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Chapter 1 

Introduction 





INTRODUCTION 

1 Streptococcus suis: the problem 
Streptococcus suis is a gram-positive bacterium, causing severe infections in piglets. 

Occasionally, S. suis can cause meningitis, arthritis or endocarditis in humans. Most cases 

have involved individuals who had occupational exposure to pigs, like butchers, 

slaughterhouse workers, veterinarians and pig fanners. Most frequently, they acquire the 

infection via little wounds or skin abrasions (Arends and Zanen, 1988; Staats et al., 1997). 

Pigs can carry S. suis symptomless in their nose and on their tonsils. From adult carrier pigs 

bacteria are transmitted to young pigs, usually via a nasal or oral route of infection. Within 

pig herds, carrier rates up to 100% have been described (Clifton-Hadley, 1983; Mwaniki et 

al., 1994), although prevalence of disease in such herds is generally less than 5% (Clifton-

Hadley, 1983; Mwaniki et al., 1994). The first symptoms of the disease include fever, 

depression, anorexia and lassitude. Subsequently, piglets develop more serious symptoms 

such as meningitis, arthritis, septicemia, or polyserositis. Infected piglets often do not survive 

an infection (Clifton-Hadley, 1983; Vecht et al, 1985). Although pigs of any age can be 

affected by S. suis , the disease usually peaks during weaning (at the age of 6 weeks) or after 

the mixing of piglets. Since stress factors such as poor housing conditions, bad hygiene, 

overcrowding, and mixing of animals, are known pre-disposing factors for S. suis infections, 

management measurements improving these conditions can minimize the risk of S. suis 

infections (Clifton-Hadley et al., 1986; Dee et al, 1993). S. suis infections lead to substantial 

economical losses in the swine industry due to costs for treatment of the disease, loss of 

animals, and preventive measurements. In the Netherlands the annual costs associated with S. 

suis infections are estimated to be about 12 million Euros. 

S. suis is an encapsulated bacterium, and until now, 35 capsular serotypes of S. suis 

have been described (Staats et al., 1997). Several S. suis serotypes can be carried on the tonsil 

at the same time (Wisselink et al., 2000). Differences in virulence exist between as well as 

within serotypes. Serotypes 1, 2, 7, 9, and 14 are most often isolated from diseased pigs in 

The Netherlands (Wisselink et al, 2000). Worldwide, serotype 2 is the most prevalent 

serotype (Staats et al, 1997). Among 5. suis serotypes 1 and 2, differences in virulence have 

been recognized (Vecht et al, 1991; Stockhofe-Zurwieden et al, 1996). In serotype 2 

virulent, weakly virulent and avirulent strains (Vecht et al, 1992) and in serotype 1 virulent 

and highly virulent strains can be recognized. These different phenotypes of serotypes 1 and 2 

can be discriminated on the expression of two proteins: muramidase released protein (MRP), 

and extracellular factor (EF) (Vecht et al, 1991; Stockhofe-Zurwieden et al, 1996). It is not 

known whether differences in virulence exist within other serotypes. The presence of so many 
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different serotypes and virulence phenotypes requires sensitive diagnostic methods that are 

able to distinguish virulent from avirulent strains. At present the diagnostics of S. suis from 

pig herds mainly exist of classical bacteriological techniques. The bacterium can be cultured 

on blood agar plates under aerobic conditions at 37°C. Subsequently, S. suis can be identified 

biochemically based on its abilities to produce amylase, but no acetoin (Devriese et al, 1991). 

Serotyping is subsequently carried out with polyclonal hyperimmune sera raised against the 

capsular structures of the different serotypes (Vecht et al, 1985). These methods are very 

laborious, and time consuming. Recently, several PCR assays have been described for 

sensitive detection of the most prevalent S. suis serotypes and virulence phenotypes (Smith et 

al, 1999a+c; Wisselink et al, 1999; Wisselink et al, 2002). These assays can directly be 

performed on clinical samples. Using these assays more insight into the carrier status of sows 

and piglets has been obtained (Wisselink et al, 2000). 

To prevent disease, research has focused on vaccine development. However, until 

now, no vaccines that cross-protect against all S. suis serotypes are available. Current 

commercially available vaccines are all primarily based on formalin-killed whole cell 

preparations. These so-called bacterin vaccines are able to raise good protection against S. 

suis. However, such vaccines confer only protection against those serotypes that are present in 

the vaccine (Wisselink et al, 2001). During an outbreak of S. suis on pig farms, animals are 

often vaccinated with a bacterin vaccine of the strain that is causing the outbreak (auto-

vaccination). These auto-vaccines have the same limitations as the commercially available 

vaccines, they do not raise heterologous protection. Recently, several proteins have been 

described as potential vaccine components for subunit vaccines. Wisselink et al (2001) have 

shown that a subunit vaccine containing purified MRP and EF can protect animals very 

efficiently against 5. suis serotype 2 infections. Since in Europe, the USA, and Australia most 

of the S. suis serotype 2 strains produce MRP and EF, and a high percentage of European S. 

suis serotype 1, 1/2, 9, and 14 strains produce either one or both of these proteins (Mwaniki et 

al, 1994; Galina et al, 1996; Wisselink et al, 2000), these vaccines can be of great value. In 

Canada a lot of serotype 2 strains isolated from diseased animals are MRP and EF negative 

(Gottschalk et al, 1998), indicating that Canadian strains differ from strains isolated from 

other countries. Suilysin is another candidate antigen for a subunit vaccine (Jacobs et al, 

1996) that confers protection against serotype 2 strains. The absence of suilysin in a 

substantial number of isolates recovered from diseased pigs limits the value of this vaccine 

(Segers et al, 1998). In conclusion, there are some vaccines available that can protect against 
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S. suis, but these vaccines only protect against a limited range of strains or serotypes of S. 

suis. 

Taken together, S. suis infections still form a major problem in the pig industry. 

Control of the disease is hampered by the lack of sufficient diagnostic tools for sensitive 

detection of all (virulent) serotypes, and the lack of vaccines that can protect against all 

serotypes. To overcome these shortages, insight into the pathogenesis of S. suis infections is 

required. Therefore, our research focuses on the identification of novel virulence factors of S. 

suis. 

2 Pathogenesis and virulence factors of Streptococcus suis 

2.1 Introduction 

Little is known of the pathogenesis of S. suis. Most probably, five sequential events 

can be recognized in the pathogenesis: (1) colonization of epithelia, (2) invasion of epithelia, 

(3) systemic migration, (4) invasion and colonization of the organs specifically involved in an 

S. suis infection (synovia, meninges, pericardium, and to a lesser extent pleura and 

peritoneum), and (5) replication inside the specific organs. For the first four steps a natural 

host defense barrier has to be broken (Figure 1). Moxon and Murphy (1978) discuss two 

mechanisms of action for pathogenic bacteria to overcome these barriers of the host defense: 

the independent action and the cooperative action. These authors provide conclusive evidence 

that for Haemophilus influenzae an organ barrier exists that forms a critical step in the 

pathogenesis. H. influenzae bacteraemia and meningitis result from survival of a single 

organism, and thus H. influenzae behaves in an independent action. For S. suis this is not 

known yet. 

The natural habitat of S. suis is the upper respiratory tract, particularly the tonsils and 

the nasal cavities, and the genital and alimentary tracts of pigs (Higgins and Gottschalk, 

1999). Piglets can carry S. suis symptomless on their nose and on their tonsils, several S. suis 

serotypes can be carried on the tonsils at the same time (Williams et ai, 1973; Wisselink et 

ai, 2000). Requirements for colonization include adherence to the host, and evasion of the 

host defense systems. Little is known of adhesion of S. suis to the tonsil. After this first step, 

the bacteria have to pass the epithelium to migrate systemically. As depicted in Figure 1, 

several mechanisms can be envisaged by which the bacteria pass the epithelial barrier. The 

next step in the pathogenesis is generally considered to be systemic migration. For H. 

influenzae a sustained bacteraemia is a prerequisite for meningitis (Moxon et ai, 1980). For S. 
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suis such a correlation has not been shown yet, but it is very likely that a bacteraemia is also a 

prerequisite for meningitis caused by S. suis. Several mechanisms have been suggested for 

survival of S. suis in the blood (Figure 1). Williams and Blakemore (1990) postulated the 

Trojan horse theory. They suggest S. suis is taken up by macrophages and escape the immune 

system inside these cells (Figure 1). However, experimental data show that capsule protects S. 

suis against phagocytosis (Smith et al, 1999b; Charland et al., 1998). Besides, Smith et al. 

(1999b) showed that bacteria that are phagocytosed, are killed very efficiently. Therefore, the 

Trojan horse theory is not very likely (Figure 1). The modified Trojan horse theory postulated 

by Gottschalk and Segura (2000) suggests that bacteria are resistant to phagocytosis due to the 

presence of capsule, but that they can adhere to phagocytic cells. In this way, S. suis can 

escape the immune system by adherence to phagocytic cells. Although there are no 

experimental data confirming this theory, this possibility cannot be excluded (Figure 1). 

Another possibility is that S. suis can travel freely in the blood, protected against phagocytosis 

by producing a thick layer of capsule. This theory is supported by the finding that after 

growth in vivo the capsule of S. suis is increased (Charland et a!., 1996). So far, the exact 

mechanism of survival in the blood is unknown. Once S. suis has gained access to the 

bloodstream, it has to home to the organs specifically involved in an S. suis infection. S. suis 

shows a tissue tropism for synovia, meninges, and the pericardium and to a lesser extent for 

the pleurae and peritoneum (Vecht et al., 1985; Clifton-Hadley, 1983). The barrier between 

the blood and these target organs, is formed by endothelial cells of the capillaries that supply 

these organs with blood. To enter the target organs, bacteria need to adhere to and to invade 

the endothelium. In general, the S. suis specific organs are rather low in blood supply, and 

therefore also low in immunological response. This may offer bacteria the opportunity to 

enter these target organs without being "seen" by the immune system. The last stage of the 

infection is replication of the bacteria inside the specific organs. It is in this stage of infection 

that the clinical symptoms can be diagnosed, among which meningitis, and synovitis. A lot of 

attention has been paid to the pathophysiology of meningitis (reviewed by Leib and Täuber, 

1999). The entrance of bacteria into the meninges induces production of IL-1 and TNF, that in 

rarn induce production of other cytokines. This leads to an increased influx of neutrophils into 

the cerebro-spinal fluid (CSF) and an increased inflammation of the meninges. At this stage 

of the infection, S. suis can travel from the meninges to the brain, and cause a meningo

encephalitis as a sequel of the meningitis. Swelling and inflammation of the meninges will 

lead to brain swelling and obstruction of efflux of the CSF from the brain. As a result of these 

processes pigs will show loss of function and clinical symptoms, like neurological 
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Figure 1. Summary of the knowledge and proposed hypothesis for the different steps involved in the 

pathogenesis of disease due to Streptococcus suis serotype 2 (adapted from Gottschalk and Segura, 2000). For 

detailed information, see text. 
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abnormalities such as ataxia, paddling and walking in circles. 

The replication of bacteria inside the synovia results in similar processes, the 

inflammation causes production of IL-1 and TNF and an influx of neutrophils into the synovia 

and the synovial fluid. Eventually this leads to swelling of the joints and lameness of the 

piglets. Several virulence factors of S. suis have been described that are involved in one of 

those processes. 

2.2 Capsule 

The capsule is a virulence factor of S. suis (Smith et al, 1999b). Acapsular mutants 

are avirulent in two different piglet infection models (Charland et al, 1998; Smith et al., 

1999b). These properties are likely general for capsules, since similar results have been 

obtained for Streptococcus pneumoniae, another encapsulated streptococcus 

(AlonsoDeValasco et al, 1995). Differences in virulence exist between S. suis capsular 

serotypes. Strains of serotypes 1, 2, 7, 9, and 14 are most often isolated from diseased pigs 

(Wisselink et al, 2000). This indicates that strains of various serotypes differ in virulence. 

Since serotype 2 is worldwide the most important serotype, research has focused on the 

capsule of serotype 2. During growth in intraperitoneal chambers implanted in mice and 

piglets, the capsule of S. suis thickens (Charland et al., 1996). This means that the capsule 

expression is regulated in vivo. The capsule protects the bacteria from phagocytosis by 

porcine monocytes (Charland et al, 1998), and alveolar macrophages (Smith et al., 1999b). 

Therefore, capsule plays a role in the survival of the bloodstream, which is part of the 

systemic migration of S. suis (Figure 1). The structure and thickness of capsule influences 

several host defense mechanisms like activation of the alternative complement pathway, 

deposition and degradation of complement on the capsule, ability to induce antibodies, and 

resistance to phagocytosis (AlonsoDeValasco et al, 1995). 

The capsule of serotype 2 is composed of glucose, galactose, N-acetylglucosamine, 

rhamnose and sialic acid (Elliott and Tai, 1978). The capsule of serotype 1 is very identical in 

composition, but N-acetylglucosamine is substituted by rhamnose (Elliott and Tai, 1978). 

How these monosaccharides are coupled to synthesize the capsular polysaccharides is 

unknown. For the other serotypes, little is known of the composition of the capsule. Smith et 

al. (2000) have described that S. suis capsular serotypes 1, 2, 14, 27, and 1/2 contain sialic 

acid. Charland et al. (1996) have shown that the presence of sialic acid in the capsule of 

serotype 2 increased the intracellular survival inside porcine monocytes. The presence of 

sialic acid likely promotes survival in the circulation, since the capsular polysaccharides of 
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group B streptococci have a high affinity for the inactivating proteins of the alternative 

pathway. This stimulates the formation of inactivating complexes containing C3b, thereby 

preventing the deposition of opsonizing C3b complexes on the capsule (Marques et ai, 1992). 

Despite the fact that the capsule is a major virulence factor, most avirulent S. suis 

strains have a capsule of similar size as virulent strains, with similar concentrations of sialic 

acid (Charland et ai, 1996). Therefore, other (protein) factors must contribute to the virulence 

of S. suis strains. 

2.3 MRP and EF 

Different S. suis serotypes may vary in their virulence. In addition, S. suis strains of 

the same serotype can vary in virulence. Differences in virulence within serotype 1 and 2 

strains are associated with the presence of two proteins: muramidase-released protein (MRP) 

and extracellular factor (EF) (Vecht et al, 1991). Serotype 1 strains expressing MRPS (small 

variant) and EF are highly virulent, while serotype 1 strains not expressing these proteins are 

less virulent in animal models (Stockhofe-Zurwieden et al, 1996). Serotype 2 strains 

expressing MRP and EF are virulent, while serotype 2 strains not expressing these proteins 

are completely avirulent. Serotype 2 strains expressing MRP and an enlarged form of EF are 

considered to be weakly virulent (Vecht et al, 1991; Smith et al, 1993). The correlation of 

MRP and EF expression with virulence has been evaluated in field studies in several 

countries. In most European countries as well as in the USA, a strong association between 

serotype 2 strains isolated from diseased pigs and expression of MRP and EF is observed 

(Wisselink et al, 2000; Allgaier et al, 2001). In contrast, in Canada most serotype 2 strains 

isolated from diseased pigs do not express MRP or EF (Gottschalk et ai, 1998). High 

percentages of serotype 1, 1/2, and 14 strains isolated from diseased animals in Europe 

express EF, suggesting that EF is also associated with virulence m these serotypes. However, 

strains of serotypes 7 and 9 that are isolated from diseased animals in Europe do not express 

EF, which suggests that EF expression is not required for virulence. Since expression of MRP 

and EF was so closely associated with virulence of serotype 2 strains, a role for MRP and EF 

in the pathogenesis of S. suis has been suggested. However, isogenic knockout mutants of 

either one or both of the proteins are as virulent as the wild-type strain (Smith et al, 1996). 

Therefore, MRP and EF are now considered as virulence markers. Whether MRP and EF play 

a role in the pathogenesis of S. suis remains to be determined. Moreover, these data indicate 

that other proteins must be responsible for differences in virulence between the different 

phenotypes of serotype 2. 

15 
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2.4 In vivo complementation strategy: a novel protein virulence factor 

An in vivo complementation strategy to identify virulence factors of S. suis serotype 2 

to identify protein factors responsible for the differences in virulence between the S. suis 

serotype 2 phenotypes, has been described (Smith et al, 2001b). A genomic library of a 

pathogenic strain was introduced in a weakly pathogenic strain. After infection of the library 

into young piglets pathogenic transformants were selected. One specific transformant 

containing a 3 kb fragment of the pathogenic strain appeared to be dominantly enriched in 

diseased pigs. This fragment, when introduced into two different weakly pathogenic strains, 

increased the virulence of these strains considerably. This strongly suggests that the selected 

fragment contains determinants important for virulence. The fragment contains two open 

reading frames. One of these ORFs encoding an unknown protein is responsible for the 

substantial increase in virulence (unpublished results). Hybridization studies showed that the 

fragment encoding this ORF is present in all serotypes of S. suis (Smith et al, 2000b). This 

unknown protein, that is very hydrophobic, obviously is a very important virulence factor of 

S. suis. The function of this protein in pathogenesis remains to be determined. 

2.5 Suilysin 

The haemolysin of S. suis, called suilysin, was first identified by Jacobs et al. (1994). 

Suilysin is a haemolysin very homologous to pneumolysin of S. pneumoniae. Pneumolysin is 

toxic for several cell types, but interferes also with a variety of host defense processes. A 

pneumolysin negative mutant in S. pneumoniae has attenuated virulence properties and 

vaccination with pneumolysin can protect mice against S. pneumoniae (reviewed by 

AlonsoDeVelasco et al, 1995). In S. suis most serotypes, with the exception of serotypes 20, 

21, 24, 26, 29, 32, 33, and 34 have the sly gene (Okwumabua et al, 1999). A correlation 

between the presence of the sly gene and virulence of S. suis serotype 2 strains is suggested 

(Staats et al, 1999). However, King et al (2001) showed that this correlation is limited, since 

suilysin is only present in 70% of clinical isolates. Suilysin is shown to have lytic activity for 

several cell types. A role for suilysin in the processes of adhesion and/or invasion to epithelial 

or endothelial cells is suggested by several groups (Norton et al, 1999; Lalonde et al, 2000; 

Charland et al, 2000). This indicates that suilysin could play a role in the invasion of 

epithelium and in adhesion to the endothelial barrier of target organs, or could damage these 

cells by its lytic activity (Figure 1). A mutant of S. suis serotype 2 lacking suilysin is avirulent 

in a mouse infection model and, more importantly, caused attenuated infection in a porcine 
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model of systemic infection (Allen et al, 2001). This indicates that suilysin plays a role in the 
pathogenesis of S. suis. 

2.6 Adhesins 

A carbohydrate-based binding specificity of S. suis recognizes sialylated polyl-TV -

acetyllactosamine chains (Liukkonen et al, 1992). The role of this binding factor in the 

pathogenesis has not been elucidated yet, but several mechanisms can be envisaged. For 

Escherichia coli a similar binding capacity was described, mediating bacterial adhesion to 

epithelial cells lining the choroid plexuses (Parkkinen et al, 1988). At sites of inflammation 

the endothelial cells and the leukocyte surfaces express poly-jV-acetyllactosaminyl glycans, to 

which S. suis bind through the described adhesin (Liukkonen et al, 1992). Therefore, these 

adhesins can be involved in adhesion to the endothelial barrier of the target organs (Figure 1). 

Another adhesin of S. suis recognizes the disaccharide sequence Galal-4Gal, that is 

present in trihexosylceramide (Gb03) (Haataja et al, 1993). Gb03 is present on the surface of 

erythrocytes. The adhesin of S. suis that recognizes Gb03 has been purified, and is 

characterized as an 18 kDa protein, having haemagglutination properties (Tikkanen et al, 

1995). Haemagglutination of S. suis strains depends on the amount of adhesin and the amount 

of capsule present. The protein is highly immunogenic and antibodies are opsonizing. In 

immunoblot analysis S. suis strains of several serotypes (1, 2, 4, 5, 7, and 8) react with 

antibodies against the adhesin (Tikkanen et ai, 1996). However, the role of this adhesin in the 

pathogenesis of S. suis infections has not been determined. 

Several other structures are suggested to be involved in adhesion. 

Electronmicroscopical studies on S. suis, serotypes 1 to 8, and 1/2 revealed structures that 

resemble fimbriae (Jacques et ai, 1990). For other organisms fimbriae are often involved in 

adhesion processes, for S. suis no function is attributed to the fimbriae-like structures yet. 

A 39 kDa protein binding to albumin has been described by Quessy et al (1997). 

Addition of albumin to the growth medium of S. suis strains increases their virulence in a 

mouse infection model, indicating that albumin binding might be involved in virulence. 

In several studies a protein of 60 kDa (52 kDa in the first studies) has been described 

that is shown to belong to the HSP60 family (Benkirane et al, 1998). This 60 kDa protein is 

expressed in serotypes 1 to 8, 1/2 and 10 (Benkirane et al, 1997). The 60 kDa protein binds to 

a wide spectrum of mammalian IgG, such as, pig, human, bovine, rabbit, and mouse IgG, in a 

non-immune way. For other streptococci it is commonly believed that proteins that bind to 

IgA and IgG contribute to the ability to establish infections, probably by interfering with the 
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host defense system (Stenberg et al, 1994). Similarly, the 60 kDa protein of S. suis might be 
involved in virulence. 

2.7 Other virulence factors of S. suis 

An immunogenic protein has been identified with polyclonal antiserum against the 

whole cell protein of S. suis serotype 2. The protein is a glutamate dehydrogenase of S suis 

serotype 2 (Okwumabua et al, 2001). AU S. suis serotype 2 strams tested express this protein 

on their surface. Besides, highly virulent strams of S. suis serotype 2 can be distinguished 

from weakly virulent and avirulent serotype 2 strams on the basts of their glutamate 

dehydrogenase protein profile as detected by enzymatic staining on a nondenaturing gel. 

Since the glutamate dehydrogenases of other bacteria have been associated to virulence 

(Lyerly et al, 1991), the 45 kDa protein might be associated with virulence m S. suis. 

However, its role in the pathogenesis is unknown. 

2.8 Environmentally regulated genes of S. suis 

In order to identify more virulence factors of S. suis, an In Vivo Expression 

Technology (IVET)-system has been applied to S. suis (Smith et al, 2001a). With this system 

in vivo regulated promoters/genes of S. suis are selected, as well as iron restriction induced 

promoters/genes. Since any function that contributes to the fitness of a pathogen within a host, 

or to its transmission to new hosts, may be viewed as a virulence treat, in vivo regulated 

promoters likely promote expression of virulence factors. 

A genomic library of S. suis has been constructed in which the DNA fragments have 

been cloned in a promoter trap on a plasmid containing a promoterless erythromycin 

resistance gene. Only when the cloned fragment contains a promoter fragment, the 

erythromycin resistance gene will be transenbed. Environmentally regulated promoters have 

been selected under different conditions. Induced genes have been selected in vitro when 

bacteria were grown under iron restriction, and in vivo selected promoters were identified m 

the host of the infection, piglets (Smith et al, 2001a). Eighteen unique ,ron-restriction-

induced genes and 22 unique in vivo selected genes of S. suis have been found (Tables 1A and 

IB). Some of the iron-restriction induced clones have also been selected as in vivo induced 

As described for previous IVET-systems the selected genes can be classified as (1) regulators 

(2) metabolic/physiological (3) transporters, and (4) genes of unknown function. Two putative' 

virulence factors have been selected: extracellular factor (EF) and a fibronectin-/ fibrinogen 

binding protein, indicating that their expression is regulated in vivo. Among the other 
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categories an AgrA-homoIogue, several ABC-transporters, an OxyR-homologue and two 
transposases have been selected. Characterization of some of the selected clones will be 
discussed in this thesis. 

Table 1A. Environmentally selected genes: iron-restriction 

2001a). 
induced (in) genes (adapted from Smith et al.. 

Clone Database homology 

Regulatory functions 

iri-JI, iri-6, iri-22 Streptococcus mutans SapR 

Staphylococcus aureus AgrA 
iri-24 Streptococcus agalactiae CpsY 

Escherichia coli OxyR 

iri-31 Streptococcus suis Cps2A 
iri-23 Bacillus subtilis YvyD 

Metabolic functions 

iri-7 Streptococcus mutans RgpG 
iri-U Lactococcus lactis NrdD 
iri-14 Streptococcus pneumoniae Sul B 
iri-16 Bacillus subtilis TrmU 
iri-32 Clostridium histolyticum RuvB 
iri-34 Lactococcus lactis IlvA 

Pseudomonas aeruginosa Np 16 

Transporter functions 

iri-2 Bacillus subtilis YloD 

Streptococcus gordonii ComYA 

Vibrio cholera IviVI 
iiï-10, hi-20 Escherichia coli YoaE 

Unknown 

iri-13, iri-15. iri-2 7 Mycobacterium tuberculosis 

iri-29 

iri-18 

iri-3 

iri-4 

iri-8, iri-26 

MTCY33 hypothetical protein 

Staphylococcus aureus 

Ypl5 hypothetical protein 

'Streptococcus crista' 

hypothetical protein 

no homology found 

no homology found 

no homology found 

Function of homologue 

Response regulator protein 

Response regulator protein 

Regulation of capsule expression 

Oxidative stress regulator 

Regulation of capsule expression 

Sigma-54 modulator homologue 

Rhamnose-glucose biosynthesis 

Anaerobic ribonucleotide reductase 

Dihydrofolate synthetase 

RNA methyltransferase 

Hypoxanthine-guaninephosphoribosyltransferase 

Probable threonine dehydratase 

Probable threonine dehydratase 

Putative guanylate kinase 

Putative ABC-transporter 

Putative ABC-transporter 

Putative ABC-transporter 

Unknown 

Unknown 

Unknown 
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Table IB. Environmentally regulated genes: in vivo selected genes (ivs) (adapted from Smith et al., 2001a). 

Clone Database homology Function of homologue 
Putative virulence factors 

ivs-21, ivs-26, ivs-30 

ivs-31 

Regulatory functions 

ivs-25 

ivs-23, ivs-24 

ivs-16 

ivs-20 

Metabolic functions 

ivs-33 

ivs-5, ivs-10, ivs-12, ivs-22 

ivs-18 

Transporter functions 

ivs-2, ivs-4, ivs-28 

ivs-3 

ivs-6, ivs-7, ivs-13, ivs-14 

Transposases 

ivs-8 

ivs-] 

Miscellaneous 

ivs-32, ivs-35 

ivs-9, ivs-17 

ivs-11 

Unknown 

ivs-15 

ivs-29 

ivs-34 

ivs-36 

ivs-19 

Streptococcus suis EF 

Streptococcus gordonii FlpA 

Streptococcus mutans SapR 

Staphylococcus aureus AgrA 

Streptococcus agalactiae CpsY 

Escherichia coli OxyR 

Staphylococcus epidermic/is AltR 

Lactococcus lactis AldR 

Escherichia coli ThrC 

Streptococcus gordonii Tdk 

Streptococcus mutans 

NADH oxidase 

Escherichia coli YoaE 

Streptococcus mutans OrfU 

Bacillus subtilis YloD 

Streptococcus gordonii ComYA 

V. cholera IviVI 

Streptococcus pneumoniae 

transposase 

Clostridium perfringens 

Salmonella typhimurium FliF 

Bacillus subtilis ComE ORF2 

Pseudomonas syringe TabA 

Bacillus subtilis conserved 

hypothetical protein YdiB 

Streptococcus salivarius 

hypothetical protein 

Bacillus subtilis conserved 

hypothetical protein YrrK 

Bacillus subtilis hypothetical protein 

YqeG 

Streptococcus cristatus 

hypothetical protein 

Putative virulence protein 

Fibronectin/fibrinogen binding protein 

Response regulator protein 

Response regulator protein 

Regulation of capsule expression 

Oxidative stress regulator 

Putative transcriptional regulator 

Putative regulator AldR 

Threonine synthase 

Thymidine kinase 

NADH oxidase 

Putative transport protein 

Putative ABC-transporter (permease) 

Putative guanylate kinase 

Putative ABC-transporter 

Putative ABC-transporter 

Transposase 

Putative transposase 

Flagellar M protein precursor 

Competence development 

Diaminopimelatedecarboxylase/tabtoxin 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 
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3 Scope and outline of this thesis 

As described in this introduction (Chapter 1), S. suis is an important cause of 

problems in the swine industry. Control of the disease caused by S. suis is hampered by the 

lack of knowledge of protective vaccines and sufficient and sensitive diagnostic tools. 

Therefore, insight into the process of pathogenesis of S. suis infections is necessary. 

Therefore, the scope of this thesis is to identify novel virulence factors of 5. suis. Chapter 2 

describes the successful development of a subtractive phage display selection procedure. 

Phage display is a very powerful technique to select recombinant phage antibodies from a 

large non-immunized library against any given antigen. We applied a subtractive selection 

strategy to select for phage antibodies that specifically recognized a virulent S. suis serotype 2 

strain, after adsorption of the library with an avirulent 5. suis serotype 2 strain. With this 

strategy, we aimed to select phage antibodies recognizing virulence factors of the virulent S. 

suis strain. In Chapter 3, we describe the selection of antigen-specific phage antibodies using 

complex antigens. It appeared that very high concentrations of purified protein were necessary 

to obtain a positive signal in the phage ELISA, probably due to low affinity phage antibodies 

present in the library. Therefore, another strategy for the identification of virulence factors 

was exploited in Chapter 4. 

In Chapter 4, we describe the distribution of 36 environmentally regulated genes 

among S. suis serotypes and phenotypes, and other streptococcal and non-streptococcal 

species, based on hybridization studies. In Chapters 5, 6, and 7, we describe the cloning, 

sequencing, and in vitro and in vivo characterization of three of the environmentally regulated 

genes, putatively involved in virulence. In Chapter 5 the cloning and characterization of a 

fibronectin- and fibrinogen-binding protein of 5. suis (FBPS) is reported. The binding of 

FBPS to fibronectin and fibrinogen in vitro was determined. Furthermore, the 

immunogenicity of FBPS was shown and the role of FBPS in the pathogenesis of S. suis 

infections was demonstrated by testing the virulence of an isogenic knockout mutant of ftps. 

In Chapter 6 we analyzed a prolipoprotein signal peptidase (SP-ase II) of 5. suis (LspS). SP-

ase II is involved in the processing of lipoproteins. Using an in vitro transcription/translation 

assay, IspS transcription in vitro was demonstrated. Functionality of LspS in E. coli was 

demonstrated with a globomycin resistance assay. Subsequently, an isogenic knockout mutant 

of IspS was constructed and tested in piglets in a cocolonization experiment for studying the 

contribution of the gene in colonization and infection of piglets. Chapter 7 describes the 

cloning of a gene encoding a regulator. The gene was both selected as in vivo induced and as 
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induced under iron-restriction. An isogenic knockout mutant of this regulator was 

constructed, and the virulence of the mutant was tested in a competitive cocolonization 

experiment in piglets. Protein expression profiles of the wild-type strain and a revS mutant 

were studied to identify possible target genes or proteins of the regulator. To test whether the 

attenuation of the revS mutant was caused by the inability to replicate in blood, we 

determined the growth rate of the mutant and wild-type strain in whole blood specimens. 

In Chapter 8 the results and the different strategies used to identify novel virulence 

factors of S. suis, and their outcome are discussed. Different animal models used to study the 

pathogenesis and protection of putative vaccine candidates are compared, and we propose a 

new infection model to study the pathogenesis of S. suis. The pathogenesis of S. suis is 

reviewed based on the information available in the literature on the pathogenesis of other 

organisms and on the results described in this thesis. Subsequently, the prevention of disease 

is discussed and we propose a strategy for the development of a vaccine against S. suis. We 

conclude with some remarks about the future research of S. suis. 
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