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Chapter 1. General Introduction 

Streptococcus (S.) suis is an encapsulated Gram-positive, facultative anaerobic 

coccoid bacterium showing α-hemolysis on sheep blood agar and β-hemolysis on 

horse blood agar. It is a porcine pathogen which causes high economic losses in the 

swine industry (Varela et al., 2013). Although the natural host is the pig, humans can 

be infected by this pathogen as well (Arends and Zanen, 1988; Gottschalk et al., 

2010). The first human case was reported in 1968 in Denmark (Perch et al., 1968) 

confirming the zoonotic potential of S. suis. An increased risk for S. suis infections is 

due to a close contact to pigs such as by farmers, butchers, slaughters and 

veterinarians as well as to a consumption of unprocessed pork (Arends and Zanen, 

1988). Based on the composition of capsular polysaccharide over 30 different 

serotypes have been described indicating a high diversity within this species. It is 

suggested that serotype 2 is the most pathogenic for pigs and humans (Lun et al., 

2007). In addition to isolates from pigs and humans, S. suis was found in dogs, cats, 

horses and deers indicating that S. suis can colonize or rather infect other animals 

(Staats et al., 1997). 

 

1.1 Epidemiology, transmission and clinical manifestations of S. suis 
infection in pigs 

S. suis is an important pathogen in pigs causing a diversity of severe diseases such 

as septicemia, meningitis, arthritis, bronchopneumonia, peritonitis, and endocarditis 

(Gottschalk et al., 2010; Staats et al., 1997). Almost all healthy pigs are carrying 

S. suis as a frequent commensal colonizer of the upper respiratory tract such as the 

nasal cavity or the palatine tonsils (Baele et al., 2001; Higgins et al., 1990). The nasal 

mucosa is colonized by multiple S. suis serotypes that can differ in their virulence 

(Staats et al., 1997). Additionally, S. suis can colonize and survive in the genital and 

alimentary tract (Gottschalk et al., 2010; Robertson and Blackmore, 1989; Swildens 

et al., 2004). The incidence rate of diseases depends on the period, but is usually not 

higher than 5% due to antibiotic treatment (Clifton-Hadley et al., 1986). Nevertheless, 

in herds without antibiotic treatment, the mortality rate can reach 20% (Gottschalk et 

al., 2010; Guise et al., 1985). S. suis is able to infect pigs of any age, but especially 

piglets after weaning that showing an increased susceptibility for S. suis infection due 
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to lower amounts of presumably protecting maternal antibodies (Baums et al., 2010). 

A horizontal and a vertical transmission of the pathogen have been described. The 

horizontal transmission occurs nasally or orally between pigs by direct contact as well 

as by aerosols (Berthelot-Herault et al., 2001; Staats et al., 1997). A vertical 

transmission is mostly observed after birth or while nursing of piglets by vaginal 

secretions of the infected sows (Amass et al., 1997; Robertson et al., 1991). 

Especially, the introduction of carrier animals showing no clinical symptoms into a 

new herd is a typical origin of infection and a big problem for farmers (Arends et al., 

1984; Staats et al., 1997). Besides, transmission between pigs, contaminated 

environments or infected small ruminants such as mice as well as housflies can be 

additional risk factors for swine infection (Enright et al., 1987; Williams et al., 1988). A 

peracute infection with S. suis results in death of animals within hours often without 

any clinical signs. The first symptoms of an acute disease are high fever mostly 

accompanied by septicemia that induces depression and shifting lameness (Staats et 

al., 1997). Meningitis is associated with central nervous system disorders such as 

incoordination, unusual stance, an inability to stand, paddling or opisthotonos as well 

as convulsions. Moreover, it was reported that swollen joints together with lameness 

are symptoms of arthritis caused by S. suis. However, piglets showing symptoms of 

cyanosis and dyspnea probably suffer from endocarditis (Higgins et al., 1990). In 

some cases infected pigs showed symptoms indicating respiratory diseases such as 

pneumonia. Nevertheless, there is an ongoing discussion about S. suis in absence of 

other agents as a primary pathogen for pneumonia. Pneumonia is often caused by a 

mixture of different pathogens such as bacteria and viruses. An outbreak of porcine 

high fever syndrome in China identified piglets infected with porcine reproductive and 

respiratory syndrome virus (PRRSV) as well as S. suis serotype 7. It was 

demonstrated in in vivo experiments that infection with PRRSV predisposes S. suis 

infection and increases S. suis pathogenicity (Xu et al., 2010). The predisposition of 

S. suis infection mediated through virus infection was confirmed in in vitro studies. 

Co-infection of porcine tracheal epithelial cells with swine influenza virus H1N1 and 

S. suis serotype 2 increased the adhesion and invasion of S. suis (Wang et al., 

2013). In another study it was additionally shown by utilizing precision-cut lung slices 

that colonization and invasion of S. suis mediated by swine influenza virus occurs in 

two steps. First, the encapsulation of S. suis serotype 2, containing sialic acid, is 

important for binding to cells infected by the virus. Thereby, hemagglutinin of swine 
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influenza virus recognizes the sialic acid of bacteria. In a later state of infection, 

S. suis is able to invade deeper tissue after previous virus infection, independent of 

the capsule (Meng et al., 2015).  

In recent years isolated S. suis strains were identified by serotyping using multiplex 

PCR, biochemical tests or multilocus sequence typing. Due to these methods S. suis 

serotype 2 was detected in pigs worldwide. However the prevalence of serotypes 

differs geographically. Whereas serotype 2 is common in Asia, serotype 2 and 3 are 

predominantly discovered in North America. In European countries such as France, 

Spain, Germany and the Netherlands serotype 2 and 9 were frequently detected in 

piglets (Goyette-Desjardins et al., 2014; Wisselink et al., 2000). Although serotype 2 

is distributed globally, Gottschalk et al. (2007) proposed a lower virulence of this 

strain in North America compared to corresponding serotypes isolated in Europe or 

Asia due to the absence of some virulence-associated factors.  

 

1.2 Epidemiology, transmission and clinical manifestations of S. suis 
infection in humans 

Since the first case report of a human S. suis infection in Denmark, the number of 

documented human infections increased worldwide (Arends and Zanen, 1988; Lun et 

al., 2007). However, human cases are mainly sporadic and often characterized by a 

close contact of humans to infected pigs such as by farmers, butchers, veterinarians, 

and slaughters (Arends and Zanen, 1988). Nevertheless, a S. suis outbreak of 

human infections in the chinese province Sichuan in 2005 with in total 215 cases and 

38 deaths due to a lack of antibiosis, emphasizes S. suis as an important zoonotic 

pathogen (Yu et al., 2006). Overall, until the end of 2012, 1584 cases of infected 

humans had been reported. Fifty-two percent appeared in the Western Pacific region, 

36% were documented from South East Asia region, 10.5% emerged in Europe and 

0.5% in America (Huong et al., 2014) (Figure 1-1). Different studies revealed that in 

most cases of human infections serotype 2 strains were detected (Huong et al., 

2014; Schultsz et al., 2012). Serotype 1, 4, 14, and 16 strains were sporadically 

confirmed (Nghia et al., 2008). In contrast to the frequent distribution of serotype 9 

strains in pigs, this serotype was not isolated from humans so far (Schultsz et al., 

2012).  
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Most infected people are at an age of 47-55 whereas children cases have rarely 

been reported. This supports the hypothesis that infections with S. suis are often due 

to the occupational field which includes a close contact to pigs (Arends and Zanen, 

1988; Huong et al., 2014; Kay et al., 1995; Mai et al., 2008; Wangkaew et al., 2006; 

Yu et al., 2006). Especially in Asia the accommodation is often shared by farmers 

and animals which is a high risk factor for infection as well. Additionally, diseased 

pigs are slaughtered and consumed at home (Sriskandan and Slater, 2006). 

Moreover, cases reported from Vietnam presumably arised from the consumption of 

uncooked contaminated pork (Huong et al., 2014). Overall, this explains the 

cumulative prevalence rate in Thailand and Vietnam (Huong et al., 2014) (Figure 

1-1). 

 

 
Figure 1-1. Prevalence of S. suis infections in humans worldwide in 2012 (total of 1.584 
reported cases) (Huong et al., 2014). Countries highlighted in red showing the highest prevalence 
rate whereas countries highlighted in blue showing the lowest prevalence rate. 
 

One possible entry of S. suis in the human host is the crossing of the epithelial 

barrier of the nasopharynx which was not confirmed until now or the access through 

skin wounds what decreases the time of incubation (Gottschalk et al., 2007; Yu et al., 

2006). After dissemination of S. suis in the host, clinical symptoms such as 

meningitis, the most common manifestation accompanied with headache, fever, 

meningeal signs and vomiting, sepsis and toxic shock-like syndrome (STSLS) were 

observed in human patients (Arends and Zanen, 1988; Wangkaew et al., 2006; Yu et 
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al., 2006). STSLS was reported for the first time in human patients during the large 

outbreak in China in 2005 (Segura, 2009; Yu et al., 2006). Interestingly, the isolated 

serotype 2 strain 05ZYH33 from the 2005 outbreak belongs to sequence type 7 

which descends from sequence type 1 (Ye et al., 2006) and comprises a putative 89 

kb pathogenicity island. It is suggested that this pathogenicity island probably 

enhances the virulence of the strain leading to increased clinical symptoms such as 

diarrhea, coma, abdominal pain and hypotension in humans (Chen et al., 2007; Yu et 

al., 2006; Zhao et al., 2011).  

 

1.3 Pathogenesis 

The pathogenicity of S. suis was investigated in many studies, however the detailed 

mechanisms of the infection process remain poorly understood. It is well accepted 

that the first step of infection is the colonization and invasion of the mucosal 

epithelium, followed by a systemic dissemination in the blood of the host. Finally, 

S. suis crosses the blood brain barrier (BBB) or the blood cerebrospinal fluid barrier 

(BCSFB) to cause central nervous system infections such as meningitis (Fittipaldi et 

al., 2012; Gottschalk and Segura, 2000). These four steps of pathogenesis are 

depicted in Figure 1-2. 

During colonization and invasion S. suis is exposed to different host environments 

which differ in their carbohydrate or/and amino acid availability, pH value, and 

oxygen concentration. For instance, porcine blood contains about 95 mg/dl, 

cerebrospinal fluid (CSF) around 67 mg/dl. Dependent on the consumption of 

nutrients it was shown that glucose concentration in human saliva can vary between 

0.36 and 7.2 mg/dl (0.02 and 0.4 mmol/). Whereas the glucose concentrations differ 

between the three environments, the pH value is almost similar between 7.0-7.44 

(Buzzard et al., 2013; Gough et al., 1996; Gutierrez et al., 2014; Salvador et al., 

2007). 

The interaction of S. suis with epithelial cells was observed in several studies. At the 

surface of S. suis adhesins are presented that interplay with host receptors probably 

resulting in adhesion of bacteria to epithelial cells of the respiratory tract. Lalonde et 

al. (2000) identified a better adhesion of the capsule (cps) - deficient mutant to 

porcine, canine or human cell lines compared to the wildtype strain. This suggests 

that the presence of the capsule hampers the appearance of adhesins at the surface 
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(Fittipaldi et al., 2012). Benga et al. (2004) observed similar results by analyzing the 

adhesion and invasion of an unencapsulated S. suis strain to HEp-2 epithelial cells. 

Because of these findings it was proposed that S. suis regulates the expression of 

the capsule during adaptation to host environments. A reduced capsule expression 

may ensure efficient adhesion to epithelial cells of the nasal mucosa whereas a 

higher expression in the blood stream protects the bacterium from phagocytosis by 

neutrophils and monocytes (Benga et al., 2008; Chabot-Roy et al., 2006; Charland et 

al., 1998; Willenborg et al., 2011). In the recent years several adhesins were 

discussed, for example the fibronectin-binding protein Fbps and enolase binding 

plasminogen. In vitro studies demonstrated that FbpS binds human fibronectin and 

fibrinogen (Esgleas et al., 2005). Further, in vivo experimental infections of piglets 

with a fbps mutant strain showed that Fbps is not essential for the first stept of 

infection, the colonization of the tonsils (de Greeff et al., 2002). Moreover, it was 

shown that enolase at surface mediates bacterial binding to plasminogen but to 

fibronectin as well (Esgleas et al., 2008; Fittipaldi et al., 2012; Pancholi, 2001). Two 

additional proteins suggested as adhesins are glutamine synthetase and the 6-

phosphogluconate-dehydrogenase. For these cytoplasmic glycolytic enzymes a 

binding to HEp-2 epithelial cells was demonstrated (Si et al., 2009; Tan et al., 2008). 

The lack of glutamine synthetase showed a decreased adherence of S. suis to HEp-2 

cells indicating the importance of this protein for the first step of S. suis infection (Si 

et al., 2009). Another well analyzed adhesin is the amylopullulanase A (ApuA). In 

vitro studies demonstrated the adherence of S. suis to porcine epithelial cells 

promoted by ApuA, a cell wall-anchored α-glucan degrading enzyme. In addition, it 

was suggested that this protein is probably important for nutrient acquisition by 

degrading glycogen or other carbohydrates available in the nasal cavity (Ferrando et 

al., 2010). The penetration of the epithelial barrier to reach the blood stream is still 

discussed. It is proposed that the extracellular thiol-activated hemolysin, suilysin, of 

S. suis induces a toxic effect on epithelial cells which probably contributes to the 

penetration into the blood (Norton et al., 1999; Seitz et al., 2013). In contrast, other 

studies demonstrated an invasion of suilysin negative strains (Lun et al., 2003) 

indicating that the toxic effect of suilysin alone is probably not essential to mediate 

invasion of epithelial cells.  

After the penetration of the epithelial cells S. suis may reach the bloodstream where 

the bacterium is exposed to the components of the innate immune system. During 
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dissemination in the blood, the capsule protects against phagocytosis and thus may 

ensure the survival of the bacterium (Chabot-Roy et al., 2006; Charland et al., 1998; 

Segura and Gottschalk, 2002). In in vitro and in vivo studies it was demonstrated that 

the inactivation of streptococcal cps genes increases phagocytosis of S. suis which 

results in a complete clearance of the bacterium indicating the attenuation of the 

strain (Chabot-Roy et al., 2006; Charland et al., 1998; Segura et al., 2004; Smith et 

al., 1999). This proves CPS as an important virulence factor of S. suis. Furthermore, 

CPS of some S. suis serotypes contains N-Acetyl-neuraminic acid residues which 

are involved in the adherence to monocytes. Bacteria attached to monocytes without 

phagocytosis, travel in the bloodstream to reach finally the CNS (“modified Trojan 

horse theory”) (Gottschalk and Segura, 2000). Moreover, the theory of molecular 

mimicry was proposed for serotype 2 and 14 strains. The α(2,6)-linked N-acetyl-

neuraminic acid mimicries sugar epitopes found on mammalian cell surfaces which 

probably avoids antigen recognition (Gottschalk et al., 2010; Van Calsteren et al., 

2010). Additionally to CPS other virulence-associated factors were identified which 

might help S. suis to escape the innate immune response of the host (Fittipaldi et al., 

2012). It was demonstrated in vivo in a mice infection model and ex vivo utilizing 

porcine neutrophils that two modifications of the cell wall, the N-deacetylation as well 

as D-alanylation of lipoteichoic acid increases the resistance of S. suis to neutrophil 

lysozyme-mediated killing and antimicrobial peptides (Fittipaldi et al., 2008a; Fittipaldi 

et al., 2008b). In addition to the involvement of suilysin in breaching epithelial cells of 

the nasal mucosa, the toxic effect of suilysin probably decreases phagocytosis rates 

as well (Benga et al., 2008; Chabot-Roy et al., 2006; Lecours et al., 2011; Segura 

and Gottschalk, 2002). Moreover, it was shown that S. suis secretes the protease 

SspA degrading interleukin-8 (IL-8) to reduce the recruitment of neutrophils to the 

site of infection and for this reason to avoid the host immune response (Vanier et al., 

2009). Furthermore, the expressed DNase of S. suis, SsnA is involved in the 

degradation of neutrophil extracellular traps (NETs) generated by neutrophil 

granulocytes. It was shown that the inactivation of SsnA decreases the degradation 

of NETs (de Buhr et al., 2014; Wartha et al., 2007). Another discussed virulence-

associated factor probably increase resistance to oxidative stresses like reactive 

oxygen and nitrogen species produced by macrophages as well as neutrophils is the 

superoxide dismutase (SodA). Fang et al. (2015) demonstrated that SodA increases 

resistance to oxidative stress such as reactive oxygen species (ROS), products of 
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phagocytic cells. The IgA1 protease of Gram-positive bacteria (Kadioglu et al., 2008; 

Zhang et al., 2011) and Gram-negative bacteria (Diebel et al., 2004) contributes to 

overcome the immunological defense by the cleavage of IgA. Thereby Fab fragments 

that are part of the antibody and bind to antigens, are released (Weiser et al., 2003). 

In a piglet infection model it was identified that the inactivation of iga results in a 

reduced lethality indicating the importance of this protease for S. suis virulence 

(Zhang et al., 2011). Moreover, a novel protease, specifically degrading 

immunoglobulin M, called IdeSsuis was detected by Seele et al. (2013). Weaning 

piglets immunized with recombinant IdeSsuis showed an efficient protection against 

S. suis infection (Seele et al., 2015).  

In order to cause CNS infections in the host leading to meningitis, S. suis has to 

breach the BBB or/and the BCFSB (Fittipaldi et al., 2012). The BBB consists mainly 

of brain microvascular endothelial cells (BMEC) (Fittipaldi et al., 2012) and separates 

the brain from blood and lymphatic vessels to keep the hemostasis of the CNS 

(Charland et al., 2000). Tight junctions are located between the endothelial cells to 

decrease the permeability of the BBB and finally the paracellular transport (Hawkins 

and Davis, 2005; Wolburg and Lippoldt, 2002). The role of the BBB is amongst 

others to supply the brain with essential nutrients, to remove harmful products by 

efflux (Begley and Brightman, 2003) and to control the transport of ions between the 

blood and the brain (Abbott and Romero, 1996). The adherence of S. suis to human 

as well as porcine BMEC and partly the invasion of these cells was confirmed (Benga 

et al., 2005; Charland et al., 2000; Fittipaldi et al., 2007a; Vanier et al., 2004; Vanier 

et al., 2007). In in vitro (Segura, 2012; Segura et al., 1999) and in vivo in mice 

studies (Dominguez-Punaro et al., 2007) it was identified that S. suis is responsible 

for the release of proinflammatory cytokines which decrease the tightness of the BBB 

(van Furth et al., 1996). This may contribute to the translocation of S. suis 

(Gottschalk and Segura, 2000). In addition, proteinaceous adhesins/invasins and 

some other cell wall components are probably involved in invasion of BMEC 

(Fittipaldi et al., 2008b; Vanier et al., 2007). For example, the loss of D-analylation of 

lipoteichoic acids in a S. suis mutant strain maintained a decreased level of 

adherence and invasion of porcine BMEC (Fittipaldi et al., 2008b). Moreover, suilysin 

is discussed to have a cytotoxic effect leading to permeability of BMEC (Charland et 

al., 2000; Vanier et al., 2004). Nevertheless, a suilysin mutant was able to invade the 

BMEC as well (Vanier et al., 2004) indicating that the interplay of different virulence-
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associated factors is necessary for invasion. The BCFSB is composed of choroid 

plexus epithelial cells (CPECs) which secrete CSF (Abbott et al., 2006) as well as 

e.g. releases growth factors (Chodobski and Szmydynger-Chodobska, 2001) and is 

proposed as another possible entry for S. suis (Fittipaldi et al., 2012). Accordingly, 

S. suis was able to invade and cross porcine CPECs from the basolateral to the 

apical side in an inverted transwell filter in vitro system (Tenenbaum et al., 2009). 

These results were confirmed in a follow-up study in which human CPECs were 

applied (Schwerk et al., 2012). In addition to suilysin, capsular polysaccharides are 

may involved in CPEC invasion as identified by performing experiments using a 

capsule mutant strain (Tenenbaum et al., 2009).  
 

 
Figure 1-2. Pathogenesis of S. suis (hypothetical model) (modified from PhD defense 
Willenborg 2011; additional information from Fittipaldi et al. (2012), Gottschalk et al. (2010)). 
The adhesion to respiratory epithelial cells is the first step of infection. The decreased expression of 
the capsule probably mediates a better adhesion and invasion of bacterial surface proteins to 
respiratory epithelial cells. Examples are explained in the text. Suilysin-positive strains may utilize this 
hemolysin to breach the respiratory epithelium. In the blood stream S. suis is exposed to the innate 
immune response, different amounts of nutrients such as glucose and a high oxgen concentration. 
The expression of the capsule, an important virulence factor of S. suis, protects against phagocytosis. 
One suggested theory to avoid immune response is the attachment of S. suis to monocytes mediated 
through sialic acid, a component of the capsule. The adherence to monocytes without phagocytosis 
allows dissemination in the bloodstream to reach finally the CNS by crossing the BBB or the BCSFB in 
which changing concentrations of nutrients and oxygen are available, to cause meningitis. Further, it 
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was demonstrated that secreted suilysin has a cytotoxic effect in addition to epithelial cells on 
neutrophils and lysozymes. Moreover, the resistance of S. suis to neutrophil lysozyme-mediated killing 
and antimicrobial peptides is enhanced by D-alanylation of lipoteichoic acids. Additionally, S. suis 
secrets the the serine protease SspA which is involved in the degradation of IL-8 mediating 
recruitment of neutrophils. Besides, S. suis DNase SsnA contributes to degradation of neutrophil 
extracellular traps (NETs). 
 

1.4 Metabolism of S. suis 

During colonization and invasion of the host S. suis encounters different 

environments such as saliva, blood and CSF. Due to the diet of pigs and humans the 

nutrient availability or the pH value can differ in the oral fluid. In addition, different 

conditions are existent in blood and CSF of the host as well. It is known that the 

presence of complex carbohydrates influences the metabolism and also the virulence 

of bacterial pathogens (Larsen et al., 2006; Poncet et al., 2009; Seidl et al., 2009; 

Shelburne et al., 2008). Thus, S. suis has to be able to adapt its metabolism to deal 

with these different requirements to cause infection in the host. However, knowledge 

about metabolic changes of S. suis in host environments is scarce. 

Based on gene annotation for example by the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database it is predicted that S. suis strain P1/7 utilizes homolactic 

or mixed-acid fermentation to presumably catabolize different carbohydrates and to 

generate energy dependent on the type of carbohydrate and existing oxygen 

pressure. In the presence of glucose or other easily convertible sugars and a 

reduced oxygen tension, these carbohydrates are metabolized via the Embden-

Meyerhof-Parnas (EMP) pathway to pyruvate which results in the generation of two 

adenosine triphosphates (ATP) and two nicotinamide adenine dinucleotide (NADH) 

molecules. The fermentation comprises the conversion of one molecule glucose into 

two molecules of lactic acid (Willenborg and Goethe, 2016). In vitro studies of S. 

pyogenes grown to exponential phase showed that carbohydrates are metabolized 

by EMP to generate pyruvate and finally lactic acid (Chaussee et al., 2003). In 

contrast, high oxygen concentrations lead to mixed acid fermentation of 

carbohydrates in streptococci (Willenborg and Goethe, 2016). Gene annotation 

suggests that pyruvate is reduced to lactic acids, other acids and alcohols such as 

formic acid, acetic acid and ethanol in S. suis. Further, gene annotations indicate that 

S. suis is not able to express fbp and pps encoding for a fructose-1,6-bisphosphatase 

and a phosphoenolpyruvate synthetase important for gluconeogenesis. Like other 

streptococci, S. suis does not encode for all enzymes of the tricarboxylic acid (TCA) 
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cycle which is used by aerobic species to generate energy by oxidative respiration. 

The loss of predicted genes indicate an incomplete TCA cycle in S. suis as shown 

nearly for all oral streptococci which leads to a lack of respiratory metabolism 

(Poolman, 1993). Genome sequencing, for example, of S. mutants and S. sanguinis 

serotypes demonstrated a metabolism of pyruvate by the incomplete TCA cycle 

(Ajdic et al., 2002; Xu et al., 2007). On the basis of KEGG it is further predicted that 

S. suis contains genes of the pentose phosphate pathway (PPP) and the Leloir 

pathway important for the metabolism of D-galactose to D-glucose-1P which can 

then be introduced in the glycolysis, but no genes encoding for the Entner-Doudoroff 

(ED) pathway. The utilization of isotopologue profiling based on a 13C labelled 

substrate such as [13C]glucose leading to the 13C distribution through metabolic 

pathways and finally the detection of de novo synthesized metabolites (Eisenreich et 

al., 2010) confirmed that glucose catabolism occurs via EMP or PPP whereas genes 

of the ED pathway are missing in S. pneumonaie. The import and the metabolism of 

glucose and more complex carbohydrates available in host environments such as 

saliva, blood and CSF suggests the requirement of different transport systems and 

enzymes digesting imported sugars into smaller molecules in the bacterium.     

Several transporter systems associated with carbohydrate transport, the 

phosphotransferase system (PTS) and the ATP-binding cassette (ABC) transporter 

have been predicted for S. suis. This allows the usage of multiple carbohydrates 

(Willenborg and Goethe, 2016). The first step of sugar transportation via the PTS is 

the transmission of one phosphate derived from phosphoenolpyruvate (PEP), a 

product of the EMP pathway, to enzyme I which then phosphorylates the histidine-

containing phosphocarrier protein (HPr). Afterwards, the phosphoryl group is 

transferred to a histidine residue to domain A of enzyme II consisting of domain A, B 

and C. Following, the phosphate is transmitted to domain B and from there to the 

carbohydrate which is imported from the periplasm into the cytosol through the 

membrane domain C. This allows the entry of phosphorylated sugars into glycolysis 

(Deutscher et al., 2006; Gorke and Stulke, 2008). The preferred carbohydrate, 

glucose, of lactic acid bacteria is phosphorylated after the uptake by PTS and further 

directly introduced into EMP or PPP whereas other carbohydrates have to be 

modified for example by glycosyl-hydrolases into intermediates of the central 

metabolic pathways for efficient metabolization (Willenborg and Goethe, 2016). ABC 

transporters, the other group of abundant carbohydrate uptake transporters expend 
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more energy than PTS as demonstrated for pneumococci (Buckwalter and King, 

2012). These transporters were classified as carbohydrate uptake transporter 1 

(CUT1) and 2 (CUT2) (Bidossi et al., 2012; Schneider, 2001). CUT1 consists of two 

single integral polypeptides and an ATPase subunit. In contrast, CUT2 is composed 

of a homodimer of hydrophobic proteins. Additionally, both uptake systems differ in 

their imported substrates. Whereas CUT1 predominantly imports di- and oligo-

saccharides, CUT2 is responsible for the transport of monosaccharides (Schneider, 

2001). Moreover, imported sugars have to be phosphorylated by intracellular kinases 

to become suitable for the introduction into glycolysis (Willenborg and Goethe, 2016). 

The availability of PTSs and ABC transporters as primary uptake systems of mono- 

and di-saccharides were proven in S. pneumoniae. Examples are galactose, 

maltose, sucrose, trehalose as well as further carbohydrates indicating a broad 

spectrum of fermented sugars (Bidossi et al., 2012). Due to KEGG annotation a 

variety of carbohydrates such as fructose, mannose, galactose, sucrose and glucans 

are probably metabolized by S. suis. Furthermore, it was described that S. suis 

serotype 2 is able to ferment maltotriose and α-glucans such as glycogen (Ferrando 

et al., 2010). In addition, it was demonstrated that serotype 32 and 34 identified as 

Streptococcus orisratti are able to metabolize in addition to glucose sorbitol, lactose, 

mannose, ribose, raffinose, L-arabinose as well as more complex sugars such as 

glycogen or starch (Hill et al., 2005). Nevertheless, so far the diversity of 

carbohydrates that can be metabolized by S. suis is not sufficiently analyzed in detail.  

In addition to the carbohydrate metabolism predictions by KEGG database of the 

amino acid biosynthesis pathways are available as well. This indicates that S. suis is 

able to synthesis several amino acids. Besides, S. suis possesses peptide and amino 

acid transport systems for the their uptake from an amino acid or peptide rich 

environment. Based on in silico data of S. suis amino acid biosynthesis is related to 

the carbohydrate catabolism by the EMP and PPP pathway as well as the 

fragmentary TCA cycle. It is suggested that S. suis contains all genes for the 

biosynthesis of the aromatic amino acids tyrosine (Tyr) and phenylalanine (Phe) but 

in contrast no genes for the biosynthesis of tryptophan (Trp). Tyr and Phe derive 

probably from chorismate via the shikimate pathway. Chorismate, the end product of 

the shikimate pathway, might be synthesized from D-erythrose-4-phosphat and 

phosphoenolpyruvate, products of the PPP or glycolysis. The connection between 

the chorismate biosynthesis pathway regulated by the aro operon and the 
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biosynthesis of aromatic amino acids was identified by Fittipaldi et al. (2007b). The 

inactivation of the aro operon promotor resulted in a mutant strain auxotrophic for 

aromatic amino acids (aaa) identified by measuring the growth of S. suis in 

chemically defined medium with and without aromatic amino acids. In addition, 

isotopologue labeling pattern confirmed the biosynthesis of aaa via the shikimate 

pathway for S. pneumoniae (Hartel et al., 2012). 

Furthermore, it is predicted that serine (Ser) is synthesized in one reaction from 

pyruvate catalyzed by L-serine dehydratase and threonine dehydratase. Additionally, 

Ser is may generated from 3-phosphoglycerate an intermediate product of the EMP 

pathway in three reactions. 

Cysteine (Cys) is synthesized through the conversion of pyruvate as well or from Ser 

in the availability of sulfide mediated through serine O-acetyltransferase and further 

cysteine synthase A. Alanine (Ala) is probably the third amino acid generated in one 

reaction from pyruvate mediated through alanine-synthesizing transaminase. The 

transamination of pyruvate to synthesize Ala was confimed for S. pneumoniae by 

isotopologue patterns of Ala (Hartel et al., 2012). 

The synthesis of glycine (Gly) in S. suis probably occurs in one reaction through the 

conversion of Ser or threonine (Thr) catalyzed by glycine-hydroxymethyltransferase 

or threonine-aldolase. Interestingly, it was shown by isotopologue profiling 

experiments for S. pneumoniae that serine is mainly generated by 

hydroxymethylation of Gly instead of synthesis from 3-phosphoglycerate (Hartel et 

al., 2012). Moreover, gene annotation indicates that S. suis synthesizes Thr in five 

steps based on L-aspartate (Asp). Due to the KEGG database prediction Asp derives 

from oxaloacetate one product of the TCA cycle in many bacteria. Because of the 

incomplete TCA cycle in S. suis oxaloacetate have to be synthesized in another way. 

For example, Hartel et al. (2012) verified by the utilization of isotopologue profiling for 

S. pneumonaie the de novo synthesis of Asp and Thr due to oxaloacetate derived 

from the carboxylation of phosphoenol-pyruvate by the phosphoenolpyruvate 

carboxylase (PPC) (Hartel et al., 2012). Similar results were also observed for 

Listeria monocytogenes in which oxaloacetate production is mediated by the 

carboxylation of pyruvate (Eisenreich et al., 2006). In consequence of the fragmented 

TCA cycle, the synthesis of oxaloacetate and finally the generation of Asp and Thr 

probably occur in a similar way in S. suis. 
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Referred to gene annotation S. suis needs Asp for the biosynthesis of methionine 

(Met) which is generated in several reactions. Furthermore, it is suggested that 

S. suis utilizes 2-oxoglutarate, another product of the TCA cycle, to generate 

glutamic acid (Glu) and further glutamine (Gln) as well as subsequently proline (Pro) 

catalyzed by glutamine synthetase. Moreover it seems that S. suis possesses four 

different Gln transporter in its genome indicating a high demand of this amino acid. In 

addition, imported Gln can be probably converted to Glu. This reverse reaction is 

presumably catalyzed by the glutamine synthetase as well. Based on KEGG S. suis 

lacks one gene encoding for diaminopimelate dehydrogenase important for the 

synthesis of lysine (Lys) which would derive from Asp or homoserine in several 

reactions. The lack of these genes was also observed for other streptococci. 

However, as reviewed by Willenborg and Goethe (2016) some of these streptococci 

show no auxotrophy for Lys.   

Besides, KEGG database indicates that S. suis is able to synthesize the branched-

chain amino acids isoleucine (Ile), valine (Val) and leucine (Leu). Predictions of the 

biosynthesis pathways for Ile, Val and Leu reveal that S. suis synthesizes these 

amino acids through the conversion of pyruvate.  

The suggested loss of genes important for the biosynthesis of arginine (Arg) and 

histidine (His) in S. suis demonstrates that these amino acids have to be probably 

provided by S. suis from the environment. Although the data indicate an auxotrophy 

of S. suis for Arg, the arginine deiminase system (ADS) found in many bacteria is an 

important metabolic pathway of arginine catabolism (Gamper et al., 1991; Gruening 

et al., 2006; Liu et al., 2008; Maghnouj et al., 2000). It is composed of three 

enzymes, the arginine deiminase (arcA), ornithine carbamoyl-transferase (arcB) and 

carbamate kinase (arcC). These enzymes catalyze the conversion of arginine to 

ornithine. Thereby ammonia, carbon dioxide and ATP are produced (Burne et al., 

1989; Chaussee et al., 2003; Gruening et al., 2006; Zuniga et al., 2002). The 

generation of ammonia protects against acid stress caused by lactate production 

whereas ATP supplies energy important for bacterial survival (Burne and Marquis, 

2000; Cotter and Hill, 2003; Marquis et al., 1987). 
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1.5 Transcriptional regulators of S. suis  

Different studies of streptococci identified that virulence gene regulation is connected 

to the availability of nutrients and other environmental stimuli such as the oxygen 

concentration. Several global and specific transcriptional regulators to regulate the 

expression of related virulence genes due to environmental changes are available in 

streptococci (Graham et al., 2002; Kinkel and McIver, 2008; Kreikemeyer et al., 

2003). Common regulatory mechanisms to sense environment signals and to 

regulate activation and repression of metabolic or virulence associated genes, are, 

for example, the two-component signal (TCS) transduction systems. For S. suis 

strain P1/7 13 of these systems were identified (Chen et al., 2007).  

One well analyzed TCS in Group A streptococci (GAS) is the control of virulence 

regulator CovR/S. It is known that this regulator represses 15% of all genes in GAS 

(Graham et al., 2002). CovS activates CovR which represses expression of many 

virulence genes. Due to environmental changes CovS acts as a phosphatase to 

permit gene expression (Churchward, 2007). Inactivation of covR results in an 

increased regulation of the capsule, streptolysin O and S as well as the DNase SdaI 

(Federle et al., 1999; Graham et al., 2002; Levin and Wessels, 1998; Sumby et al., 

2006). Similar results were observed for the S. suis strain 05ZYH33, a human isolate. 

A covR deficient mutant showed a higher expression of nearly 200 genes. This led to 

phenotypical changes such as enhanced hemolytic activity and a thicker capsule 

protecting against phagocytosis by neutrophils or macrophages (Pan et al., 2009). 

Another well analyzed regulator involved in transcriptional repression in most low G + 

C Gram-positive bacteria is CodY. Metabolic pathways such as the carbon 

metabolism or the biosynthesis of branched-chain amino acids, the iron uptake or 

cellular motility are regulated by CodY (Hendriksen et al., 2008; Lu et al., 2015; Pohl 

et al., 2009; Santiago et al., 2013). For S. suis it was demonstrated that CodY 

mutation leads to a attenuated virulence in BALB/c mice due to a decreased 

expression of capsular polysaccharide related genes such as sialic acid synthesis 

genes. Differences in morphology were observed including a thinner capsule and 

changes in surface structures. In addition, the expression of other virulence 

associated genes such as suilysin or the muramidase-released protein (MRP) were 

decreased as well when compared to the wildtype strain (Feng et al., 2016).  
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One additional well analyzed global transcriptional regulator of Gram-positive 

bacteria is the catabolite control protein A (CcpA). It is involved in the carbon 

catabolite repression (CCR). CCR leads to the catabolism of a preferred 

carbohydrate when many different carbon sources are available whereas non-

essential energy providing pathways are inhibited (Gorke and Stulke, 2008). When 

preferred carbohydrates are available the HPr kinase phosphorylates the HPr at 

serine position 46 (Hpr-Ser46-P). This co-factor of CcpA mediates the binding of 

CcpA to the specific nucleotide sequence, the conserved catabolite response 

element (cre) that is located next to the target gene. Due to this binding the 

expression of the gene is activated or repressed (Deutscher et al., 1995). For S. suis 

it was identified that a pseudo-palindromic cre and a novel cre2 motif are available in 

the regulatory region of the genes that are exposed to CcpA control. Both motifs may 

contribute to the CcpA regulated expression of genes involved in the central carbon 

metabolism and the sugar uptake (Willenborg et al., 2014). Moreover, it was 

demonstrated that virulence factor expression of S. suis is related to environment 

components such as the availability of glucose regulated by CcpA (Willenborg et al., 

2011). To analyze the regulation of virulence genes in different glucose 

concentrations, the gene expression of S. suis grown to the early exponential or to 

the early stationary growth phase was compared (Willenborg et al., 2011). It was 

identified that the arginine ADS regulation, underling the CCR (Gruening et al., 

2006), was highest when glucose is depleted (stationary growth) and lowest at high 

glucose amounts (exponential growth). This was also observed for the suilysin (sly) 

expression whereas the transcript level of the capsule (cps2A) as well as the surface-

located proteins Ofs and Sao was decreased in the stationary growth phase. The 

inactivation of ccpA resulted in expression changes of 259 genes, of which 141 

genes were higher expressed and 118 lower expressed in the CcpA mutant 

compared to the wildtype strain during early exponential growth. Whereas different 

sugar uptake systems were increased in expression, several virulence and virulence 

associated factors for example ofs, sao, eno, sly, mrp and cps2A were lower 

expressed in the mutant. Interestingly, deletion of ccpA revealed a reduced thickness 

of the capsule and therefore a reduced resistance against phagocytic killing 

(Willenborg et al., 2011). Similar observations were also made, for example, for GAS. 

Shelburne et al. (2008) showed that CcpA regulates the expression of several 

virulence factors such as genes encoding for the hyaluronic acid capsule and 
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different carbohydrate utilization genes in GAS. In contrast to the well analyzed 

transcriptional regulator CcpA related to glucose concentrations, the knowledge 

about the fumarate and nitrate regulator (FNR)-like protein (FlpS) of S. suis 

mediating the oxygen-dependent activation of the ADS in other bacteria such as 

Pseudomonas aeruginosa and Staphylococcus aureus (Galimand et al., 1991; 

Gamper et al., 1991; Makhlin et al., 2007), is scarce. 

The cAMP receptor protein (CRP)/FNR family belongs to the one-component 

transcriptional regulators containing a highly conserved C-terminal helix-turn-helix 

domain to bind DNA. It is suggested that several metabolic co-factors such as 

nitrogen, oxygen, cAMP or heme are noticed by the heterogeneous N-terminus 

(Green et al., 2001; Korner et al., 2003). For Gram-negative bacteria it was shown 

that CRP plays a role in catabolite repression (Stulke and Hillen, 1999) whereas FNR 

is important for gene expression under anaerobic conditions. In the absence of 

oxygen four cysteine residues in the sequence of FNR form a Fe-S-complex which 

binds DNA to activate or repress the promotor of different genes. In contrast, in the 

presence of oxygen FNR is inactive and therefore not able to bind DNA (Green et al., 

1996a; Green et al., 1996b; Lazazzera et al., 1996). As opposed to Gram-negative 

bacteria, the FNR-like protein (Flp) of Gram-positive bacteria often contain only two 

cysteine residues for the generation of Fe-S-cluster. The absence does not influence 

the formation of the Fe-S-complex as shown for Lactococcus (L.) lactis (Scott et al., 

2000a; Scott et al., 2000b). Besides, Akyol (2013) demonstrated that FlpA and B of 

L. lactis regulate proteins of oxidative stress, electron transfer, sugar metabolism, 

ABC transporter, pyrimidine biosynthesis pathways and arginine metabolism. 

Moreover, Flp regulates the ADS of different bacteria such as S. gordonii, 

Pseudomonas aeruginosa, Staphylococcus aureus and Lactobacillus sakei (Dong et 

al., 2004; Gamper et al., 1991; Lu et al., 1999; Makhlin et al., 2007; Zuniga et al., 

2002). The lack of the ADS leads to a reduced survival of bacteria under acidic 

conditions (Casiano-Colon and Marquis, 1988). In S. suis, the induction of the ADS 

underlies the CCR regulated by CcpA and is activated after glucose is depleted from 

the environment (Willenborg et al., 2011). Besides, induction of the ADS occurs in 

the availability of arginine and under anaerobic conditions. The main genes of the 

ADS are expressed as an arcABC-operon and transcribed polycistronically. This 

operon is clustered with additional genes, an arginine-ornithine antiporter (arcD), a 

putative aminopeptidase (arcT) and the arginine regulator (argR) (Gruening et al., 
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2006). In an earlier study it was demonstrated that ArgR of S. suis, located 

downstream of the arcABC operon, is essential for the arcABC operon expression, 

the only operon regulated by ArgR (Fulde et al., 2011). Furthermore, it was shown 

that FlpS is located upstream of the arcABC operon (Gruening et al., 2006). This 

finding, together with the information that FNR-like proteins play a role in the oxygen-

dependent regulation of the ADS in other bacteria, probably indicates a regulation of 

the arcABC operon by FlpS in S. suis as well. 
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Chapter 2. Aims of the study 

In the past, several virulence and virulence-associated factors of S. suis were 

identified which may contribute to the pathogenesis of an infection. However, the role 

of metabolic adaptation of S. suis during infection and its role in virulence regulation 

is scarce. S. suis must be able to adapt its metabolism to different host environments 

in order to cope with their varying physiological and nutritional conditions. This study 

was designed to get new insights in the main metabolic performance of S. suis not 

only under laboratory conditions but also under in vivo mimicking conditions by 

incubating S. suis in porcine blood and CSF ex vivo (Chapter 3-5). Furthermore, the 

influence of an oxygen-sensing transcriptional regulator on the central metabolic 

processes should be characterized (Chapter 6). Taken together, the main study 

objectives were as follows: 

Firstly, the characterization of amino acid requirements, and reconstruction of the 

main carbohydrate derived metabolic pathways of S. suis under chemically defined 

conditions in vitro and in porcine blood and cerebrospinal fluid (CSF) ex vivo 

(Chapter 3). Secondly, the establishment of a Cre-lox based mutagenesis system to 

analyze metabolic genes suggested to be important for the survival of S. suis in host 

environments (Chapter 4). Thirdly, the identification of metabolic genes and 

pathways involved in the adaptation to porcine blood and CSF conditions by RNA-

deep sequencing (Chapter 5). Fourthly, the characterization of the oxygen-sensing 

transcriptional regulator FlpS and its influence on metabolic gene expression 

(Chapter 6). 
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ABSTRACT 

Streptococcus suis is a neglected zoonotic pathogen that has to adapt to 

the nutritional requirements in the different host niches encountered during infection 

and establishment of invasive diseases. To dissect the central metabolic activity of 

S. suis under different conditions of nutrient availability, we performed labeling 

experiments starting from [13C]glucose specimens and analyzed the resulting 

isotopologue patterns in amino acids of S. suis grown under in vitro and ex vivo 

conditions. In combination with classical growth experiments, we found that S. suis is 

auxotrophic for Arg, Gln/Glu, His, Leu, and Trp in chemically defined medium. De 

novo biosynthesis was shown for Ala, Asp, Ser, and Thr at high rates and for Gly, 

Lys, Phe, Tyr, and Val at moderate or low rates, respectively. Glucose degradation 

occurred mainly by glycolysis and to a minor extent by the pentose phosphate 

pathway. Furthermore, the exclusive formation of oxaloacetate by phosphoenol-

pyruvate (PEP) carboxylation became evident from the patterns in de novo 

synthesized amino acids. Labeling experiments with S. suis grown ex vivo in blood or 

cerebrospinal fluid reflected the metabolic adaptation to these host niches with 

different nutrient availability; however, similar key metabolic activities were identified 

under these conditions. This points at the robustness of the core metabolic pathways 

in S. suis during the infection process. The crucial role of PEP carboxylation for 

growth of S. suis in the host was supported by experiments with a PEP carboxylase-

deficient mutant strain in blood and cerebrospinal fluid. 
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ABSTRACT 

The lack of knowledge about pathogenicity mechanisms of Streptococcus (S.) suis is, 

at least partially, attributed to limited methods for its genetic manipulation. Here, we 

established a Cre–lox based recombination system for markerless gene deletions in 

S. suis serotype 2 with high selective pressure and without undesired side effects. 
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ABSTRACT 

Streptococcus (S.) suis is a zoonotic pathogen that can cause severe pathologies 

like septicemia, meningitis, and endocarditis in pigs as well as in humans. The 

molecular mechanisms contributing to host adaptation of S. suis, and metabolic as 

well as virulence regulation are poorly understood. The aim of this study was to 

analyze the transcriptomic adaptation of S. suis to porcine body fluids such as blood 

and cerebrospinal fluid (CSF) on a gene expression level. RNA deep sequencing 

was conducted of bacteria grown in porcine blood, porcine CSF and standard 

laboratory medium to detect genes important for ex vivo adaptation of S. suis to 

these host environments and to dissect preferred metabolic pathways. RNA-

sequencing data were additionally validated by RT-qPCR. Interesting genes 

associated with metabolic adaptation were inactivated by utilizing a Cre/loxP-system 

and mutants phenotypically characterized ex vivo. The most differentially expressed 

genes during growth of S. suis in blood were associated with carbohydrate 

metabolism (e.g. pentose phosphate pathway, glycogen metabolism) and transport 

whereas genes involved in protein translation and amino acid metabolism, such as 

the biosynthesis of branched chain amino acids were differentially expressed during 

proliferation of bacteria in CSF. For many genes a time dependent regulation due to 

depletion of nutrients from the host environment is most likely. In conclusion, our data 

indicate that adaptation of S. suis to host environments containing different nutrients 

includes prominent changes in expression of metabolic genes indicating the 

importance of these genes in addition to virulence factors for establishment of an 

infection. 
 

INTRODUCTION 

Streptococcus (S.) suis is an important pathogen in pigs and considered a neglected 

zoonotic pathogen (Gottschalk et al., 2010; Huong et al., 2014). S. suis infections can 

result in severe pathologies like septicemia, meningitis and endocarditis in its hosts 

(Gotschalk et al., 2010). Reported cases of human infections occurring in Southeast 

Asia demonstrated that S. suis can cause streptococcal toxic shock-like syndrome as 

well (Tang et al., 2006). Based on different capsule polysaccharides, there are over 

30 serotypes described indicating a high diversity of this agent. Worldwide, serotype 
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2 is the most isolated one from infected pigs and humans (Huong et al., 2014; Wei et 

al., 2009; Wisselink et al., 2000). In healthy pigs, S. suis is a frequent commensal 

colonizer of the upper respiratory tract. It is proposed that the first step of invasive 

infection is caused by colonization of mucosal epithelial cells in pigs. After breaching 

of the epithelial barrier streptococci may enter the bloodstream and disseminate 

within the host (Fittipaldi et al., 2012; Gottschalk and Segura, 2000). In order to 

cause meningitis S. suis may translocate from the blood to CSF by crossing the 

choroid plexus epithelium which is part of the blood-cerebrospinal fluid (BCSFB) or 

the blood-brain barrier (BBB) (Tenenbaum et al., 2005; Tenenbaum et al., 2009). The 

establishment of invasive disease depends not only on the expression of virulence 

factors but also on the adaptation of metabolic traits as a response to different 

nutrients in different host compartments. Several virulence-associated factors of 

S. suis were identified and investigated in recent years (Fittipaldi et al., 2012), but 

knowledge of how metabolism adapts during infection is still scarce. However, for 

other bacteria it was shown that incubation in host environments influences the 

expression especially of genes associated with virulence and metabolism. An 

efficient and quantitative tool to detect differential gene expression in several host 

environments such as blood or CSF is RNA-deep-sequencing (RNA-seq). The 

assignment of differentially expressed genes to metabolic pathways gives information 

about how the metabolic network of the bacteria may adapt to host niches. RNA-seq 

offers several advantages compared to microarray analysis. Additionally to a single-

base resolution for annotation, RNA-seq allows the analysis of gene expression 

levels in a large dynamic range. This includes genes with a very high and low 

expression level (Zeng et al., 2013; Wang et al., 2009). Further, it was shown that 

RNA-seq technology is very reproducible for technical as well as for biological 

replicates (Cloonan and Grimmond, 2008; Nagalakshmi et al., 2008). Because of 

these advantages, this method was utilized to determine gene expression of different 

pathogens in several studies under varying host conditions. For example, ex vivo 

transcriptional adaptation of three Streptococcus agalactiae isolates grown in bovine 

milk were investigated by RNA-seq (Richards et al., 2013). In addition, RNA-seq was 

applied in in vivo experiments as well to analyze for instance the transcriptome of 

Staphylococcus aureus during acute and chronic phase of murine bone infection 

(Szafranska et al., 2014). In both studies it was shown that adaptation of bacteria to 

host environments includes high changes in expression levels of metabolic genes 
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indicating the importance of these genes in addition to virulence factors. Further, in in 

vitro experiments it was demonstrated for S. mutans by RNA-seq that gene 

expression changes in response to carbohydrate sources or the loss of an important 

global regulator, namely CcpA (catabolite control protein A), contributes to carbon 

catabolite repression (CCR) (Zeng et al., 2013). For S. suis it is known that the 

availability of nutrients, which can differ according to the host environment may 

influence the expression of virulence-associated factors such as those controlled by 

the sugar regulator CcpA (Willenborg et al., 2014; Willenborg et al., 2011) or by 

CovR (Pan et al., 2009) or RevSC21 (Wu et al., 2009), two-component signal 

transduction systems (TCS). All these investigations underline how important it is to 

improve our knowledge of the link between adaptation of metabolic pathways and 

virulence.  

In this study, we analyzed the adaptation of S. suis to host environments on the gene 

expression level by using RNA deep sequencing to dissect preferred metabolic 

pathways of S. suis in these host environments. These data will give new insights in 

the efficient metabolic adaptation of S. suis ex vivo to host body fluids such as blood 

and CSF and will contribute to our understanding of an invasive S. suis infection. 

 

METHODS 

Bacterial Strains and Media 

The virulent S. suis serotype 2 strain 10 was provided by Hilde Smith (Lelystad, 

Netherlands). The wildtype and mutant strains (Table S1) were grown on Columbia 

agar plates containing 6 % (v/v) sheep blood (Oxoid) at 37°C overnight. For further 

experiments S. suis was cultured in Todd-Hewitt broth (THB; Becton Dickinson 

Diagnostics) medium at 37°C. For each growth experiment, THB medium was 

inoculated with one colony and incubated at 37°C on ice overnight. The optical 

density (OD) A600 of the culture was measured by using an Eppendorf Bio-

Photometer®. Prewarmed THB medium was inoculated with the overnight culture to 

an optical density OD600 of 0.02. After reaching the early exponential growth phase 

(OD600 ~ 0.2) the bacteria were harvested and washed twice with 1 x PBS to remove 

THB. These bacteria were further used to inoculate porcine blood and CSF.    
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Growth of S. suis in porcine blood and CSF ex vivo 

Heparinized porcine blood was drawn from healthy pigs for ex vivo growth 

experiments. The extraction of blood is registered at the Lower Saxonian State Office 

for Consumer Protection and Food Safety (Niedersächsisches Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit). The permit number is 33.9-42502-

05-11A137. The collection of blood samples was performed in line with the 

recommendations of the German Society for Laboratory Animal Science 

(Gesellschaft für Versuchstierkunde) and the German Veterinary Association for 

Protection of Animals (Tierärztliche Vereinigung für Tierschutz e.V.). CSF was taken 

from clinically healthy pigs. The collection of samples was done according to the 

registered Lower Saxonian State Office for Consumer Protection and Food Safety 

with the permit number 33.9-42502-04-08/1612. Collected CSF samples were pooled 

and sterile filtered (0.22-µm Rotilabo® syringe filter). Then, the samples were 

aliquoted and frozen at -80°C. 

To conduct growth experiments, the bacteria were cultured in THB medium to an 

early exponential growth phase (OD600 ~ 0.2) and harvested by centrifugation (2737 x 

g for 5 min, 4°C). The pellets were washed twice with 1x PBS and by subsequent 

centrifugation (2737 x g for 5 min, 4°C). Ten ml blood or 2 ml CSF were inoculated 

with S. suis strain 10 at a concentration of 1 x 107 or rather 1 x 104 colony forming 

units (CFU)/ml. Bacteria were incubated under rotating conditions for six hours at 

37°C. Two volumes of Bacteria Protect (selfmade), containing 50 µg/ml 

chloramphenicol and 5 µg/ml tetracycline, were added to the blood and CSF samples 

that were mixed carefully after 6 hours of incubation.  For blood samples, bacteria 

were immediately separated from blood cells by centrifugation at 400 x g for 5 min at 

4°C. The bacteria containing supernatant was placed in a new collecting tube and 

centrifuged at 15550 x g for 5 min at 4°C to pellet the bacteria. Bacteria grown in 

CSF were pelleted directly from the fluid by centrifugation at 15550 x g for 5 min at 

4°C. Finally, pellets were freezed at -80°C. The growth of S. suis 10 in porcine blood 

and CSF was determined hourly by plating several dilutions of blood and CSF in 

triplicates. After the incubation of plates for 24 hours at 37°C bacterial colonies were 

counted and CFUs calculated. For comparison, bacteria were also grown in THB 

medium to early exponential phase (OD600 ~ 0.2). Accordingly, 10 ml bacterial culture 

of exponential grown bacteria were mixed with 20 ml Bacteria protect (selfmade) and 
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centrifuged at 15500 x g at 4°C for 5 min to pellet the bacterial cells. After 

washing of bacteria with 25 ml Tris-HCl (10 mM, pH = 8.0) pellets were stored at -

80°C as well. 

 
RNA extraction and RNA Deep Sequencing 

Total RNA from S. suis was isolated according to Fulde et al. (2011). In short, 

bacteria grown in porcine blood, CSF and THB medium were resuspended for RNA 

isolation in 1 ml TRIzol® reagent (Invitrogen). The cells were disrupted three times for 

45 s at intensity settings 6.5 by using a FastPrep® instrument (Thermosavant, 

Carlsbad, CA, USA) and cooled on ice. Furthermore, RNA was separated from DNA 

as well as from proteins by chloroform. RNA was precipitated by 2-Propanol and 

purified by using the RNeasy Mini kit (Qiagen) according to the instructions of the 

manual that includes a treatment with DNase. RNA quality was verified by gel 

electrophoresis (2100 Bioanalyser, Agilent Technologies) whereas RNA amounts 

were detected by spectrophotometry using Epoch instrument (Biotek, Bad 

Friedrichshall, Germany). 

RNA deep sequencing was utilized to compare the different gene expression of 

S. suis in porcine blood and CSF to the expression of genes in THB medium. 

Therefore, sequencing libraries of two independent samples each, were prepared 

and sequenced using 50 bp single-ends sequencing on a HiSeq2500 instrument 

(Illumina). This analysis was performed at the Helmholtz Centre for Infection 

Research, Genome Analytics, Braunschweig, Germany. In brief, libraries of 300 bp 

were prepared according the manufacturer’s instructions “TrueSeq RNA Sample 

Prep Guide” (Illumina). Protocol fragments the RNA, synthesizes first as well as 

second strand cDNA and ligates adapters to the ends of the cDNA fragments. After 

PCR enrichment of cDNA fragments, purification with AMPure beads XP and QC on 

Bioanalyzer/Qbit templates go on the Illumina HiSeq2500 Sequencer system. The 

fluorescent images were processed to sequences and transformed to FastQ format 

using the Genome Analyzer Pipeline Analysis software 1.8.2 (Illumina). The 

sequence output was controlled for general quality features using the fastq-mcf tool 

of ea-utils (Aronesty, 2013) and was mapped against the genome sequence of the 

reference strain S. suis P1/7 using BWA version 0.7.5 (Li and Durbin, 2009) and 

SAMtools (Li et al., 2009). Raw data sets are available in the European Nucleotide 
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Archive Repository (PRJEB14724). Gene expression reads were normalized to the 

transcript length and total library size using RPKM (reads/Kb/Million) (Dotsch et al., 

2012). Additionally, all sequences were computed with Rockhopper tool (McClure et 

al., 2013). Genes with a q-value ≤0.01 were considered as significantly differentially 

expressed and genes with raw counts in all replicates were included for further 

analysis. The fold change of gene expression of S. suis strain 10 grown in porcine 

blood, CSF and THB medium was calculated as the ratio of expression values for 

blood/THB or CSF/THB. 

 

Reverse transcriptase quantitative-PCR (RT-qPCR) 

To confirm the results of RNA deep sequencing RT-qPCR of 12 genes were 

performed. Analyses were conducted by using two technical replicates. The RNA of 

bacteria was extracted and purified as described above. For cDNA synthesis, 0.5 μg 

of RNA were incubated with random hexamer primers (Promega) for 10 min at 70°C. 

Afterwards, the samples were incubated on ice for 4 min and further mixed for 

reverse transcription with 5 x RT-Puffer, 10 mM dNTP´s and 200 U/μl MMLV-

superscript transcriptase (Promega). As a control, samples were mixed only with 

buffer without transcriptase. All samples were incubated for 1 h at 42°C and further 

for 5 min at 85°C. They were diluted with RNase free water to a volume of 200 μl and 

analyzed in duplicates by qRT-PCR using a Stratagene Mx3005P system (Agilent 

Technologies). The appropriated primers are listed in Table S1. The Primers (0.4 μM) 

were mixed with 1μg of each cDNA and 10 μl Syber Green Mix (Qiagen) in a total 

volume of 20 μl. The thermal profile conditions were 95°C for 20 min, 95°C for 30 s, 

55°C for 30 s and 72°C for 20 s. Clycle threshold (Ct) values were normalized to the 

non-regulated gene gyrB (SSU1327) and the transcription levels were calculated by 

using the ΔCT method (Fulde et al., 2011). The fold change of the transcript level of 

genes normalized to gyrB was compared with the fold change of genes identified by 

RNA-seq. 
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Construction and characterization of S. suis mutants 

Five genes showing an increased expression in response to adaptation to porcine 

blood and CSF conditions suggested to be important for survival of S. suis in these 

host environments were deleted in order to analyze the mutant phenotype ex vivo in 

porcine blood and CSF. The inactivation of S. suis transcription factor SSU1551, the 

SSU0164-0167 operon encoding for an ABC transporter, the SSU1707-1709 operon 

encoding for an ABC transporter as well, the SSU0199-0201 operon a putative 

permease or a phosphotransferase system (PTS) and the glgC operon important for 

glycogen biosynthesis, were performed by utilizing Cre recombinase based 

mutagenesis (Koczula et al., 2014). In short, upstream and downstream regions of 

the genes were amplified by PCR from S. suis strain 10 chromosomal DNA. For this, 

oligonucleotide primer pairs listed in Table S1 were used. Further, a spectinomycin 

(spcR) resistance cassette was amplified from pGA14-spc (Smith et al., 1995) by 

using the primer pair Spec_lox66_Sac/Spec_lox71_Nhe and thereby flanked by two 

lox sites lox66 and lox71. The amplified products were digested with the appropriated 

restriction enzymes and cloned into pCR2.1-TOPO (Invitrogen). After verification of 

the plasmids by sequencing (Seqlab Sequence Laboratories Goettingen GmbH), 

they were transformed by electroporation (Smith et al., 1995) or by utilizing an 

extracellular peptide pheromone ComS consisting of 9 amino acids to enhance 

competence for DNA transformation in S. suis (Zaccaria et al., 2014). Spectinomycin 

resistant transformants were tested by PCR and verified by sequencing. In order to 

remove the spectinomycin cassette mediated by Cre recombinase, competent 

mutant strains were transformed with pSET5s_PtufA-cre. Transformants were plated 

on chloramphenicol containing blood agar plates and selected for resistance. 

Spectinomycin sensitive transformants were removed from pSET5s_PtufA-cre and 

sequenced to confirm in frame deletion as described previously (Koczula et al., 

2014). Further, the transcript level of the inactivated genes and of upstream as well 

as downstream located genes was analyzed by RT q-PCR to verify deletion of the 

target gene and exclude any possible side effects mediated by the mutagenesis 

process. In order to characterize the growth behavior of the mutant strains in 

comparison to the wildtype, the bacterial strains were grown in porcine serum and 

CSF as described above. 
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Determination of amino acid concentrations in porcine serum and CSF 

The amino acid composition in porcine CSF and serum was analyzed in order to 

probably draw conclusions of data identified by RNA-deep sequencing. The 

measurement was performed in the Institute for Animal Nutrition, University of 

Veterinary Medicine Hannover. For the determination of amino acids in porcine CSF 

and serum samples, 0.25 ml of sulfosalicylic acid was added to 1 ml of CSF or 

serum, intensively mixed, chilled for 30 min at 4 °C and centrifuged for 10 minutes at 

3000 rpm. The supernatant was mixed 1:1 with sample diluent buffer. After that, 

amino acids were determined by ion-exchange chromatography (AA analyser LC 

3000, Biotronic, Maintal, Germany) and results evaluated according to established 

methods (Vervuert et al., 2005). 

 

RESULTS AND DISCUSSION 

Knowledge is limited on how S. suis adapts transcription of metabolic genes in blood 

or CSF, porcine body fluids encountered in a systemic infection leading to meningitis. 

Therefore, we analyzed the transcriptomic adaptation of S. suis to porcine blood, 

porcine CSF, and standard laboratory THB media by using RNA-deep-sequencing. 

The growth of S. suis in both host fluids for six hours is shown in Figure 5-1 A and B. 

We intended to identify differentially expressed metabolic genes in order to 

reconstruct metabolic pathways which are important for growth of S. suis in porcine 

blood and CSF ex vivo. For this, gene expression during incubation in host fluids was 

compared to growth in THB medium.  

Recently, Wu et al., (2014) analyzed gene expression of S. suis serotype 2 grown for 

one hour in porcine blood or porcine CSF and compared the regulation of genes with 

theirs expression in THB medium.  

However, they focused on characterization of small regulatory RNAs whereas in the 

present study metabolic gene adaptation was analyzed. Since Wu et al. (2014) 

elucidated the transcriptomic profile during the first hour of incubation we decided to 

analyze a later timepoint and compared both datasets with each other in order to 

identify time-dependent expression differences. 
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Figure 5-1. Growth of S. suis 10 in porcine blood (A) and CSF (B) ex vivo. Growth was measured 
at indicated time points by calculating the CFU after plating. Mean values and standard deviations are 
shown for three biological replicates.   
 

Differentially expressed genes after growth in porcine blood 

By using Rockhopper analysis the data revealed 434 differentially expressed genes 

for S. suis strain 10 grown in porcine blood when compared to THB media among 

which 356 genes were higher expressed and 78 genes were lower expressed in 

blood (Figure 5-2, Table S2). Validation of RNA-seq by RT-qPCR revealed good 

correlation of the results obtained for a selected subset of genes with both 

techniques (Table 5-1). We found that most of these genes (17.5%) encode for 

proteins involved in the carbohydrate metabolism and transport (G) by clustering the 

differentially expressed genes into cluster of orthologous groups (COGs) (Figure 

5-3). Approximately one third of these genes were associated with PTSs or ATP-

binding-cassette (ABC) transporters which are needed for uptake of carbohydrates 

as possibly cellobiose  (SSU1855, SSU1857, SSU1858), glucose (SSU1229), 

sucrose (SSU1725), probably galactose (SSU0165-0167), N-acetylgalactosamine 

(SSU1055-1057 (agaDWV)), mannose (SSU0404-0406), fructose (SSU0768 (fruA)), 

ascorbate (SSU1847-1848; SSU0178-0180), and multiple sugars (SSU1701 

(msmk)). All of these genes were higher expressed in porcine blood than in THB 

medium. Of these genes encoding for putative PTSs important for a possible uptake 

of cellobiose, glucose, sucrose, galactose, N-acetylgalactosamine, fructose, as well 

as the multiple sugar uptake system were highly expressed in blood but not in CSF. 

In contrast, the gene SSU0217 encoding for a trehalose PTS was decreasingly 
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expressed in porcine blood. All in all, these data suggest a higher import of various 

carbohydrates especially from blood apart from glucose. 

 

 
 

Figure 5-2. Total number of significant differentially expressed genes in porcine blood and CSF 
compared to THB medium. The number of differentially expressed genes with a q-value ≤ 0.01 is 
demonstrated in circles. The green circle represents all genes differentially expressed in porcine 
blood. The orange circle contains all genes differentially regulated in porcine CSF. The number of 
genes labeled by ochre includes all genes with a different expression in porcine blood and CSF 
compared to THB medium. Arrow up: genes increasingly expressed after growth of S. suis in the host 
environment compared to gene expression in THB medium. Arrow down: genes decreasingly 
expressed after proliferation of S. suis in the host environment compared to gene expression in THB 
medium.   
 
Table 5-1. Validation of RNA sequencing data by RT-qPCR. Negative value indicates lower gene 
expression of S. suis 10 in porcine blood or CSF compared to gene expression in THB medium. Mean 
values and standard deviations are shown for two biological replicates.

a
fold changes of genes 

normalized to RPKM. 
 b
fold change of relative transcript level normalized to gyrB.  
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Figure 5-3. Differentially expressed genes clustered in orthologous groups (COG). Differentially 
expressed genes are classified into 20 functional categories (G: carbohydrate metabolism and 
transport; C: energy production and conversion; NC: not classified; E: amino acid metabolism and 
transport; S: function unknown; K: transcription; general functional prediction only; I: lipid metabolism; 
P: inorganic ion transport; V: defense mechanisms; T: signal transduction; F: nucleotide metabolism 
and transport; U: intracellular trafficking and secretion; O: post-transcriptional modification; J: 
translation; L: replication and repair; H: coenzyme metabolism; M: cell wall/membrane/envelope 
biosynthesis; D: cell cycle control). The number of genes changed in expression due to blood or rather 
CSF conditions are shown in bars. Green parts of bars indicate the number of genes that were 
increased in expression compared to control conditions. Red parts of bars represent all genes 
decreasingly expressed in comparison to control conditions. 
 
In an earlier study (Wu et al., 2014), it was shown for S. suis that incubation of 

bacteria for one hour in porcine blood led to increased expression of SSU1855, 

SSU1857, SSU1858, SSU0404-0406, SSU1056, SSU1701 and SSU1725 as well 

encoding for PTS, respectively differential gene expression was mostly lower than in 

our study. This and the lower number of differentially expressed carbohydrate 

transport systems suggest that the need for a broad spectrum of different sugars may 

increase with the incubation time, probably due to starvation of glucose. Interestingly, 

the gene SSU0357 encoding for a glucose-specific PTS was higher expressed in the 

study of Wu et al. (2014) but was not significantly influenced in our study. A depletion 

of glucose from the environment after 6 hours of S. suis proliferation may explain why 

the gene encoding for the specific PTS is not differentially expressed in our study. 

The uptake of low amounts of glucose due to its consumption within the first hours of 

S. suis growth does not need an increased activity of all associated transporter 

systems. However, a higher expression of multiple sugar transport systems was also 
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observed for other streptococci grown in blood. For example, incubation of 

S. agalactiae in human blood enhanced the expression of PTS genes such as 

gbs1936-gbs1939 encoding for a mannose/fructose transport system or gbs1853-

1856 encoding for 3-keto-gulonate uptake system, but also the expression of genes 

(gbs1510-gbs1512) encoding for a maltodextrin transport system. It was shown that 

a prolonged incubation time increased the expression of these genes and also the 

number of further highly regulated genes encoding for additional carbohydrate 

transporter systems (Mereghetti et al., 2008). 

Interestingly, in S. pyogenes different carbohydrate transport and utilization genes 

were also higher expressed in standard laboratory medium when bacteria were 

grown to the stationary growth phase (Chaussee et al. (2008)), a time point at which  

favored carbohydrates such as glucose become limited. These findings support our 

hypothesis of an enhanced need for different carbohydrates by S. suis after six hours 

when compared to one hour incubation in porcine blood. Furthermore, we detected 

highly expressed gene operons that encode for ABC transporter systems like 

SSU0164-0167 and SSU1707-1709, also confirmed by RT-qPCR (Table 5-1), as well 

as membrane and surface exposed proteins like SSU1551-1557 and SSU0199-0201 

that are less characterized. In contrast, Wu et al. (2014) measured a high regulation 

of SSU1551-1557 but not of the other genes indicating that an increased regulation 

of all other transport systems becomes important with the time of incubation. 

Moreover, genes encoding for enzymes of the central carbon metabolism were 

differentially expressed (Figure 5-4A). The data revealed an increased expression of 

the glycogen biosynthesis pathway genes comprising glgABC (SSU0873, SSU0874, 

SSU0870) which is also shown by Wu et al. (2014). A source for enhanced glycogen 

biosynthesis might be increased galactose levels because we detected higher 

expression of genes associated with the Leloir pathway encoding for a galactokinase 

(SSU0329 (galK)) and galactose-1-phosphate uridylyltransferase (SSU0330 (galT)). 

As depicted in Figure 5-4A galactose is presumably converted to glycogen, acting as 

energy storage, and probably not introduced in the glycolysis pathway. Firstly, D-

galactose is phosphorylated via the enzyme galactokinase to galactose-1-phosphate. 

Secondly, galactose-1-phosphate uridylyltransferase converts this intermediate to 

glucose-1-phosphate. In three additional reactions glucose-1-phosphate is converted 

to glycogen by GlgABC. The high regulation of genes assigned to glycogen 

biosynthesis in our study may also indicate the availability of compounds providing 
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high levels of energy after six hours of proliferation. Furthermore, the gene apuA 

(SSU1849) encoding for an amylopullulanase is increased in expression during 

growth in porcine blood. It is probably involved in the conversion of α-glucans to 

maltodextrins which might subsequently be transported by a MalX (SSU1915-1917) 

ABC transporter into the cell (Willenborg et al., 2014). The genes encoding for this 

transporter were increased as well. Subsequently, maltodextrins may probably be 

converted into glucose-1-phosphate catalyzed by maltodextrin phosphorylase (GlgP) 

(Willenborg et al., 2014) which are possibly introduced in the biosynthesis of 

glycogen important for energy storage. 
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Figure 5-4. Metabolic model of important pathways after proliferation in porcine blood (A) and 
CSF (B). This model is based on the information of RNA deep sequencing and S. suis P1/7 predicted 
genome annotation by KEGG and NCBI database. Metabolic pathways are highlighted in different 
colors: grey → glycolysis; blue → pentose phosphate pathway; light purple → glycogen metabolism; 
red → pyruvate metabolism; brown → incomplete TCA cycle; orange → Leloir pathway; yellow → 
pyrimidine metabolism; light green → purine metabolism; pink → amino acid metabolism; light blue → 
virulence and virulence associated factors. White ovals indicate enzyme/genes catalyzing reactions of 
metabolic pathways. The number of arrows shows the amount of reaction steps for the conversion of 
one base product. Genes identified as differentially expressed after growth in porcine blood and CSF 
compared to THB conditions in our study (S) and in the study of Wu et al., 2014 (W) are demonstrated 
by colored boxes. Red boxes stand for decreasingly expressed genes compared to control condition; 
green boxes stand for increasingly expressed genes compared to control condition; black boxes stand 
for genes which show no difference in expression compared to control condition. G-6-P, glucose-6-
phosphate; F-6-P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; DHAP, 
dihydroxyacetone-phosphate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-phosphoglycerate; PEP, 
phosphoenolpyruvate; PYR, pyruvate; G-1-P, glucose-1-phosphate; Gal-1-P, galactose-1-phosphate; 
Gal, galactose; ADP-G, ADP-glucose; 1,4-G, 1,4-[glucose]

n
; AcCoA, acetyl-CoA; CIT, citrate; ICIT, 

iso-citrate; OXG, oxo-glutarate; OXA, oxaloacetate; 6-PGL, 6-phosphogluconolactone; 6-PG, 6-
phosphogluconate; RU-5-P, ribulose-5-phosphate; R-5-P, ribose-5-phosphate; X-5-P, xylulose-5-
phosphate; S-7-P, sedoheptulose-7-phosphate; E-4-P, erythrose-4-phosphate; R-1-P, ribose-1-
phosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate; UMP, uridine monophosphate; Gln, glutamine; 
IMP, inosine monophosphate; AMP; adenosine monophosphate; Cys, cysteine; Glu, glutamic acid; 
carbamoyl-P, carbamoyl phosphate; Phe, phenylalanine; Tyr, tyrosine; Lys, lysine; Asp, aspartic acid; 
Thr, threonine; Val, valine; Ile, isoleucine; aa, amino acids; PTS, phosphortransferase system; ABC, 
ABC-transporter.  
Enzymes/genes:  
acnA, aconitate hydratase (SSU1042);; ldh, L-lactate dehydrogenase (SSU0927);; glgC, glucose-1-
phosphate adenylyltransferase (SSU0870); glgB, 1,4-alpha-glucan branching enzyme (SSU0874); 
glgA, glycogen synthase (SSU0873); galK, galactokinase (SSU0329); galE, UDP-glucose 4-
epimerase (SSU1258); galT, galactose 1-phosphate uridylyltransferase (SSU0330); zwf, glucose-6-
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phosphate dehydrogenase; gnd, 6-phosphogluconate dehydrogenase (SSU1541); tktA, transketolase 
(SSU0181-0182, SSU1839); deoB, phosphopentomutase (SSU1269); prsA1, ribose-phosphate 
pyrophosphokinase (SSU0021); malX, maltose/maltodextrin-binding protein precursor (SSU1915B/C-
SSU1917); apuA, surface-anchored amylopullulanase (SSU1849), SSU1229, sugar 
phosphotransferase system; pyrE, orotate phosphoribosyltransferase (SSU0864); pyrF, orotidine 5'-
phosphate decarboxylase (SSU0866); SSU1355, surface-anchored 5'-nucleotidase; SSU0689, uridine 
phosphorylase; pyrR, PyrR bifunctional protein (SSU0735); pyrB, aspartate carbamoyltransferase 
(SSU0736); pyrC, dihydroorotase (SSU0861); pyrD, dihydroorotate dehydrogenase (SSU0867); purB, 
adenylosuccinate lyase (SSU0037); purC, phosphoribosylaminoimidazole-succinocarboxamide 
synthase (SSU0026); purD, phosphoribosylamine-glycine ligase (SSU0032); purE, 
phosphoribosylaminoimidazole carboxylase catalytic subunit (SSU0033); purF, 
amidophosphoribosyltransferase precursor (SSU0028); purH, bifunctional purine biosynthesis protein 
PurH (SSU0031); purK,  phosphoribosylaminoimidazole carboxylase ATPase subunit (SSU0034); 
purM, phosphoribosylformylglycinamidine cyclo-ligase (SSU0029); purN, phosphoribosylglycinamide 
formyltransferase (SSU0030); SSU0027, phosphoribosylformylglycinamidine synthase protein; punA, 
purine nucleoside phosphorylase (SSU1267); carA, carbamoyl-phosphate synthase small chain 
(SSU0737); carB, carbamoyl-phosphate synthase large chain (SSU0738); SSU0489, adenosine 
deaminase; aroF1, phospho-2-dehydro-3-deoxyheptonate aldolase 1 (SSU1086); aroB, 3-
dehydroquinate synthase (SSU1089); aroE, shikimate 5-dehydrogenase (SSU1088); aroK, shikimate 
kinase (SSU0558); SSU1611, aspartokinase; asd; aspartate-semialdehyde dehydrogenase 
(SSU0671); hom, homoserine dehydrogenase (SSU0747); thrB, homoserine kinase (SSU0748); 
SSU0262, threonine synthase; SSU0719, branched-chain-amino-acid aminotransferase; alsS, 
acetolactate synthase large subunit (SSU1682); ilvA, threonine dehydratase biosynthetic (SSU1679); 
ilvC,  ketol-acid reductoisomerase (SSU1680); ilvD,  dihydroxy-acid dehydratase (SSU1686); ilvH, 
acetolactate synthase small subunit (SSU1681); arcA, arginine deiminase (SSU0580); arcB,  ornithine 
carbamoyltransferase (SSU0582); arcC, carbamate kinase (SSU0583); glnQ5,  glutamine transporter, 
ATP-binding protein 5 (SSU1851); SSU1852,  amino-acid ABC transporter permease protein; 
SSU1853,  amino-acid ABC transporter extracellular-binding protein; glnQ4, glutamine transporter, 
ATP-binding protein 4 (SSU1192); SSU1193, glutamine-binding protein precursor; SSU1194,  amino 
acid ABC transporter, permease protein; SSU1195, amino acid ABC transporter, permease protein; 
SSU1675, glutamine ABC transporter, glutamine-binding protein/permease protein; glnQ2, glutamine 
ABC transporter, ATP-binding protein 2 (SSU1676); SSU1360-1361,  branched-chain amino acid 
transport ATP-binding protein; SSU1362-SSU1363,  branched-chain amino acid transport system 
permease protein; SSU1364, branched-chain amino acid transport system permease protein; 
SSU0875, extracellular amino acid-binding protein; SSU0501, amino acid ABC transporter permease 
protein; SSU0502, amino acid ABC transporter ATP-binding protein; SSU0503, amino acid ABC 
transporter, extracellular amino acid-binding protein; sodA, superoxide dismutase (SSU1356); ssnA, 
surface-anchored DNA nuclease (SSU1760); sly,  suilysin (hemolysin) (SSU1231);  sspA, subtilisin-
like protease (SSU0757); igA1, surface-anchored serine protease (SSU1773); neuB, N-
acetylneuraminic acid synthase (SSU0535); cps2A, capsule synthesis protein A (SSU0515); cpsE/F,  
galactosyl transferase/rhamnosyl transferase (SSU0519/SSU0520).  
 

In previous studies it was demonstrated that many bacteria for example Arthrobacter 

start to accumulate glycogen after reaching the stationary growth phase due to a  

starvation of nutrients such as nitrogen, phosphate, or because of an unprofitable pH 

value (Zevenhuizen, 1966). One of these factors could be the reason for the 

increased synthesis of glycogen when reaching the stationary phase after a growth of 

S. suis for six hours in porcine blood. However, the high regulation of glgABC 

involved in glycogen biosynthesis after growth of S. suis in porcine blood for one hour 

(Wu et al. (2014)) does not support this hypothesis. In addition, it was shown for 

different bacteria that the ADP-glucose pyrophosphorylase (ADP-Glc PPase) 

encoded by glgC and glgD is allosterically regulated by metabolites such as fructose-
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6-phosphate, fructose-1,6-bisphosphate, phosphoenolpyruvate (PEP), inorganic 

orthophosphate (Pi), adenosine monophosphate (AMP) and/or adenosine 

diphosphate (ADP) (Asencion Diez et al., 2013; Preiss and Romeo, 1994). Asencion 

Diez et al. (2013) demonstrated that fructose-1,6-bisphosphate, an indicator of sugar 

availability, activates GlgC. 

When focusing on the central carbon metabolism several genes such as SSU0181, 

SSU0182, zwf (SSU1025), rpe (SSU1785), deoB (SSU1269) of the pentose 

phosphate pathway (PPP) showed an increased expression in porcine blood (Figure 

5-4A). In order to confirm the high expression of genes associated with the PPP, the 

gene SSU0182 was tested and validated by RT-qPCR (Table 5-1). Interestingly, Wu 

et al. (2014) did not observe a different expression of these genes involved in the 

PPP, except for zwf showing a slight increase in expression. This indicates that the 

PPP becomes more important for fitness of S. suis with prolonged incubation time. 

Intermediate products of the glycolysis, fructose-6-phosphate and glyceraldehyde-3-

phosphate, are probably preferred introduced into the PPP since SSU0181 and 

SSU0182 which were increasingly expressed catalyze the conversion to xylulose-5-

phosphate (X-5-P) (Figure 5-4A). In contrast, expression levels of pfk (SSU0494) 

encoding for 6-phosphofructokinase and plr (SSU0153) encoding for glyceralde-

hydes-3-phosphate dehydrogenase involved in the conversion to further products of 

glycolysis did not changed. Nearly all genes of the pentose phosphate pathway were 

not influenced in regulation in CSF. An increased expression level was only observed 

for the gene zwf involved in the transformation of glucose-6-phosphate into ribulose-

5-phosphate. Moreover, transcriptome analysis revealed a lower expression of prsA1 

(SSU0021) encoding for ribose-phosphate pyrophosphokinase catalyzing the 

reaction from ribose-5-phosphate to phosphoribosyl pyrophosphate (PRPP). These 

data suggest a metabolic shift from glycolysis to PPP during proliferation especially in 

porcine blood. Overall, in porcine blood glucose metabolization may shift to higher 

PPP activity and alternative carbohydrates are probably stored by the glycogen 

metabolic pathway. Chaussee et al. (2008) observed similar results for S. pyogenes 

grown to stationary growth phase in vitro and suggested that the high transcription of 

genes important for carbohydrate utilization might be an efficient mechanism to adapt 

to low carbohydrate concentrations present during tissue infection. In our study, the 

gene expression changes in blood cannot only be explained by a starvation of 

glucose after six hours of incubation since in the study of Wu et al. (2014) expression 
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changes of some genes involved in energy storage like genes important for glycogen 

synthesis occurred one hour after incubation of S. suis in porcine blood. Therefore, 

we hypothesize that alteration of metabolic genes occur as a response to the 

physiologic milieu of porcine blood as well as to a possible limitation of different 

carbohydrate substrates. PPP activity delivers important precursor metabolites for 

the synthesis of pentose such as ribose which is a sugar backbone of RNA and DNA. 

PRPP, a product of the PPP, is needed in the pyrimidine and purine pathway to 

synthesize uracil, adenine and guanine. Remarkably, several genes (purFDNMKEH, 

SSU0027, SSU1355 and deoD, punA) encoding for enzymes catalyzing the 

important reactions from PRPP to generate adenine and guanine were increased in 

expression (Figure 5-4A). The gene SSU1879 encoding for a nucleotidase which 

catalyzes the reaction from cyclic guanosine monophosphate (cGMP) or 3-GMP to 

guanosine and cAMP or 3-AMP to adenosine were increasingly expressed as well 

(data not shown in the metabolic pathway model). These intermediate products can 

be reversible converted to guanine and adenine via a purine nucleoside phosphory-

lase encoded by deoD (SSU1266) and punA (SSU1267). Additionally, genes of the 

pyrimidine metabolism, especially genes for the synthesis of uracil were also higher 

expressed in porcine blood than in THB medium. PRPP is probably metabolized to 

uridine monophosphate (UMP). These two reactions are catalyzed by PryEF 

(SSU0864, SSU0866), a phosphoribosyltransferase and a decarboxylase. In two 

further reactions UMP is converted via SSU1355 and SSU0689 to uracil. The 

increased expression level of SSU1355 and deoA (SSU0937) suggests that uracil is 

increasingly synthesized from deoxyuridine monophosphate (dUMP) as well (data 

not shown in the metabolic pathway model). The comparison of gene expression in 

the study of Wu et al. (2014) revealed that purDMKEH and SSU1355 involved in the 

synthesis of adenine and guanine were increased in expression as well. In contrast, 

many genes associated with the uracil biosynthesis like pyrEF and SS0689 were not 

differentially expressed during proliferation in blood in the study of Wu et al. (2014). 

The comparison of both studies revealed a lower number of higher expressed genes 

which encode for enzymes involved in the PPP, pyrimidine and/or purine metabolism 

in the study of Wu et al. (2014). This indicates a time dependent regulation of these 

pathways probably due to an upcoming starvation of important carbohydrate 

substrates such as glucose and/or purines and pyrimidines. Moreover, the 

measurement of purines and pyrimidines concentrations in human plasma and CSF 
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by high performance liquid chromatography (HPLC) revealed low concentrations of 

guanine, thymine, cytosine and uracil, less than 0.1 μM. Although the concentration 

of adenine was slightly higher, the detectable level was still low (blood ~ 0.3 μM; CSF 

> 0.2 μM) (Eells and Spector, 1983). These observations probably confirm almost a 

complete depletion of purines and pyrimidines from the medium when S. suis grows 

for six hours in porcine blood and CSF ex vivo. Therefore, S. suis has to increase the 

expression von genes important for purine and pyrimidine synthesis. In contrast to 

the PPP, RNA deep sequencing revealed a lower regulation of the fragmentary TCA 

cycle due to a lower expression of acnA (SSU1042). The decreased regulation of 

AcnA catalyzing the second reaction of the fragmentary TCA cycle was validated by 

RT-qPCR (Table 5-1). 

Around 16 % of all differentially expressed genes in porcine blood belong to the 

group of not classified proteins (NC). Moreover, 7.37 % of all genes with a changed 

expression level are associated with the amino acid metabolism and transport (E). 

These data revealed a significantly lower expression of putative glutamine (Gln) 

transport systems. For example, the operon SSU1192-1195 and SSU1851-1853 

encoding for two glutamine ABC transporter systems were decreased in relative 

expression. The decreased expression was confirmed by RT-qPCR (Table 5-1). 

Moreover, Wu et al. (2014) detected a lower expression of SSU1851-1852 as well. 

These data indicate that the requirement of the amino acid Gln is probably satisfied 

when S. suis grows in porcine blood probably due to sufficient concentrations of the 

amino acid in the host environment. The measurement of amino acids in porcine 

blood supports this assumption for Gln its concentration was the highest compared to 

the other amino acids (Table 5-2). In contrast, the genes of the arginine deiminase 

system (ADS) arcABC (SSU0580-0583) were higher expressed compared to the 

expression under THB conditions indicating an increased catabolization of arginine 

(Arg) which results in a higher production of ammonia and ATP providing energy. 

This indicates that ADS is an additional energy providing pathway important for 

S. suis fitness at porcine blood conditions. Ammonia additionally produced by ADS 

activity may protect S. suis from acid stress (Fulde 2011, Marquis 2000, Cotter 

2003). In addition, a depletion of glucose from the blood after six hours of S. suis 

incubation probably leads to a loss of the hampered arcABC repression controlled by 

CcpA. The repression of arcABC indirectly mediated by CcpA under high glucose 

conditions and an expression after glucose depletion was identified by Willenborg et 
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al. (2011). In contrast, the Arg regulator encoded by argR is located downstream of 

the arcABC operon and essential for the arcABC operon expression did not show 

changes in regulation. These observations were confirmed by RT-qPCR (Table 5-1).  

Differentially expressed genes after growth in porcine cerebrospinal fluid 

Investigation of gene expression in CSF of S. suis indicated 422 genes as 

differentially expressed, 206 higher expressed genes and 216 lower expressed in 

comparison to the gene expression in THB medium (Figure 5-2, Table S3).  

In contrast to the gene expression in blood, the most differentially expressed genes 

(15.84%) were involved in translation (J). Furthermore, 14.42% of all differentially 

expresses genes in the CSF were assigned to the amino acid metabolism and 

transport (E) (Figure 5-3). Many out of these genes encoding for multiple amino acid 

transporter systems like branched-chain amino acids (SSU1360, SSU1361, 

SSU1362,SSU1364), polar amino acid ABC transporter (SSU0501-0503 and 

SSU0875) or the Gln ABC transporter (SSU1675, glnQ2 (SSU1676)) were increased 

in expression. In contrast, the expression of the operon SSU1192 (glnQ4)-1195 and 

SSU1851 (glnQ5)-1853 encoding for two additional Gln ABC transporter systems 

were decreased (Figure 5-4B). Wu et al. (2014) observed a decreased expression of 

SSU1192-SSU1195 and SSU1851-1852 as well. Further, they detected a lower 

expression of genes (SSU1361-1364; SSU0875) encoding for the branched-chain 

and polar amino acid transporter systems increased in our study. By measuring the 

amino acid concentrations in porcine CSF (Table 5-2) we found on average an 

approximately ten-fold lower concentration of many amino acids in the CSF than in 

the serum. The overall lower concentrations of amino acids (except for Gln) in the 

CSF might explain the higher expression of many different amino acid transporter 

systems after six hours of growth in porcine CSF. The detection of enhanced 

transport protein expression is probably necessary to import available amino acids 

from the environment. Similar observations were detected for group B streptococci 

grown in human amniotic fluid containing small amounts of free amino acids. Here, 

genes encoding for amino acid transporter systems were found to be strongly 

expressed (Mesavage et al., 1985; Sitkiewicz et al., 2009). Furthermore, experiments 

utilizing a S. pneumoniae mutant library in a rabbit meningitis model showed an 

essentiality of genes required for the uptake of amino acids especially branched-



 Chapter 5  

58 

chain and polar amino acids. These findings may explain why Wu et al. (2014) did 

not find an increased expression of genes encoding for amino acid transporters after 

an incubation of S. suis for one hour which is in striking contrast to our study where 

the bacteria were grown for six hours in porcine CSF. Moreover, it was shown that 

S. suis is auxotrophic for five amino acids (tryptophan (Trp), Arg, histidine (His), 

glutamic acid (Glu)/Gln, Leu) (Willenborg et al., 2015). When one of these amino 

acids was omitted in vitro, the growth of S. suis was hampered under chemically 

defined conditions. This can explain the higher expression of genes associated with 

transporter systems important for the uptake of auxotrophic amino acids like the 

branched-chain amino acid transporter involved in the import of leucine from the 

CSF. In addition, isotopologue profiling experiments showed that S. suis probably 

favors the import of some amino acids such as tyrosine (Tyr), phenylalanine (Phe), 

valine (Val), isoleucine (Ile) and lysine (Lys) from the environment instead of 

conducting biosynthesis (Willenborg et al., 2015). In accordance, these data may 

explain the enhanced expression of the different amino acid transporters. The high 

concentration of glutamine in the CSF (Table 5-2) is probably an explanation for the 

lower expression of the putative glutamine transporter systems. Moreover, genes 

important for the biosynthesis of the branched-chain amino acids like Ile and Val 

including ilvH/alaS (SSU1681/SSU1682), ilvC (SSU1680), ilvD (SSU1686) and 

SSU0719 were also highly expressed compared to control and blood conditions 

(Figure 5-4B). The genes ilvH/alsS encode for the acetolactate synthase which 

catalyzes the first step of biosynthesis of Ile and Val from pyruvate. The increased 

expression of these genes suggests a starting depletion of branched chain amino 

acids from the CSF and as a consequence S. suis may initiate biosynthesis of these 

amino acids in addition to the uptake mediated by SSU1360-1364 encoding for a 

branched-chain amino acid transporter which was highly expressed in CSF. In 

addition, Molzen et al. (2011) showed that expression of genes involved in the amino 

acid biosynthesis becomes more crucial to a progressed bacterial infection which is 

in agreement with our observations. Furthermore, our results confirm our previous 

data observed by isotopologue profiling in which 13C incorporation originating from 
13C-labeled growth substrate ([U-13C6]glucose) was found in Ile after growth for 6 

hours in CSF but not after proliferation in blood or chemically defined medium 

(Willenborg et al., 2015). 
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Table 5-2. Amino acid concentration (mg/dl) in porcine serum and CSF (± SD). Mean values and 
standard deviations are shown for two replicates.   
 

 
 
In summary, these results indicate an increased demand of branched-chain amino 

acids during adaptation of S. suis in porcine CSF. Another hint for this hypothesis is 

that aspartate (Asp) may preferentially catabolized to threonine (Thr) whereas 

threonine is utilized for the biosynthesis of Ile when S. suis adapts to CSF conditions. 

Increasingly, expressed genes involved in the generation of Thr were SSU1611, asd 

(SSU0671), hom (SSU0747), thrB (SSU0748), SSU0262. The gene ilvA (SSU1679) 

increased in expression encoding a threonine dehydratase, converting Thr to 2-

oxobutanoate which is further utilized for the biosynthesis of Ile by IlvH/AlaS IlvC, 
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IlvD and SSU0719 (Figure 5-4B). Two of this genes, ilvH and hom were also 

validated by RT-qPCR. In contrast, Wu et al. (2014) were not able to detect an 

increased conversion of Asp to Thr or an enhanced introduction of Thr into Val and 

Ile biosynthesis since only SSU0262 was increasingly expressed. Additionally, four 

genes of the operon SSU1660-SSU1664 encoding for a peptide transport system 

were significantly increased in expression in the present study. The import of different 

peptides may allow the utilization of essential amino acids for survival after cleavage 

of the peptides. Although it is not known what kind of peptides are transported by this 

complex, in general the utilization of peptides for amino acid acquirement is perhaps 

also due to the starvation of amino acids after six hours of incubation since no 

different expression was observed in the study of Wu et al. (2014). Moreover, it was 

detected that nearly all genes of the shikimate pathway with chorismate as the final 

product were increased in expression. In previous isotopologue labeling studies it 

was shown that biosynthesis of Phe and Tyr originates from chorismate via the 

shikimate pathway (Willenborg et al., 2015). Chorismate is synthesized in seven 

reactions from D-erythrose-4-phosphate and phosphoenolpyruvate, products of the 

PPP and the glycolysis, respectively. Four of seven genes (aroF1 (SSU1086), aroB 

(SSU1089), aroE (SSU1088), aroK (SSU0558)) involved in the shikimate pathway 

were significant higher expressed in CSF than under control conditions. The 

comparison with the study of Wu et al. (2014) revealed no differential expression of 

genes, except for aroB, associated with the shikimate pathway. Thus, we propose 

that these differences are due to the different incubation times of S. suis in porcine 

CSF. In contrast, the genes involved in the biosynthesis of Leu and Ile, genes 

encoding for polar, branched chain amino acid or peptide transporter as well as 

genes of the shikimate pathway were not differentially expressed in porcine blood. 

This could be explained by a lower concentration of all amino acids except Gln in the 

porcine CSF than in blood (Table 5-2). The increased uptake of polar and branched-

chain amino acids or peptides from the CSF but not from blood or THB medium 

supports the hypothesis of a depletion of associated amino acids from the CSF. 

Similar to porcine blood the arginine deiminase system (arcABC; SSU0580-

SSU0583) was higher expressed in porcine CSF than in THB medium. However, Wu 

et al. (2014) observed a high expression of these genes as well. This indicates a high 

conversion of arginine which results in a higher production of ammonia and ATP 

providing energy during the whole time of S. suis growth in the CSF. 
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Many differentially expressed genes (11.35 %) belong to the group of not classified 

proteins (NC). Moreover, 8.04 % were assigned to nucleotide metabolism and 

transport (F). Especially, genes of the purine and pyrimidine metabolism were 

increased in expression (Figure 5-4B). Differentially expressed genes of these 

metabolic pathways are purFDNMKECBH, SSU0027, SSU1355 and SSU0489 

encoding for the appropriated enzymes. RT-qPCR was applied to verify the 

increased expression of this metabolic pathway by testing the transcript level of purF 

(Table 5-1). These results are in good accordance with data identified in the study of 

Wu et al. (2014) in which the expression of nearly all genes except of purC and 

SSU0489 was increased as well. Nevertheless, the gene expression was remarkably 

lower than observed in our study. This data indicate that purine metabolism is 

important for growth of S. suis after a short time of incubation in porcine CSF and 

becomes more crucial with the time of proliferation. Although these responsible 

genes in our study are higher expressed in both body fluids compared to the 

expression in THB medium, genes involved in the purine metabolism are almost all 

higher expressed in CSF than in blood. Additionally, some genes important for the 

biosynthesis of uracil an important pyrimidine base of RNA were also higher 

expressed in CSF than in THB medium. L-glutamine may be preferentially converted 

via a carbamoyl phosphate synthase encoded by carA (SSU0738) and carB 

(SSU0737) to carbamoyl-phosphate. Six further reactions are necessary for the 

biosynthesis of uracil. An enhanced regulation of this pathway was detected by an 

increased expression of pyrBCDER. In contrast, almost all of these genes were not 

increasingly expressed after proliferation of S. suis in CSF in the study of Wu et al. 

(2014). This was the case for pyrRBDE suggesting an enhanced need of uracil with 

the time of incubation. 

The genes of the central catabolic pathways like glycolysis or the PPP are not 

significantly influenced in expression. Nevertheless, 6.62 % of highly expressed 

genes belong to the group of carbohydrate metabolism and transport (G). Similar like 

in the blood galT and glgABC, important for the synthesis of glycogen, were higher 

expressed in CSF than in THB medium. These data were confirmed on the transcript 

level of glgB by RT-qPCR (Table 5-1). Nevertheless, these genes were ten-fold lower 

expressed in CSF than in blood. The enzyme ApuA is increased in expression as 

well. The comparison with the gene expression in THB medium revealed that nearly 

all carbohydrate transporter systems were not higher expressed during survival in 
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porcine CSF. This indicates that the utilization of different sugars for survival in CSF 

is less important compared to the need of amino acids. In contrast to the up- 

regulation of the amino acid and nucleotide biosynthesis in porcine CSF as well as 

the PPP and the nucleotide biosynthesis in blood fatty acid biosynthesis seems to be 

less important since fabH (SSU1607) encoding for a 3-oxoacyl-synthase was lower 

expressed in both fluids. For S. pneumoniae, genes important for the biosynthesis of 

fatty acids such as the fab operon were reduced in expression in CSF as well, after 

infecting rabbits with this pathogen (Orihuela et al., 2004). Microarray analysis of a 

S. pneumoniae transposon mutant library grown in CSF of infected rabbits 

demonstrated that the FabT repressor is essential for fatty acid biosynthesis (Molzen 

et al., 2011). 

 

Expression of virulence-associated genes after proliferation in porcine blood 
and CSF  

We observed that nearly all significantly differentially expressed genes encoding for 

virulence-asoociated factors in porcine blood were also differentially regulated in CSF 

compared to the control conditions. This was observed for sly, cps2A, cpsE/F, neuB, 

ssnA and sodA. Nevertheless, igA1 was only differentially expressed in blood 

whereas sspA was only differentially regulated in CSF. The gene sly (SSU1231) 

encoding for the cholesterol-dependent pore-forming cytolysin, suilysin (Alouf, 2000), 

was higher expressed in blood and CSF than in THB medium confirmed by RT q-

PCR (Table 5-1). In earlier studies it was shown that a high suilysin expression 

contributes to protection against porcine neutrophils available in whole blood 

(Chabot-Roy et al., 2006; Lecours et al., 2011). For S. suis it was shown that 

secreted suilysin interferes with the complement system, decreases phagocytosis 

and, therefore, killing of S. suis by neutrophils and mononuclear cells (Benga et al., 

2008; Chabot-Roy et al., 2006; Lecours et al., 2011). This might explain a high 

regulation of sly in porcine blood after six hours of incubation. Furthermore, suilysin is 

probably important for S. suis to increase the permeability of the blood-brain barrier 

or/and the blood-cerebrospinal fluid barrier by cytotoxic effects to reach the 

cerebrospinal fluid in order to cause meningitis (Vanier et al., 2004). Vanier et al. 

(2009) showed that suilysin induces the release of pro-inflammatory cytokines such 

as interleukin-6 (IL-6) and interleukin-8 (IL-8) by porcine brain microvascular 
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endothelial cells (PBMEC). The significant high expression of sly in CSF in the 

present study compared to the regulation in THB medium indicates that under in vivo 

conditions PBMECs would probably increase the release of appropriated cytokines. 

Although we observed an increased expression of sly after growth of S. suis in both 

environments, Wu et al. (2014) detected in contrast a decreased expression of this 

virulence-associated factor. 

These results can be probably explained by a glucose-mediated regulation of sly. It 

was shown in an earlier study in vitro that sly expression is growth phase dependent 

and is increasingly induced in the late exponential growth phase when the 

concentration of glucose decreases in the medium (Willenborg et al., 2011). An 

incubation time of one hour of bacteria in blood or CSF, where glucose is still 

available in sufficient concentrations might explain the lower expression of sly in the 

study of Wu et al. Furthermore, the IgA1 protease (igA1, SSU1773), also proposed 

as a virulence factor, was higher expressed in blood than in THB medium and CSF. 

In earlier studies it was shown that IgA1 proteases of gram-positive bacteria 

(Kadioglu et al., 2008; Zhang et al., 2011) and gram-negative bacteria (Diebel et al., 

2004) cleave IgA to overcome the immunological defense. After IgA proteolysis, 

released Fab fragments are used to increase the surface hydrophobicity which leads 

to protection against intact antibodies in the blood as shown for Streptococcus 

pneumoniae (Weiser et al., 2003). This effect was also observed in the study of 

Fasching et al. (2007). It was shown that the IgA1 protease hampers the comple-

ment-dependent killing of S. pneumoniae by phagocytosis induced through a 

cleavage of IgA1 (Fasching et al., 2007). For S. suis it was shown in a piglet infection 

model that the inactivation of iga contributes to a reduced virulence of the pathogen 

(Zhang et al., 2011).  

Another virulence-associated factor is the cell surface protein SSU0186 that allows 

S. suis to bind the factor H of the complement system to minimize complement attack 

(Vaillancourt et al., 2013). Here, we identified no changed expression of this gene 

within the blood compared to control conditions whereas Wu et al. (2014) measured 

an increased expression of SSU0186. One further highly expressed virulence-

associated factor in this study was the superoxide dismutase (sodA, SSU1356) 

increasing resistance to oxidative stress like reactive oxygen species (ROS) 

produced by macrophages and neutrophils (Fang et al., 2015). Similar results were 

observed for Neisseria meningitides grown in human whole blood where the 
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superoxide dismutase SodC and a nitrite reductase AniA were increased in 

expression as well (Echenique-Rivera et al., 2011). Inactivation of sodA of 

S. pneumoniae showed a decreased growth rate under aerobically conditions 

(Yesilkaya et al., 2000) confirming the important role of SodA for survival in oxygen-

rich environments. Interestingly, the oxidative dismutase sodA was higher expressed 

in CSF than in porcine blood and THB medium which suggests a high oxidative 

stress within the CSF. The cell wall anchored DNA nuclease SsnA (SSU1760) was 

also increased in porcine blood and CSF in both studies. It was identified that ssnA is 

involved in the degradation of neutrophil extracellular traps (NETs). An inactivation of 

ssnA resulted in a lower disruption of NETs (de Buhr et al., 2014). The increased 

expression of the DNA nuclease SsnA in porcine CSF and blood compared to THB 

medium indicates the importance of SsnA in NETs breakdown in both host 

environments. 

The main virulence factor, the capsule is important to avoid phagocytosis and killing 

by innate immune cells like neutrophils (Chabot-Roy et al., 2006; Smith et al., 1999). 

Genes encoding for the capsule are amongst others cps2A (SSU0515) and cpsE/F 

(SSU0520) which were not differentially regulated in porcine blood and CSF. Similar 

results were observed for the capsule expression of S. pneumoniae grown in murine 

blood (Orihuela et al., 2004). Furthermore, the N-acetylneuramic acid synthetase  

(NeuB, SSU0535) important for the biosynthesis of sialic acid which is a component 

of e.g. serotype 2 capsule (Van Calsteren et al., 2010) was also not significantly 

influenced in expression. It has been suggested by Gottschalk and Segura (2000) 

that sialic acid probably contributes to adherence to monocytes which allows the 

transportation of the pathogen. In contrast to our data, Wu et al. (2014) detected a 

higher expression of the capsule (cpsE/F, SSU0520), an increased expression of 

neuB and an enhanced regulation of SSU0186 in porcine blood after one hour of 

incubation in comparison to the gene expression in THB medium. Based on our 

results we postulate that adaptation of some virulence-associated factors to porcine 

blood depends on the incubation time of bacteria in the host environment. For 

example, suilysin probably becomes more important to prevent killing by host 

phagocytes after a longer incubation of bacteria in porcine blood. Moreover, Wu et al. 

(2014) showed a decreased expression of the capsule during adaptation to porcine 

CSF conditions compared to control conditions. According to the transcriptome 

analysis both studies probably indicate that higher regulation of the capsule of S. suis 
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is not favored during adaptation in porcine CSF. The virulence gene sspA (SSU0757) 

encoding for a subtilisin-protease was the only virulence factor increased in CSF but 

not differentially expressed in blood compared to THB medium. After increasing 

inflammation at the CNS induced by secretion of suilysin, S. suis may produce a 

protease like sspA that degrades IL-8 to delay the recruitment of neutrophils (Vanier 

et al., 2009). In this study highly expressed sspA in CSF and not in blood could be a 

preparation of S. suis for expected IL-8. 

 

Growth of deletion mutants in porcine blood and CSF ex vivo  

We assumed that genes showing an increased expression in porcine blood and CSF 

are important for fitness of S. suis in these host environments. Therefore, five genes 

and/or operons with enhanced expression after six hours of incubation in blood or 

CSF were selected for mutagenesis. These genes are assigned to different functional 

groups. SSU0164-0167 and SSU1707-1709 encode for two different ABC-transporter 

systems whereas SSU1551 belongs to the family of transcriptional regulators. 

Further, the glgC-operon is related to the biosynthesis of glycogen. The last chosen 

operon SSU0199-0201 is a membrane spanning protein of which the function is 

unknown. All genes were successfully inactivated without side effects of upstream or  

downstream located genes (data not shown) by applying a Cre-lox-based method as 

described previously (Koczula et al., 2014). S. suis wildtype strain 10 and the 

different isogenic mutant strains were grown in porcine serum or CSF for in total six 

hours and the CFU determined hourly to detect differences in the survival rate 

(Figure 5-5A and B). For this experiment porcine serum was used instead of porcine 

blood because collected blood samples contained high antibody titers against S. suis 

indicating a possible infection of chosen pigs with this pathogen. Overall, although 

selected genes were highly expressed after incubation in porcine blood or/and CSF, 

their inactivation had no effect on the survival in porcine CSF (Figure 5-5B). A similar 

phenotype of the strains was observed during incubation in porcine serum (Figure 

5-5A). In contrast to the growth in CSF, the SSU0164-0167 mutant reveals a delayed 

growth in comparison to the other strains. However, the difference was not significant 

compared to strain 10. In summary, the five mutants did not show a strikingly 

different phenotype in porcine blood or CSF and showed a growth comparable to the 

wild type strain. These results indicate that the chosen genes are not essential for the 
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survival in the two tested host environments, although a high expression of the genes 

was measured after growth in the fluids. We suggest that the inhibited activity of one 

putative uptake systems is probably compensated by additional transporters since it 

was shown in earlier studies that streptococci uses different transporter systems for 

the import of various carbohydrates (Bidossi et al., 2012). Furthermore, these data 

suggest that the inactivation of the transcriptional factor SSU1551 may be 

compensated by another regulator. In addition, the data lead to the assumption that 

synthesis of glycogen is less important for S. suis survival within the tested six hours 

and probably becomes crucial when glucose and alternative carbohydrates important 

for energy generation are completely depleted from the environment. Several studies 

observed as well that inactivation of highly expressed genes in one environment 

does not change the phenotype of the mutant strain. For example, transcriptome 

analysis of Neisseria meningitidis grown in human blood revealed many differentially 

expressed genes as well. Ten genes showing an increased expression were 

inactivated and the survival of mutant strains analyzed in human blood. Five out of 

ten mutant strains revealed no phenotypically difference in comparison to the wild 

type when grown in blood (Echenique-Rivera et al., 2011). 

 

 
Figure 5-5. Growth of S. suis 10 and five mutant strains in porcine serum (A) and CSF (B). 
Growth was measured at indicated time points by calculating the CFU after plating. Mean values and 
standard deviations are shown for at least two biological replicates.   
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CONCLUSION 

To conclude, environment-specific changes in the transcriptional profile of a S. suis 

serotype 2 strain were detected in an ex vivo model where bacteria were grown for 

six hours in porcine blood and CSF. In blood different PTS and ABC – transporters 

important for the uptake of carbohydrates showed an increased expression which 

was not detected in CSF. This indicates that S. suis utilizes a broad spectrum of 

carbohydrates during adaptation to blood conditions probably due to a depletion of 

glucose from the environment with the time of proliferation. It was suggested that 

alternative carbohydrates are probably stored by the glycogen metabolic pathway. 

Remarkably, genes associated with the central carbon metabolism such as the 

pentose phosphate pathway (PPP) were differentially expressed during growth of 

S. suis in blood. This indicates that the metabolic shift to PPP occurs preferentially 

during proliferation in porcine blood and not in CSF or THB medium and becomes 

important for S. suis survival with prolonged incubation time. Further, products of the 

PPP are likely to be introduced in purine and pyrimidine biosynthesis.  

In CSF, genes associated with the amino acid transport and biosynthesis as well as 

genes assigned to the purine metabolism were highly expressed. In more detail, 

genes involved in the synthesis and uptake of branched-chain amino acids or 

aromatic amino acids such as Tyr and Phe were increased in expression. One 

reason could be by a lower concentration of nearly all amino acids except glutamine 

in the CSF than in blood. Accordingly, amino acid starvation due to prolonged growth 

of S. suis in porcine CSF probably leads to the increased expression of these genes 

involved in amino acid biosynthesis. Moreover, upregulation of genes associated with 

the purine metabolism suggest its importance for survival of S. suis after a short 

incubation time in CSF and becomes more crucial after a longer time of S. suis 

growth. Our data reveal that on a transcriptional level the adaptation of S. suis to 

porcine blood and CSF includes environment–specific changes of metabolic 

pathways whose regulation seem to depend on the time of proliferation of S. suis in 

these host environments. 
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ABSTRACT 

Streptococcus (S.) suis is a zoonotic pathogen causing septicemia and meningitis in 

pigs and humans. During infection S. suis must metabolically adapt to extremely 

diverse environments of the host. CcpA and the FNR family of bacterial 

transcriptional regulators are important for metabolic gene regulation in various 

bacteria. The role of CcpA in S. suis is well defined, but the function of the FNR-like 

protein of S. suis, FlpS, is yet unknown. Transcriptome analyses of wild-type S. suis 

and a flpS mutant strain suggested that FlpS is involved in the regulation of the 

central carbon, arginine degradation and nucleotide metabolism. However, 

isotopologue profiling revealed no substantial changes in the core carbon and amino 

acid de novo biosynthesis. FlpS was essential for the induction of the arcABC operon 

of the arginine degrading pathway under aerobic and anaerobic conditions. The 

arcABC-inducing activity of FlpS could be associated with the level of free oxygen in 

the culture medium. FlpS was necessary for arcABC-dependent intracellular bacterial 

survival but redundant in a mice infection model. Based on these results, we propose 

that the core function of S. suis FlpS is the oxygen-dependent activation of the 

arginine deiminase system. 
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Chapter 7. General Discussion  

This study gives new insights into metabolic adaptation, in particular the central 

metabolic and amino acid biosynthesis pathways of the porcine pathogen S. suis to 

well defined in vitro and more complex ex vivo conditions.  

The first part of this thesis focuses on the carbohydrate metabolism important for de 

novo amino acid biosynthesis of S. suis grown in vitro and ex vivo in porcine blood as 

well as CSF utilizing 13C-isotopologue profiling (Chapter 3). This study complements 

for the first time in silico metabolic pathway predictions deposited, for example, in the 

KEGG database with comprehensive experimental data allowing reconstruction of 

the core metabolic pathways for S. suis. 

In the second part a Cre-lox mediated mutagenesis system was established which 

allows an efficient way for markerless gene inactivation in S. suis and by this may 

improve S. suis research on single or multiple metabolic genes (Chapter 4). 

In the third part (Chapter 5) differential gene expression of S. suis in porcine blood 

and CSF ex vivo by RNA-seq analysis was investigated in order to elucidate 

adaptation of S. suis to these specific body fluids on a transcriptome level. In addition 

to metabolic genes, several virulence-associated factors were differentially 

expressed as well indicating their importance for fitness of S. suis in the respective 

host environment. Five metabolic genes strongly increased in expression under 

these conditions were selected for markerless gene deletion by the established Cre-

lox mediated mutagenesis protocol and analyzed with regard to their contribution to 

S. suis fitness ex vivo. 

In the last part (Chapter 6) the relevance of FlpS in S. suis by analyzing its 

involvement in metabolic gene and ADS expression was elucidated since different 

studies demonstrated that FNR and Flp are oxygen-dependent regulators of the ADS 

(Galimand et al., 1991; Makhlin et al., 2007) and might be involved in the regulation 

of virulence gene expression (Reid et al., 2004), sugar metabolism as well as 

pyrimidine biosynthesis (Akyol, 2013).  
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7.1 Carbohydrate uptake and metabolism of S. suis in vitro and ex vivo 

For different bacterial pathogens it is known that the availability of complex 

carbohydrates influences the metabolism and the virulence (Larsen et al., 2006; 

Poncet et al., 2009; Seidl et al., 2009; Shelburne et al., 2008). The catabolism of 

these carbohydrates includes specific transporter proteins and enzymes important for 

the cleavage of the sugars into smaller molecules (King, 2010). Based on gene 

annotation of S. suis strain P1/7 we found at least 18 putative carbohydrate PTS and 

ABC transporters suggesting uptake and subsequent catabolization of many different 

carbohydrates. Such a high abundance of carbohydrate uptake systems was also 

detected, for example, in E. coli (Paulsen et al., 2000) and other streptococci (Bidossi 

et al., 2012). In the present study we were able to confirm the ability of S. suis to 

utilize a broad spectrum of different carbohydrates including mono, di-, and tri-

saccharides under chemically defined conditions for growth (Chapter 3). However, 

experiments also revealed that glucose is used for growth of S. suis more efficiently 

than the other tested monosaccharides most likely because glucose is directly 

phosphorylated during uptake by PTSs and introduced into glycolysis without further 

modification. For efficient metabolization other imported carbohydrates have to be 

converted to intermediates of glycolysis after phosphorylation (Willenborg and 

Goethe, 2016). In Chapter 5 we identified the increased expression of genes 

encoding for several carbohydrate transporter systems after growth for six hours of 

S. suis in porcine blood. First of all, these results confirm the utilization of different 

carbohydrates for growth in addition to glucose. Due to the high expression of these 

genes encoding for sugar uptake systems we assume a catabolism of cellobiose, 

sucrose, galactose, N-acetylgalactosamine, ascorbate, mannose, maltodextrin and 

fructose. In vitro experiments revealed growth of S. suis in the availability of 

cellobiose, sucrose, galactose, mannose and fructose as a single carbohydrate 

source (N-acetylgalactosamine, ascorbate not tested) which might confirm our 

assumption of their catabolism in porcine blood. For some PTS of pneumococci it 

was proposed that they are able to import different substrates. One example is the 

PTS for the uptake of mannose (S. pneumoniae strain TIGR4 SP0282-0284) which 

can also transport additional sugars such as glucose, galactose, glucosamine, and 

N-acetylglucosamine (Bidossi et al., 2012). These data suggest that a hampered 

function of any of these PTS is probably compensated by additional PTSs. In 
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contrast to the gene expression observed in porcine blood in this study, Wu et al. 

(2014) detected a lower number of higher expressed genes encoding for 

carbohydrate transport systems. Composing the results of the Wu et al. (2014) (one 

hour incubation in blood) and our study (six hours incubation in blood), it seems that 

glucose becomes exhausted with the time of proliferation and due to this a higher 

expression of genes assigned to uptake systems for alternative carbohydrates might 

compensate the lack of free glucose and ensure S. suis survival by providing energy. 

Measurements of available carbohydrates in porcine blood and CSF at the beginning 

and end of the ex vivo experiments sould support our observations. 

Mereghetti et al. (2008) identified an enhanced expression of genes encoding for 

mannose/fructose, 3-keto-gulonate and maltodextrin uptake systems after a 

prolonged incubation time in human blood of S. agalactiae as well. Additionally, in 

vitro experiments of S. pyogenes grown in medium to stationary phase demonstrated 

a higher regulation of sugar transporters for the uptake and metabolism of lactose, 

sucrose, mannose, and amylase when the carbohydrate concentration decreases in 

comparison to the exponential growth phase (Chaussee et al., 2008). Thus, results of 

these studies support our assumption of a metabolic shift towards uptake of 

alternative carbohydrate sources with the time of growth ex vivo.  

Although the glucose concentration might decrease with the growth of S. suis in 

blood and CSF one may speculate that S. suis is still provided with sufficient energy 

from other available substrates since an increased regulation of the glycogen 

biosynthesis operon was observed. The increased expression of associated genes 

indicates the predominate use of Glucose-1-phospate derived from the conversion of 

galactose (Leloir pathway) or maltodextrin for the synthesis of glycogen when S. suis 

was grown in porcine blood and CSF. In order to prove the requirement of different 

proposed transporter systems and the glycogen biosynthesis pathway for the 

adaptation to porcine blood and CSF conditions, we established a markerless Cre-lox 

based mutagenesis technique. The aim was to inactivate these metabolic genes 

(Chapter and 5) and to analyze their phenotype in porcine blood and CSF growth 

experiments. The established method allows in frame deletion of metabolic operons 

consisting of several genes in addition to single gene inactivation. Overall, genes 

encoding for two PTS, a predicted permease, one transcriptional factor and enzymes 

associated to the glycogen biosynthesis were inactivated. Due to their high 

expression in porcine blood and partly CSF it is suggested that these genes might be 
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important for the fitness of S. suis especially in porcine blood. However, though 

selected genes were highly expressed in porcine blood and CSF, their inactivation 

did not significantly influence the growth behavior of the mutants in both host 

environments in comparison to the wild type strain (Chapter 5). Similar results had 

been observed for Neisseria meningitides. Ten genes identified as increased in 

expression after growth in human blood were inactivated and all mutant strains 

phenotypically analyzed in growth experiments. The half of deletion mutants did not 

differ in growth compared to the wild type strain (Echenique-Rivera et al., 2011) 

which is in agreement with our experiments. These data point to a compensation of 

inactivated genes by other genes. Because it is known that streptococci possess 

several transporter systems for the uptake of different carbohydrate (Bidossi et al., 

2012), we assume that non-inactivated transporters are used by S. suis for uptake. 

Further, our results suggest that the synthesis of glycogen is not essential for S. suis 

survival within the tested time period. It can be assumed that synthesized glycogen 

becomes important when glucose and alternative carbohydrates important for energy 

generation are completely depleted from the environment. Such conditions may be 

found by S. suis after longer growth in porcine blood or CSF, i.e. more than six hours. 

In order to identify essential metabolic genes after growth for six hours in these host 

environments, further gene deletions need to be tested to detect genes that cannot 

be completely compensated by other genes in porcine blood or CSF. Additionally, the 

established Cre-lox based mutagenesis technique could be used to construct a 

S. suis transposon mutant library to be tested for ex vivo growth.    

Gene annotation indicates that S. suis possesses all genes of the PPP, and a 

functional PPP was confirmed by isotopologue profiling based on the analysis of 

aromatic amino acid labeling pattern (Chapter 3). The method was successfully 

applied to confirm gene annotation of PPP in S. pneumoniae  (Hartel et al., 2012). An 

increased regulation of the PPP in several Gram-positive bacteria during infection 

indicates that this pathway is crucial for infection (Richardson et al., 2015). By 

performing RNA-deep (Chapter 5) we identified several genes increased in 

expression associated with the PPP which might indicate an enhanced activity of this 

metabolic pathway in porcine blood compared to standard laboratory medium. These 

results suggest that PPP of S. suis is probably important during invasion of the host. 

Upregulation of some PPP genes in porcine blood seems to be also time dependent 

since Wu et al. (2014) did not detect a higher expression of these genes. After 
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proliferation of S. suis in CSF the expression of only two associated PPP genes were 

significantly influenced. Furthermore, metabolic intermediates of glycolysis such as 

glucose-6-phosphate, glycerinaldehyde-3-phosphate or fructose-6-phosphate may be 

preferentially introduced in the PPP after proliferation of S. suis especially in porcine 

blood. Overall, this indicates an increased carbohydrate catabolism via PPP. The 

conversion of glucose-6-phosphate to ribulose-6-phosphate (oxidative phase of PPP) 

leads to the generation of tow molecules of nicotinamide adenine dinucleotide 

phosphate (NADPH) especially after a prolonged proliferation of S. suis in blood and 

CSF. NADPH is required for fatty acid biosynthesis, nucleotide biosynthesis and 

involved in the reduction of oxidative stress (Berg et al., 2002). Based on the labeling 

pattern of aromatic amino acids it was found that intermediates of PPP are 

introduced into the shikimate pathway which is important for the biosynthesis of these 

amino acids (Chapter 3, (Willenborg et al., 2015)). However, studies suggest that the 

loss of the oxidative part of the PPP as indicated by gene annotation for S. agalactiae 

(SK36), S. mutans (UA159) S. pyogenes (MGAS5005) probably does not influence 

the biosynthesis of aromatic amino acids (Willenborg and Goethe, 2016). For 

example, inactivation of the gene zwf which encodes for glucose-6-phosphate 

dehydrogenase catalyzing the first reaction of the oxidative part did not change the 

level of tyrosine in S. pneumoniae (Hartel et al., 2012). In porcine blood, genes of the 

shikimate pathway with chorismate as the final product were not differentially 

expressed. In contrast, PRPP a product of PPP seems to be preferentially introduced 

in the biosynthesis of purines and pyrimidines what was not observed in the study of 

Wu et al. (2014). Because of these observations we hypothesize that the PPP is 

used by S. suis predominantly for the generation of NADPH, and furthermore the 

synthesis of ribonucleotides instead of aromatic amino acids in porcine blood at 

prolonged time points. The relative high concentration of nearly all amino acids as 

measured by ion chromatography in porcine serum in comparison to the 

concentration in CSF (Chapter 5) could be one explanation why the biosynthesis of 

amino acids is less important during adaptation of S. suis to porcine blood conditions 

at least until the time point we investigated. In porcine CSF genes of the purine and 

pyrimidine metabolism were increased in expression as well, although expressional 

changes of the PPP were not identified. Wu et al. (2014) detected a higher 

expression of nearly all genes involved into the purine and pyrimidine metabolism but 

this expression was lower than detected in our study. This leads to the assumption 
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that ribonucleotide biosynthesis of S. suis plays a role after a short time of incubation 

in CSF and becomes more crucial when S. suis proliferates for a longer time in this 

host environment.   

 

7.2 Characterization of the amino acid metabolism of S. suis grown in vitro 
and ex vivo 

The knowledge of amino acid auxotrophy and biosynthesis pathways might help to 

develop future strategies for vaccines against S. suis infection. Inactivation of 

transporter systems involved in the uptake of essential amino acids or the deletion of 

genes crucial for synthesis of amino acids may help to develop attenuated vaccine 

strains. One promising example was demonstrated in the study of Fittipaldi et al. 

(2007b). Inactivation of the aromatic acid biosynthesis pathway resulted in a S. suis 

mutant strain suggested to be suitable as a live attenuated vaccine in swine (Fittipaldi 

et al., 2007b). In the present study, it was identified by growth experiments and 

isotopologue profiling that S. suis is auxotrophic for Arg, Cys, Gln/Glu, His, Leu and 

Trp under chemically defined conditions. The lack of genes encoding for enzymes 

involved in the biosynthesis of Arg, His, Glu and Trp might explain the auxotrophy for 

these four amino acids. In addition, isotopologue profiling did not show labeling 

pattern of these amino acids which confirms the results of growth experiments. We 

found that Glu and Gln are utilized for synthesis of each other. This is the reason why 

S. suis growth was not hampered when only one of these amino acids was omitted. 

In contrast, we could not verify annotation of genes important for the biosynthesis of 

Leu. When Leu was not available in the medium we did not detect growth of S. suis 

or a 13C incorporation in Leu, although gene annotation predict the presence of all 

genes associated with the Leu synthesis. This was observed for Cys as well, but 

thiosulfate or sulfide were able to restore the growth of S. suis which suggest that 

Cys biosynthesis depends on the availability on sulfur sources as demonstrated 

in S. mutans (Sperandio et al., 2007). Furthermore, gene annotation reveals the lack 

of the gene encoding for a diaminopimelate dehydrogenase catalyzing the 

penultimate reaction of lysine biosynthesis. Nevertheless, growth experiments and 

isotopologue profiling demonstrated that S. suis is not auxotrophic for this amino 

acid. Because of these results we assume that not all gene annotations are in 

agreement with our experimental data. One explanation for the discrepancies 
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between experimental data and gene annotation is probably the utilization of 

reference strain P1/7 for comparison. Although it is suggested that this strain is 

suitable as reference strain for strain 10, there might be differences. 

Most amino acids are synthesized from metabolic precursors of the carbohydrate 

metabolism, i.e. EMP pathway and PPP, or from other available amino acids. But 

they may be additionally imported from the medium as demonstrated by isotopologue 

profiling. By performing isotopologue profiling 13C incorporation derived from 13C 

labeled glucose was found for 10 amino acids indicating their de novo biosynthesis. 

Based on the observed labeling pattern their associated biosynthesis pathways were 

detected. The highest 13C enrichment in chemically defined medium, porcine blood 

and CSF was observed in Ala, Asp, Ser and Thr which were all synthesized from 3-

phosphoglycerateor pyruvate of the EMP pathway. These four amino acids showed 

the highest 13C enrichment by studying the metabolism of S. pneumoniae utilizing the 

isotopologue profiling in CDM as well (Hartel et al., 2012). Based on gene annotation 

it is suggested that S. suis synthesizes Asp from oxaloacetate, one product of the 

TCA cycle. The fragmentary TCA cycle of S. suis and other bacteria indicates that 

oxaloacetate derives from other base products. This study verified generation of 

oxaloacetate derived from the carboxylation of PEP catalyzed by PEP carboxylase 

(ppc, SSU0479). This reaction is crucial for the de novo synthesis of Asp and further 

Thr as well as Lys in S. suis. The same results were observed for S. pneumoniae 

utilizing isotopologue profiling (Hartel et al., 2012). The oxaloacetate production of 

Listeria monocytogenes is in agreement with our data although oxaloacetate 

biosynthesis is mediated by the carboxylation of pyruvate (Eisenreich et al., 2006). In 

contrast, in the present study, a significantly  lower 13C incorporation was detected for 

Gly, Lys, Phe, Val and Tyr and no labeling was found for Ile, Leu, His, Glu, and Pro in 

CDM containing high amino acid concentrations (100 mg/dl). These results together 

with the auxotrophy experiments verify the absence of genes required for the 

biosynthesis of Glu, His and Leu. For the other amino acids we propose that S. suis 

prefers the uptake of these amino acids instead of de novo biosynthesis. We were 

not able to measure 13C incorporation in the nonessential amino acids Met and Cys. 

Because of this a conclusion about de novo biosynthesis or uptake by transporters is 

not possibly. In addition, although glucose is predominately metabolized by glycolysis 

it was shown that a weak catabolism occurs via the PPP indicated by the low labeling 

pattern of Tyr and Phe in vitro. Although the highest 13C enrichment was observed for 
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the same amino acids in vitro and ex vivo, differences were detected as well. Due to 

the availability of unlabeled glucose, other carbohydrates and oligopeptides in blood 

and CSF which be utilized for de novo amino acid biosynthesis, the 13C overall 

excess is lower than in vitro. This can be assumed for the amino acid biosynthesis in 

blood containing higher level of glucose (~4-8 mM) in comparison to CSF (~1-4 mM) 

(Kaiser and Fruhauf, 2007; Montgomery et al., 1980; van Hulst et al., 2003). This 

might be one explanation for the lower overall 13C incorporation after growth of 

bacteria in porcine blood when compared to proliferation in CSF. Because of low 13C 

labeling rates of Phe, Tyr, Ile and Val in CSF and no 13C enrichment in these amino 

acids in blood we suggest  a preferred uptake of these amino acids ex vivo since 

genes encoding for the their biosynthesis are annotated. Hartel et al. (2012) 

observed similar results for S. pneumoniae in CDM. These findings are in agreement 

with previous studies demonstrating that inactivation of an ABC transporter important 

for the uptake of branched-chain amino acids decreases the growth 

of S. pneumoniae (Basavanna et al., 2009). However, the 13C excess in amino acids 

was always higher after growth in porcine CSF than in blood proposing an increased 

demand of amino acids in CSF. Measurements of amino acid concentrations 

revealed lower amounts of nearly all amino acids in the CSF than in the blood 

(Chapter 5, Table 2). This might explain the increased de novo amino acid 

biosynthesis in the CSF. In addition, Chapter 5 describes the comparison of 

transcriptome analysis performed in this study and by Wu et al. (2014). We were able 

to identify an increased expression of genes encoding especially for enzymes crucial 

for the biosynthesis of branched-chain amino acids (Ile, Val), Asp, Thr involved in Ile 

and Val generation with the time of S. suis proliferation in porcine CSF but not in 

blood. This was also observed for the biosynthesis of aromatic amino acids. A 

starvation of these amino acids after growth of S. suis for six hours in CSF ex vivo 

probably explains the increased regulation of involved enzymes and the higher 13C 

incorporation of these amino acid pattern in porcine CSF. Simultaneously, genes 

encoding for putative branched-chain and polar amino acid transporter were higher 

expressed. An increased expression of genes encoding for amino acid transporters 

due to low amounts of free amino acids was observed for group B streptococci grown 

in human amniotic fluid as well (Mesavage et al., 1985; Sitkiewicz et al., 2009) which 

is in accordance with our data.  Additionally, proliferation of S. suis in CSF for six 

hours increases the expression of genes encoding for peptide transport systems. The 
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uptake and cleavage of these peptides probably allows the utilization of amino acids 

for S. suis survival. These results together with the data observed by isotopologue 

profiling indicate that uptake and de novo biosynthesis of amino acids occurs at the 

same time to satisfy the high demand of S. suis for certain amino acids. According to 

the isotopologue profiling results, S. suis shows an auxotrophy for Gln/Glu although 

Glu is required for transamination reactions (Chapter 3). The requirement of these 

amino acids was detected for S. pneumoniae (Hartel et al., 2012). This indicates the 

loss of genes involved in Glu biosynthesis. In contrast, it was shown for 

L. monocytogenes that Glu derives from TCA cycle via α-ketoglutarate (Eisenreich et 

al., 2006; Eylert et al., 2008). From an evolutionary perspective S. suis might 

possesses five Gln transporter to satisfy the high demand of Gln or Glu. 

Nevertheless, RNA deep sequencing revealed a decreased expression of two Gln 

transporters in porcine blood and CSF (Chapter 5). A high Gln concentration in both 

fluids could explain a lower expression of genes encoding for this transporter. 

Although the concentration decreases with the growth of S. suis, it can be proposed 

that both host environments probably contain sufficient Gln.  

Streptococci use amino acids for the synthesis of other amino acids but also for 

energy acquisition. The degradation of amino acids by streptococci providing energy 

and might protect against acid stress as shown for the ADS encoded by arcABC 

catalyzing the conversion of arginine to ornithine, ammonia, CO2 and releasing 

additional ATP (Burne and Marquis, 2000; Cotter and Hill, 2003; Marquis et al., 

1987). The increased expression of arcABC indicates that the arginine deiminase 

system was highly regulated after proliferation for six hours of S. suis in porcine 

blood and CSF (Chapter 5). These data suggest a sufficient amount of arginine for 

providing energy and maintaining the pH value. The necessity of the ADS for survival 

in host environments was confirmed for S. agalactiae and group A streptococci 

grown in human blood or rather human amniotic fluid as well (Mereghetti et al., 2008; 

Sitkiewicz et al., 2010).    

 

7.3 FlpS, a transcriptional regulator of metabolic genes and the ADS in S. suis 

During infection S. suis is exposed to conditions varying in nutrients and oxygen 

pressure. The effect of oxygen on gene expression was investigated, for example, for 

S. intermedius by metabolomic and transcriptomic analysis. Changes of gene 
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expression associated to core metabolic pathways as well as purine and pyrimidine 

metabolism under anaerobic and aerobic conditions were observed (Fei et al., 2016). 

In order to regulate the metabolic adaptation streptococci possess several 

transcriptional regulators which activate or repress the expression of metabolic and 

virulence-associated genes (Graham et al., 2002; Patenge et al., 2013). One of these 

global regulators involved in the CCR of S. suis is CcpA (Willenborg et al., 2014; 

Willenborg et al., 2011). In the present study, the function of FlpS was investigated 

and compared with the CcpA regulon (Chapter 6). For Gram-negative bacteria such 

as E. coli it is known that the FNR and CRP regulate target genes in response to 

environmental and metabolic stimuli such as oxygen or carbohydrate sources 

(Gostick et al., 1998). Microarray analysis of a ccpA and a flpS deletion mutant grown 

in THB medium to the exponential and stationary growth phase revealed different 

metabolic roles of both regulator. Willenborg et al. (2014) showed an influence of 

CcpA on carbohydrate transport, carbohydrate metabolism and conversion. In 

contrast, FlpS is probably involved in the regulation of nucleotide metabolism and 

ABC transporters (Chapter 6). Based on these findings it can be proposed that FlpS 

has a minor role in regulating central metabolic pathways than CcpA. In addition, the 

activation of ccpA resulted in a decreased expression of genes encoding for the 

capsule (Willenborg et al., 2011), the main virulence factor, as well as other 

virulence-associated factors and consequently to a less virulent strain as 

demonstrated in this study in a mice infection experiment (Chapter 6). Compared to 

10∆ccpA, deletion of flpS did not influence the virulence of the strain. In contrast, it 

was demonstrated that inactivation of Crp/Fnr-like transcriptional regulator of 

Streptococcus pyogenes reduces significantly virulence in mice which indicates that 

this regulator contributes to the regulation of virulence genes (Reid et al., 2004). 

Barbieri et al. (2014) observed similar results for the fnr deletion mutant of E. coli. 

This mutant was highly attenuated in a mouse model. Although this phenotype was 

not observed in the present study, infection of the natural host, the pig, might change 

the results observed for the flps deletion mutant. However, flps is located upstream of 

the arcABC operon found to be essential for the regulation of the ADS (Chapter 6). 

This indicates that arcABC expression depends not only on the regulator ArgR (Fulde 

et al., 2011) and the CCR but also on regulation by FlpS. Due to CCR the gene 

expression of the ADS is highest when glucose is depleted and lowest when glucose 

is still available in the environment (Willenborg et al., 2011). The reduced 
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concentration of glucose after S. suis proliferation in porcine blood or CSF is a 

possible explanation for the high induction of the ADS (Chapter 5). Inactivation of 

flpS (Chapter 6) or argR (Fulde et al., 2011) results in a hampered expression of 

arcABC encoding for the ADS. This demonstrates that the loss of one regulator 

cannot be compensated by the other. The application of electrophoretic mobility shift 

assay revealed a direct interaction or ArgR with the arcABC promotor (Fulde et al., 

2011). Reporter gene analysis with gfp under the transcriptional control of arcABC 

promotor indicated that FlpS is important for the reporter gene expression (Chapter 

6). Both results might explain why the inactivation of argR or flpS leads to a similar 

phenotype showing no expression of arcABC. Several studies of different bacteria 

suggested that the activity of FlpS homologue in regulating the ADS depends on the 

availability of oxygen. For example, FLP of S. gordonii, ArcR of Staphylococcus 

aureus and Bacillus licheniformis regulate the arcABC expression under anaerobic 

conditions (Dong et al., 2004; Maghnouj et al., 2000; Makhlin et al., 2007). In the 

present study, we found that FlpS regulates the ADS under aerobic and anaerobic 

conditions, however, under increased oxygen tension (induced by shaking of 

bacterial cultures) arcABC expression delayed (Chapter 6). To prove these data in 

chemically defined medium containing oxidative stress inducing substrates could be 

performed in the future. For example, paraquat causing oxidative stress by 

generating superoxide radicals or H2O2, one reactive oxygen species, are suitable 

substrates. The utilization of paraquat and H2O2 in order to induce oxidative stress in 

medium was successfully conducted in several studies (Ahn et al., 2012; Chen et al., 

2013; Fujishima et al., 2013).  

Transcriptional analysis of S. mutants and S. intermedius grown in an anaerobic 

environment showed changes in expression of the ADS, nucleotide pathways, and 

carbon metabolism including pyruvate-formate lyase, alcohol dehydrogenase and 

glycolytic genes (Ahn et al., 2007; Fei et al., 2016). By microarray analysis we 

observed that these pathways, but also ABC transporters and PTS important for the 

uptake of C5 and C6 carbohydrates, are influenced after flpS deletion. Overall, these 

results indicate that the FlpS activity is oxygen dependent. This regulator is involved 

in the regulation of the ADS and to a lesser extent, also in regulation of metabolic 

pathways.       
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7.4 Concluding remarks 

Concluding, this study revealed new insights in the metabolic adaptation of S. suis in 

vitro and ex vivo. It was shown that central catabolite pathways such as EMP and 

PPP are crucial for the biosynthesis of several non-essential amino acids, although in 

general S. suis seems to prefer rather the uptake of several of these amino acids 

than biosynthesis. Limiting concentrations of amino acids in the environment such as 

they may occure after longer proliferation of S. suis in CSF probably explain the 

increased expression of genes involved in the amino acid biosynthesis as well as 

peptide and amino acid transport. In contrast, the most differentially expressed genes 

during growth of S. suis in blood were associated with carbohydrate metabolism and 

transport. Additional studies are needed to dissect between essential and non-

essential genes important for S. suis fitness in porcine blood or CSF as well as to 

confirm results observed by isotopologue profiling and RNA-deep sequencing. The 

established mutagenesis system might be an efficient tool to investigate metabolism 

in further studies. For example, it could be used to establish a S. suis transposon 

mutant library which might help to further strengthen the present conclusions.   
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Chapter 8. Summary 

Anna Koczula 

Metabolic adaptation of Streptococcus suis to different environments 

Streptococcus (S.) suis is a zoonotic pathogen that can cause severe pathologies 

such as meningitis, septicemia, and endocarditis in pigs as well as in humans. It is 

proposed that the establishment of invasive diseases depends not only on the 

regulation of virulence factors but also on the expression of metabolic genes, since 

S. suis needs to efficiently adapt to environmental stimuli such as different nutrients 

in specific host habitats such as blood or cerebrospinal fluid (CSF). Therefore, this 

study focused on the identification and characterization of metabolic pathways 

presumably important for the biological fitness of S. suis under different 

environmental conditions.  

The study is divided into four main results parts. In the first part (Chapter 3) amino 

acid auxotrophies of S. suis were determined and de novo amino acid biosynthesis of 

S. suis under chemically defined in vitro conditions by 13C-isotopologue profiling 

analyzed in order to elucidate the core metabolic pathways. These analyses were 

also applied under more complex conditions, i.e. porcine blood and CSF. In general, 

highest 13C enrichments were observed in Ala, Asp, Ser, and Thr under in vitro 

conditions indicating predominant glucose catabolization by the Embden-Meyerhof-

Parnas (EMP) pathway. Lower relative labeling rates of aromatic amino acids (Tyr 

and Phe) revealed a minor contribution of the pentose-phosphate pathway (PPP) in 

glucose metabolism. Furthermore, results indicate a preferred uptake of some amino 

acids from the environment instead of utilizing de novo biosynthesis. Overall, similar 

results were obtained in porcine CSF and porcine blood indicating a stable EMP 

pathway independent of the environment. 

Analysis of metabolic pathways in S. suis is hampered by the lack of efficient 

mutagenesis systems and, therefore, a Cre-lox based mutagenesis technique for 

gene deletion in S. suis was established. The advantage of this method is the 

utilization of a counter selectable marker which can subsequently be removed by a 

Cre recombinase in order to avoid side effects on the expression of downstream or 

upstream located genes. This recombinase recognizes specific DNA (loxP sites) and 

removes the selectable marker which is flanked by two loxP sites. As described in 
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Chapters 4 and 5, it could be shown that this technique allowed the inactivation of 

complete operons consisting of several genes. 

In the third part (Chapter 5), the metabolic adaptation of S. suis to porcine blood and 

CSF ex vivo was investigated on a gene expression level. Remarkably, the most 

differentially expressed genes during growth of S. suis in blood were associated with 

carbohydrate metabolism and transport, for example, several phosphotransferase 

systems in comparison to gene expression in THB medium. This suggested the 

uptake of various carbohydrates by S. suis. Comparison of our results with a 

previous study revealed that the regulation of the PPP and carbohydrate transporter 

systems increases with the time of incubation. After proliferation of S. suis in CSF, 

especially genes involved in protein translation as well as amino acid biosynthesis 

and - uptake were differentially expressed. The increased expression of these genes 

could be explained by a consumtion by S. suis of associated amino acids from the 

CSF. As a consequence S. suis might initiate biosynthesis of these amino acids in 

addition to their uptake. Inactivation of selected metabolic genes by Cre-lox 

mutagenesis did not show phenotypical differences between the mutant and the 

wildtype strain. Thus, to detect essential genes for S. suis fitness in the tested host 

environments further investigations are needed.    

In order to adapt its metabolism to different conditions in the host, S. suis might also 

rely on transcriptional regulators that directly or indirectly sense environmental 

changes and modulate the expression of metabolic genes. Thus, in the fourth part 

(Chapter 6) the function of a putatively oxygen-sensing FNR-like protein of S. suis, 

FlpS was analyzed. By growth experiments, transcriptome analysis, isotopologue 

profiling and mice infection experiments it was found that FlpS is an oxygen-sensing 

regulator essential for the expression of arcABC encoding for the arginine deiminase 

system, which plays a role in protection against acidic stress and provides energy in 

form of ATP. Furthermore, FlpS seems to be important for the regulation of several 

metabolic genes. 

In conclusion, results of the present study provide novel insights into the adaptation 

of S. suis to host environments which might contribute to our understanding of 

infection processes and can help to develop better strategies for control of S. suis 

infections.  
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Chapter 9. Zusammenfassung 

Anna Koczula 

Metabolische Anpassung von Streptococcus suis an unterschiedliche Milieus 

Streptococcus (S.) suis ist ein zoonotischer Erreger, der zu schwerwiegenden 
Erkrankungen wie Meningitis, Septikämie und Endokarditis beim Schwein als auch 
beim Menschen führen kann. Es wird angenommen, dass die Etablierung invasiver 
Infektionen von der Regulation der Virulenzfaktoren sowie der Expression 
metabolischer Gene abhängt, da sich S. suis effizient an unterschiedliche 
Bedingungen, wie z.B. der Verfügbarkeit von Nährstoffen, die sich im Blut und der 
Zerebrospinalflüssigkeit (ZSF) des Wirts unterscheiden, anpassen muss. Aus diesem 
Grund konzentrierte sich diese Studie auf die Charakterisierung von 
Stoffwechselwegen, die möglicherweise bedeutend für die biologische „Fitness“ von 
S. suis unter verschiedenen Umweltbedingungen sind.  
Die Ergebnisse der Studie sind in vier Hauptteile gegliedert. Im ersten Teil (Kapitel 3) 

wurde zunächst die de novo - Aminosäurebiosynthese von S. suis unter chemisch 

definierten Bedingungen sowie ex vivo in porzinem Blut und ZSF mittels 

„isotopologue profiling“ untersucht, um Zentralstoffwechselwege von S. suis 

aufzuklären und mögliche Unterschiede bezüglich dieser Wege aufzudecken. 

Aufgrund der höchsten 13C Anreicherung in Ala, Asp, Ser und Thr in vitro wird 

angenommen, dass die Metabolisierung von Glucose überwiegend über den 

Embden-Meyerhof-Parnas Weg verläuft. Niedrige Markierungsraten aromatischer 

Aminosäuren (Tyr und Phe) deuten auf eine geringe Beteiligung des 

Pentosephosphatwegs hin. Darüber hinaus zeigen die Ergebnisse, dass S. suis 

einige Aminosäuren eher aus der Umgebung aufnimmt, als diese de novo zu 

synthetisieren. Ähnliche Ergebnisse wurden in porzinem Blut und ZSF beobachtet, 

die auf einen stabilen EMP Weg, unabhängig vom Milieu, hindeuten.  
Das Fehlen effizienter Mutagenesesysteme erschwert die Untersuchungen 

metabolischer Wege in S. suis. Aus diesem Grund wurde eine Cre-lox basierende 

Mutagenesetechnik für die Inaktivierung von Genen in S. suis etabliert. Der Vorteil 

dieser Methode ist der Gebrauch eines selektiven Markers, der anschließend von der 

Cre Rekombinase entfernt wird, um eine Beeinflussung der Genexpression am 3´und 

5´ Ende zu vermeiden. Wie in Kapitel 4 und 5 beschrieben, wurde gezeigt, dass 

diese Technik die Inaktivierung ganzer Operons, die aus mehreren Genen bestehen, 

ermöglicht. 
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Die metabolische Anpassung von S. suis an porzines Blut und ZSF ex vivo wurde 

außerdem auf der Ebene der Genexpression untersucht (Kapitel 5). Die meisten 

unterschiedlich exprimierten Gene im Blut konnten mit dem Kohlenhydrat-

metabolismus und – transport assoziiert werden. Dabei deutete die verstärkte 

Expression diverser Gene, die für Zuckertransportsysteme kodieren, auf eine 

Aufnahme unterschiedlicher Kohlenhydrate hin. Der Vergleich unserer Ergebnisse 

mit einer früheren Studie zeigt weiterhin, dass die Regulation des 

Pentosephosphatwegs, der unter anderem für die Synthese von Nukleinsäuren 

wichtig ist, als auch die Regulation von Kohlenhydrattransportsystemen von der 

Inkubationszeit von S. suis in dem entsprechenden Milieu abhängt. Darüber hinaus 

konnte gezeigt werden, dass nach dem Wachstum von S. suis im ZSF insbesondere 

Gene, die an der Translation sowie der Aminosäureaufnahme und – biosynthese 

beteiligt sind, unterschiedlich exprimiert werden. Die verstärkte Expression dieser 

Gene kann durch den Verbrauch entsprechender Aminosäuren aus der ZSF durch 

S. suis erklärt werden. Um die Bedeutung der stark exprimierten Gene für das 

Überleben von S. suis zu überprüfen, wurden ausgewählte metabolische Gene 

mittels Cre-lox Mutagenese inaktiviert. Dies führte jedoch zu keinen phänotypischen 

Veränderungen zwischen den Mutanten und dem Wildtyp-Stamm. Daher sind 

weitere Untersuchungen erforderlich, um Gene, die für die „Fitness“ von S. suis 

essentiell sind, zu identifizieren.  

Für die Anpassung des Metabolismus an verschiedene Bedingungen im Wirt benötigt 

S. suis vermutlich transkriptionelle Regulatoren, die Unterschiede im Milieu 

wahrnehmen und folglich die Expression metabolischer Gene modulieren. Im vierten 

Teil der Studie (Kapitel 6) wurde die Funktion eines solchen Regulators, dem FlpS, 

untersucht. Anhand von Wachstumsexperimenten, Transkriptomanalysen, 

„isotopologue profiling“ und experimentellen Mausinfektionen konnte gezeigt werden, 

dass FlpS ein Sauerstoff-wahrnehmender Regulator und essentiell für die Expression 

von arcABC ist, das für das „Arginine Deiminase System“ kodiert. Dieses System ist 

beteiligt am Schutz vor Stress durch einen sauren pH-Wert und der Bereitstellung 

von Energie in Form von ATP. Darüber hinaus ist FlpS wichtig für die Regulation 

metabolischer Gene. 

Zusammenfassend geben die Ergebnisse der vorliegenden Studie neue Einblicke in 

die Anpassung von S. suis an unterschiedliche Wirtshabitate und tragen damit zu 

einem besseren Verständnis der Infektionsprozesse bei und können so helfen 

bessere Strategien zu entwickeln, um S. suis Infektionen kontrollieren zu können.  
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