegrität und die Menge 

an Kapselpolysaccharid beeinflusst, was sich letztendlich auf die Stresstoleranz auswirkt. 

In einer zweiten Studie wurde das Virulenzpotential von TCS09 im Pneumokokkenstamm 

TIGR4 untersucht. In vitro Wachstumsanalysen in einem Komplexmedium zeigten keinen 

Effekt der TCS09-Deletion auf die Fitness der Pneumokokken. Im Gegensatz dazu konnte 

unter Verwendung der Disaccharide Lactose und Saccharose als Kohlenstoffquellen im 

chemisch definierten Medium eine verlängerte Lag-Phase der tcs09-Mutanten beobachtet 

werden. Mittels Immunblots wurde die Abundanz wichtiger Virulenzfaktoren von S. 

pneumoniae untersucht. Lediglich für RrgB, dem Strukturprotein des Pilus Typ 1, konnte eine 

verminderte Proteinmenge in der hk09-Mutante festgestellt werden. Zur Untersuchung der 

bakteriellen Morphologie wurden Feldemissions-Rasterelektronenmikroskopie und 

Transmissionselektronenmikroskopie Aufnahmen erstellt. Diese morphologischen Analysen 

zeigten keinen Einfluss der TCS09-Deletion auf das Erscheinungsbild der Pneumokokken. 

Zellkulturbasierte Infektionsversuche offenbarten keine veränderte Anheftung der tcs09-

Mutanten an Lungenepithelzellen. Dagegen konnte eine signifikant erhöhte Tötungsrate der 

Mutante TIGR4ΔcpsΔtcs09 nach Aufnahme durch Makrophagen gezeigt werden. 

Abschließende experimentelle Maus-Infektionsmodelle der akuten Pneumonie und der 

systemischen Infektion zeigten keine verringerte Virulenz der tcs09-Mutanten. Eine in vivo 

Koinfektion mit dem biolumineszierenden Wildtyp und einer Mutante zur genaueren Analyse 

des Virulenzverhaltens der tcs09-Mutanten verdeutlichte eine signifikant geringere bakterielle 

Last von TIGR4luxΔhk09 und TIGR4luxΔtcs09 im Vergleich zum Wildtyp. Insbesondere in 

den Lungen, Blut und Gehirn war die Anzahl der Mutanten nach 48 h verringert. 

Zusammenfassend kann festgestellt werden, dass das TCS09 in TIGR4 eine wichtige Rolle 

bei der Verbreitung im Wirt durch Aufrechterhaltung der bakteriellen Fitness hat. 

In der dritten Studie wurde der Einfluss des TCS08 auf die Genexpression sowie auf 

metabolische und pathophysiologische Prozesse analysiert. Mittels Microarray und qPCR 

wurde insbesondere eine differentielle Genexpression in der hk08-Mutante von TIGR4 

festgestellt. Dabei zeigten sich eine verringerte Expression der Cellobiose spezifischen 

Phosphotransferasesysteme, sowie eine verstärkte Expression des fab-Operons, des arc-

Operons und des psa-Operons. Diese Operons kodieren für Proteine, die in der 

Fettsäurebiosynthese, im Arginin-Katabolismus bzw. für die Manganaufnahme notwendig 

sind. Des Weiteren wurde eine verringerte Expression des Pilus Typ 1 in TIGR4ΔcpsΔtcs08 

und eine erhöhte Expression von PavB in TIGR4ΔcpsΔhk08 entdeckt. Diese differentiellen 
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Expressionen wurden durch Immunblots und Oberflächenlokalisationsstudien bestätigt. 

Mittels einer in silico Analyse wurde in der Promoterregion von pavB ein SaeR-like 

Bindungsmotiv identifiziert. Der Einfluss des TCS08 auf die Virulenz von Pneumokokken 

wurde in vivo unter Verwendung des akuten Pneumonie- und Sepsismodells untersucht. 

Diese Modelle zeigten einen stammabhängigen Effekt der einzelnen TCS08 Mutationen 

zwischen D39 und TIGR4 Pneumokokken. Während der Verlust der HK08 oder des TCS08 

in D39 zu einer Abschwächung der Virulenz im Pneumoniemodell führte, war in TIGR4 der 

Verlust der RR08 dafür verantwortlich. Dagegen förderte der Verlust der HK08 in TIGR4 eine 

erhöhte Virulenz im Pneumonie- und Sepsismodell. Insgesamt zeigen diese Daten, dass das 

TCS08 ebenfalls an der bakteriellen Fitness während der Wirtskolonisierung beteiligt ist. 
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2. Summary 

Streptococcus pneumoniae colonizes asymptomatically the upper respiratory tract as a 

commensal, but has also a high virulence potential and can leave this ecological niche, 

thereby spreading to the lungs and blood. During this process, pneumococci must adapt to 

changing external environmental conditions and parameters such as nutrient availability, 

temperature, or oxygen levels. The transmission of these signals into the bacterial cell 

interior occurs via the process of signal transduction, which ultimately results in controlled 

differential gene expression. The most commonly strategy for signal transduction is the use 

of two-component regulatory systems (TCS), consisting of a membrane-bound histidine 

kinase as a sensor and a cytoplasmic response regulator that binds to the promoter region of 

its target genes and interferes with gene expression. 

In this study the regulatory impact and influence of the TCS08 and TCS09 on the phenotype 

and pathophysiology of S. pneumoniae were investigated using two different serotypes  

(serotype 2: D39 and serotype 4: TIGR4). For all functional assays, single (Δrr08/Δrr09 or 

Δhk08/Δhk09) and double (Δtcs08 or Δtcs09) mutants that were constructed by insertion-

deletion mutagenesis, were applied. 

In the first study a comparative transcriptome analysis using RNA-sequencing was 

conducted with our tcs09-mutants and the parental wild-type D39. The data indicated 

upregulation of the aga operon, which is related to galactose metabolism, and 

downregulation of the regulator AgaR, particularly in the absence of HK09. Interestingly, 

encapsulated and nonencapsulated hk09-mutants in D39 showed significant growth defects 

when galactose was used as sole carbohydrate source. Electron microscopy revealed 

morphological changes such as an increased number of membrane vesicles and cell wall 

degradation for the nonencapsulated hk09- and tcs09-mutants of strain D39. An increased 

capsule production was indicated for the encapsulated hk09- and tcs09-mutants in D39. The 

latter two mutants as well as the encapsulated rr09-mutant also showed altered colony 

morphology. While D39Δhk09 formed only opaque colonies, the mutants D39Δrr09 and 

D39Δtcs09 showed increased numbers of transparent colonies. In a Triton X-100 induced 

autolysis assay and in the presence of oxidative stress, a negative effect of the 

morphological changes of D39ΔcpsΔhk09 and D39ΔcpsΔtcs09 on their survivability was 

demonstrated. In conclusion, we observed that TCS09 in S. pneumoniae D39 is important for 

its fitness through regulation of carbohydrate metabolism. This indirectly influences cell wall 

integrity and capsular polysaccharide amount via other regulatory mechanisms, which 

ultimately affects stress tolerance. 
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In a second study, we investigated the virulence potential of TCS09 in pneumococcal strain 

TIGR4. In vitro growth analyses in complex medium showed no effect after loss of function of 

TCS09 on pneumococcal fitness. In contrast, using the disaccharides lactose and sucrose in 

chemically defined medium, an extended lag phase of tcs09-mutants was monitored. To 

assess changes of virulence factor expression, immunoblots were applied to demonstrate 

the abundance of various essential virulence factors of S. pneumoniae. The results revealed 

a decreased amount for RrgB, which is the backbone pilus component of type 1 pili, in the 

hk09-mutant. Field emission scanning electron microscopy and transmission electron 

microscopy images were applied to study alterations of the bacterial cell shape. The 

illustrations by FESEM and TEM showed no effect of TCS09-deletion on pneumococcal cell 

morphology. Cell culture-based infection analyses revealed a similar adhesion capacity of 

the parental strain and isogenic mutants to lung epithelial cells. However, phagocytosis 

assays indicated a significantly increased killing rate of intracellular TIGR4ΔcpsΔtcs09, when 

compared to the isogenic parental strain. In experimental mouse infection models of acute 

pneumonia and systemic infection the tcs09-mutants were not attenuated. However, to 

decipher in more detail differences between the wild-type and tcs09-mutants, in vivo co-

infection were performed, which highlighted a significantly lower bacterial load of 

TIGR4luxΔhk09 and TIGR4luxΔtcs09 especially in the lungs, blood, and brain after 48 h. In 

conclusion, the TCS09 in TIGR4 is necessary for maintaining metabolic fitness, which in turn 

contributes to dissemination in the host. 

In the third study, the influence of TCS08 on gene expression and metabolic and 

pathophysiological processes of S. pneumoniae was analyzed. In particular, differential gene 

expression in the hk08-mutant of TIGR4 was detected using microarray and qPCR. The 

transcriptome analysis revealed a downregulation of cellobiose specific phosphotransferase 

systems as well as an upregulation of the fab operon, arc operon, and psa operon. These 

operons encode proteins involved in fatty acid biosynthesis, arginine catabolism, and 

manganese uptake, respectively. Furthermore, we measured a downregulation of pilus 1 

genes in TIGR4ΔcpsΔtcs08 and an increased expression of pavB in TIGR4ΔcpsΔhk08. 

These data were confirmed by immunoblotting and surface localization studies. Using in 

silico analysis, a SaeR-like binding motif was identified in the promoter region of pavB. 

Furthermore, the impact of TCS08 on pneumococcal virulence was investigated in vivo using 

the acute pneumonia and sepsis models. These models showed a strain-dependent effect of 

the single TCS08 component deletions between D39 and TIGR4 pneumococci. Whereas 

loss of HK08 or TCS08 in D39 attenuated the mutants in the pneumonia model, loss of RR08 

in TIGR4 was responsible for a similar effect. In contrast, loss of HK08 in TIGR4 promoted 
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increased virulence in the pneumonia and sepsis model. Overall, these data indicate that 

TCS08 is involved as key player in bacterial fitness during host colonization. 
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3. Introduction 

 

 “It is time to close the book on infectious diseases and declare the war against pestilence 

won.” (William H. Stewart, U.S. health official surgeon general 1967 or 1969) [1]. This 

statement clearly shows how much infectious diseases were underestimated in the middle of 

the last century. Rarely has a medical dogma been so quickly reduced to absurdity, 

considering that several hundred new infectious diseases have emerged or been discovered 

in the period from 1940 to 2021. The incidence of emerging infectious diseases has been 

increased since 1940 and reached its preliminary maximum in the 1980s [2] until the ongoing 

COVID-19 pandemic in December 2019 occurred. By far the most common are viral and 

bacterial infections, but fungal infections, infections caused by protozoa or worms also occur 

millions of times worldwide, whereas prion diseases are much rarer in humans. Some 

diseases are endemic only in certain regions e.g., tropical diseases usually occur only in 

warmer climates and some infectious diseases such as influenza accumulate seasonally. 

Major epidemics occur at intervals of years and decades like the black plague and when 

worldwide spread happens it might cause a pandemic. In 2016 lower respiratory infections 

caused about 2.3 million deaths worldwide, with Streptococcus pneumoniae (S. pneumoniae) 

being the leading cause [3]. 

 

3.1. Historical background and characteristics of the pathogen 

Streptococcus pneumoniae 

The genus Streptococcus was first described in 1880 by Theodor Billroth. Only one year 

later, in 1881, Streptococcus pneumoniae was isolated from the saliva of rabbits and a child 

who died of rabies, cultivated and characterized as a separate species within the genus 

Streptococcus by the two scientists George Miller Sternberg and Louis Pasteur [4,5]. Later 

this bacterium was recognized as a major cause of pneumonia. First, the microorganism was 

termed “pneumococcus” and later in 1920 “Diplococcus pneumoniae” [6], before renamed in 

1974 as Streptococcus pneumoniae because of its characteristic chain formation in liquid 

medium [7]. Taxonomically, together with the genera Lactococcus and Lactovum, they form 

the family Streptococcaceae, class Bacilli, phylum Firmicutes and belong to the order 

Lactobacillales. S. pneumoniae is a close relative to Streptococcus mitis as shown in a 

phylogenetic study [8]. In 1928 the physician Frederick Griffith discovered bacterial 

transformation in pneumococci after observing that capsule formation information is 

transferable between encapsulated and nonencapsulated pneumococci due to natural 

competence [9]. Later, in 1944, Avery, MacLeod and McCarty were able to clearly identify 

DNA as the transforming principle and element of the genetic material [10,11]. Pneumococci 
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are encapsulated, Gram-positive, ovoid to lanceolate shaped, α-hemolytic, facultative 

anaerobic, oxidase- and catalase-negative, sporeless and non-motile bacteria that 

morphologically belong to the group of diplococci meaning they are mainly found in pairs [12]. 

In α-hemolytic streptococci, a green area is formed around its colonies on blood agar plates 

due to incomplete degradation of the hemoglobin of erythrocytes in the medium. Fe2+ ions of 

the heme groups are oxidized to Fe3+ by secretion of hydrogen peroxide resulting in 

methemoglobin, which absorbs light in the green color spectrum [13]. Since 1919, this 

property of S. pneumoniae is used for diagnostic purposes. 

 

Figure 1: Transmission electron microscopy image of S. pneumoniae D39. Typically ovoid to 

lanceolate shaped pneumococcal cells found in pairs surrounded by capsule structures (own photo 

recording). 

 

The natural competence allows pneumococci to take up foreign DNA from the environment, 

which permits their genome to be highly variable at approximately 2.0 - 2.2 Mbp depending 

on the strain [14,15]. This natural competence has also the disadvantage for the host, namely 

S. pneumoniae acquires antimicrobial resistance and virulence factor genes via horizontal 

gene transfer [16-19]. This high genomic variability is further supported by recombination and 

random mutation, with recombination frequency being 10-fold higher than mutation 

frequency [20]. In 2001, almost at the same time, the whole genome sequence of three 

S. pneumoniae strains, TIGR4 (serotype 4) [15], R6 (nonencapsulated derivative of D39, 

serotype 2) [14] and G54 (serotype 19F) [21], were published. Six years later, the D39 

genome was sequenced and R6 was corrected in the same procedure [22]. Depending on 

the gene conservation the genome can be classified as core genome, supercore genome, 

flexible genome and/or the supragenome [16,18]. The supercore genome includes 303 genes 

and the core genome additional 461 genes [18], but between the individual strains and 
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serotypes, the genetic variance can be up to 10% [23]. Compared to other published 

genomes, there are many insertions, transposons and repetitive elements, which can 

account for up ~5% of the genome [15]. Pathogenicity islands, pseudogenes and regulators 

are present in different strains with different levels of conservation [24]. Thirteen regions of 

diversity (RDs) were identified in the genome, 8 of which contribute to virulence [25]. 

Furthermore, plasmids occur in small numbers in pneumococci and mostly they are very 

similar to pDP1, a 3 kb plasmid found in D39 [26]. Due to the high variability in chemical 

composition of capsular polysaccharides, 98 different serotypes with different potentials in 

disease, virulence, prevalence and drug resistance can currently be distinguished [27-30]. In 

contrast to the encapsulated strains (s-form; “smooth”) showing colonies with a slimy surface, 

the nonencapsulated phenotype (r-form; “rough”) having lackluster colonies, are in general 

avirulent (up to 107-fold less virulent than their encapsulated counterparts in the mouse 

infection model) [31,32]. 

 

3.2. Epidemiology, Infection route and Pathogenesis 

According to statistics, pneumococci are one of the most common agents of community-

acquired pneumonia (CAP) in adults [33]. The mortality rate of this disease still averages 

10% to 30% depending on age despite decades of research and the development of 

improved vaccines and new antibiotics [34,35]. The constant mortality rate can be attributed 

to the increasing number of resistant or multidrug-resistant pneumococcal strains [36]. WHO 

estimates that 1.6 million people die annually from pneumococcal infections including the 

deaths of 826,000 children under the age of five; most of them living in developing 

countries [37]. Before PCV7 vaccine introduction in 2001, the incidence of invasive 

pneumococcal disease (IPD) in children younger than 2 years of age ranged ~ 44.4 per 

100,000 per year in Europe [38]. A 69% decrease in IPD cases in children under 2 years, 

32% in adults in the age between 20 – 39 years, 8% in adults of 40 – 64 years and 18% in 

adults older than 65 years was demonstrated after the introduction of PCV7 and the resulting 

herd immunity [39].  

Typically, pneumococci are transmitted via aerosols and acquired via the nasopharynx 

[40-42]. Carriers and vectors of pneumococci are mainly children in the first six years of life 

(50%) depending on genetic background, socioeconomic status and geographical location 

with decreasing probability to 3% - 5% in adulthood [43,44]. This number increases again 

(0% - 39%) in adults aged 60 years and older and/or having a weaker immune system [45]. In 

exceptional cases, simultaneous colonization by up to three serotypes occurs, which are 

repeatedly replaced by new ones [46,47]. However, in most cases one isolate dominates and 

persists for weeks in the nasal and pharyngeal cavities of the healthy asymptomatic host. 

During co-colonization, horizontal gene transfer, which is promoted by natural competence in 
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pneumococci, occurs frequently with different strains exchanging DNA segments [47]. 

S. pneumoniae colonizes its natural habitat, the mucosa of the human upper respiratory tract 

(URT), the nasopharynx, as an asymptomatic commensal without clinical outcome [36,48]. 

However, pneumococci disturb the defense mechanism and thus contribute to a higher risk 

of infection, and may become pathogenic. Different factors are of great importance for the 

development and course of an invasive pneumococcal infection such as the serotype of the 

pathogen, the constitution of the host and so-called virulence factors [49]. At high risk are 

immunocompromised individuals (e.g., people living with HIV), young children in the first two 

years of life, elderly patients over 65 years of age and people after a previous viral 

infection [36,50]. Viral infections, for example by the influenza A virus, favor a subsequent 

infection with S. pneumoniae as the immune system is weakened and receptors for 

pneumococcal adherence are exposed. Such a secondary infection, often also referred to as 

superinfection, is the cause of an increased mortality rate after an influenza infection [51]. For 

further dissemination in the host and the spread to normally sterile areas, the pathogen must 

leave its biological niche. Different strategies play an important role in the establishment in 

the host and spread of S. pneumoniae:  

 

1. Resistance of elimination by mucus and ciliary clearance, by lysis of respiratory 

epithelial cells [52,53]. 

2. Evasion of the immune system especially through lysis of immune cells [54], inhibition 

of opsonization by capsule expression [55] and IgA cleavage [56]. 

3. Successful adhesion to the mucosal host cell surface or receptors or the extracellular 

matrix (ECM; thrombospondin-1, fibronectin, vitronectin) via surface exposed 

pneumococcal adhesins [57-60]. 

4. Transcytosis through host cells [61] and gaining access to the blood or brain via 

crossing the blood-brain barrier [62]. Internalization of pneumococci occurs with an 

extremely low frequency, and if, this is mostly receptor-mediated [63] or integrin-

determined [59] and associated with tight binding to host cells. 

If pneumococci spread to sterile host compartments they cause diseases ranging from mild 

local infections such as otitis media and sinusitis, to severe diseases including pneumonia, 

septicemia, and meningitis [36,40,50]. In the blood stream, pneumococci can lodge in 

erythrocytes to avoid detection by neutrophils, contributing to bacterial spread and increased 

risk of severe diseases [64]. Pneumococci can grow planktonically as mono-, diplo- or 

polycocci, but also sessile in biofilms. Biofilm formation also appears to play an important 

role in colonization of the nasopharynx [65], with altered protein profiles between the two 
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growth types [66]. However, the exact reasons why colonization leads to life-threatening 

diseases in certain people, while most show no symptoms at all are not yet fully understood. 

 
Figure 2: Schematic representation of S. pneumoniae pathogenic route. As colonizing the 

mucosa of the upper respiratory tract, pneumococci can be transmitted in nasal secretions to other 

individuals and may cause mild local infections as well as invasive disease [67]. 

 

3.3. Diagnostics and Therapy 

Pneumococci can be detected microscopically and culturally in appropriate test specimens 

(blood, bronchial secretions, cerebrospinal fluid). These α-hemolytic bacteria exhibit a green 

area around their colonies on blood agar plates and they are optochin-sensitive, although 

optochin resistance has been observed [68]. Serological typing can be conducted with 

antibodies specifically directed against the capsular polysaccharides (CPS) in the so-called 

Neufeld test or “Quellung” reaction [69]. An alternative method for serotyping S. pneumoniae 

is the multiplex PCR, a PCR approach that is applied to detect more than one genomic 

segment in organisms [70]. Using this method sequence differences of the individual 

pneumococcal capsule locus can be detected using specific primers targeting this  

locus [70-72]. 

Current therapy for pneumococcal infection consists of prophylactic vaccination and antibiotic 

treatment. Worldwide, penicillins belonging to the group of β-lactam antibiotics are the 
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antibiotics of choice for the treatment of pneumococcal infections [73]. Further, the pathogen 

can be controlled with other antibiotics such as cefotaxime [74], chloramphenicol or 

fluoroquinolone [75]. In parts of the world where these medications are used to treat 

tuberculosis, resistance has been described [76]. Rifampin and vancomycin are available as 

reserve antibiotic for penicillin-resistant pneumococcal strains, but the misuse of antibiotics in 

the world are leading to an increasing prevalence of multiple antibiotic resistance [73,77]. Due 

to natural competence, the development of antibiotic resistance in pneumococci is further 

promoted [40,78]. For these reasons, the use of preventive vaccines is more appropriate to 

address infections caused by pneumococci. 

 

3.3.1. Vaccination 

Two pneumococcal vaccine types are available as either polysaccharide vaccines or 

conjugate vaccines. The polysaccharide vaccine, used in persons aged 65 years and 

individuals with immunocompromising conditions [79], is a mixture of the capsular 

polysaccharides of the 23 most clinically important serotypes (PPV23, Pneumo®23 or 

Pneumovax®23) and covers all serotypes responsible for 90% of diseases caused by 

pneumococci in the USA and Europe. It is directed against 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 [80]. However, 

the polysaccharide vaccine is not sufficiently effective in infants and young children under 

two years and also has weakness in long-term efficacy in adults [81,82]. Children of this age 

cannot develop immunologic memory (no generation of memory B cells) due to the absence 

of a T-cell-dependent immune response [82,83]. In this regard, the many different and only 

marginally immunogenic serotypes of the capsule pose a major challenge [82]. This led to the 

introduction of a new heptavalent conjugate vaccine (PCV7; predominant serotypes: 4, 6B, 

9V, 14, 18C, 19F and 23F) called Prevnar® in USA in early 2000, which is intended for young 

children [36,39]. Conjugate vaccines provoke a significantly more robust immune response in 

children by recruiting Th2 cells, which enable switching of the type and production of 

B lymphocytes for immunological memory [82,84]. More than 37,000 infants have been 

vaccinated in clinical trials in the USA and these studies have demonstrated the efficacy of 

the new vaccine in the selected target group [85]. It became immediately apparent that the 

number of invasive pneumococcal diseases, caused by serotypes included in the vaccine 

PCV7, in children under five years of age was declining in Germany and the USA [82,86]. 

However, this increases colonization and infections of other highly virulent serotypes, not 

covered by PCV7. This phenomenon, known as serotype replacement, is reflected, for 

example, in the rise of type 19A, which accounts for 50% of all isolated serotypes in children 

in the United States in 2007 and 2008 [34,87]. Because of a persistent risk of infection with 

serotypes not covered by PCV7, the PCVs have been continuously improved and extended 
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until the establishment of the 10-valent conjugate vaccine PCV10 (Synflorix) and the 13-

valent conjugate vaccine PCV13 (Prevnar 13®) [88]. The approved conjugate vaccines 

contain the conjugated capsular antigens of either ten (PCV10: 1, 4, 5, 6B, 7F, 9V, 14, 18C, 

19F and 23F) or thirteen clinically relevant serotypes (PCV13: 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 

18C, 19A, 19F and 23F) coupled to an immunogenic strong antigen as carrier. In Synflorix, 

8 capsule antigens are conjugated to protein D of non-typeable Haemophilus influenzae, 18C 

to a tetanus toxoid carrier protein of Clostridium tetani and 19F to a diphtheria toxoid [89]. 

PCV7 and PCV13 are chemically coupled by reductive amination to the nontoxic form of the 

diphtheria toxin CRM197 from Corynebacterium diphtheriae to form glycoconjugates [82,88]. 

Aluminium orthophosphate is added to all vaccines as an adjuvant to enhance immune 

response [90]. 

Vaccination against pneumococci is recommended for all children after their second birthday 

and for persons with increased health risk for severe pneumococcal disease [91]. Because 

pneumococcal vaccines do not cover all of the approximately 98 pathogenic pneumococcal 

serotypes and no mucosal immunity is provoked, these types of vaccines do not provide 

complete protection from infections, carrier status or even herd immunity [82]. Due to the 

increasing antibiotic resistance of bacteria and the risk of so-called serotype replacement by 

non-vaccine serotypes (NVT) in the population, which means a colonization of ecological 

host compartments with serotypes not covered by the PCV, new vaccines against a broader 

spectrum of pneumococci are currently being sought [36,82,92,93]. In this regard, promising 

candidates for vaccines that can be used in a serotype-independent manner are the widely 

distributed and highly conserved pneumococcal virulence factors [19]. 

 

3.4. Morphological characteristics of S. pneumoniae 

3.4.1. Capsule 

The capsule, the outer envelope of all virulent pneumococci, was isolated in 1917 [94], but 

since only proteins were known to be immunogens, it was assumed that the capsule was 

also composed of proteins. In the 1920s, it was explored that the capsule is composed of 

polysaccharides and thus was discovered to be the first antigen that is not a protein [95,96]. 

These polysaccharides are repetitive sequences of e.g., galactose, glucose, rhamnose, 

ribitol, and glucuronic acid, linked by glycosidic bonds and depending on the serotype, they 

may contain various acetyl- and phosphoryl groups, di/trideoxyhexoses, amino sugars and 

cholines [97-99]. Except for serotype 3, the capsule is covalently linked in all serotypes to the 

peptidoglycan (PGN) of the cell wall [100]. With the polysaccharide capsule, the pathogen 

possesses an important virulence factor in pneumococcal colonization [32], transmission [101] 

and virulence [29,102]. The different serotypes vary both in their ability to resist phagocytosis 



INTRODUCTION   

 
16 

 

and in eliciting a human immune response [97,103]. Capsules prevent complement-mediated 

opsonophagocytosis by impairing binding of the opsonin iC3b (alternative complement 

cascade) and immunoglobulins to the surface of pneumococci, so that only encapsulated 

pneumococci are virulent [53,55,104]. Furthermore, the capsule serves to escape binding by 

neutrophil extracellular traps (NETs) [105] and to confer resistance to spontaneous or 

antibiotic-induced autolysis [106]. The negative charge of the capsule counteracts mucus-

mediated export from the nasopharynx via electrostatic repulsion, which facilitates 

penetration into the glycocalyx layer of the respiratory epithelium and contacting receptors 

there [107]. The layer thickness of the CPS can vary between 200 – 400 nm [108], but 

capsule thickness is not necessarily proportional to virulence [109]. For example, serotypes 3 

and 37 produce very thick capsules, but only serotype 3 is highly virulent to humans and 

laboratory animals [110,111]. The amount of CPS may be reduced upon contact with 

respiratory epithelial cells [112], improving adhesion to host cells and increasing 

invasiveness [113]. This is necessary because surface-associated proteins involved in 

adherence and virulence otherwise remain masked, making it to an important mechanism for 

successful nasopharyngeal colonization [114]. To date, 98 serotypes [27-30] of CPS have 

been described, differing firstly in their molecular capsule composition and secondly in the 

cps operon [29,30,115]. Changes in the cps locus can be on single nucleotide level or entire 

genes can be replaced or deleted [116,117]. 

 

3.4.2. Cell wall 

As a Gram-positive pathogen, pneumococci have only a cytoplasmic cell membrane with a 

peptidoglycan layer covering the phospholipid layer. The PGN is a thick murein sacculus 

often simply called cell wall. The cell wall serves to shape and stabilize the cell and 

counteracts the turgor prevailing in the cell [118]. Although it has often been conceived as an 

inert structure, it is in fact a highly dynamic and tightly regulated macromolecule that is 

continuously assembled and disassembled to ensure cell growth and division [119,120]. As a 

Gram-positive bacterium of the Firmicutes phylum, the cell wall of pneumococci is a mesh-

like network mainly composed of a heteropolymer peptidoglycan layer of 

i) N-acetylglucosamine (GlcNAc); ii) N-acetylmuramic acid (MurNAc); iii) teichoic acids;  

iv) phosphorylcholine; and v) tethered peptides of alanine, glutamate and lysine [121-124]. 

The sugars built an alternating structure with β-1,4-glycosidic bonds (GlcNAc-(β1,4)-MurNAc) 

and the pentapeptide L-Ala-D-iGln-L-Lys-D-Ala-D-Ala attaches via the lactyl residue to 

MurNAc. While the basic repeating structure of the disaccharide is present in all bacterial 

peptidoglycan layers, the oligopeptides differ between bacterial species [125]. The 

biosynthesis of the PGN network is a complex process and requires the involvement of more 
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than 20 proteins from different protein families, including penicillin-binding proteins (PBPs) 

and choline-binding proteins (CBP) [126,127]. The biosynthesis reactions are catalyzed in the 

cytoplasm (synthesis of peptidoglycan precursor molecules), at the inner side (synthesis of 

lipid-coupled intermediates), and the outer side (polymerization of GlcNAc-(β1,4)-MurNAc-L-

Ala-D-iGln-L-Lys-D-Ala-D-Ala fragments) of the plasma membrane [128-131]. Whereas earlier 

models assumed the existence of two strictly separate processes for realizing septal and 

peripheral growth, recent data suggest the existence of a single, finely regulated 

machinery [132]. Peptidoglycan biosynthesis can be divided into eight steps [129-131,133]: 

 

Cytoplasmic steps [128,129]: 

1. Synthesis of UDP (uridine diphosphate)-N-acetylglucosamine (UDP-GlcNAc) and 

UDP-N-acetylmuramic acid (UDP-MurNAc). 

2. Addition of amino acids (AS) L-alanine, D-glutamate, L-lysine, D-alanine-D-alanine to 

UDP-MurNAc in an ATP-dependent manner, while terminal D-alanines are attached 

together as a dipeptide. 

Intracellular membrane steps [129,130]: 

3. Cleavage of UMP (uridine monophosphate) from UDP-MurNAc-pentapeptide and 

binding to a lipid carrier in the cell membrane. 

4. Binding of UDP-GlcNAc to UDP-MurNAc-pentapeptide, UDP is cleaved followed by 

amidation of the α-carboxyl group of D-glutamate, the second amino acid of the 

pentapeptide, to D-isoglutamine (D-iGln) [134]. 

5. Direction outward of sugar moieties (completed precursor) across the cytoplasmic 

membrane by flipping the lipid carrier [135]. 

Extracellular membrane/cell wall steps catalyzed by penicillin-binding proteins [129-131]: 

6. Attachment of the completed precursor to the preexisting cell wall. This leads to an 

elongation of the peptidoglycan scaffold. 

7. Cross-linkage of individual murein strands via interpeptide bridge. In this process, the 

fifth D-alanine of the pentapeptide is cleaved off and at the same time a new bond 

with another pentapeptide chain on the fourth D-alanine is generated. This process is 

called transpeptidation and is carried out by transpeptidases such as  

D,D-carboxypeptidase (DacA) and L,D-carboxypeptidase (DacB) [119,120]. 

8. Return of the lipid carrier to the intracellular space to bind a new UDP-MurNAc 

molecule and start a new synthesis cycle. 

The peptides and N-acetylglycans of the cell wall are subject to various modifications, 

especially acetylations and deacetylations. One example is the O-acetylation of the C6-OH of 
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MurNAc, which serves, among other things, to bind wall teichoic acids [121,124] as well as 

various capsule polysaccharides [100,136]. The aforementioned modifications as well as 

branches in the peptides network of the cell wall are frequently associated with the formation 

of resistance to lysozyme and various antibiotics [137]. 

 

3.5. The metabolism of S. pneumoniae 

Metabolism includes all biochemical processes in an organism that result in the uptake, 

transport, transformation and degradation of substances. All these processes are necessary 

for the maintenance of life. Pneumococci depend on the nutrients that are available in the 

respective host compartment and can be taken up as well as catabolized. Genome analysis 

revealed the absence of the tricarboxylic acid (TCA) cycle and electron transport chain 

(aerobic and anaerobic respiration) enzymes [14]. Pneumococci have various transporter 

systems for carbohydrate, amino acid, vitamins and metal ion uptake [14,15,138-142]. For the 

important cofactors iron, zinc, and manganese S. pneumoniae encodes several ABC 

transporters (ATP binding cassette transporters) (for iron: Piu, Pit and Pia, which is the 

dominant one; for manganese: PsaBCA and for zinc: AdcCBA and AdcAII) to maintain 

oxidative stress response and virulence [140,143-147]. Under iron limiting conditions, 

pneumococci showed morphological defects as a disturbed cell division and an altered 

expression of proteins involved in cell division underlining the necessity of iron uptake [148]. 

 

3.5.1. Carbohydrate metabolism 

Since pneumococci belong to the lactic acid bacteria, they are only capable of fermentative 

energy metabolism and thus depend on carbohydrates for optimal growth. Genome analyses 

showed that S. pneumoniae possesses numerous affine and specific transporters for 

carbohydrates and amino acids. Over 30% of the transporters of pneumococci are 

transporters for carbohydrates, which is an unusually high percentage among 

prokaryotes [149]. In the S. pneumoniae genome, 21 PTS (phosphotransferase system), 

7 ABC transporters, one channel protein and one secondary transporter have been 

identified [139]. Compared to ABC transporters, PTSs are significantly more energy efficient, 

as they phosphorylate their substrate already during transport. In vitro pneumococci can take 

up at least 32 different carbohydrates (e.g., glucose, galactose, sucrose and lactose) into the 

cell. Under in vitro conditions pneumococci prefer glucose, however, this sugar is not 

available in the human URT [139,149]. In the URT the bacteria settle on a mucin layer 

consisting of glycoproteins (macromolecules composed of a central protein chain and long, 

complex oligosaccharides) [150]. In general, these subunits represent the only carbohydrate 

source for pneumococci in the respiratory tract. With the help of exoenzymes, such as 
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hydrolases, hyaluronidase, neuraminidases (NanA, NanB, NanC), α-galactosidase (AgaN), 

β-galactosidase (BgaC), and N-acetylglucosaminidase (StrH), S. pneumoniae can release 

monosaccharides from the present host polymeric structure, transport and utilize them in the 

bacterial cell [151-153]. In the blood, glucose is present as a carbon and energy source for 

pneumococci [154]. Sugars such as glucose and sucrose are metabolized via glycolysis 

(Embden-Meyerhof-Parnas (EMP) pathway) [155], whereas pentoses, such as ribose, are 

theoretically introduced into glycolysis via the pentose phosphate pathway (PPP) [15]. A 

metabolomics study analyzing the intracellular metabolic profile confirmed the high glycolytic 

activity of S. pneumoniae [156]. Galactose and lactose are first metabolized in two different 

pathways, the tagatose-6-phosphate and the Leloir pathway, and enter later the glycolysis 

pathway [155,157,158]. Finally, all carbohydrates are oxidized to pyruvate, which is 

subsequently converted to lactate by lactate dehydrogenase. During this process 

pneumococci regenerates NADH to NAD+ [155]. Streptococci are able to metabolize sugars 

homo- and heterofermentatively to regenerate spent reduction equivalents (NADH/NAD+) 

and thus energy [159]. Under glucose-limited conditions and induction of heterofermentative 

growth, additional end products may also be formed, such as formate, acetate and 

ethanol [160]. In the presence of galactose, the pyruvate dehydrogenase converts pyruvate to 

acetyl-CoA and recycles NAD+, but more than 50% of pyruvate is cleaved by the pyruvate 

formate lyase (Pfl). Two enzymes, pyruvate formate lyase activating enzyme (PflA) and 

pyruvate formate lyase (PflB) are required for a functional Pfl catalyzing the reaction of 

pyruvate to acetyl-CoA and formate [161,162]. Metabolic proteins play an important role in 

virulence. Mutations in the pflA and pflB genes attenuate the virulence of pneumococci, as 

mice infected intranasally with pflA- and pflB-mutants survived longer than mice infected with 

the wild-type. Bacteremia also developed later in mice infected with the mutants [161]. 

Pneumococcal metabolism is controlled by global regulators, such as CodY [163], or the 

catabolite control protein CcpA [164]. 

 

3.6. Pneumococcal virulence factors 

S. pneumoniae preferentially colonizes the mucosal epithelium of the URT as commensal. 

Only when the pneumococcus overcomes this natural barrier the bacterium causes invasive, 

life-threatening diseases. Pathogenicity is the fundamental ability of infectious agents to 

cause disease in specific organisms and can occur through molecular mimicry [165], 

attachment to the extracellular matrix or host cells or modulation of the host immune 

system [166]. Virulence factors play an important role in pathogenesis and promote the 

growth as well as the spread, invasion and survival of microorganisms within a host 

organism [15,53]. The role of pneumococcal virulence factors in the pathophysiology and their 

in part multiple functions have not yet been comprehensively elucidated. Virulence factors 
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are produced depending on the stage of infection and may be present in a surface-

associated manner or secreted [167-169]. Multiple genes encoding virulence factors are 

sometimes grouped into pathogenicity islands (PAIs), which can be transferred to other 

strains via horizontal gene transfer [170]. Virulence factor expression is regulated in response 

to the environment and host immunological response by a wide variety of mechanisms; they 

can be achieved at the transcriptional level with thermosensors [171], riboswitches [172] and 

non-coding RNAs [173] or via promoter regulation using stand-alone regulators or two-

component regulatory systems (TCS) [174,175]. 

 

 
 

Figure 3: Schematic representation of S. pneumoniae virulence factors. A number of virulence 

factors are necessary for the viability of the pneumococcus. Illustrated pneumococcal virulence factors 

include: the capsule; the cell wall; choline-binding proteins; pneumococcal surface proteins A and C 

(PspA and PspC); the LPXTG-anchored neuraminidase proteins; hyaluronate lyase (Hyl); 

pneumococcal adhesion and virulence A (PavA); enolase (Eno); pneumolysin; autolysin A (LytA); and 

the metal-binding proteins pneumococcal surface antigen A (PsaA), pneumococcal iron acquisition A 

(PiaA) and pneumococcal iron uptake A (PiuA) [168]. 

 

3.6.1. Surface proteins 

Pneumococci possess diverse surface-anchored or surface-associated proteins that act as 

virulence factors. Four classes of proteins can be distinguished depending on the surface-

anchoring motif: choline-binding proteins, lipoproteins anchored to the membrane via a 

lipobox motif, surface proteins anchored to the cell wall via cleavage of the LPxTG motif by a 

transpeptidase called sortase and the non-classical surface proteins (NCSP), also called 

moonlighting proteins [142,167,168,176]. These various surface proteins are especially 

required for pneumococci to attach to eukaryotic host cells and to maintain pneumococcal 
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fitness. These proteins target host structures such as components of the host cell 

membrane, the ECM or body fluids. Among the adhesins expressed by pneumococci are the 

MSCRAMMs (microbial surface components recognizing adhesive matrix molecules), which 

are encoded in the core genome for the majority of pneumococcal strains. MSCRAMMs are 

able to mediate initial attachment of bacteria to the ECM components of host cell tissue or 

sequester ECM proteins [177,178]. The ECM, a three-dimensional network, consists of 

collagenous and non-collagenous glycoproteins [179]. S. pneumoniae can utilize ECM 

proteins as molecular bridge to link to integrins and finally manipulate host cell signal 

transduction cascades for internalization. Integrins are glycoproteins that mediate a dynamic 

link between the ECM and the intracellular actin cytoskeleton [180]. In this regard, a single 

bacterial MSCRAMM can recognize and bind a specific or several ECM proteins and, 

conversely, several MSCRAMMs can bind the same ECM protein, increasing the efficiency of 

the interaction [60,178]. The human thrombospondin-1 (TSP-1), a matricellular protein, can 

recognize surface exposed structures of pneumococci and other Gram-positive bacteria, 

facilitating bacterial adherence [178,181-184]. In addition to TSP-1, pneumococci also bind to 

ECM proteins such as fibronectin [57,58], fibrinogen and vitronectin [59], as well as 

lactoferrin [185], a mucosal iron transport protein and plasminogen, a serum protein [186]. 

Additionally, tight junctions are broken by diverse virulence factors, which leads to a leaky 

epithelium and thus functional impairment [187]. 

 

3.6.1.1. Choline-binding proteins 

In pneumococci, 13 – 16 CBPs have been identified to date, of which PspA [188], PspC [189] 

and some cell wall hydrolases such as LytA, LytB [190], LytC [191] and CbpF [192], in 

particular contribute to adhesion, cell wall physiology and virulence [167,168,193]. These 

proteins are non-covalently bound via C-terminal repeats (3 - 18 choline-binding domains, 20 

conserved AS each) to the phosphorylcholine of lipoteichoic and wall teichoic acids of the 

cell [193-197]. Additionally, they have a signal peptide and a variable N-terminus [196]. An 

important representative is PspA, which prevents complement-mediated opsonization by 

interfering with the accumulation of C3 opsonin [198]. Furthermore, PspA has been described 

to bind human lactoferrin, an iron-binding protein, and thus inhibit the bactericidal effect of 

apolactoferrin [185,199]. PspC binds to factor H [200], plasminogen [201], TSP-1 [181], 

vitronectin [202] and interacts directly with the secretory component (SC) of pIgR [63,203,204] 

leading to increased adherence to host cells. The interaction with the pIgR induces the 

transcytosis pathway, which actually transports IgA from the basolateral to the apical cell 

side, proceeding backwards. As a result, pneumococci are transported from the apical to the 

basolateral side and thus into deeper tissue layers [204-206]. Due to binding of factor H, 

PspC enables immune evasion of pneumococci [207]. The autolysins LytA and LytB are 
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important in normal growth by cleaving the amide bond between alanine and muramic acid in 

the cell wall as well as during nutrient deficiency or antibiotic stress [208,209]. They facilitate 

the release of other virulence factors (e.g., proinflammatory peptidoglycan and pneumolysin) 

localized in the cytoplasm [210]. 

 

3.6.1.2. Sortase-anchored proteins 

The S. pneumoniae genome contains up to 18 sortase-anchored proteins [176]. These 

surface proteins possess a conserved C-terminal leucine-proline-any AS (x)-threonine-

glycine (LPxTG) motif, followed by an uncharged domain with hydrophobic properties [211]. 

This is usually followed by several amino acid residues with a positive charge [212]. The 

specific LPxTG sequence is recognized by a membrane-bound sortase (SrtA), leading to the 

cleavage of the bond between threonine (T) and glycine (G) resulting in a covalent link of the 

carboxyl group of threonine to the amino group of a pentaglycine of the cell wall 

peptidoglycan [213-215]. SrtA plays a significant role in adhesion to nasopharyngeal 

cells [216] and colonization of host cells [217], as well as in the development of pneumonia 

and bacteremia [218]. LPxTG proteins include hyaluronidases (Hyl) [219], hydrolases 

(BgaA) [220], neuraminidases (NanA) [221], proteases (IgA1 protease) [222] and 

plasminogen and fibronectin binding proteins (PfbA) [223]. They cleave human glycoproteins, 

glycolipids and oligosaccharides on the host cell surface and thus may play a role in 

unmasking receptors for attachment [220,224]. Sortase-anchored proteins have a major role 

in pneumococcal adhesion and interaction with ECM proteins [225]. An important member of 

this group is PavB, which with its variable number of repetitive SSURE (streptococcal 

surface repeat) sequence peptides interacts with fibronectin and plasminogen to increase 

bacterial adherence to host cells in the early phase of colonization [226-228]. The SSURE 

domains of PavB exhibit high homology among themselves and are also highly conserved 

among pneumococcal strains [228]. They can be divided into three sections: i) the first 

domain consists of 150 amino acids, is highly conserved between the strains, but differs from 

the core SSURE and the last SSURE; ii) the core SSURE consists of 152 amino acids and, 

depending on the strain, 2 – 7 of these identical sequences; iii) the last SSURE is truncated, 

consists only of 136 amino acids and is also highly conserved between the strains. 

Accordingly, the size of the mature protein varies considerably in the serotypes [226]. PavB 

has been shown to contribute to pneumococcal colonization of the nasopharynx and to 

transmigration to the lungs [226]. Many of the pili proteins regulated by TCS08 are also 

considered to be sortase-anchored proteins [229]. Pili, hair-like structures on the 

pneumococcal surface, are produced by only about 20% of clinical isolates and confer 

additional adhesive properties facilitating colonization of epithelial cells in the URT. The pili 
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protruding from the capsule initially allow attachment to cellular receptors and ECM proteins 

like fibronectin over a longer distance [230-232].  

 

3.6.1.3. Lipoproteins 

However, the largest group of surface proteins are the lipoproteins, which are found, among 

others, as substrate-binding components of ABC transporters for nutrient transport and 

bacterial fitness. These multifunctional proteins play a role in signal transduction [142], 

adhesion [233], oxidative stress response [234], antibiotic resistance mechanisms [235] and 

extracellular protein folding [236]. Thus, lipoproteins possess important functions or 

properties in virulence, such as colonization [236], invasion [237] and immune evasion [238]. 

Thirty-seven lipoproteins have now been classified in serotype 2 and 4 pneumococci on the 

basis of the lipobox motif [142,239]. They are synthesized in the cytoplasm as a 

preprolipoprotein containing a signal peptide and an N-terminal conserved lipobox  

((LVI)-3(ASTVI)-2(GAS)-1C+1)) [233], which allows covalent binding of the lipoprotein to the 

outer side of the phospholipid bilayer [240,241]. The preprolipoprotein is lipidated by a 

diacylglyceryltransferase (Lgt), which adds a diacylglyceryl residue to the thiol group of the 

conserved cysteine in the lipobox. The covalent binding to the cell membrane is mediated by 

diacylglyceryl moieties. Finally, the signal peptide is cleaved by lipoprotein-specific signal 

peptidase (Lsp) [241]. A unique highly conserved two-pathway system (CcdA-Etrx-MsrAB2 

(CEM) system) responsible for extracellular oxidative stress resistance partially consists of 

lipoproteins and is located upstream of the TCS09. As commensal of the human respiratory 

tract, pneumococci are constantly exposed to reactive oxygen species (ROS). In particular, 

the amino acids cysteine and methionine are susceptible to oxidative stress and can be 

oxidized, leading to the conformational change of a protein and its activation or 

inactivation [242]. The extracellular CEM system, which repairs surface proteins by restoring 

them to their reduced state, was characterized in 2013 [234]. The CEM operon is highly 

conserved in S. pneumoniae, consists of three genes encoding the integral membrane 

protein CcdA1, the extracellular thioredoxin-like lipoprotein Etrx1, and the membrane-

anchored methionine sulfoxide reductase MsrAB2. The integral membrane proteins CcdA1 

and CcdA2 receive electrons from cytoplasmic thioredoxin A (TrxA) after they are transferred 

to TrxB from the NADH pool of the cell. Subsequently, electrons are transferred to the 

surface-localized proteins Etrx1 and Etrx2, then to the reductase MsrAB2, which leads to 

reduction of the single domains MsrA and MsrB. By possessing an additional long and 

flexible domain, MsrAB2 can most likely reach domains of oxidized proteins on the surface, 

which then allows their reduction. Thus, the oxidation of methionine to methionine sulfoxide 

can be reversed and the corresponding proteins repaired [234]. Another example is PsaA, 

which was initially hypothesized to be an adhesin in early publication because of the 
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pleiotropic effect [243]. Later analyses showed that it is an extracellular metal-binding 

component of a manganese PsaBCA ABC transporter [146,147]. However, binding of PsaA to 

E-cadherin has been shown later, but the function of this interaction has not been assessed 

further [244]. Complete deletion of the psaA gene has been shown to abolish or reduce the 

virulence of S. pneumoniae in murine bacteremia and colonization models [245,246]. Further 

important transporters are AliA, AmiA, and AliB, which participate in oligopeptide 

transport [247,248] and the iron uptake transporters PiaA and PiuA [140]. 

 

3.6.1.4. Moonlighting proteins 

Moonlighting proteins lack a signal peptide and membrane-anchoring motif [176]. These 

proteins are mostly intracellular proteins essential for metabolism that are bound on the 

surface by reassociation [249], where they play a role in host-pathogen interactions [167]. 

They interact with human ECM proteins, especially plasminogen [186] and fibronectin, and 

enable pneumococci to migrate through the epithelium [57,58]. This group includes several 

glycolytic enzymes such as enolase [186,249], glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) [250] and phosphoglycerate kinase (PGK) [251] as well as the pneumococcal 

adherence and virulence factor A (PavA) [57,58,227]. Moreover, they can also inhibit the 

complement system by binding C4b-binding protein [252] and affecting the membrane attack 

complex formation [253]. 

 

3.7. Regulation 

Living cells rely on sensing and interpreting external signals as an adaptive mechanism 

against changes in their environment such as oxygen, temperature and pH. This process is 

known as signal transduction and allows the cell to react immediately and appropriately to 

specific alterations in their habitat. Similarly, cellular mechanisms such as osmoregulation, 

photosynthesis, chemotaxis, sporulation and antibiotic production can be regulated [254]. In 

pathogenic bacteria, gene regulation plays an important role in the conquest of the host and 

the penetration of new host niches with changing environmental parameters, as virulence 

factors can be activated in this process [255]. As a consequence, bacteria evolved cellular 

regulatory mechanisms consisting of specialized sensor proteins, proteins activating or 

repressing gene expression [256], and chemical signal molecules [257]. S. pneumoniae 

utilizes quorum sensing (QS) systems, stand-alone regulators, non-coding RNAs (ncRNAs) 

and two-component regulatory systems for sensing and responding to the 

environment [174,175]. A comprehensive bioinformatics analysis revealed a high 

conservation of regulatory genes of 25 pneumococcal strains differing in phylogenetic 

lineages and serotype [19]. 
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3.7.1. Quorum sensing 

The regulation of various physiological processes in bacteria often occurs via a quite ancient 

system, the so-called quorum sensing [258-260]. The phenomenon of the QS systems was 

first described by scientists Nealson, Platt and Woodland Hastings, when they studied 

bioluminescence in the marine bioluminescent bacterium Aliivibrio fischeri [261]. Quorum 

sensing is the ability of unicellular organisms to measure the cell density of the population of 

their own species and the complexity of the community via chemical communication using 

highly specific signal molecules [262]. These signaling molecules, called autoinducers (AIs), 

are generally freely diffusing, amphiphilic molecules that are continuously produced and 

emitted into the environment in small quantities by the bacteria. In Gram-negative bacteria, 

AIs are predominantly low molecular weight compounds (N-acyl homoserine lactone; AHL), 

while in Gram-positive bacteria they are linear or cyclic oligopeptides (autoinducing peptide; 

AIP) [262,263]. AHLs usually do not need additional processing, whereas the very 

heterogeneous group of AIPs, including the competence stimulating peptide (CSP) of 

S. pneumoniae, are synthesized as prepropeptide and activated during transport [263-265]. At 

a sufficiently high threshold concentration of the released AIs, they can be sensed by the 

surrounding bacteria via cell-specific receptors, which receive now information about 

population density and community complexity leading to an altered phenotype of the 

population [264]. AHL and AIP can either bind directly to cytosolic transcription factors to 

initiate or inhibit transcription or they use TCSs as signal transduction [262,264,266]. The 

triggered positive feedback of the signaling molecules induces mostly their own 

synthesis [267]. Bacteria can communicate simultaneously in complex environments via 

different QS systems with different autoinducers and adapt to the situation at hand [268,269] 

e.g., ensure population survival [270], gain advantages over competitors [271], 

bioluminescence [261], biofilm formation [272], secretion of antibiotics [273], pathogenicity 

factors [274], sporulation [275], infection of plants [276] and eukaryotic host [277], nitrogen 

fixation [278] and to open up new suitable ecological niches [279].  

In S. pneumoniae the natural ability to take up free DNA from the environment into the 

cytoplasm (competence; transformation) for genetic modification is regulated by a QS. 

Bacteria can thus undergo new metabolic pathways or gain new virulence genes [280]. 

Plasmids as well as DNA cleaved fragments in linearized form can be taken up [281]. In this 

process the comAB and comCDE operons, encoding among others the TCS12 (ComDE), 

are of crucial importance [282-285]. Transcription of comC, located upstream of TCS12 [286], 

generates the CSP first as a 44 AS long pro-peptide, which is processed into an active 

molecule (C-terminal 17 AS) [282] and secreted into the extracellular space by the ABC 

transporter ComAB [287]. The histidine kinase (HK) ComD registers the level of accumulated 

CSP [285] and after exceeding a certain threshold due to high cell density, the response 
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regulator (RR) ComE is phosphorylated via ComD [282] and activates transcription of early 

com genes, such as comCDE, comAB, comX and comW [288-290]. ComX, encoded by two 

identical genes, acts as an alternative sigma factor and initiates, as already ComE, 

transcription of genes necessary for DNA uptake and recombination [289]. ComW is a 

positive regulator that assists in the assembly of ComX and RNA polymerase and protects 

ComX from proteolysis [290,291]. Finally, pneumococci take up free fragments of DNA or 

larger DNA segments through surface-associated DNA-binding proteins.  

Pneumococci are able to form biofilms during infection, as shown in first studies using otitis 

media models [292]. An important QS during biofilm formation is the wide distributed LuxS, 

which induces increased iron uptake and regulates LytA and Ply expression. D39ΔluxS 

mutants demonstrated a reduced expression of the Fe3+ transporter PiuA, leading to a lower 

concentration of intracellular Fe3+ and weaker biofilm formation [293,294]. After intranasal 

infection of mice, a luxS-mutant was less able to translocate from the nasopharynx to the 

lungs or blood, which was further supported by using a co-infection sepsis mouse model, in 

which the luxS-mutant was outcompeted by the wild-type [295]. Furthermore, LuxS is 

associated with a downregulation of competence [296]. 

A QS system that regulates a lantibiotic biosynthesis gene cluster, is the TprA/PhrA. This 

QS gives pneumococci the ability to scavenge sugars from the host mucin and to 

outcompete neighboring bacteria in the nasopharynx. The autoinducer PhrA is exported by 

the Sec secretion system and imported via AmiC, an oligopeptide permease. Lanthionine 

containing antimicrobial peptides are higher expressed when pneumococci are at high 

density in galactose instead of glucose containing environment, as it is the case in the 

nasopharynx [297].  

 

3.7.2. Stand-alone regulators 

Stand-alone regulators possess a dual role by recognizing specific signals and binding to a 

specific target to modulate gene expression [298]. These regulators have an important role in 

metabolism and virulence and are classified into different families. Most of the stand-alone 

regulators harbor a helix-turn-helix (HTH) DNA binding motif [299].  

CodY is a highly conserved global transcriptional repressor of low G+C content Gram-

positive bacteria that has been particularly extensively studied in Bacillus subtilis [300] and 

Lactococcus lactis [301]. Mainly genes of carbon and nitrogen metabolism including genes for 

the synthesis of branched-chain amino acids or peptides as well as carbohydrate uptake are 

repressed [302]. CodY regulates transcription by binding as dimer [303] to a 15 bp AT-rich 

DNA sequence whose consensus sequence 5’-AATTTTCWGAAAATT-3’ has already been 

identified in L. lactis as well as in S. pneumoniae [163,304]. Microarray analyses showed that 

47 genes, predominantly of amino acid metabolism, were differentially expressed in a codY-
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mutant. The overexpression of 43 genes confirmed the assumption that CodY acts mainly as 

a repressor of transcription. In experimental mouse models, CodY is necessary for 

colonization as also shown by diminishes adherence to nasopharyngeal cells in vitro [163]. 

Another regulator involved in carbon transport and metabolism is the catabolite control 

protein A (CcpA) [164,305]. CcpA controls expression of transcriptional regulatory proteins, 

amino acid transporters, and virulence factors like the capsule [306]. CcpA recognizes and 

binds to the cre site (catabolite responsive element), a highly degenerate pseudo-palindrome 

sequence 5’-WTGNNARCGNWWWCAW-3’ (R = G/A, W = A/T, N = variable) [307,308]. In 

TIGR4, 275 out of 2087 genes (13%) with putative cre sites were identified, many of them 

are involved in carbohydrate transport and metabolism [309]. 

Important stand-alone regulators essential for pneumococcal amino acid metabolism are 

ArgR2 and GlnR. Interestingly, the ArgR2 regulator is expressed in TIGR4, but not in D39. 

S. pneumoniae is auxotrophic for arginine and ArgR2 is involved in arginine metabolism 

regulation by inducing the expression of the arginine deiminase system (ADS) arcABCDT. In 

a mouse co-infection model, a deficiency of ArgR2 in TIGR4 led to an increased outgrowth of 

the mutant compared to the wild-type, probably due to increased fitness [310]. Two further 

ArgR-type regulators that are involved in arginine metabolism regulation are ArgR1 and 

AhrC, which target the amino acids transport genes artPQ, abpA, abpB, and aapA and the 

arginine biosynthesis gene argGH [311]. 

Glutamine/glutamate metabolism is regulated by the glutamine-dependent regulator GlnR. 

The amino acids glutamine and glutamate serve as the main nitrogen source for 

S. pneumoniae [312] and their uptake occurs via ABC transporters [313]. Ten percent of the 

transporter genes in pneumococcal strain R6 encode glutamine transporters [14]. GlnR 

regulates the expression of glnRA, glnHPQ, zwf and gdhA, and in presence of high levels of 

glutamine, glutamate and ammonium, GlnR represses gene expression [314]. The regulation 

of GlnR is dependent on GlnA, however, the mechanism is still unclear. It might be that 

conformational changes or multimerization by GlnA on GlnR occurs, increasing the DNA 

binding affinity [314]. A GlnR-deficient mutant shows no significant effect on virulence during 

adherence, pneumonia, and sepsis [312]. 

The “redox sensing” regulator Rex or homologs were found in most Gram-positive 

bacteria [315], such as Staphylococcus aureus [316], Listeria monocytogenes [317] and 

S. pneumoniae [318]. Structure analysis in Thermus aquaticus revealed a homodimer whose 

subunits consist of a C-terminal NAD(H)-binding domain with a rossman fold and an  

N-terminal DNA-binding domain with winged HTH motif linked by α-helices [319]. The 

coenzyme nicotinamide adenine dinucleotide (NAD+ (oxidized form), NADH/H+ (reduced 

form)) plays an important role in various redox reactions of metabolism [320]. Both 

coenzymes can bind competitively to Rex, thereby affecting the affinity of Rex to the target 
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sequence. NADH acts as an allosteric inhibitor for Rex, whose binding modifies the 

nicotinamide binding pocket [315]. If the Rex interaction domain binds NADH, it promotes 

ordering into a closed hairpin motif leading to a conformational change and inactivation of the 

DNA binding domain [321]. NAD+ increases the binding of Rex to the regulated gene [316] but 

requires a 5 – 20,000-fold higher concentration to displace NADH and thus regenerate the 

active conformation [321]. Rex detects alterations in redox balance by changes in the 

NADH:NAD+ ratio rather than via the NADH concentration per se [315]. In Gram-positive 

bacteria, Rex has been shown to influence carbon metabolism such as glycolysis [322], 

energy metabolism [322], fermentation [316], hydrogen production [323], reduction of 

sulfate/sulfide [324] and NAD(P)H biogenesis [318]. Genes to which Rex binds are often 

identified to encode NAD(P)H-dependent enzymes such as NADH dehydrogenase or lactate 

dehydrogenase [325]. Although Rex acts as a repressor in most cases, there are 

assumptions that Rex can act also as an activator [326]. To date, nearly no published studies 

of the Rex regulator in S. pneumoniae are available. Microarray studies in response to NADH 

characterized Rex as transcriptional repressor of gapN, fba, pncB, adhB2, gap and adhE, all 

involved in niacin transport and biosynthesis. As DNA binding site  

5′-TTGTKAWAAWWTTCACAA-3′ (W = A/T; K = G/T) was revealed [318]. 

 

3.7.3. Non-coding RNA 

Non-coding RNA refers to all RNA molecules that are transcribed from the DNA as RNA but 

are not translated into proteins like mRNA [327]. Instead, they are essential members of the 

regulatory network in bacteria [328]. Non-coding RNAs can be divided into different classes, 

small RNAs (sRNA) form the largest set [329]. These sRNAs can, among others, bind 

messenger RNA (mRNA) alone [330] or together with chaperon proteins at posttranscriptional 

level leading to repression of mRNA translation [331]. Recently, over 170 sRNAs were 

detected in S. pneumoniae TIGR4 [332,333] and 112 in D39 by transcriptomic studies [334]. A 

strain specific sRNA repertoire was observed, which probably contributes to strain-specific 

virulence [334]. However, nearly no information are available about the biological function of 

sRNAs. Some sRNAs are regulated by pneumococcal TCSs e.g., CiaR controls the 

expression of 5 sRNAs, designed as csRNAs [335]. These csRNAs control DNA competence 

by binding of a minimum of 3 csRNAs the CSP precursor comC RNA [336]. A virulence study 

assessed 15 sRNA mutants for their role in pneumonia, sepsis and meningitis after 

intranasal challenge of mice. All 15 sRNA mutants were able to cause bacteremia without 

differences, but survival in the bloodstream was attenuated in 8 sRNA mutants indicating 

reduced bacterial fitness. In an additional approach, pathogenesis was investigated by  

Tn-seq fitness determination. Twenty-eight transposon mutants in the lungs, 26 in the 
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nasopharynx and 18 in the blood were predicted to have a role in bacterial fitness in these 

specific niches [333]. 

 

3.7.4. Two-component regulatory system 

Phosphotransfer mediated intracellular signaling pathways are widely used in many 

organisms to process environmental stimuli. Many eukaryotic signaling cascades involve 

protein kinases that autophosphorylate or phosphorylate other proteins at specific serine, 

threonine or tyrosine residues and thus regulate protein expression [337]. In bacteria, 

external stimuli are usually processed by a family of proteins called TCS allowing them to 

adapt to a wide range of environments, stresses, and growth conditions [338,339]. TCSs are 

ancient and evolutionarily conserved, common in Gram-negative, Gram-positive bacteria, 

archaea, plants, and lower eukaryotes, but have not yet been detected in vertebrates [340]. 

The number of TCS varies widely in the bacterial kingdom [341], with an average of about 

20 TCS [342]. It ranges from zero TCS in Mycoplasma genitalium [343] to 272 TCS in 

Myxococcus xanthus [344]. TCS are known to regulate virulence factors important for 

pathogenicity in many bacterial strains [174,255,345,346]. 

In bacteria, a TCS consists of a transmembrane protein (histidine kinase, HK) that functions 

as sensor, and a corresponding cytoplasmic protein (response regulator, RR) controlling 

gene expression and influencing biological processes [338]. A typical HK has an N-terminal 

periplasmic domain that is anchored to the cell membrane with one or more transmembrane 

(TM) domains and functions as a receptor domain. This domain is of variable structure 

making it possible to respond to many different environmental signals. The cytoplasmic  

C-terminal part of a HK is important for signal transduction, has histidine kinase activity and 

is responsible for catalyzing the phosphorylation reaction [254]. The cytoplasmic kinase 

domain is highly conserved and divided into two distinct functional subdomains A and B. 

Subdomain A contains the histidine residue essential for ATP-dependent 

autophosphorylation and is referred to as the H-box, which represents the dimerization 

domain [254,339,347]. In subdomain B, 4 highly conserved sequence motifs (N, G1, F and 

G2) have been described by comparative analysis of different kinase domains, which are 

involved in ATP binding and hydrolysis in different ways [339]. Sequence comparisons of the 

functional kinase domain allow classification of HKs [348], however, functional aspects of 

kinases are disregarded in this classification, which is why another classification is more 

appropriate. HKs have then been classified into three major groups based on their sensor 

domain structure, membrane topology and known signal perception: i) HKs sensing signals 

in the periplasm or extracellular space; ii) HKs with absent extracellular sensor domain; 

iii) HKs, which are soluble cytoplasmic proteins or may be membrane-anchored and sense 

only intracellular signals [349,350]. HKs are generally found as dimers with one HK monomer 
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catalyzing the phosphorylation of the conserved histidine residue of a second 

monomer [254,351]. The RR can also be subdivided into two principal domains, the 

N-terminal conserved regulatory receiver (REC) domain and the variable C-terminal effector 

domain containing DNA-binding motifs, leading to transcriptional control and regulation of 

different types of output [339,340]. The regulatory domain contains a conserved aspartate 

residue, interacts with the phosphorylated HK, catalyzes autophosphorylation and regulates 

the activity of its associated effector domain in a phosphorylation-dependent manner. 

The classical signaling cascade is initiated by the reception of an appropriate environmental 

signal via the periplasmic sensor domain of the HK. The kinase domain of the HK is 

activated, followed by an ATP-dependent trans- or cis-autophosphorylation reaction in the 

dimer [352]. The histidine is thus turned into the pentavalent phosphointermediate 

phosphoimidazole that can act as a phosphoryl group donor and this results in a 

conformational change of the HK. Further, the RR catalyzes the transfer of the high-energy 

phosphoryl group from the histidine residue to the aspartate of its own REC domain 

(autophosphorylation). The highly conserved acidic aspartate residues coordinate a 

magnesium ion that is essential for phosphoryl transfer, corresponding to an SN2 

reaction [339]. This causes a conformational change in the RR resulting in the activation of 

the output effector domain, exposing its active site leading to promotor binding [353,354]. This 

in turn generates a suitable adaptive response to the signal but the triggered effects of 

phosphotransfer are versatile and specific to each TCS [355]. The direct or indirect aim is 

always to achieve a particular level of RR phosphorylation to specify the generated 

response. The phosphoryl group is finally released as inorganic phosphate by the 

autophosphatase activity of RRs that determines the duration of the phosphorylated state. 

Often, auxiliary proteins accelerate the dephosphorylation of the RR and in addition to 

phosphotransfer many sensor kinases have phosphatase activity on their RR. Both activities 

can be regulated directly by the stimulus or indirectly by interaction with auxiliary 

proteins [339]. 
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Figure 4: Schematically representation of signal transduction of a bacterial two-component 

regulatory system  

After detecting a specific external stimulus (orange) by the N-terminal periplasmic domain (input 

domain) of the HK (green) (1), the cytoplasmic kinase domain (output domain) hydrolyzes cellular ATP 

for autophosphorylation of its conserved histidine residue (2). The phosphate group (yellow) will be 

transferred to an aspartate residue of the regulatory receiver domain (input domain) of the 

corresponding cytosolic RR (blue) (3). Finally, the C-terminal effector domain (output domain) is 

activated leading to controlled gene expression, by binding upstream at the promotor region of target 

genes (4). HK can also function as phosphatase by removing the bound phosphate of the RR (5). 

Inset to right: intramembrane HK with absent extracellular sensor domain [356]. 

 

In general, a HK is specific to its cognate RR, however, crosstalk between different TCSs in 

the bacterial cell can also occur [338,357]. One can only speak of a real “crosstalk”, if the 

TCSs affected by the crosstalk would function completely independently of each other [338]. 

Via crosstalk multiple responses to an external factor can also be generated or a strong 

response can be generated by multiple weaker stimuli [338,358]. However, phosphorylation is 

less pronounced than in related TCS pairs and prevented by the bifunctionality of many 

HKs [339,359,360]. The actual extent of the influence of crosstalk in vivo has not yet been 

clarified as the dephosphorylation character of HKs complicates the study of this complex 

system. Branched pathways refer to branched signaling pathways that can only together 

elicit the desired response. In the first model “one to many” there is only one HK, but it 

phosphorylates not just one RR but several e.g., to generate a more extensive response to 
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the external stimulus [338,361]. In the second model “many to one”, multiple HKs are required 

to phosphorylate one RR in sufficient quantity [338]. 

The majority of RRs are subdivided into different “types” or subfamilies based on their 

structure in the DNA binding domain. These subfamilies have been named after 

representative members. RRs of the OmpR, NarL, LytR and YesN types represent 58% of all 

RRs [362]. The effector domain of OmpR-type regulators contains a winged “helix-turn-helix” 

motif (three α-helices followed by a β-sheet) [363,364]. OmpR-type RRs often bind to direct 

sequence repeats, in which the nucleotide sequence is variable, but so is the number of 

sequence repeats and the number of bases separating the sequence repeats [363]. 

S. pneumoniae encodes 8 OmpR-type RR: RR01, RR02, RR04, RR05, RR06, RR08, RR10 

and RR14 [174,340]. The effector domain of NarL-type regulators contains a “helix-turn-helix” 

motif [362] and NarL regulators control nitrate and nitrite regulated gene expression [365]. 

RR03 and RR11 are classified as NarL regulators in pneumococci [174]. In S. pneumoniae, 

RR12 and RR13 belong to the LytR-type of RRs [174]. Structure analysis of RR12 revealed a 

series of β-sheets and short α-helices in the DNA binding domain [366]. The YesN family, a 

poorly studied group of RRs in S. pneumoniae, presents an HTH_AraC output domain [362]. 

 

3.7.4.1. TCS in Streptococcus pneumoniae 

For successful colonization of the URT S. pneumoniae has evolved TCSs and adapted their 

use to the host compartments. In pneumococci, 13 HK and 13 RR working in pairs plus one 

orphan RR were identified via genomic analyses [174,340,367]. Their genes also exist paired 

in an operon, with the rr gene usually upstream of the hk gene [340]. The coding sequence of 

these proteins overlaps or is characterized by no more than 11 bp spacing [340]. Similar to 

other human pathogenic bacteria, some of the TCSs are associated with the virulent 

properties of the pathogen S. pneumoniae [345]. Insertional mutagenesis was used to delete 

each of the 13 rr genes to investigate the regulatory role of these transcription factors. All 

viable mutants were further characterized in terms of their growth in vitro, competence and 

virulence. Two rr genes (rr02 and rr13) could not be inactivated, which is indicative that they 

regulate essential cellular functions [340]. Virulence studies conducted to assess the role of 

TCSs demonstrated that 7 TCSs and the orphan RR influence bacterial growth and virulence 

in a mouse respiratory tract infection model [367]. Pneumococcal TCSs are associated with 

regulation of different processes such as: i) competence and fratricide (TCS02 

(WalRK/VicRK/YycFG), 03 (LiaSR), 05 (CiaRH) and 12 (ComDE)), ii) bacteriocin production 

(TCS05, 12 and 13 (BlpRH)), iii) virulence factor expression (TCS02, 03, 05, 06 (CbpRS), 08, 

09 (ZmpRS) and 10 (VncRS)), iv) response to antibiotic and cell wall perturbations (TCS02, 

03, 05 and 11), v) environmental stress (TCS01 (SirRH), 04 (PnpRS), 05, 12 and RR14 

(RitR)) and vi) nutrients uptake (TCS04, 05, 07, 08, 09, 12 and RR14) [174,368]. 
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Initial large screening approaches revealed an important role of the TCS01 (SirRH) during 

virulence and lung infection [367,369]. Recently, the TCS01 was shown to increase 

pneumococcal survival in pneumocytes after an influenza A infection by transcription of 

genes involved in stress response [368]. One essential RR for S. pneumoniae is VicR 

(RR02) [340,367], which makes it difficult to assess its role in regulation. A successful 

approach to study RR02 includes its overexpression [370] or alternatively, the constitutive 

expression of its regulated gene pcsB, which is involved in murein biosynthesis [371,372]. An 

altered expression of RR02 leads therefore to defects in cell wall synthesis and cell 

separation [373]. RR02 further regulates the expression of genes in fatty acid 

biosynthesis [370] and PspA [372]. LiaSR (TCS03) of TIGR4 is involved in virulence as 

deletion of HK03 causes increased survival of intranasally infected mice [374]. In the same 

study, the association of TCS03 with pili regulation was revealed, as the RR03 binds directly 

to the rlrA promoter [374]. Furthermore, TCS03 responds to cell envelope stress elicited by 

murein hydrolase during autolysis and fratricide [375]. A vancomycin dependent activation 

has also been shown [376]. The TCS04 (PnpRS) showed a clear growth defect in vitro and 

during pneumonia model of infection [367], but no attenuation during bacteremia [340]. It is 

one of the pneumococcal TCS having a strain specific role during virulence and gene 

expression [377]. RR04 controls the expression of two phosphate transporters Pst1 and 

Pst2 [378] and the manganese ABC transporter PsaBCA [377], to support oxidative stress 

response and virulence [377]. The first TCS described and characterized in S. pneumoniae 

was TCS05 (CiaRH) [379], which belongs to the EnvZ/OmpR family [340] and is linked to the 

efficient colonization of pneumococci as well as the oxidative stress response [380,381]. 

Among others, it regulates the expression of HtrA, a heat-induced surface–associated serine 

protease with proteolytic activity and chaperone function [380]. Upon loss of the CiaRH 

operon, there is an up to 1000-fold decrease in the number of bacteria colonizing the 

nasopharynx and a 25-fold decrease in HtrA expression. Because absence of the HtrA gene 

causes only an up to 10-fold decrease in nasopharyngeal colonization, CiaRH is thought to 

regulate other factors as well [380]. Moreover, TCS05 is essential for bacterial aggregation in 

biofilms [382]. CiaRH is associated with the repression of competence by three mechanisms: 

i) HtrA digests the CSPs in pneumococci [383]; ii) CiaR controls expression of five sRNAs 

regulating the CSP precursor coding gene comC on post-transcriptional level [336] and iii) 

repression of comCDE operon [384]. The important role of TCS06 (CbpRS) for virulence was 

already shown [367] and confirmed with decreased in vitro adherence to nasopharyngeal and 

lung epithelial cells [385]. In an acute pneumonia mouse model, opposite effects of hk06-and 

rr06-mutants could be observed as the colony forming units (CFU) of rr06-mutants was 

higher in nasopharynx, lung and blood compared to the wild-type and hk09-mutant [385]. 

Important adhesins like PspC [385], PspA [386] and pili [374] are regulated by the 
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pneumococcal TCS06, which support its role as an important player during host colonization. 

It was hypothesized that RR06 activates pspC transcription in its nonphosphorylated 

form [386]. TCS07 (YesMN) is involved in virulence in pneumonia mouse 

models [367,369,387]. Recently the regulon of TCS07 was identified in D39, all regulated 

genes of known function are involved in host glycan and carbohydrate metabolism. In 

S. pneumoniae, glycan scavenging is a major source of vital carbon in niches depleted of 

free sugars, thus linking the virulence and the TCS07 regulon. A tcs07-mutant is incapable of 

growing on or responding to the glycan model protein fetuin, suggesting that the TCS07 

recognizes a complex structure in the glycan [388]. Only a few contrary information are found 

for TCS10 (VncRS) as it is possibly involved in vancomycin tolerance [389-391] and pili 

regulation [391]. Another least studied TCS is the TCS11, which is upregulated during 

vancomycin stress [376]. Very extensively the TCS12 ComDE has been studied, which has 

been implicated in genetic competence in response to CSP as discussed [282,286]. TCS12 

regulates directly ~ 20 early competence genes [289] and indirectly ~ 80 late competence 

genes by the expression of the early competence genes comX and comW [289,291,392-394]. 

Early studies revealed an increased survival of infected mice by blocking TCS12 [395]. BlpRH 

(TCS13), belonging to the QS of pneumococci, is induced by the autoinducible peptide 

BlpC [396]. Interestingly, this TCS also responds to BlpC of cocolonizing strains [397]. It 

controls bacteriocin [396] and immunity peptide production, which play an important role for 

inter- and intrastrain competition [398] and colonization [399]. TCS12 and TCS13 have similar 

amino acid sequences leading to possible regulation of the same genes [284]. The orphan 

RR14 RitR in S. pneumoniae suppresses iron transport and obtains an important role during 

lung infection [400] and oxidative stress [401]. Interestingly, crystal structure studies revealed 

no conserved aspartate residue in the REC domain, but an asparagine residue [402]. Since 

RitR has no pair HK, it is probably phosphorylated by StkP and dephosphorylated by PhpP in 

its DNA binding domain, giving a new regulatory link between RR and kinases and 

phosphatases [403]. 

The special focus of this study lies on TCS08 and TCS09. The HK08 of TCS08, an 

intramembrane histidine kinase with short extracellular loop, is probably required in response 

to membrane disturbances [349,404]. TCS08 is involved in pneumococcal colonization and 

fitness by regulating the virulence factors PavB, the rlrA islet (Pilus-1) and the cellobiose 

metabolism. To study the TCS08 regulon, the first transcriptional profiles of S. pneumoniae 

R6 tcs08-mutants were analyzed using microarrays. The most downregulated genes of the 

hk08-mutant were spr_0276 - spr_0282, encoding a cellobiose PTS. Growth experiments on 

cellobiose with tcs08-mutants clearly showed a growth defect of the hk08-mutant suggesting 

that TCS08 must be involved in the catabolism of cellobiose [405]. In 2009, the relationship 

between TCS08 and pili synthesis was investigated in encapsulated serotype 4 pneumococci 
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(TIGR4). For this purpose, single and double mutants (Δrr08, Δhk08, Δtcs08) were used and 

the expression of the rlrA genes encoding the pili was examined. They showed that rlrA 

expression is upregulated in the Δrr08-mutant and more significant in the late-logarithmic 

phase. In the Δtcs08-mutant, there was a dramatic increase in adherence to human lung 

epithelial cells (A549) in the late-logarithmic growth phase. Thus, this study confirmed that 

the TCS08 of TIGR4 influences the growth-phase-dependent expression of PI-1 

components [406]. A link between phase variation and TCS08 was already established as 

RR08 is significantly differentially expressed in opaque variants and transparent 

variants [407]. 

TCS09 is among the pneumococcal TCS whose function and target genes are still 

incomplete described. The HK09 belongs to the histidine protein kinase class 08 [348] and is 

characterized by a relatively long contiguous extracellular domain, while its cognate RR09 is 

part of the YesN subgroup containing an HTH_ARAC DNA binding domain [355]. Initially, it 

was suggested that TCS09 regulates the expression of the virulence factor ZmpB, but follow 

up studies were unable to reproduce and confirm this [408,409]. A previous study suggested 

that the function of TCS09 is connected to metabolism [410] and virulence [411] in a strain 

dependent manner. Various PTS genes involved in carbon transport were found to be 

downregulated in an RR09-deficient strain D39, while only three PTS genes (lactose, 

trehalose and galactitol) showed a similar effect in TIGR4Δrr09 [410]. Strain D39 (serotype 2) 

pneumococci showed a complete avirulent phenotype in the absence of RR09, however, this 

phenotype was not observed for a serotype 3 and 4 S. pneumoniae rr09 knock out mutant in 

a sepsis and acute pneumonia mouse infection model [369,411]. The different outcome of 

loss of function of RR09 in pneumococci is intriguing, but the reasons for the strain specific 

effects are unknown and require further evaluation. A recent study showed that the switch 

between opaque (O) and transparent (T) variants of pneumococci is regulated by 5 RRs. 

Pneumococci deficient in RR06, RR08, RR09, RR11 or RR14 produced significantly more T- 

than O-colonies [412]. Furthermore, it was shown that RR06, RR08, RR09 and RR11, 

respectively, modify the direction of the DNA inversion reaction in the hsdS genes (DNA 

methyltransferases) catalyzed by the tyrosine recombinase PsrA [413], which leads to a 

higher number of opaque variants [412]. Thus, TCS09 seems to play an important role in 

fitness and in phase variation, which could have a significant impact on virulence. 

 

3.7.4.2. Why is it of crucial importance to study two-component regulatory 

systems? 

The large number of serotypes poses a major challenge, especially since pneumococci have 

the capacity for serotype switching through their natural competence [414]. Accordingly, a 

vaccine should be developed that induces protection independently of the serotype, is based 
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on T-cell-dependent protein antigens, and is immunologically remembered, even in children. 

TCSs could also contribute to vaccine development as they have a crucial influence in 

bacterial response to changing external host stimuli during their course of infection [415,416]. 

Since TCSs are not found in vertebrates, they may play an important role in the development 

of new agents against the pathogen [340]. If one focuses on the specific regions of the 

individual TCSs during production, the drug can be used in a species- and organism-specific 

manner. Inhibitors of TCSs have been known as antimicrobial agents for some time and may 

represent a suitable target for combating pathogenic bacteria [417,418]. Several 

pneumococcal TCSs have been shown to be associated with pathogen growth, survival, and 

virulence [340,367], but not all TCSs and their regulatory networks in pneumococci are 

characterized and need further research. 

The focus of this study was on the less characterized TCS08 and TCS09. The aim was to 

identify potential target genes and to characterize their specific role on pneumococcal 

phenotype, pathophysiology and virulence. For a comprehensive understanding of each 

component of the TCS08 and TCS09, single (Δrr08, Δrr09, Δhk08 or Δhk09) and double 

mutants (Δtcs08 or Δtcs09) were constructed in S. pneumoniae D39 and TIGR4. 

In the first study, the role of TCS09 on the pathophysiology of S. pneumoniae D39 was 

explored by transcriptome analysis (RNA-seq). The TCS09 in D39 was phenotypically 

characterized by performing growth analysis in chemically defined medium with different 

carbon sources. Field emission scanning electron microscopy and transmission electron 

microscopy were used to study the cell morphology as well as the capsule structure of tcs09-

mutants. Capsule visualization results were confirmed by flow cytometric analysis and a 

phase variation approach. Likewise, the autolysis and oxidative stress behavior of the tcs09-

mutants were investigated. 

In the second part of this thesis, the impact of TCS09 on the pathophysiology and virulence 

of S. pneumoniae TIGR4 was reported by in vitro adherence and phagocytosis assays and 

finally by in vivo mouse infection assays using the acute pneumonia, septicemia and co-

infection model. Further, the abundance of important pneumococcal proteins participating in 

virulence and bacterial fitness was determined.  

Finally, in the third study, pneumococcal TCS08 specific role in fitness, gene expression and 

virulence was analyzed in S. pneumoniae D39 and TIGR4. Possible target genes were 

identified using microarray and confirmed on protein level by immunoblot and surface 

abundance assay. The potential impact of TCS08 on virulence was elucidated in 

experimental acute pneumonia and sepsis infection models. 
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6. Results and Discussion 

The pneumococcus is in general a harmless commensal of the URT but can also cause 

severe invasive disease such as pneumonia, septicemia, and meningitis. The ability of the 

pathogen to conquer a number of different host compartments and evade host immune 

defences is attributed to its versatile repertoire of fitness and virulence factors. The regulation 

of genes encoding these factors is required for pneumococcal adaptation to a specified host 

compartment and is vital for bacterial survival. S. pneumoniae has evolved different 

mechanisms including QS, ncRNA, stand-alone regulators and TCSs to enable a timely and 

spatial gene regulation. Thirteen TCSs and one orphan response regulator are encoded in 

the pneumococcal genome. While some of these TCSs have already been studied in detail, 

the impact of others with regard to virulence potential, the regulated gene repertoire and 

cross regulation between these systems is unknown. This study focused on the regulatory 

and pathophysiological impact of pneumococcal TCS09 in D39 (Publication 1) and TIGR4 

(Publication 2) and TCS08 (Publication 3). 

 

Publication 1: “The Two-Component System 09 Regulates Pneumococcal 

Carbohydrate Metabolism and Capsule Expression” 

TCS09 is among the pneumococcal TCSs whose function and target genes are still 

incomplete described. Studies in the past focused mainly on the role of the RR09 and 

neglected the importance of the HK09 and both components, RR09 and HK09, which are 

directly interconnected. Initially, it was suggested that RR09 regulates the expression of the 

virulence factor ZmpB, but follow-up studies disproved this [369,408-410]. Using microarray 

analysis, it was reported that RR09 plays a role in metabolic processes as various PTS 

genes involved in carbon transport were found to be down-regulated in a RR09-deficient 

strain D39 [410]. In in vivo mice infection experiments S. pneumoniae strain D39 showed a 

complete avirulent phenotype in the absence of RR09 [411]. A recent study showed that the 

switch between opaque (O) and transparent (T) variants of pneumococci is regulated among 

others by RR09 [412]. Thus, TCS09 seems to play an important role in fitness and in phase 

variation, which could have a significant impact on virulence. 

In the first study we investigated the role of the TCS09 on pneumococcal pathophysiology 

using rr09-, hk09- and tcs09-knock out mutants, electron microscopy, transcriptome analysis 

(RNA-seq and qPCR) and stress inducing assays. The use of deletion mutants targeting 

individual elements of TCS09 expands our knowledge regarding the regulatory behavior and 

virulence potential of this system. During host colonization and infection, pathogenic bacteria 

undergo several adaptive steps in their metabolism and virulence. As a consequence, 

pathogens adapt their metabolism to available nutrients in the host organism or host 



RESULTS AND DISCUSSION   

 
154 

 

compartment [419,420]. Since most human pathogenic bacteria are heterotrophic, they 

require at least one carbon source for energy production and for the production of catabolic 

intermediates. These intermediates are used for the production of anabolic monomers, which 

in turn are used to synthesize macromolecules such as proteins, nucleic acids, or cell wall 

components [419,421]. Furthermore, human pathogens possess host adapted metabolic 

pathways that enable them to colonize ecological niches in the host where they compete with 

the endogenous microflora [422]. The central carbon metabolism of S. pneumoniae is, 

compared to other human pathogenic bacteria, limited, indicating an adapted lifestyle in the 

human host.  

Measured growth rates under nutrient defined conditions in chemically defined medium 

(CDM) with glucose as sole carbon source revealed that the deficiency of TCS09 did not 

impair growth of nonencapsulated mutant strains. Contrary, pneumococcal growth of 

D39Δhk09 is decelerated compared to the D39 wild-type. In CDM containing galactose as 

sole carbon source hk09- and tcs09-mutants of encapsulated and nonencapsulated D39 

pneumococci showed clear growth defects supporting that TCS09 is linked to carbohydrate 

metabolism. Pneumococci ferment glucose primarily to lactate in a homofermentative 

manner, whereas galactose is metabolized to lactate, ethanol, acetate and 

formate [155,160,423,424]. As component of the mucine in the human nasopharynx galactose 

or galactosamine are imported by several ABC transporters as well as PTSs and 

metabolized in the tagatose pathway or Leloir pathway [155,157,158,306,423]. 

RNA-seq and qPCR analysis was conducted to explore whether genes involved in 

carbohydrate metabolism are differentially regulated in tcs09-mutants of D39. Pneumococci 

were recovered from CDM containing glucose as carbon source and several genes were 

monitored to be up- and downregulated, particularly in the hk09-mutant. This experimental 

setup revealed the repressor AgaR (17.5-fold downregulated) and its regulon the aga operon 

(spd_0065 – spd_0071; upregulated), involved in galactose metabolism, as differentially 

regulated. The proteins encoded in this operon contribute to both, galactosamine transport 

and its further metabolic processing, and cleavage of Galβ1-3GlcNAc moiety of host 

receptors [425-427]. Thus, this operon contributes to carbohydrate utilization, adherence and 

transcellular migration of S. pneumoniae [426]. The contribution of RR09 to gadVWEF gene 

expression has been demonstrated earlier via its downregulation in complex media using a 

RR09 deficient strain in D39 [410]. Results of our study, performed in CDM, show the 

opposite effect for gadVW and agaS in D39Δrr09 indicating an important role for the used 

media and its composition. Thus, the availability of the nutrients and especially those in the 

host as shown by Aprianto et al. can influence gene regulation and complicating the analysis 

of regulatory pathways [428]. A previous study from 2003 showed a significant attenuation of 

pneumococcal rr09-mutants of D39 in the acute pneumonia and sepsis mouse models, but 
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the exact mechanism remains unknown [411]. The observed attenuation of the rr09-mutant in 

D39 seems not to rely on growth defects or diminished expression of crucial virulence factors 

such as pneumolysin, because our study found only pspA and phtD as differentially 

regulated virulence factors in the hk09-mutant. Future reinvestigation of in vivo mice 

infections studies are needed to decipher the impact of TCS09 on virulence and to provide 

meaningful insights for our understanding of the host pathogen interplay. 

As we observed growth defects of hk09- and tcs09-mutants in CDM, we performed electron 

microscopic analysis to elucidate a possible role of the TCS09 on phenotypic and 

morphologic alterations. Studies on other pneumococcal TCSs, such as TCS02, indicated an 

altered morphological phenotype with its loss of function. The RR02 of TCS02, which is one 

of the essential response regulators in pneumococci, regulates genes involved in 

peptidoglycan biosynthesis, fatty acid synthesis, and cell division [370-372]. TCS02-deficient 

pneumococci showed clear defects in cell shape and in their cell division [371,373]. Our 

results revealed that a high number of nonencapsulated hk09- and tcs09-mutants showed a 

wrinkly and swollen surface with an increased number of outer membrane vesicles in the 

FESEM images. This already suggests an enhanced susceptibility to stress and lysis. 

Additionally, microscopic images of LRR stained D39Δhk09 and D39Δtcs09 showed a higher 

amount of CPS and two populations varying in their capsule amount for D39Δrr09 and 

D39Δtcs09. These two populations differ in their ability of capsule attachment, because some 

of the bacterial cells seem to detach their capsule from the peptidoglycan. The higher 

capsule content in S. pneumoniae hk09- and tcs09-mutants was confirmed by flow 

cytometry. Cultivation in CDM generally leads to a competition for energy vs central carbon 

metabolism (and thus capsule production) with final higher energy consumption and reduced 

growth rate [429]. A previous analysis of the amount of capsule produced by S. pneumoniae 

D39 revealed higher capsule production in galactose-containing medium compared to 

glucose-containing medium, which supports our data regarding the reduced growth of 

D39Δhk09 in CDM with galactose [306]. For D39Δrr09 and D39Δtcs09 we identified two 

populations, one with higher amounts of CPS and the other one with less CPS material. 

S. pneumoniae is known to exist in two colony opacity morphologies or phases (O = opaque 

and T = transparent), named according to their appearance when viewed under oblique, 

transmitted light on a clear solid medium. Both phases differ in their capsule amount 

(O: high; T: low) [113]. Pneumococci are able to spontaneously switch between phases. In 

animal models, T-variants of the same strain have an enhanced ability to colonize the 

nasopharynx, whereas O-variants are more likely to be isolated from deeper tissues such as 

the lungs, blood, or cerebrospinal fluid (CSF) [114,430]. Recently the contribution of RR09 

and BgaC on phase variation towards the opaque type was described for the first time [412]. 

We also observed in our rr09-mutant a mixture of T- and O-variants with a higher proportion 
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of T-variants. S. pneumoniae D39Δhk09 showed exclusively O colonies and an upregulation 

of bgaC, which confirmed the results of the aforementioned studies. Thus, the TCS09 has a 

significant contribution on capsule expression. 

Bacteria can release actively small vesicles from their surface containing own components 

such as lipids, membrane proteins, short-chain fatty acids, DNA and RNA and contributing to 

nutrient digestion, QS signaling or toxin transport [431-437]. However, vesicle formation can 

also happen passively by endolysin or autolysin production leading to peptidoglycan lysis 

and altered cell wall permeability as reported recently [438-440]. Due to the probably lower 

integrity of the cell membrane or cell wall of nonencapsulated hk09- and tcs09-mutants, our 

FESEM images showed more vesicles for these mutants. Loss of HK09 and the complete 

TCS09 also led to an increased Triton X-100 induced lysis and hydrogen peroxide induced 

toxicity in the nonencapsulated mutants, whereas the autolysis behavior of the 

nonencapsulated rr09-mutant is hardly affected. The rr09-mutant showed no membrane 

vesicles or altered cell morphology compared to the hk09-and tcs09-mutants confirming the 

link between an intact cell membrane and/or cell wall and resistance to stress induced lysis. 

Capsule expression is also important to resist lysis, as it reduces e.g., spontaneous and 

antibiotic induced lysis. Additionally, nonencapsulated mutants are in general more sensitive 

to lysis than their capsulated counterparts [106]. This was confirmed in our Triton X-100 

induced lysis experiments. As rr09- and tcs09-mutants of encapsulated D39 showed two 

distinct populations with different capsule content and a higher number of transparent 

colonies, these two mutants are more susceptible to lysis. In conclusion, TCS09 of 

S. pneumoniae D39 does not directly influence capsule or virulence factor regulation, but it is 

involved in carbohydrate metabolism, maintenance of cell wall or cell membrane integrity in a 

yet unknown mechanism and therefore, TCS09 contributes to stress resistance. This can 

turn TCS09 to an important player during in vivo infections. 

 

Publication 2: “The two-component system 09 of Streptococcus pneumoniae is 

important for metabolic fitness and resistance during dissemination in the host” 

In this study we investigated the impact of the TCS09 on pneumococcal fitness using 

different carbon sources, protein expression, cell morphology and in vivo virulence by 

comparing TIGR4 and isogenic tcs09-mutants (Δrr09, Δhk09 or Δtcs09). S. pneumoniae has 

a large number of different carbohydrate transporter systems such as PTSs and ABC 

transporters, which can take up at least 12 different carbohydrates to maintain their energy 

and catabolite balance [14]. Glucose as the main carbon source for pneumococci is mainly 

available in the blood, but only limited in the nasopharynx [154]. Instead, pneumococci cleave 

glycoproteins via exoenzymes to release monosaccharides as well as disaccharides such as 

lactose and sucrose [139,149,151,152]. 
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Pneumococcal growth of TIGR4Δcps and isogenic tcs09-mutants was therefore investigated 

using lactose and sucrose. As we observed an extended lag phase under these growth 

conditions, an influence of the TCS09 on utilization of lactose and sucrose was assumed. 

These two disaccharides are taken up by specific PTSs (lactose: SP_0476, SP_0478, 

SP_1185, and SP_1186; sucrose: SP_1722) and phosphorylated to lactose-6-phosphate or 

sucrose-6-phosphate, respectively [139,423,441]. In further conversion steps, lactose enters 

glycolysis as glyceraldehyde-3-phosphate and dihydroxyacetone, whereas sucrose enters 

glycolysis as glucose-6-phosphate [157,306,441,442]. Together with the transcriptome and 

growth analysis of D39 and isogenic tcs09-mutants, the fundamental role of TCS09 in 

carbohydrate metabolism became more obvious. 

In general, regulators or regulatory systems are localized in the proximity of their regulons 

but as already shown for the TCS09 in D39 and TCS08 in TIGR4, their regulated genes can 

be distributed throughout the whole pneumococcal genome [346,410,443]. A strain specific 

effect of the TCS09 on gene regulation was already reported, hence, different regulation 

pattern in TIGR4 and D39 were hypothesized [410]. In previous studies using mouse 

pneumonia models, S. pneumoniae TIGR4Δrr09 was attenuated and mainly the rlrA islet was 

identified to be regulated [369,410]. Therefore, we quantified the effect of TCS09-deletion on 

the abundance of individual selected virulence factors by immunoblotting. Virulence factors 

involved in oxidative stress response (Etrx1, Etrx2 and SodA) [234,444], nutrient transport 

(MetQ) [445], adherence or/and immune evasion (CbpL, Pce, PspA, PspC, PavB, RrgB and 

Ply) [188,189,193,226,230,446-450] were chosen. Loss of these proteins often results in an 

attenuated virulence behavior of S. pneumoniae as shown in experimental infection mouse 

models. Interestingly, only loss of HK09 reduced significantly expression of the pilus 

backbone RrgB, whereas the expression of the other investigated virulence factors was 

unaffected in all tcs09-mutants. Taken together, the investigated virulence factors are 

probably not causal for the observed attenuation of TIGR4Δrr09 in the studies of Hava and 

Camilli and Hendriksen [369,410]. 

Electron microscopic examination of D39 deficient in RR09, HK09 and TCS09 revealed 

changes in capsule content, surface structure, and membrane vesicle formation [443]. This 

finally led to increased stress susceptibility as described before. To investigate a similar 

effect of loss of TCS09 on pneumococcal morphology of TIGR4, FESEM and TEM images 

were prepared. All investigated tcs09-mutants showed no signs of an altered cell surface 

structure, septum formation, or capsule content, speculating that there is no impact of TCS09 

on TIGR4 cell morphology. This further supports the findings regarding a strain specific 

influence of the TCS09 in S. pneumoniae [410,411].  

To investigate the influence on adherence and phagocytosis, various in vitro cell culture-

based infection experiments were performed with human A549 lung epithelial cells and 
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murine J774 macrophages. In S. pneumoniae, TCSs were shown to be essential for 

colonization and to mediate interaction with human epithelial cells. PspC, a major adhesion 

molecule, facilitates pneumococcal adhesion to respiratory epithelial cells via the secretory 

component of the polymeric Ig receptor [63,204,206] and is regulated by the TCS06 [385,451]. 

It was reported that deletion of RR06 and HK06 diminishes S. pneumoniae adherence to 

epithelial cells in vitro and survival and progression in vivo [385]. Additionally, TCS02 has an 

impact on positive regulation of PspA [372]. Despite a lower expression of the Pilus-1 

component RrgB, we observed no reduced adherence of TIGR4 tcs09-mutants to lung 

epithelial cells. When colonizing the host, physical and chemical conditions undergo changes 

so that sensing and adapting of bacteria is of crucial importance for survival [254,338,452-

455]. During phagocytosis, pathogens are confronted with several sources of stress, 

especially oxidative and acidic stress. These kind of stress can lead to loss of membrane 

stability and damaged proteins [456,457]. TCS05 is one of the key regulatory systems to 

control stress response by regulating HtrA, a protein with chaperone function [380,383,384]. 

HtrA expression is necessary for correct processing of proteins and degrading misfolded and 

non-functional proteins during growth and infection [383,458,459]. Furthermore, TCS05 and 

TCS12 control an acid response mechanism, in which among others, the activation of the 

autolysin LytA is repressed [460,461]. In our study pneumococcal uptake of the tcs09-mutants 

by mouse macrophages was unaffected. Contrary, we observed an effect on pneumococcal 

survival within macrophages with a higher killing rate of TIGR4ΔcpsΔtcs09. Several 

pneumococcal proteins contribute to survival in the phagolysosomes of macrophages after 

phagocytosis: i) to resist the low pH of up to 4.7, pneumococci produce ammonium by the 

arginine-deaminase-system (arc-operon) [310,462,463] and ii) to withstand ROS und thus 

misfolded proteins, pneumococci use an extracellular thioredoxin system (CcdA1/2-Etrx1/2-

MsrAB2) [234], superoxide dismutase (SodA) [444], NADH oxidase [464], HtrA [459] and 

PsaBAC for manganese transport [465]. 

In our in vivo studies of acute pneumonia, sepsis and a competition assay, we investigated 

the impact of the TCS09 on pneumococcal virulence in detail. The in vivo studies in the 

mouse infection models of acute pneumonia and sepsis revealed no significant attenuation of 

the tcs09-mutants. In both infection models, survival of Δrr09-, Δhk09- or Δtcs09-infected 

mice was not significantly increased or decreased. Previous studies using RR09-deficient 

pneumococci described a strain specific effect on virulence. Loss of RR09 in D39 resulted in 

an avirulent phenotype when administered intraperitoneal, intranasal and intravenous, 

whereas loss of RR09 in TIGR4 rendered the strain attenuated only when administered 

intranasal [369,410,411]. 

As the reported results could not be reproduced and to get a deeper insight into the in vivo 

role of TCS09, a competitive mouse infection model was applied. Co-infection experiments 
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indicated that the absence of the TCS09 reduced the fitness of TIGR4 during establishment 

of invasive infections, because the wild-type outcompeted TIGR4luxΔhk09 and 

TIGR4luxΔtcs09 in the lungs, blood, and brain. In contrast, colonization in the nasopharynx 

was unaffected by tcs09-deletion. Hence, the specific role of the TCS09 during in vivo 

virulence and the identification of regulated genes have to be further elucidated. Several 

studies have already addressed pneumococcal adaptation and its in vivo host compartment 

specific gene and protein expression using transcriptome and proteome analysis. These 

reports gave a hint for interesting gene and protein candidates in the respective 

compartments: i) malX, comB and other competence genes were upregulated during lung 

infection [466]; ii) NanA, NanB, and NanC cleave sialic acids from mucin to utilize 

carbohydrates and enable adherence to exposed receptors [151,152,467-469]; iii) capsule 

expression controlled among others by CcpA is necessary to withstand the immune system 

in the lungs [164,305]; iv) nutrient transporter coding genes aliA, ilvH, cbiO and the serine 

protease coding gene prtA were identified as upregulated in the blood [466,470] and v) glnP 

contributes for survival in the lungs, while glnA to survival in the blood [312]. In our co-

infection experiment we were able to determine pneumococcal load in the brain. The 

reduced ability of TIGR4luxΔtcs09 to cross the blood-brain-barrier is probably linked to the 

higher killing rate by macrophages, as shown in the phagocytic survival experiment. In 

addition, it will be essential to analyze a possible impact of the TCS09 on interesting gene 

and protein candidates that are, in addition to pneumolysin, key players during meningitis. 

For example, comDE, which regulates indirectly via ComX the cell wall turnover proteins 

CbpD and LytA, was found as upregulated at transcriptome and protein level [248,428,471-

473] and AliB, the oligopeptide transporter is higher expressed on protein level [248,471,472]. 

The complexity is even increased by compensatory mechanisms or crosstalk with other 

regulatory systems influencing the in vivo situation. For example TCS04 regulates TCS05, 

which in turn controls csRNA expression leading to reduced competence [335,336,377]. 

Furthermore, it has already been shown that bacterial metabolism in vivo is different from the 

in vitro situation [419]. In conclusion, TCS09 in TIGR4 is with the exception of pilus type 1 

regulation, probably not directly involved in the regulation of essential virulence factors, but 

TCS09 has a pivotal role in carbohydrate metabolism to maintain pneumococcal fitness and 

resistance during dissemination and survival in the host. The complex regulatory network 

during in vivo infection and the specific impact of TCS09 has to be further elucidated. 

 

Publication 3: “Pneumococcal Metabolic Adaptation and Colonization Are Regulated 

by the Two-Component Regulatory System 08” 

In paper 3 we investigated the role of the TCS08 and its individual components in the 

metabolic and pathophysiological pathways and virulence of S. pneumoniae. TCS08 was 
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one of the first analyzed pneumococcal TCS and suggested to be important for 

virulence [174,345,367]. The RR08 is in the top 3 of highly conserved regulators in 

S. pneumoniae underlining its high impact on pneumococcal colonization and virulence and 

making it indispensable to unravel the mechanism of TCS08 [19]. Homologues are the SaeS 

and SaeR of S. aureus, which provides theoretically a hint regarding the regulatory effect of 

TCS08 [405,474]. The S. aureus pendant SaeRS was studied in extend in the past and 

among others genes coding for hemolysin and the fibronectin binding protein A were 

identified as regulons [475].  

For our study we generated mutants lacking one or both components of the TCS08 in D39 

and TIGR4 and performed microarray analysis followed up with an attempt to confirm these 

results by qPCR and immunoblotting. The main genes or operons changed by the TCS08 

system in TIGR4 and analyzed therefore by complementary methods are involved in fatty 

acid biosynthesis (fab operon), arginine uptake (arginine deiminase system, ADS), PI-1 

regulation, and the adhesin PavB. These regulated genes have in common their localization 

in the pneumococcal membrane and contribution to fitness, colonization and 

virulence [226,227,310,476,477]. This leads to the hypothesis that the TCS08 is involved in the 

fine-tuning of genes, especially in modulation of virulence factors needed for successful 

colonization and metabolic homeostasis. Because the HK08 was classified as 

intramembrane HK, which are known to respond to membrane disturbances [349,350], the 

identified regulated fab operon supports the link between TCS08 and sensing and 

responding to membrane instability [370,476]. Surprisingly, we observed strain-dependent 

regulatory effects with respect to the ADS with upregulation in D39 tcs08-mutants and 

downregulation in TIGR4 rr08- and hk08-mutants on protein level. Similar contradictory 

effects were reported earlier for ArgR2, which upregulates arc operon expression in TIGR4 

but not in D39 due to ArgR2 absence [310]. The strain-dependent effects are not completely 

surprising taking into account the genetic variation across pneumococci. We found a 

downregulation on mRNA and protein level of PI-1 especially in the double mutant (Δtcs08) 

correlating to some extent with a previous study demonstrating PI-1 regulation by 

TCS08 [406]. Together with the gene and protein expression data a direct regulation of 

TCS08 on PavB was supported by the fact that the staphylococcal fibronectin-binding protein 

FnbA is under the control of the homologous SaeRS in S. aureus [478]. Upstream of pavB a 

direct repeat sequence (TTTAAN7TTTAA), which is similar to the conserved SaeR-like 

binding site (GTTAAN6TTTAA), could be identified by in silico analysis [474]. This sequence 

region might act as binding site for RR08, which has to be proven. Similar repeat sequences 

were found close to the rlrA (TTTAAN14GTTAA), cellobiose-specific PTSs and arc operon. 

Because several of the identified TCS08 regulated genes are under the control of CcpA [311], 
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RlrA [479], PsaR [480] or TCS04 [377,481], we cannot exclude an interplay causing the 

observed changes in gene expression.  

Since the important adhesins PavB and PI-1 were found to be differentially regulated, in vivo 

studies using the acute pneumonia, sepsis and co-infection mouse model were used to 

assess the impact of TCS08 on colonization and virulence. We observed a strain dependent 

contribution of the TCS08 to colonization and virulence and elucidated striking differences 

between TIGR4 and D39. A simple reason for this effect might be the different network of 

stand-alone regulators, TCSs and ncRNAs interacting in concert in the serotypes. Several 

studies have previously reported strain-dependent effects by TCSs, such as TCS04 and 

TCS09, and other regulators in pneumococci [377,411]. Interestingly, TIGR4luxΔhk08 showed 

a more virulent behavior compared to TIGR4luxΔrr08, which showed attenuation in the acute 

pneumonia model. In contrast, mice infected with the hk08- or tcs08-mutants of D39lux 

showed an increased survival time due to lower pneumococcal virulence. Using the sepsis 

mouse model of infection we observed no attenuation of all tcs08-mutants of D39, whereas 

the hk08-mutant of TIGR4lux was as virulent as in the pneumonia model. In connection with 

the gene and protein expression data TCS08 is mostly involved in pneumococcal fitness and 

adhesion regulation, both required for successful colonization. To analyze the impact of 

TCS08 in more detail, we performed co-infection experiments, infected mice with equal 

amount of wild-type and rr08-, hk08- or tcs08-mutants and determined the bacterial load in 

the nasopharynx and bronchi. Although the rr08-mutant of TIGR4lux was attenuated in the 

acute pneumonia model the mutant revealed a higher competitive index than the wild-type in 

the nasopharynx and bronchi. We observed the opposite for the HK08-deficient strain, which 

had lower bacterial loads in these two compartments, probably due to fast progression into 

the blood. In contrast, it is possible that the rr08-mutant was impaired in progression into the 

blood. In summary, we identified several regulated genes encoding membrane bound 

proteins involved in nutrient transport, fatty acid biosynthesis, and adhesion to host 

compartments. The TCS08 has in concert with additional regulators and TCSs (TCS05 and 

TCS12) a moderate impact on gene expression alteration and is thought to be involved in 

fine-tuning and signal modulation. Such complex network was already reported for the 

TCS05 (CiaRH), which controls directly csRNAs. These csRNAs modulate indirectly the 

activity of ComDE and additional regulators [336]. The predominant role of the TCS08 seems 

to be with the HK08, which probably senses small molecules entering the membrane 

compartment and finally modulates RR08 activity and possibly other regulators.  
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7. Outlook 

In our studies, gene deletions of tcs08 and tcs09 and single components (hk or rr) were 

successfully generated in pneumococcal strains D39 and TIGR4. Bacterial fitness, possible 

morphological changes, differential gene expression pattern, abundance of selected 

virulence factor proteins, capsule content, stress resistance, and in vivo virulence of tcs08- 

and tcs09-deletion were investigated. We observed strain-specific effects for the TCS08 as 

well as for the TCS09 in in vivo mouse models. TIGR4luxΔhk08 showed a significantly 

increased virulence in the acute pneumonia model, whereas TIGR4luxΔhk09 and 

TIGR4luxΔtcs09 showed a reduced establishment in the respective host compartment during 

a competitive mouse infection model. 

 

For both, HK08 and HK09, the external stimuli could not be identified yet. Via gene 

expression profiling the activity of HKs coding genes can be analyzed under various 

cultivation conditions. In this way, the signals for the HKs of TCS08 and TCS09 can be 

narrowed down. If this is successful, in vitro transcriptome and proteome analyses should be 

repeated using the respective signals to identify the direct targets of RR08 and RR09. 

 

In future experiments, it is of crucial importance to identify and verify genes that are directly 

targeted and regulated by RR08 and RR09. For this purpose, it is mandatory to 

heterologously express and purify the recombinant proteins RR08 and RR09. RRs are 

known to be activated after phosphorylation of their aspartate residue in the REC domain 

leading to activation or repression of gene expression. But they can also act in the non-

phosphorylated state, so that it is essential to analyze first binding activity of non-

phosphorylated and phosphorylated RRs to their target genes and second, if phosphorylation 

leads to activation or repression of gene expression. Binding studies can be conducted as 

Electrophoretic Mobility Shift Assay (EMSA) or via Microscale Thermophoresis. 

 

Another aspect of this work was to investigate the influence of TCS08 and TCS09 deficiency 

on pneumococcal virulence in vivo. In particular, for TCS09, previous studies demonstrating 

attenuation of rr09-mutants in D39 and TIGR4 could not be confirmed. The question still 

remains, which are the changes in the phenotype and how do these changes contribute to 

the limited establishment in the host of the tcs09-mutants in TIGR4 and the avirulent 

behavior of D39Δrr09 in the in vivo infection scenario. This leads to the assumption of a 

different regulatory network and gene expression pattern under in vivo conditions. Therefore, 

it will be necessary to investigate the in vivo transcriptome and proteome of tcs08- and tcs09-
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mutants under infection relevant conditions in mouse compartments to get a better 

understanding of in vivo gene regulation and virulence. 

 

Electron microscopic images of the tcs09-mutants in D39 suggest that the deficiency of 

TCS09 affects membrane integrity and permeability. In ongoing and future studies it is 

therefore of high interest to investigate this hypothesis. In this context, it will be also 

important to study the membrane composition or its fluidity in more detail. 

 

In addition, the visualization of the morphologic alteration by electron microscopy and the 

flow cytometric analyses revealed that RR09 is probably involved in anchoring, attachment or 

preventing detachment of capsular polysaccharides, which has to be explored in more detail. 

Especially under infection relevant conditions (in vivo mice infection) loss or reduced amount 

of capsule of the rr09-mutant in D39 can lead to the discovered attenuation or even 

avirulence. A reinvestigation of the virulence behavior of TCS09 in the mouse models of 

acute pneumonia and sepsis using single (Δrr09 and Δhk09) and double (Δtcs09) mutants in 

D39 should be considered as well. 
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9. List of Abbreviations 

%   Percent 
®   Registered 
α   Alpha 
β   Beta 
ABC transporters ATP-binding cassette transporters 
ADS   Arginine deiminase system 
AHL   Acyl homoserine lactone 
AI   Autoinducer 
AIP   Autoinducing peptide 
Ala   Alanine 
arc operon  Arginine catabolism operon 
AS   Amino acid 
ATP   Adenosine triphosphate 
BlpRH   Bacteriocin-like peptide operon 
bp   Base pairs 
CAP   Community-acquired pneumonia 
CBP   Choline-binding protein 
CcpA   Catabolite control protein A 
CDM   Chemically-defined medium 
cel   Cellobiose 
CEM   CcdA-Etrx-MsrAB2 
CFU   Colony forming units 
CoA   Coenzyme A 
CFU   Colony forming units 
CiaRH   Competence induction and altered cefotaxime susceptibility 
ComDE  Competence operon 
CPS   Capsular polysaccharide 
cre   Catabolite responsive element 
CRM197  Cross reacting material, detoxified variant of the diphtheria toxin 
CSF   Cerebrospinal fluid 
CSP   Competence stimulating peptide 
csRNA  Cia dependent small ribonucleic acid 
D39   Streptococcus pneumoniae serotype 2 
DNA   Deoxyribonucleic acid 
ECM   Extracellular matrix 
EMP   Embden-Meyerhof-Parnas 
EMSA   Electrophoretic mobility shift assay 
fab operon  Fatty acid biosynthesis operon 
FESEM  Field emission scanning electron microscopy 
GlcNAc  N-acetylglucosamine 
h   hours 
HIV   Human immunodeficiency viruses 
HK   Histidine kinase 
HTH   Helix-turn-helix 
iC3b   inactivated C3b 
IgA   Immunoglobulin A 
iGln   Isoglutamine 
IPD   Invasive pneumococcal disease 
kb   Kilo base pair 
LPxTG   Leucine-proline-any AS (x)-threonine-glycine 
LRR   Lysine-ruthenium-red 
Lys   Lysine 



ABBREVIATIONS   

 
190 

 

LytA, B, C  Autolysin A, B, C 
Mbp   Millions of base pairs 
mRNA   Messenger ribonucleic acid 
MSCRAMMs  Microbial surface components recognizing adhesive matrix molecules 
MurNAc  N-acetylmuramic acid 
NADH   Nicotinamide adenine dinucleotide 
NanA, B, C  Neuraminidase A, B, C 
NET   Neutrophil extracellular trap 
ncRNA  non-coding RNA 
NCSP   Non-classical surface protein 
NVT   Non-vaccine serotypes 
PavA, B  Pneumococcal adherence and virulence factor A, B 
PAI   Pathogenicity island 
PBP   Penicillin-binding protein 
PCR   Polymerase chain reaction 
PCV   Pneumococcal conjugate vaccine 
Pfl   Pyruvate formate lyase 
PGN   Peptidoglycan 
pH   Power of hydrogen 
PI-1   Pilus-1 
Pia   Pneumococcal iron acquisition 
pIgR   Polymeric immunoglobulin receptor 
Pit   Iron uptake ABC transporter 
Piu   Pneumococcal iron uptake 
Ply   Pneumolysin 
PPP   Pentose phosphate pathway 
PPV   Pneumococcal polysaccharide vaccine 
PsaA, B, C  Pneumococcal surface antigen A, B, C 
PspA, C  Pneumococcal surface protein A, C 
PTS   Phosphotransferase system 
qPCR   quantitative real-time PCR 
QS   Quorum sensing 
REC   CheY-like receiver domain 
RNA   Ribonucleic acid 
ROS   Reactive oxygen species 
RR   Response regulator 
RrgB   Pilus-1 backbone protein 
S. pneumoniae Streptococcus pneumoniae 
SaeRS   Staphylococcus aureus exoprotein expression 
Sc   Secretory component 
sRNA   Small ribonucleic acid 
SrtA   Sortase A 
SSURE  Streptococcal surface repeats 
TCA   Tri-carboxylic acid 
TCS   Two-component regulatory system 
TEM   Transmission electron microscopy 
TIGR4   Streptococcus pneumoniae serotype 4 
TM   Transmembrane 
Tn-seq  Transposon insertion sequencing 
TSP-1   Human thrombospondin 1 
UDP   Uridine diphosphate 
UMP   Uridine monophosphate 
URT   Upper respiratory tract 
WHO   World health organization 
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10. Pneumococcal strains 

Table 1: Wild-type strains of S. pneumoniae 

No. Strain Capsule Type Resistance Knockout genes Reference 

SP257 D39 2 - - NCTC 7466 

SP261 TIGR4 4 - - [15] 

 

Table 2: Mutant strains of S. pneumoniae 

No. Strain 
Capsule 

Type 
Resistance Knockout genes Reference 

PN149 D39lux 2 - - [226] 

PN315 TIGR4lux 4 Km
R
 - [310] 

PN111 D39Δcps 2 Km
R
 spd_0312 – spd_0333 [482] 

PN249 TIGR4Δcps 4 Km
R
 sp_0343 – sp_0360 [310] 

TCS08 

PN409 D39luxΔrr08 2 Km
R
, Erm

R
 spd_0081 This study 

PN414 D39luxΔhk08 2 Km
R
, Erm

R
 spd_0082 This study 

PN372 D39luxΔtcs08 2 Km
R
, Spec

R
 spd_0081, spd_0082 This study 

PN407 D39ΔcpsΔrr08 2 Km
R
, Erm

R
 

spd_0312 – spd_0333, 

spd_0081 
This study 

PN412 D39ΔcpsΔhk08 2 Km
R
, Erm

R
 

spd_0312 – spd_0333, 

spd_0082 
This study 

PN308 D39ΔcpsΔtcs08 2 Km
R
, Spec

R
 

spd_0312 – spd_0333, 

spd_0081, spd_0082 
This study 

PN410 TIGR4luxΔrr08 4 Km
R
, Erm

R
 sp_0083 This study 

PN415 TIGR4luxΔhk08 4 Km
R
, Erm

R
 sp_0084 This study 

PN708 TIGR4luxΔtcs08 4 Km
R
, Spec

R
 sp_0083, sp_0084 This study 

PN408 TIGR4∆cps∆rr08 4 Km
R
, Erm

R
 sp_0343 – sp_0360, sp_0083 This study 

PN652 TIGR4ΔcpsΔhk08 4 Km
R
, Erm

R
 sp_0343 – sp_0360, sp_0084 This study 

PN344 TIGR4ΔcpsΔtcs08 4 Km
R
, Spec

R
 

sp_0343 – sp_0360, sp_0083, 

sp_0084 
This study 
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No. Strain 
Capsule 

Type 
Resistance Knockout genes Reference 

TCS09 

PN507 D39Δrr09 2 Erm
R
 spd_0574 This study 

PN513 D39Δhk09 2 Erm
R
 spd_0575 This study 

PN624 D39Δtcs09 2 Erm
R
 spd_0574, spd_0575 This study 

PN508 D39ΔcpsΔrr09 2 Km
R
, Erm

R
 

spd_0312 – spd_0333, 

spd_0574 
This study 

PN625 D39ΔcpsΔhk09 2 Km
R
, Erm

R
 

spd_0312 – spd_0333, 

spd_0575 
This study 

PN540 D39ΔcpsΔtcs09 2 Km
R
, Erm

R
 

spd_0312 – spd_0333, 

spd_0574, spd_0575 
This study 

PN510 TIGR4∆rr09 4 Erm
R
 sp_0661 This study 

PN627 TIGR4Δhk09 4 Erm
R
 sp_0662 This study 

PN541 TIGR4∆tcs09 4 Erm
R
 sp_0661, sp_0662 This study 

PN512 TIGR4luxΔrr09 4 Km
R
, Erm

R
 sp_0661 This study 

PN628 TIGR4luxΔhk09 4 Km
R
, Erm

R
 sp_0662 This study 

PN589 TIGR4luxΔtcs09 4 Km
R
, Erm

R
 sp_0661, sp_0662 This study 

PN511 TIGR4∆cps∆rr09 4 Km
R
, Erm

R
 sp_0343 – sp_0360, sp_0661 This study 

PN629 TIGR4ΔcpsΔhk09 4 Km
R
, Erm

R
 sp_0343 – sp_0360, sp_0662 This study 

PN630 TIGR4ΔcpsΔtcs09 4 Km
R
, Erm

R
 

sp_0343 – sp_0360, 

sp_0661, sp_0662 
This study 

 

Erm, Erythromycin; Km, Kanamycin; Spec, Spectinomycin; R, Resistance 
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11. Eigenständigkeitserklärung 
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