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ABSTRACT 

A CASE-CONTROL STUDY TO INVESTIGATE THE SEROTYPES AND UNTYPABLE 

STREPTOCOCCUS SUIS STRAINS RECOVERED FROM  NURSERY PIGS ON 12 FARMS 

IN ONTARIO, CANADA BETWEEN 2017 AND 2018 

 

Leann Cynthia Denich 

University of Guelph, 2020

Advisors: 

Dr. Zvonimir Poljak, 

Dr. Vahab Farzan

Streptococcus suis is an important bacterial pathogen in swine that naturally colonizes the nasal 

cavity and tonsil of many pigs. Outbreaks tend to be sporadic and are typically seen in piglets 4-

8-weeks of age. It is still unclear why some pigs remain healthy, while others become 

systemically ill with infection. A case-control study was conducted to better understand the 

serotypes and untypable strains that are recovered from clinically ill and healthy pigs from 

Ontario nursery pigs.  Firstly, we identified that the S. suis serotypes most commonly found in 

clinically ill pigs, from systemic sites included serotype (2,1/2), 9 and untypable isolates. There 

was also no association between serotypes found in upper respiratory sites of clinically ill and 

healthy pigs. Secondly, based on whole genome sequencing we determined that untypable 

isolates could be classified into 3 groups with respect to their similarity to existing serotypes 

which included ≥99% similar, between 50-98% similar or <50% similar to existing serotypes.  
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 Chapter 1: Literature review 

 Introduction 

  Streptococcus suis (S. suis) is an important bacterial pathogen found in swine and has 

been implicated in a wide range of disease conditions, encountered by producers and 

veterinarians worldwide. This Gram-positive, facultative anaerobe was first reported in the 

Netherlands by Jansen & Van Dorssen (1951) and again in England by Field et al. in (1954). It is 

an ongoing problem for many swine producers, as economic losses are a critical concern (Staats 

et al., 1997).  This is one of the main reasons why further research on S. suis needs to be 

conducted, in order to properly understand how this bacterium sporadically causes disease. 

 Diagnosis 

 Clinical  

The clinical signs caused by S. suis infection can vary within herds among infected pigs 

(Staats et al., 1997). Typically, S. suis is most frequently seen during the transition period 

between passive and active immunity. This is a time when maternal antibodies fade, and the pigs 

own immune system is not fully developed (Amass et al.,1997). Many pigs will go their entire 

life without showing any obvious negative effects of the presence of S. suis on their health. In 

some pigs, systemic infection does result, leading to a wide range of disease conditions. Such 

conditions, commonly affect pigs 4-8 weeks of age (Cloutier et al., 2003). The acute forms of S. 

suis infection first causes signs of fever (up to 42˚C) followed by one or more of the following 

signs: a head tilt, ataxia, tremors, staggering, paddling, convulsions, inability to stand, 

inappetence and reddening of the skin (Staats et al., 1997). Clinical signs can rapidly progress 

from early signs of ataxia to convulsions and death, alternatively, chronic infection can occur 
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resulting in poor doing pigs with various conditions such as pneumonia or lameness (Gottschalk, 

2013).  

 Pathological  

Streptococcus suis naturally inhabits the tonsils and nasal cavities of most pigs so 

culturing the organism from the upper respiratory tract is of no diagnostic value, but its presence 

in systemic sites, particularly the central nervous system indicates a disease state (Reams et al., 

1994). Infection with  S. suis can lead to serious disease conditions such as meningitis, arthritis, 

pneumonia, septicemia, endocarditis, polyserositis, bronchopneumonia and abscesses 

(Gottschalk and Segura 2000). Reams et al. (1993) reported suppurative bronchopneumonia as 

the most common gross lesion seen in S. suis infected pigs. However, others have reported, gross 

lesions including suppurative meningitis, fibrinous or fibrinopurlent pleuritis, multifocal 

myocarditis, polyserositis and pericarditis. It was also reported by Staats et al. (1997) that the 

most common histopathological lesion found in pigs with meningitis was diffuse neurophilic 

infiltrate along with evidence  of fibrin, oedema and cellular infiltrates of the meninges and 

choroid plexus. As many other pyogenic bacteria can cause similar clinical signs and lesions to 

S. suis, it is necessary to confirm suspected cases of suppurative or fibrinopurulent inflammation 

of the brain, heart and lungs through sampling and bacterial culture (Staats et al.,1997).  

 Epidemiological 

  Although S. suis is a normal part of the microflora in pigs, outbreaks of disease can 

occur. Typically, disease varies over time, and incidence of clinical illness is generally less than 

5% (Clifton-Hadley et al., 1986; Brisebois et al., 1990). Piglets become colonized during 

parturition from vaginal secretions and while nursing. After mixing and comingling in the 
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nursery, asymptomatic carriers can serve as a source of infection for their pen mates (Goyette-

Desjardins et al., 2014). Additionally, as there have been cases of localizations in the upper 

respiratory tract, there is also a possibility of airborne transmission. Berthelot-Herault et al. 

(2001) did a study on the distances between pens of pigs (up to 40 cm) and found the closer the 

pens were to each other; the higher likelihood for airborne transmission. 

Few studies have examined the prevalence of S. suis carriage in healthy pigs. In a study 

done by Zhang et al. (2009) in China, a total of 40.4% of clinically healthy sows harbored S. suis 

in their tonsils. Carriers were also reported in 43.6% of pigs in Ontario (Breton et al., 1986), and 

in 36.7% of pigs found in the United States (Dee et al., 1993). Brisebois et al. (1990) found the 

highest carrier rates occurring in weaned pigs between 4 and 10 weeks of age, with 94% of pigs 

and 98% of farms being positive for S. suis. As the nursery phase poses such a large risk, it is 

important that research is continued on this age group. 

Multiple serotypes have also been recovered from different sites in a single pig and from 

the same site in a single pig (Monter Flores et al., 1993; Arndt et al., 2017). Monter Flores et al. 

(1993) who found 31% of pigs colonized with one serotype in the nasal cavity; 38% of pigs 

colonized with 2-3 serotypes, and 6% of pigs colonized with more than 4 serotypes.  

Additionally, a cross sectional study on a single pig farm indicated that healthy pigs at different 

production stages harbored strains of S. suis that were phenotypically, and genetically related to 

strains present in diseased pigs (Luque et al., 2010).  

It has also been shown that the prevalence of particular serotypes can vary geographically 

(King et al., 2002). Most S. suis organisms isolated from diseased pigs belong to a limited 
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number of serotypes; 1 through 9, 1/2 and 14 (Galina et al., 1992; Kataoka et al., 1993; Reams et 

al., 1996; Higgins and Gottschalk, 2001; Lui et al., 2013, Lakkitijaroen et al., 2014). Lastly, 

although, S. suis is considered a major swine pathogen, it has been isolated increasingly from a 

wide range of mammalian species, including humans and birds (Gottschalk et al., 2007). These 

findings could suggest new epidemiological patterns of infection, as other animals could be 

contributing to the infections seen in swine. 

 Humans 

Streptococcus suis was first reported in humans in 1968, when three cases of meningitis 

with concurrent septicemia were diagnosed in Denmark (Tarradas et al., 2001a). Since then, 

around 240 cases have been reported (Gottschalk et al., 2007). This zoonotic infection is 

considered sporadic in individuals who work with pigs, or pork-derived products (Arends and 

Zanen., 1988).  Since then, around 240 cases have been reported (Gottschalk et al., 2007). 

Streptococcus suis infections have been identified as the first and second cause of meningitis in 

Vietnam and Thailand respectively, followed by Hong Kong (Huang et al., 2005).  A recent case 

of S. suis involving an Ontario pork producer who removed a dead pig from his barn without 

wearing any protective equipment has been described by Gomez-Torres et al. (2017). There has 

been increased severity observed in humans with septic shock and toxic shock-like syndrome, 

which indicates the need to better understand how the immune system interacts with this 

infection (Gottschalk et al., 2007). 

Minor skin cuts, infected wounds and abrasions have been reported as portals of entry for 

the organism (Gottschalk et al., 2007). Sites where S. suis might be found in humans include the 

oral cavity, skin, respiratory, digestive, gastric and urinary tracts (Fongcom et al., 2001; Pontigo 
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et al., 2015). This is important because a recent study that analyzed published results from 

worldwide cases, showed only 20% of patients had a skin injury in the presence of pig/pork 

contact, indicating other routes of infection could be possible (Segura et al., 2016).  Like swine, 

bacteria may colonize the human nasopharynx and gastrointestinal tract; there is also data that 

demonstrates high exposure to S. suis can lead to colonization of the upper respiratory tract 

without showing any health consequences (Gottschalk et al., 2007).   Most cases produce a 

purulent or non-purulent meningitis, as well as endocarditis, peritonitis, arthritis or pneumonia 

(Ye et al., 2009). Interestingly, one of the most striking features of the infection is the possibility 

of deafness and/or vestibular dysfunction, following meningitis (Lutticken et al., 1986; Huang et 

al., 2005).  

The majority of human S. suis infections belong to serotype 2 strains. Although serotype 

4, 14 and 16 have also been reported (Gottschalk et al., 2007). No potential zoonotic properties 

had been linked with serotype 9, until recently with a case found in Thailand (Zheng et al., 

2018). 

Although there are some phenotypic differences between human and swine serotype 2, 

studies have shown strains isolated from humans, are both phenotypically and genotypically 

similar to those recovered from swine within the same geographical region (Gottschalk et al., 

2007). Holden et al. (2009), sequenced two human and one swine strain and found the genomes 

to be very similar to each other. The only exception being three 90 kb regions of integrative 

conjugative elements and transposons, with coding sequences associated with drug resistance in 

the two human strains.  
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With an incubation period of a few hours to two days, infections are usually sporadic 

without any seasonal association; however, serious cases tend to occur primarily in the summer 

(Huang et al., 2005). Along with Denmark, cases have been reported across Europe and Asia, 

with appearances in North America (Christensen and Kronvall, 1985; Colaert et al., 1985; Dickie 

et al., 1987; Arends and Zanen, 1988; Dupas et al., 1992; Trottier et al., 1991; Fongcom et al., 

2001; Tarradas et al., 2001b; Watkins et al., 2001; Chan et al., 2002; Rosenkranz et al., 2003; 

Huang et al., 2005; Chang et al., 2006; Willenburg et al., 2006; Gomez-Torres et al., 2017). 

Overall, case fatality rates have reached 13% in Europe and 20% in Asia (Huang et al., 2005). 

With only eight human cases reported in two of the largest pork producing countries worldwide, 

Canada and the United States, it is likely that this disease is underdiagnosed (Gomez-Torres et 

al., 2017).   

Streptococcus suis is not transmitted between humans and it is therefore possible that the 

recent increase in zoonotic infections could be facilitated by the genetic adaptation of the 

organism to the human host. Clinicians and microbiology laboratories in regions with pig 

farming industries should consider S. suis if optochin-resistant streptococci are cultured from 

cerebral spinal fluid samples obtained from patients with meningitis (Wertheim et al., 2007). It 

may also be possible to minimize exposure to this organism by avoiding specific parts of the pig 

carcass (Gottschalk et al., 2007). 

 Pathogenesis  

The exact pathogenesis involved in clinical disease is not completely known, however it 

is likely that many factors related to host (immunity, upper respiratory tract, microbiome and 

genetics), environment (farm management) and bacteria (virulence associated factors) play a 
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significant role. Several pathogenic mechanisms have been suggested, but it is generally 

accepted that S. suis enters the palatine tonsils and exits via the lymphatics, or efferent blood 

supply (Staats et al., 1997, Lowe et al., 2010). The palatine tonsils function as a secondary 

lymphoid organ and initiates an immune response to pathogens (Lowe et al., 2010). There is a 

knowledge gap in the literature to explain why some healthy carrier pigs never develop disease, 

or how the bacterium travels from the mucosal epithelia in the upper respiratory tract to the 

bloodstream (Gottschalk et al., 2000). How the host, environment and pathogen interact together 

needs to be investigated further, to provide answers to these questions.   

In swine, the surface area of the tonsil is noticeably increased by deep epithelial 

invaginations within the lymphoid tissue, forming numerous branching crypts (Staats et al., 

1997). Therefore, it is possible that after adhesion and invasion of the epithelial cells in the 

tonsils, bacteria could remain hidden from the immune system. A current hypothesis is the 

pathogen breaches the mucosal epithelium in the upper respiratory tract of the pig (Gottschalk et 

al., 2000). It can also be hypothesized that S. suis could downregulate its capsular polysaccharide 

expressions during the early stage of infection in response to environmental signals, allowing for 

improved interaction between adhesions and host receptors (Fittipaldi et al., 2012).  

  Once S. suis has entered the bloodstream, it needs to cross the blood-brain barrier in order 

to get to the brain. Gottschalk et al. (2000) suggests, that S. suis may cross the barrier either 

inside or attached to monocytes. If it could travel the circulatory system freely, then it is possible 

that S. suis could interact at the barrier as a free bacterium. It has also been suggested that a 

hemolysin with cytotoxic properties known as suilysin can be a contributor to lysing cells and 

enabling bacteria to cross the barrier (Gottschalk et al., 1995). 



 

 

8 

 

Brain microvascular endothelial cells (BMEC) control the movement across the blood-

brain barrier. Invasion, toxicity or increased permeability of the blood brain barrier will happen 

when bacteria interacts with the BMEC (Gottschalk et al., 2002). As S. suis only adheres to 

endothelial cells, it has been suggested that it influences the cells causing them to increase in 

permeability by secreting toxic factors. (Charland et al., 2000). Despite this, further studies need 

to be done to see interactions that may occur at the cellular level. 

 Cytokines 

Several inflammatory and infectious diseases are associated with the overproduction of 

pro-inflammatory cytokines and chemokines, with acute inflammation being depicted by 

recruitment and activation of leukocytes (Gottschalk et al., 2007). Since S. suis is not able to 

invade BMEC, cytokine activation seems to take place without cell invasion (Vadeboncoeur et 

al., 2003).  Segura et al. (1999, 2002) previously demonstrated that S. suis can induce the 

production of pro-inflammatory cytokines by murine and human cells. Segura et al. (2004) 

further provided evidence that S. suis serotype 2 can interact with leukocytes of swine origin in 

whole blood, inducing the upregulation of tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), 

IL-6, intermediate levels of IL-8 and monocyte chemotactic protein (MCP-1).  More recently, 

Segura et al. (2006) confirmed the inflammatory properties of S. suis in a culture of swine whole 

blood. Given that cytokines have been detected in blood and cerebrospinal fluid during septic 

shock and invasive meningeal infections, the ability of S. suis to induce cytokine production may 

have extensive biological relevance (Gottschalk et al., 2007). Ye et al. (2009) suggested a 2-

stage model for some S. suis strains which may contribute to the toxic shock seen in humans. It 

was proposed that when the pathogen enters the bloodstream, bacterial cell-wall components 
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interact with the host immune system via pattern recognition receptors such as, toll-like receptor 

(TLR) 2 and CD14, along with a 2-component signal transduction system, triggering the 

activation of proinflammatory cytokines and leading to clinical symptoms. 

Additionally, both Segura et al. (2005) and Gottschalk et al. (2007) have demonstrated 

that live bacteria also induce high levels of TNF-α, IL-1β, IL-6, IL-8 and MCP-1. The bacterial 

cell wall was found to be the major cytokine-inducing component, whereas capsule expression 

was important for MCP-1 activation. Ye et al. (2009) performed the first study on humans that 

analyzed cytokines during the acute phase of S. suis infections. They presented significantly 

higher serum levels of TNF-α, IL-1β, IL-6, IL-8, IL-12p70 and IFN-γ among 6 patients with 

streptococcal toxic-shock-like syndrome (STSLS) compared to the 9 patients with only 

meningitis. These findings suggest there is a mechanism that triggers a proinflammatory 

cytokine cascade, which leads to a rapid progression of systemic inflammatory responses. This 

may contribute to both the sudden onset of disease, and the high mortality among patients with 

STSLS.  

 Other Streptococcus species 

  Different Streptococcus species can cause disease in swine (Moreno et al., 2016). 

Streptococcus ferus has been isolated in the tonsil and nasal conchae (Baele et al.,2003), while 

presence of Streptococcus hyovaginalis, Streptococcus alactolyticus, Streptococcus thoraltensis, 

Streptococcus hyointestinalis, Streptococcus plurianimalium, Streptococcus galloylticus, 

Streptococcus sanguinis, Streptococcus henryi, Streptococcus gallinaceus and Streptococcus 

mitis have also been reported in swine (Moreno et al., 2016). Isolates from these bacteria have 

been found in the central nervous system, respiratory tract, genitourinary tract, joints, heart, and 
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in skin lesions. As S. suis share the same isolated locations with these other Streptococcus 

species, it is important to correctly identify isolates as S. suis before making any conclusions.  

 Microbiological 

 Identification 

There are currently 35 different serotypes of S. suis that have been identified and defined 

based on the antigenicity of their cps (Zheng et al., 2017), although recently it has been accepted 

that, serotypes 20, 22, 26, belong to the species S. parasuis , serotype 32 and 34 belong to S. 

orisratti, and serotype 33 to S. ruminantium (Chatellier et al., 1998; Brousseau et al., 2001; Hill 

et al., 2005; Nomoto et al., 2015; Tohya et al., 2017). Many studies have been done on the 

distribution of serotypes however, Zhang et al. (2009) found serotype 2 to not only be the most 

pathogenic, but also the most prevalent capsular type among diseased pigs. It should be noted 

that each serotype possesses multiple strains, therefore it is possible that some strains could be 

more virulent and transmissible (Smith et al., 1998). 

Streptococcus suis was first identified on the basis of colony morphology, Gram stain, 

microscopic examination and biochemical tests such as a negative catalase reaction, optochin 

resistance, esculin hydrolysis, a negative Voges-Proskauer test, no growth appearance in 6.5% 

NaCl agar and the production of acid, from either trehalose or salicin (Nguyen et al., 2015; 

Okura et al., 2016). Characterization of the 16S-23S ribosomal RNA intergenic spacer region, 

has also been used to compare bacterial strains and to identify species within the Streptococcus 

genus (Moreno et al., 2016). 



 

 

11 

 

Identification of isolates is possible with a single biochemical test. Streptococcus suis 

displays itself as single short chains, often found in pairs which can easily be seen when 

recovered from a diseased pig (Higgins & Gottschalk, 1990). Gottschalk et al. (2000) proposed 

that an alpha-hemolytic Streptococcus that produces amylase when grown on bovine blood agar 

at 37˚C for 24 hours, could also be considered S. suis. 

On the other hand, few studies have looked at the serotypes of healthy carrier pigs; 

perhaps due to challenges with distinguishing S. suis from other commensal strains. Goyette-

Desjardins et al. (2014) stated that biochemical identification of serotypes recovered from the 

tonsils of clinically healthy pigs, is difficult to achieve due to the presence of other streptococci 

that are like S. suis and are part of the normal microflora in the tonsillar region. Despite this, 

recent developments in sequencing approaches provide opportunities to explore the bacteria of 

the oral cavity of pigs, that previously were not possible.  

 Phylogeny  

It is known that S. suis is part of the normal microflora in pigs. It is a member of the 

phylum Firmicutes, class Bacilli and order Lactobacillus. However, swine, like humans, have 

many microbial communities in their microbiome.  Lowe et al. (2012) did a study on the 

microbial communities in healthy pig tonsils and discovered that it was dominated by 

Proteobacteria (73.4%), followed by Firmicutes (17.8%), Fusobacteria (5.6%), Actinobacteria 

(1.2%) and Bacteroidetes (0.8%). The classes of bacteria found in all samples were dominated 

by Gammaproteobacteria (69.8%) with Bacilli consisting of 3.5%. With further analysis of the 

orders of bacteria, they established that it was dominated by Pasterurellales (56.0%) with 

Lactobacillales consisting of 3.4%. From the orders, they could find eight families; 
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Streptococcaceae (0.5%) being one of them. They also utilized a pairwise distance program to 

compare 454 16S sequences from each pig and observed that most of the sample sequences; but 

not all, were closely affiliated with A. porcinus, A. rossii, H. felis, P. aerogenes, P. canis, P. 

multocida and S. suis. Here, it is clearly shown that S. suis, although in small amounts, is 

naturally colonized in healthy pigs before it creates and causes serious infection. This is 

important information needed in order to understand how healthy carrier pigs become infected 

with clinical illness. 

The Streptococcus genus is a diverse lineage belonging to the lactic acid group of 

bacteria (Matajira et al. 2017). Based on 16S rRNA sequences, Pontigo et al. (2015) found 

evidence that demonstrated the Streptococcus genus could be subdivided into six cluster groups: 

pyogenes, anginosus, mitis, salivarius, bovis, and mutans. Cluster groups suis and mitis formed 

sister clades, which could be explained by horizontal gene transfer (Simmons et al., 2008). 

However, more recently, Gao et al. (2014) indicated that all streptococcus strains branched into 

two distinct populations due to their structures. The clusters of pyogenic, bovis, mutans and 

salivarius form one population and mitis, anginosus and unknown groups form the second 

population. This suggests that there are two major evolutionary lineages within this genus. Due 

to past research S. suis was placed within the unknown category as it had not been previously 

assigned to an existing cluster group. 

Pontigo et al. (2015) performed a homogeneity test to evaluate the phylogenetic 

compatibility of Streptococcus among gene fragments inside a super-matrix and found the basal 

group of the genus to be S. gordonii followed by S. mitis, S. suis and S. pyogenic. Similarly, 

Matajira et al. (2017) did a protein spectra cluster analysis on Streptococcus isolates and found 
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that S. gordonii, S. mitis and S. oralis tended to group together in a nonuniform cluster, with a 

higher proximity to the S. suis group. 

Furthermore, research has been done that shows 16S rRNA is a well-established method 

for studying phylogeny and can accurately identify S. suis.  Clarridge, (2004) discovered that by 

using a stable part of the genetic code, phylogenetic relationships of bacteria could be 

determined. 16S rRNA was a good candidate for this genetic analysis, as it allows for 

comparison between organisms at the genus level across a wide range of bacteria. 16S rRNA has 

since become a well-established method for studying phylogeny`  and has been used to 

accurately identify S. suis. 

There has also been evidence to suggest that the sequence comparison of the chaperonin 

60 gene is as good as the sequence comparison of the 16S rRNA gene. When tested, chaperonin 

60 and 16S rRNA genes had almost identical phylogenetic trees. Interestingly, chaperonin 60 

had a higher level of differences found between serotypes (Brousseau et al., 2001). 

Lastly, de Greeff et al. (2011) did a study using comparative genome hybridization 

(CGH), which can also be used to evaluate gene conservation and diversity among S. suis strains. 

Their clustering strongly suggested that serotype 2 isolates originated from serotype 7 isolates, 

after the exchange of capsular genes. Therefore, just by considering the phylogeny of this 

bacterium, a lot of information can be gathered. 

 Serotyping 

Serotyping based on the bacterium’s polysaccharide capsular antigens, is a major step in 

the routine diagnostic procedure (Staats et al., 1997). Serotyping is commonly performed after 
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the following biochemical tests: positive arginine dihydrolase, positive production of acid from 

lactose, sucrose and inulin and negative production of acid from glycerol, mannitol and sorbitol 

(Okura et al., 2016). Different methods used include a co-agglutination test, capillary 

precipitation test or a capsular reaction test (Staats et al., 1997; Goyette-Desjardins et al., 2014). 

The most widely used method for serotyping is the co-agglutination test (Gottschalk et al., 

1993).  This test is comprised of a S. suis antiserum that binds with Staphylococcus aureus 

protein A, which is then mixed with the S. suis isolate being typed. Agglutination will be 

observed if the S. suis isolate is positive for a certain serotype (Staats et al., 1997). Although 

serotyping provides confirmation of the pathogen’s identity, typing with all antisera can be time-

consuming, and preparing the antisera can be labor intensive and expensive (Okura et al., 2016).  

Some serotypes have the ability to cross-react, due to the presence of common antigenic 

determinants. For example, Goyette-Desjardins et al. (2014) found cross-reactions in serotype 

1/2 with serotype 1 and 2, serotypes 6 and 16, serotypes 2 and 22, and serotypes 1 and 14. This 

could be due to similar or closely related structural features of the cps.  

S. suis also possess untypable strains, which do not agglutinate with any of the typing 

antisera directed against the 35 serotypes (Liu et al., 2013). It is possible that these non-typeable 

serotypes are presenting as novel serotypes or possess known serotype information but include a 

mutation in the sequence (Gottschalk et al., 2013). These strains may also correspond to non-

encapsulated strains, which are impossible to serotype using serological methods based on cps 

antisera (Silva et al., 2006; Gottschalk et al., 2013). One study identified that 89% of the 

untypable S. suis isolates tested, had high surface hydrophobicity, suggesting they were poorly 
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serotyped or non-encapsulated (Gottschalk et al., 2000; Bonifait et al., 2010; Arndt et al., 2016). 

Nonetheless, further studies are needed to confirm this. 

 Matrix-assisted laser desorption/ionization time of flight mass spectroscopy 

(MALDI-TOF MS)  

MALDI-TOF MS has become increasingly important over the years, as it provides a 

rapid and accurate identification of bacterial species (Matajira et al., 2017). Perez-Sancho et al. 

(2015) did a study that proved MALDI-TOF could be a dependable way to identify S. suis, by 

successfully identifying 96.9% of S. suis isolates. Perez-Sancho et al. (2017) did a more recent 

study, evaluating the accuracy of MALDI-TOF MS on the identification of Streptococcus 

species isolated from diseased pigs. They found the system accurately identified species S. suis, 

S. porcinus, S. hyointestinalis, S. hyovaginalis, S. porcorum and S. orisratti. This further shows 

the improved accuracy and power of resolution for identifying microbial isolates using this 

method. 

 Polymerase chain reaction (PCR) test  

 Multiplex PCR tests based on sequences of type-specific capsular genes have been 

developed for this reason. Okwumabua et al. (2003) developed a PCR test constructed on the S. 

suis gene encoding glutamate dehydrogenase (gdh). This gene was carefully chosen based on its 

low rate of point mutation, and its highly conserved region. Using previous published primers, 

they were able to detect serotype strains 1/2, 1, 2, 7 and 9. Therefore, this is a useful method for 

determining the presence of S. suis for a select few serotypes. Alternatively, Lui et al. (2013), 

developed four multiplex PCR assays for the identification of S. suis that could be used as 
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molecular serotyping schemes. Using the wyz gene, all but 2 pairs of S. suis serotypes: types 1 

and 14 and 2 and 1/2 were distinguished based on these assays. 

 Okura et al. (2014) then created a two-step multiplex PCR assay based on cps gene 

clusters, which accurately determined 95% of the isolates they tested. The first PCR was used to 

categorize the isolates into one of 7 different cps groups. The second PCR was a typing PCR 

used to detect serotype specific cps genes and to identify the serotypes of each isolate. 

Conversely, some isolates were not typed due to mismatched sequences in primers, or cps types 

cross-reacting with known typing sera. For example, serotypes 2 and 14 could not be 

distinguished from serotypes 1/2 and 1, respectively. Since both pairs do not have unique cps 

genes, properly identifying these isolates could be challenging. 

 There has also been an increasing use of the recombinant/repair protein (recN) gene in 

PCR testing. It has been shown that although the recN gene has a lower degree of similarity at 

the species level, it has a higher divergence value at the subspecies level than the other 

housekeeping genes (Glazunova et al., 2010).  Ishida et al. (2014) looked at the sensitivities of 

the recN gene and found 29 S. suis types and reference strains, 2 representative strains, 1 human 

isolate, and 132 porcine isolates that were positive for S. suis based on the recN PCR, with an 

exception to identifying serotypes 20, 22, 26, 32, 33, and 34. These results indicate that recN 

PCR is highly specific for the identification of S. suis, and could be useful in future 

epidemiological studies. 
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 Multi-locus sequence typing (MLST) 

Though different methods centered on DNA have been used for surveillance, they are 

only effective for short-term epidemiology, as they are based on non-characterized genomic 

differences between isolates (Goyette-Desjardins et al., 2014). MLST can distinguish between 

many genotypes, while using genetic variations that accumulate very slowly. When used 

alongside serotyping, MLST provides further information on the genetic diversity of S. suis 

strains within different serotypes (Goyette-Desjardins et al., 2014). 

King et al. (2002) established a framework that used seven housekeeping gene fragments 

(cpn60, dpr, recA, aroA, thrA, gki and mutS) from each of 294 S. suis isolates. These were 

gathered from various S. suis diseased animals and asymptomatic carriers representing 28 

serotypes and nine countries. Of the 92 sequence types (ST) identified, 18 contained multiple 

isolates. They showed that S. suis serotypes can be classified into at least 16 ST. The most 

common being ST1 which was identified on 141 occasions from six countries. They also found 

nine ST contained isolates of multiple serotypes, and many isolates from the same serotypes 

were found to have very different genetic backgrounds. This could indicate that genetic 

relatedness between S. suis isolates should not be solely based by serotype, thus suggesting 

capsular genes may be moving horizontally through the population.  

Okura et al. (2014) also did an MLST analysis using the 294 isolates that King et al. 

(2002) described. They found the potential for horizontal transfer of cps genes from the presence 

of ST containing isolates of multiple serotypes, and from the presence of isolates of the same 

serotype in different ST’s. For example, serotypes 17 and 19 had very similar genetic 
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backgrounds, which strongly suggests the presence of intra-specie horizontal transfer of 

serotype-specific cps genes. 

 Whole genome sequencing (WGS) 

Currently, whole genome studies aim to identify the genetic basis of traits and disease 

susceptibilities using single nucleotide polymorphism microarrays, that capture most of the 

common genetic variation in human and animal populations (Behjati and Tarpey, 2013). Since 

the late 2000s, cost-effective and high-throughput DNA sequencing technologies have made 

whole-genome sequencing of bacterial strains more accessible and has minimized the risk of 

human error (Okura et al., 2016).  

This popular tool can be used to sequence entire genomes or be constrained to specific 

areas of interests (Behjati and Tarpey, 2013). The first next generation sequencing (NGS) 

platform Roche 454 FLX came out in 2005, followed by Illumina in 2007 and SOLiD system 2.0 

in 2008 (Zhang et al., 2017). These platforms perform sequencing on millions of small fragments 

of DNA in parallel, to discover entirely novel mutations and disease-causing genes (Behjati and 

Tarpey, 2013). Zhang et al. (2017) performed a rapid, high-throughput and accurate NGS 

method for porcine reproductive and respiratory syndrome virus (PRRSV). All ten of the PRRSV 

reference isolates they used were successfully obtained using NGS.  

This sequencing technique can be used for several different applications. Fittipaldi et al. 

(2009) sequenced 92 U.S. isolates, allowing them to find three distinct mrp genotypes. They 

found that significant similarities (99% identity) were seen at both the 5’ and 3’ ends, while 

variation (50-60% identity) was seen in the central part of the gene. Similarly, Astrid et al. 
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(2011) looked at regions of differences (RD) within the core genome of S. suis. For some RDs, 

they found the GC content differed significantly compared to the overall GC content of the 

genome (41%). This could be indicative of horizontal gene transfer of RD with other species, as 

many RDs contained transposases, integrases or phage proteins.  

Additionally, Zheng et al. (2018) used Illumina sequencing to determine the presence of 

antibiotic resistant genes in 30 strains of serotype 9. Genes coded for resistance to tetracyclines, 

macrolides, aminoglycosides and/or lincosamides were detected. Four different types of genes 

coding for tetracycline were found in 27 strains; tet(O) being most prevalent followed by, tet(W), 

tet(M) and tet(L). Only 3 strains did not show any tetracycline resistant genes in their sequences. 

Macrolides, streptogramin B and lincosamides resistance gene (ermB) was found in 25 strains, 

lincosamides resistance gene lnuB (lincosamide nucleotidyltransferase) was found in 12 strains, 

streptomycin resistance gene ant6ia (aminoglycoside O-nucleotidyltransferase) was found in 7 

strains and aminoglycosides resistance gene aph3-iiia (aminoglycoside O-phosphotransferase) 

was found in 4 strains. 

Lastly, Athey et al. (2016) created a pipeline that aligns WGS short-reads to custom or 

publicly available S. suis sequence databases. With this pipeline they were able to align the 

genomes of 121 S. suis strains belonging to 29 different serotypes. Sequences were first aligned 

to the recN gene, if positive on this gene they were further aligned by short-read WGS data to a 

custom cps database. This allowed for the generation of many strains, which could be used to 

accurately identify serotypes. One advantage this pipeline had over the PCR methods, is that it 

can differentiate between serotypes 1 and 14 and 2 and 1/2. This was done by screening de novo 

assemblies created to identify each cps loci and aligned them using ClustalW. Their analysis 
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revealed that at position 483 of the cpsK gene, all serotype 2 and 14 strains had a G nucleotide, 

while all serotype 1 and 1/2 strains contained a C or T nucleotide at this same position. Due to 

this, the predicted sequences revealed that serotype 2 and 14 possess the amino acid tryptophan 

at position 161, while serotype 1 and 1/2 possess amino acid cysteine.  Richards et al. (2014) 

showed it is possible to achieve serotype switching of these field strains simply by replacing the 

amino acid at position 161. This would lead to a conformational and functional change, 

permitting the enzyme to select between either galactosidase (Gal) (in serotype 2 and 14), or N-

acetylgalactosamine (GalNAc) (in serotype 1 and 1/2) 

As this pipeline can accurately identify specific serotypes, the need for serological testing 

will be reduced due to this quick and cost-effective method. These findings could lead to more 

insightful and comprehensive research within the swine industry and for S. suis studies if 

sequencing was more widely used. 

 Virulence 

Various studies have defined virulence based on the clinical condition of the animal from 

which the strain was derived, upon the presence of certain virulence-associated proteins, or on 

various animal infection models. These however, often produce contradictory results (King et al., 

2002). Virulence can vary substantially both within and among serotypes, and not all isolates of 

the same serotype cause the same degree of illness (Segura et al., 2017). For example, serotype 2 

has been shown to be the most virulent, but differences in its virulence have been observed in 

several experimental studies. Vecht et al. (1996) found this strain to be weakly virulent when 

isolated from the tonsil, whereas it was highly virulent when isolated from pathological sites. 

Research has also indicated that serotypes excluding serotype 2, have varying prevalence in 
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different geographical regions. Due to this, it is now generally accepted that virulence of S. suis 

should not solely be associated with the serotype (Benga et al., 2004). This is a critical area of 

research that still has many unknowns and needs further investigation in order to determine why 

only some pigs become sick and not others. 

 Capsular polysaccharide  

The fine structure of the CPS has recently been solved, indicating a unique repeating unit 

that contains 1 glucose, 3 galactose (Gal), 1 N-acetyl-glucosamine, 1 rhamnose and 1 side chain 

terminated by sialic acid (Smith et al., 2000; Lakkitjaroen et al., 2014; Calzas et al., 2015). 

Streptococcus suis CPS is similar to Group B Streptococcus (GBS), as it also contains sialic acid 

residues that are terminally linked to the cps chain. However, GBS sialic acid is 2–3 linked to 

Gal, while S. suis is 2–6 linked to Gal (Van-Calsteren et al., 2016). Therefore, bacterial CPS are 

usually linked to their cell surface via covalent attachments and are composed of these repeating 

units joined by glycosidic linkages (Okura et al., 2014). 

Goyette-Desjardins et al. (2016) stated, the cps is the most external bacterial layer in 

contact with the host, therefore, antibodies against it are highly opsonizing and protective. They 

also specified that due to its carbohydrate nature, it is generally considered poorly immunogenic 

and does not generate long lasting adaptive immune responses. Cps-specific antibody responses 

have also been shown to be more rapid, and show limited generation of memory or affinity 

maturation. It has been proposed that differences in the underlying sub-capsular bacterial 

domains, differentially regulate the cps-specific antibody response (Calzas et al., 2015). 
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It is thought that the cps is synthesized through the Wzx/Wzy pathway (Okura et al., 

2014; Zheng et al., 2017). Zheng et al. (2015) indicated that the specificity of the Wzy 

polymerase determines the linkage it catalyzes between sugars on the growing chain, and the 

next repeating unit. Therefore, the wzy gene is serotype specific, making it an ideal target to 

discriminate for molecular typing. The genes involved in this pathway are comprised of gene 

clusters that can be located at the same chromosomal locus. These gene clusters include: an 

initial sugar transferase, additional glycosyltransferase, Wxy polymerase, Wxz flippase and 

enzymes to modify the repeating units, or to add other moieties onto the cps (Vinogradov et al., 

2016). The length of the cluster’s ranges from 15,274 base pairs to 40,198 base pairs, and the 

G+C content of all clusters are thought to range from 32.5 to 36.7% (Okura et al., 2014; Qiu et 

al., 2016). Most of the clusters that Okura et al. (2014) discovered also had more than one intact 

or disrupted gene encoding transposases, and/or integrase family proteins in the 3' region. 

Moreover, they found 24 cps genes that were affected by nonsense, or frameshift mutations. 

In the same study done by Okura et al. (2014) they located many open reading frames 

(Orf), which were each preceded by a ribosome-binding site. In 22 serotypes, they analyzed the 

cps gene clusters located either between the Orfz-Orfx region and the AroA gene, or between the 

Orfz-Orfx region and glf gene (UDP-galactopyranose mutase gene) at the 5’ end of the sequence. 

They found the first four cps genes, cpsA, cpsB, cpsC and cpsD to be conserved in all gene 

clusters, and some share more than 95% similarity in nucleotide sequence at the 5’ end. The 3’ 

end is more mutable, but if they possess high similarity, then they will contain similar genetic 

organization.  
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Furthermore, the cps is known to protect S. suis from neutrophil and 

monocyte/macrophage-mediated phagocytosis and killing. The absence of the cps correlates with 

increased phagocytosis and/or killing of these strains by phagocytic cells, and a rapid clearance 

of the bacteria from circulation (Goyette-Desjardins et al., 2016).  Zhang et al. (2016) found a 

loss of virulence in cps mutants with gene knockouts, or transposon insertions. However, despite 

the critical role played by the cps in S. suis virulence, the fact that a strain is encapsulated does 

not imply the strain is virulent. It was also shown that small scale mutations and large insertion 

and deletions are the cause of un-encapsulation. Un-encapsulation therefore may contribute to 

the infection, by enhancing the ability of bacterial cells to adhere to host cells, and form thick 

biofilms (Bonifait et al., 2010; Lakkitjaroen et al., 2014). 

Lastly, Zhang et al. (2017) investigated four cps genes from serotype 2 (cps2E, cps2G, 

cps2J and cps2L) based on the whole genome sequence. From their results, it was predicted that 

the deletion of gene cps2E would result in complete absence of the cps. It was also reported that 

cps2G encoded the galactosyltransferase that activates the transfer of α-galactose to the short 

chain of the cps repeating units, and cps2J encoded N-acetlyglucosaminyltransferase which 

activated the synthesis of the long side chain of the repeating unit. The deletion of either cps2G 

or cps2J would result in the loss of the short or long side chains respectively. Finally, cps2L 

encoded the sialyltransferase which is responsible for the α-2,3 linked sialic acid connected to 

the long side chain of the repeating units. The deletion of this gene would result in the loss of the 

sialic acid. This is beneficial information to help further understand where mutations could arise 

within cps locations. 
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 Muramidase-release protein and extracellular protein factor  

 Research has focused on the virulence of S. suis serotype 2, by protein profiles. Within 

serotype 2, Vecht et al. (1989) identified two proteins: muramidase-released protein (mrp) and 

extracellular protein factor (epf). Muramidase-release protein is a cell envelope protein, whereas 

epf is a product secreted in the culture supernatant. Both belong to a family of proteins that can 

be recognized by monoclonal antibodies, and the presence of at least one (82.4%) has been found 

in serotype 2 strains (Galina et al.,1992). According to Galina et al. (1992), these proteins are 

produced in strains isolated from pigs with signs of meningitis in the Netherlands (77%), 

however, isolates from the tonsils of healthy pigs did not produce these proteins (86%). This 

study also showed that S. suis type 2 strains isolated from the central nervous system of diseased 

pigs, have the phenotype mrp+ epf+ 77% of the time, yet in the United States this phenotype is 

only present 56% of the time. This suggests that S. suis serotype 2 as well as other serotypes, 

possess virulence factors other than mrp and epf. 

 Suilysin 

A hemolysin known as suilysin (sly), is another virulence marker that has been 

researched. Lun et al. (2003) describes it as a member of a thiol-activated cytolysin found in 

Gram-positive bacteria. They are known for lysing eukaryotic cells containing cholesterol. Their 

study demonstrated sly could be a virulent determinant, as it provides some protection to both 

mice and pigs when challenged with a lethal serotype 2 strain. On the other hand, evidence also 

suggests that genes encoding sly, are not present in all S. suis isolates. King et al. (2001) 

discovered the sly gene present in significantly higher numbers of isolates from pigs with 

meningitis, septicemia and arthritis, than from those isolated from pigs with pneumonia. They 
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also stated that this gene was not detected in any of serotypes 6, 12, 13, 22, 24 through 27 and 29 

through 32.  Furthermore, although suilysin-negative strains can be virulent, survive in blood and 

rely on intracellular invasion, suilysin-positive strains seem to additionally benefit from the toxic 

effects of hemolysin from monocytes and neutrophils (Gottschalk and Segura, 2000; Fittipaldi et 

al., 2012). Cytotoxicity and intercellular invasion mechanisms in suilysin-positive strains allow 

the bacteria to cross the respiratory epithelia (Benga et al., 2004), thus, playing a key role as a 

toxin affecting the blood-brain barriers permeability, and inducing inflammatory reactions. 

Additionally, along with the cps, sly appears to reduce phagocytosis and killing of S. suis, by 

playing a role in complement decomposition and facilitating penetration of the pathogen into 

deeper tissues, with corresponding cytolytic-toxic effects (Oh et al., 2017). 

 Other proteins   

Gottschalk et al. (2002) showed that some S. suis proteins have adhesion roles. They 

found an 18 kDa adhesion in all strains of S. suis that were examined. When tested in mice, it 

was also proved to be highly immunogenic and could induce bactericidal activity. Similarly, De 

Greef et al. (2011) demonstrated the gene encoding fibronectin and fibrinogen-binding protein 

could be detected in all S. suis serotypes as well. It is an adherence protein that binds fibronectin 

in order to colonize or invade host cells. 

Hyaluronate lyase is another secreted protein found to degrade hyaluronic acid. Many 

Gram-positive bacteria able to handle hyaluronic acid are able to cause infection at both mucosal 

and skin levels (King et al., 2004). Glyceraldehyde-3-phosphate dehydrogenase (gapdh) is also 

found to implicate adhesion to host cells for S. suis infection as well (Brassard et al., 2004). 



 

 

26 

 

Li et al. (2006) found a new C-terminally anchored surface protein (Sao), from S. suis 

serotype 2. An analysis of the predicted amino acid sequence revealed that Sao possess all the 

typical features of a membrane-anchored surface protein of Gram-positive bacteria, including an 

N-terminal signal sequence, repeating sequence, an LPVTG consensus motif, and a positively 

charged C-terminal tail. 

Wu et al. (2015) found another protein containing a lysin motif (LysM) at the N terminus 

of serotype 9 (ss9-LysM), to be a possible virulence factor. Their study showed ss9-LysM 

expressed on the bacterial surface which facilitates the survival of S. suis within blood, by 

releasing more free iron from the host. Furthermore, a trag gene has also been isolated from 

diseased pigs with serotype 2 strains. It has been described as a novel infection-elated factor, 

involved in secretary pathways in bacteria, and could be part of one of the compositions of the 

Type IV secretion systems (Meekhanon et al., 2017).  

In summary, these proteins have been isolated from serotype 2 and may not be a good 

representation of virulence within the S. suis genome. mrp, epf, and sly could be used as 

virulence markers, but their presence does not always correlate with virulence of strains 

(Berthelot et al., 2001).  Although it has been shown that the presence of the sly gene and 

expression of mrp and epf correlates with high virulence, the sly gene alone has negligible effects 

on pathogenesis. 

 Phenotypes/genotypes 

According to Galina et al. (1996) approximately half the strains (56%) of serotype 2 from 

meningitis cases possessed the mrp+ epf+ phenotype. This agrees with previous results, as most 
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of the healthy pigs carried the mrp- epf- phenotype. Similarly, Meekhanon et al. (2017) found the 

most prevalent genotype of S. suis isolated from asymptomatic pigs to be mrp-/epf-/sly- (73%), 

but also found mrp+/epf-/sly+ (11%) and mrp-/epf-/sly+ (9%) genotypes as well.  These findings 

could be comparable to Oh et al. (2017) who found the most prevalent genotype to be mrp+/epf-

/sly- (35.4%) followed by mrp-/epf-/sly+. With respect to the association between serotype and 

genotype in this study, serotype 2 having the genotype mrp+/epf-/sly- was most frequent (12.5%) 

followed by serotype 3 with mrp-/epf+/sly- (11.7%). Interestingly, they also found in both 

slaughtered and diseased pigs, that most isolates with serotypes 2, 1/2, and 3 carried the mrp 

gene. Yet, the epf gene was only found to be carried in diseased pigs with serotype 2 (7.5%) and 

1/2 (1.3%). 

 Pathogenicity islands 

From an epidemic outbreak in China, Chen et al. (2007) uncovered a candidate 

pathogenicity island named 89K. Feng et al. (2010) found 89K to be composed of a predicted 80 

genes and was confirmed to have undergone horizontal gene transfer. Similarly, PCR analysis 

revealed that all eight virulent strains isolated from the two Chinese outbreaks contained the 

entire 89K fragment, whereas the international virulent strains, as well as one isolated in China 

before the 1998 outbreak, completely lacked this element. They also found portions of the 89K 

fragment, particularly regions II, IV and VI, to exist in some virulent and avirulent strains, but at 

different locations. Similarly, Wu et al. (2011) indicated that the 89K fragment is present in S. 

suis serotype 2 strains and proposed it encodes a two-component signal transduction system, 

SalK-SalR, which was shown to be required for full bacterial virulence.   
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More recently, Wang et al. (2017) found the 89K to be site specific and integrated in the 

3’ end of the orf L7/12 of S. suis serotype 2 strains 05ZYH33 and 98HAH33. This was compared 

with a strain very closely related to P1/7, which does not carry any element integrated in the 3’ 

end of L7/12. This genomic island contains a 15-base pair (TTATTTAAGAGTAAC) insertion 

sequence, present in the 5’ terminal of the highly conserved gene L7/L12. This suggests this 

region of the genome is a hot spot for lateral genomic island transfer. In this same study, they 

also found one of the insertion sequences located in a 112K fragment. They divided it into 48K 

and 64K, and the results suggested a potential tandem integration of genomic islands, as 89K, 

112K and 64K all had identical features at the 3’ end of the chromosome L7/L12 gene. 

Furthermore, Wu et al. (2014) found a 105K island that exists in serotype 2 strain 

SC070731 but was absent in the seven-other serotype 2 strains they tested. This 105K island 

contains some antibiotic resistance genes, and a major feature within it is the presence of the 

nisin locus. This showed an identical gene order to the nisin U locus in S. uberis strain 42, which 

inhibits a variety of streptococci. Nisin and RelBEtoin-antitoxin system, were recognized to 

contribute to the bacterial fitness and virulence in other pathogenic bacteria. 

The current knowledge of the impact of genomic islands in their host comes primarily from 

pathogenicity islands in which bacteriophage, plasmids and transposons act as carriers of genes 

encoding toxins, effector proteins, cell wall modification enzymes, fitness factors, and antibiotic 

and heavy metal resistance determinants in pathogenic bacteria (Wang et al., 2017). 
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 Control 

 Vaccination  

There currently is no commercial vaccine approved in Canada for S. suis. The 

development of vaccines has been difficult, as there are many different serotypes, each 

possessing many strains. Therefore, for a vaccine to be widely effective it needs to ensure 

protection against more than one serotype of the bacteria (Varela et al., 2013). Lun et al. (2017) 

stated an inactivated autogenous vaccine, generated from virulent strains, isolated from sick pigs 

present on farms is most commonly used. It has been shown to protect healthy pigs from 

infection and prevents the spread of disease in herds. Unfortunately, the absence of safety and 

efficacy data is an enormous disadvantage. Each new batch needs to be tested on a few animals 

and critically assessed before it can be used on a larger scale.  

According to Haesebrouck et al. (2004) it is possible to vaccinate sows at 6 and 2 weeks 

prior to parturition, to improve colostral immunity. Alternatively, they also state that piglets 

should be vaccinated twice within a 2-3-week interval. The second injection would be given 2 

weeks prior to the start of the risk period. It is advised that vaccination should not be given 

before the age of 3-4 weeks. With the use of an autogenous vaccine, producers should expect to 

see a reduction in mortality levels if it is prepared with the virulent strain present on the farm. 

 Treatment  

The treatment of choice for pigs exhibiting clinical signs of S. suis infection according to 

Amass et al. (1996b), is injectable antibiotic and anti-inflammatory agents, with supportive 

nursing care. They state that if one pig in the pen becomes sick, producers and veterinary 

practitioners will almost always treat entire pens. This is because it is not easy to distinguish pigs 



 

 

30 

 

in the initial stages of the disease, so a prophylactic medication is commonly used in the feed and 

water. Nevertheless, in-feed medication should be used with caution as it may suppress clinical 

disease, but it will not eliminate carriers. 

 Antimicrobial resistance  

Resistance of S. suis has been documented in many countries, including: lincosamides 

(lincomycin and clindamycin), macrolides (erythromycin, spiramycin, and tyosin), tetracyclines 

and sulphonamides (Varela et al., (2013). Portis et al. (2013) performed a 10-year study from 

2001-2010 that looked at antimicrobial resistance in the United States and Canada. This study 

found S. suis susceptible to ceftiofur, enrofloxacin and florfenicol, but resistant to tetracyclines. 

Li et al. (2012) found comparable results in China from their study, where resistance to 

erythromycin, tilmicosin, clindamycin and tetracycline were most common. More recently, 

Tedde et al. (2016) found the most frequently isolated resistance genes in strains of S. suis 

infected pigs to be tetracycline 88.9% and erythromycin 38.9%. 

Glass-Kaastra et al. (2014) found that S. suis from Ontario swine between January 1998 

and October 2010 had low prevalence of resistance to ampicillin, but high prevalence of  

resistance to tetracyclines. There was a decline in the prevalence of resistance to tiamulin 

between 2004 and 2008 but it increased in 2010, while trimethoprim-sulfamethoxazole had a 

high prevalence of resistance between 2000 and 2007, followed by a decline. Tetracycline 

resistance was found to be dependent on the year and season as it showed peaks during the 

summer months. This differed from tiamulin as year and season was not a significant factor with 

resistance to this antimicrobial. 
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Additionally, Oh et al. (2017) found most of their isolates (mrp, epf and sly) resistant to 

tetracycline (98%) and erythromycin (88.8%), but not ampicillin (2.1%) and ceftiofur (4.2%). 

Susceptibility to enrofloxacin (61.2%) was high, whereas chloramphenicol (26.2%) and 

florfenicol (31.6%) was relatively low. Furthermore, 99.2% of isolates were resistant to at least 

one antimicrobial and 40.4% showed multidrug resistance to at least three different 

antimicrobials. They also found S. suis isolates with the mrp gene to be resistant to 

chloramphenicol and erythromycin, while isolates carrying the sly gene were only associated 

with ampicillin resistance. 

It has also been suggested that S. suis may act as an antibiotic resistant reservoir 

contributing to the spread of resistance genes to streptococcal human pathogens such as 

Streptococcus pyogenes, Streptococcus pneumoniae, and Streptococcus agalactiae. Thus, 

occurrence of relatively high levels of resistance to some antimicrobials may pose an increased 

concern to human health (Varela et al., 2013). 

 Management  

 Environmental/farm factors  

Minimizing disease requires knowledge of how it’s spread, and although there is no 

complete control for S. suis infections, certain practices may help diminish the impact on farms. 

Many swine producers have switched from using a continuous-flow system, to an all-in/all-out 

system to help reduce the microbial load in an existing facility (Dee et al., 1993). Other 

management practices that help reduce the risk of disease on farms include: age segregation, 

proper ventilation, avoidance of overcrowding and sanitation (Varela et al., 2013). 
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 This bacterium is shown to transmit via aerosol, birds, insects, non-porcine animals and 

vehicles. Pathogen survival is also possible in dead pigs, feed, manure, water and soil.  

Therefore, it is important to properly clean rooms on a regular basis. Stress has been shown to 

predispose pigs to S. suis infection. Mixing, moving, weighing, vaccinating, weather/temperature 

changes, age differences and overcrowding can all contribute to stressful situations (Gottschalk 

et al., 2013). Additionally, supplementing pigs with selenium and vitamin E, having fly and 

rodent control measures as well as cleaning fomites and using individual needles for each 

animal, will help reduce the risk of disease.  

Studies have shown that S. suis can survive in feces for 104 days at 0˚C and 10 days at 

9˚C as well as in dust for 54 days at 0˚C and 25 days at 9˚C, though, it cannot survive for more 

than 24 hours in dust held at room temperature (Dee et al., 1993). Consequently, this is another 

reason why it is important to thoroughly clean and disinfect rooms for the next group of pigs that 

will be entering.  

It was also suggested by Dee et al. (1993) that S. suis can remain alive for up to 10 days 

in chilled brain tissue, therefore deceased pigs should be quickly removed and disposed of.  

Additionally, supplementing pigs with selenium and vitamin E, having fly and rodent control 

measures as well as cleaning fomites and using individual needles for each animal, will help 

reduce the risk of disease. 

 Presence of other diseases  

Clinical disease has been associated with S. suis serotype 2 enhanced by concurrent 

infection with pseudorabies virus (Iglesias et al., 1992), Pasteurella multocida, Echerichia coli, 
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Actinobacillus pleuropneumoniae and Actinomyces pyogenes (Higgins et al., 1990; Reams et al., 

1994). Many additional bacterial species can increase clinical signs of S. suis by creating 

irritation to the nasal cavities. More recently, Thanawongunuwech et al. (2000) found that 

serious S. suis infections could arise if pigs are also infected with porcine reproductive and 

respiratory syndrome virus (PRRSv). Therefore, any measures used to prevent the introduction 

of PRRSv, reduce the incidence of S. suis infections seen on farms. 

 Eradication  

The eradication of S. suis can be quite difficult. It has been suggested that removing 

piglets shortly after birth from their mothers would be beneficial, unfortunately this won’t be 

effective as S. suis can be transmitted to piglets in the birth canal (Amass et al., 1997).  One 

strategy would include delivering piglets via caesarean section (Amass et al., 1996a). This 

however, is not the most feasible option for many producers, and herds established in this 

manner have not been able to remain free of S. suis. 

Studies have been done that have eliminated clinical signs of S. suis, although eliminating 

carrier pigs has not been successful. The tonsils need to be assessed to see if a pig carries the 

bacterium. This however would be very difficult and costly to do in large herds (Zhang et al., 

2009). Close attention needs to be paid to the carrier state of S. suis and this deserves further 

research.   

 Purpose and research objectives 

The main purpose of this research is to investigate which serotypes are most frequently 

found on farms with S. suis infections among nursery pigs and to better understand which 



 

 

34 

 

serotypes are contributing to clinical illness. This can be further divided into the following 

objectives: 

1. Describe S. suis serotypes isolated from systemic sites in clinically ill pigs 

2. Investigate whether S. suis serotypes found in systemic sites are also found in the upper 

respiratory sites of the same clinically ill pigs 

3. Compare S. suis serotypes found in upper respiratory sites of clinically ill pigs with 

serotypes found in upper respiratory sites of healthy pigs 

4.  Determine the relationship between untypable and typable S. suis isolates from 

clinically ill and healthy pigs 
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 Chapter 2: Investigation into the serotypes of Streptococcus suis 

isolates in nursery pigs in Ontario, Canada 

 Abstract 

  Streptococcus suis naturally inhabits the tonsils and nasal cavities of pigs. Some strains can 

cause systemic infection leading to a wide range of diseases. A case-control study was conducted 

i) to examine serotypes isolated from systemic sites (blood/meninges/spleen) in cases, ii) to 
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determine whether serotypes in systemic sites were found in upper respiratory sites (tonsil/nasal 

cavity) of the same cases, and iii) to determine the serotypes in upper respiratory sites of case and 

farm and pen- matched controls. In total, 606 samples from 128 pigs were cultured for S. suis. 

The isolates were examined for presence of gdh and recN genes by PCR and were identified as 

S. suis if both genes were present. The S. suis isolates were then serotyped using a two step-

multiplex PCR. Serotypes 9 (n=9), (2,1/2) (n=7) and untypable isolates (n=7) were most 

commonly found in systemic sites. Detection of serotypes 9 (p=0.03) in upper respiratory sites 

were positively associated with their detection in systemic sites of cases, while a trend was seen 

with serotype (2,1/2) (p=0.07). Lastly, no association between serotypes recovered from upper 

respiratory sites of cases and controls could be detected. Untypable isolates were detected in high 

frequency which warrants further investigation. This study confirms that a variety of serotypes 

can be found in commercial swine production and shows a difference in serotypes recovered from 

systemic sites in pigs with clinical signs of S. suis infections. 

 Introduction 

  Streptococcus suis infections have become a major problem in the swine industry 

worldwide (Gottschalk et al., 2000). This bacterium is a Gram-positive facultative anaerobe that 

naturally inhabits the nasal cavities and tonsils of pigs, with most pigs remaining healthy carriers. 

Outbreaks tend to be sporadic and generally involve only a small number of at-risk pigs. 

Typically, the age group at greatest risk of developing clinical signs of infection are piglets 4-8 

weeks of age and systemic infection in these pigs can result in a wide range of disease conditions 

(Cloutier et al., 2003). In addition, S. suis is potentially zoonotic, with people who work closely 

with infected pigs or pork-derived products being at greatest risk in western countries (Lun et 
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al.2007). Worldwide there has been over 1000 S. suis human cases and over 100 deaths, since 

1968 with the most cases occurring in Vietnam and Thailand, through the ingestion of 

contaminated raw pork products (Goyette-Desjardins et al., 2014; Kerdsin et al., 2018). 

  Twenty-nine known serotypes have previously been identified based on the capsular 

polysaccharide (cps) (Goyette-Desjardins et al., 2014). Most S. suis isolates recovered from 

diseased pigs belong to serotypes 1 through 9, 1/2 and 14, though the distribution may differ 

depending on geographical location (Vela et al., 2003; Gottschalk, 2012). In Canada, the most 

frequent serotypes recorded in diseased pigs (in decreasing order) are; 2, 3, 1/2, 8 and 4 

(Gottschalk et al., 2015). There are also untypable strains which may be novel serotypes or 

mutants of known serotypes (Gottschalk et al., 2013).  

  The most commonly recognized clinical expression of S. suis infection include 

neurological clinical signs including; ataxia, incoordination, tremor/shaking, paddling, 

opisthotonus, paralysis, convulsions, nystagmus and often sudden death (Gottschalk, 2012). 

Disease tends to have a low incidence (<5%) on most farms. Likely, factors related to host 

(immunity, upper respiratory disease, microbiome and genetics), environment (farm 

management) and bacteria (virulence associated factors) play a role in the development of 

clinical illness. However, there are knowledge gaps with respect to why some animals become 

systemically ill, while most remain healthy; and how the bacterium spreads amongst pigs in a 

specific population. Both uncertainties add additional challenges when attempting to determine 

what triggers some pigs to become sick. A pig-level, farm- and pen-matched case-control study 

was conducted, with the overarching goal to understand factors contributing to S. suis disease 

status in nursery pigs. 
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  The objectives of this study were; i) to examine S. suis serotypes isolated from systemic 

infections in sick pigs in Ontario, Canada ii) to investigate whether serotypes found in systemic 

sites of sick pigs are also found in the upper respiratory sites of the same pigs and iii) to compare 

the serotypes found in upper respiratory sites of sick and healthy pigs. 

 Materials and methods 

  This research project was conducted with approval from the University of Guelph Animal 

Care Committee and followed the guidelines of the Canadian Council on Animal Care. 

 Study design and sampling 

  A sample size calculation was based on visual inspection of power curves that were 

generated for a matched case-control study design using a power of 80%, confidence of 95%, 

and a ratio of cases and controls of 1. The prevalence of exposure in the control group was 

assumed to vary between a minimum of 0.12 and a maximum of 0.3. Under such assumptions, 

the number of cases and controls required to detect an odds ratio of 3 varied between 58 (control 

group exposure of 0.12) and 97 (control group exposure of 0.3). Therefore, the required sample 

size decreased to 31 cases if the magnitude of the odds ratio was increased to 4. For field 

sampling, we targeted a minimum of 60 clinical cases and matched controls, due to expected 

between farm variability and anticipated exclusion of clinical cases due to inadequate detection 

of S. suis in the sampling sites. 

 Owners of twelve farms located in Ontario, Canada expressed interest in participating in 

this study because nursery pigs raised on these farms were experiencing typical clinical signs of 

S. suis infection. 
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Pigs showing clinical signs of S. suis infection (cases) were selected on each farm. For a pig 

to be considered a clinical case, they needed to exhibit at least one of the following clinical signs: 

ataxia, incoordination, tremor/shaking, paddling, opisthotonus, paralysis, convulsions and/or 

nystagmus. Each case was matched with an equal number of healthy pigs (controls) on each herd 

based on time of visit and pen. For a pig to be considered a control, they had to exhibit healthy and 

normal behavior, described as the absence of any of the above listed clinical signs.  

  Each case and control animal had one nostril, its tonsils and its rectum swabbed, and blood 

sampled. In addition, cases were sedated with an intramuscular injection of a combination of 

ketamine (50mg/mL), xylazine (10mg/mL) and butorphanol (1mg/mL) with a dosage of 0.2 mL/kg 

body weight and then euthanized with a 3mL intracardiac injection of pentobarbital sodium 

(240mg/mL). The skull was opened to collect meningeal swabs and tissue samples were collected 

from the spleen. Samples were placed in a cooler after collection on farm and brought to the 

laboratory located at the Centre for Public Health and Zoonoses (CPHAZ), University of Guelph 

for analysis. Samples were in the cooler for between 20 minutes and 2 hours depending on the 

distance travelled to the farm.  

 S. suis isolation and identification 

 S. suis culturing 

Tissue samples were placed in a paper boat and cut with a sterilized scalpel. Tissue 

samples, blood and swabs were plated on phenylethyl alcohol (PEA) agar and incubated at 35°C 

with 5% CO2 for 48 h. Suspected S. suis colonies were selected and plated on PEA agar and 

incubated at 35°C with 5% CO2 for 48 h.  
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 DNA extraction 

 Multiple colonies were tested from PEA and DNA was extracted from isolates using 

InstaGene Matrix (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. DNA 

samples were stored at -20˚C.  

 S. suis identification 

To identify the S. suis isolates, DNA extracted from all suspected isolates were tested for 

presence of glutamate dehydrogenase (gdh) by PCR (Okwumabua et al. (2003).) and for the 

presence of recombination protein N (recN) gene by PCR (Ishida et al., 2014) as described in 

Chapter 2. The isolates were confirmed as S. suis if both genes were present. The positive recN 

isolates were then stored in CryoStor microbiology culture reservation vials according to the 

manufacturer’s instructions (Oxoid, Canada) for further identification. 

 Serotyping 

The S. suis isolates were analyzed using a two-step multiplex PCR method (Okura et al., 

2014) as described in Chapter 2. Cps types determined by the PCR were examined by 

electrophoresis on a 1.5% agarose gel and visualized with RedSafe Nucleic Acid Staining 

Solution (FroggaBio, Toronto, Canada). 

 Categorization of cases 

 Case pigs were divided into two major groups including 28 confirmed cases and 32 

probable cases. A pig was classified as a “confirmed case” if pigs displayed clinical signs at the 

time of visit and had presence of S. suis recovered in systemic sites including the blood, 
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meninges and/or spleen. A pig was classified as a “probable case” if pigs displayed clinical signs 

at the time of visit and had presence of S. suis only recovered in any of the other locations 

sampled (tonsils, nasal cavity or rectum). Four cases did not have S. suis detected from any site. 

 Statistical analysis 

  Data were entered into a spreadsheet (Microsoft Excel 2016), cleaned and then imported 

into Stata 15 (StataCorp, College Station, Texas, USA) for further processing, descriptive 

statistics and visualization. Descriptive statistics were conducted at the isolate-level, pig-level 

and farm-level. The isolate-level dataset was aggregated to a pig-level dataset, with individual 

variables representing the presence of S. suis to specific sampling sites for specific serotypes in 

individual pigs. Additional summary statistics were used to describe the detection of serotypes in 

upper respiratory sites and from rectal swabs in all available clinical case and control animals. 

 Objective 1. Twenty-eight confirmed cases were used to address objective 1. Patterns of 

positivity were assessed by aggregating the number of confirmed cases detected with a specific 

serotype, and with a combination of specific serotypes.  

 Objective 2. To investigate systemic and upper respiratory sites, the same 28 confirmed 

cases were used. A series of univariable exact logistic regression models were applied to 

investigate associations between the presence of a specific serotype in upper respiratory sites as a 

risk factor for detection of the same serotype in systemic sites of the same confirmed case. 

Analysis was performed only for serotypes that had at least 3 cases identified, and estimates were 

reported if p<0.10. Population attributable fraction was determined using contingency tables.  
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 Objective 3. To investigate the upper respiratory sites, only matched pairs that had 

sampling from both tonsil and nasal swabs were included for this objective. This resulted in a 

total of 59 of 64 clinically ill pigs and 59 of 64 individually-matched healthy pigs that fit these 

criteria. A series of univariable conditional logistic regression models were used to investigate 

the association between the presence of a specific serotype in upper respiratory sites of clinically 

ill and healthy animals. Estimates were reported if p<0.10. 

 Results  

 Streptococcus suis serotypes recovered from all samples  

In total, 128 pigs (64 healthy pigs and 64 pigs with clinical signs of S. suis infection) on 

12 farms were sampled. A total of 606 samples were collected, 359 from clinically ill (case) pigs 

and 247 from healthy (control) pigs. In total, 310 S. suis isolates (215 from cases and 95 from 

controls) were recovered. Streptococcus suis was isolated from at least one sample in 114 pigs 

(60 cases and 54 controls). At the pig level, S. suis was recovered most frequently from the 

tonsillar swabs in 69.4% of cases and 58.7% of controls (Table 2.1). The multiplex PCR was 

able to determine the serotypes of 178 typable isolates (122 from cases and 56 from controls) 

while 132 isolates (74 from cases and 58 from controls) remained untypable. 

Seventeen known serotypes and untypable isolates were recovered from upper respiratory 

(tonsil/nasal cavity) sites in 47 of 64 case and 38 of 64 control animals (Figure 2.1) and 10 

known serotypes and untypable isolates were recovered from rectal sites of 22 of 64 case and 10 

of 64 control animals (Figure 2.2). Serotypes recovered most frequently from case animals in 

upper respiratory sites (tonsil/nasal cavity) included (2,1/2) (n=8), 15 (n=6), 29 (n=6), 16 (n=5) 

and 30 (n=5) as well as untypable isolates (n=30), while the most frequent serotypes recovered 
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from the rectum of case animals included 9 (n=3) and 30 (n=3), as well as untypable isolates 

(n=15). In control animals, the most frequent serotypes recovered in upper respiratory sites 

(tonsil/nasal cavity) included 29 (n=7), 7 (n=4) 16 (n=4), 18 (n=4) and 9 (n=3) as well as 

untypable isolates (n=24), while serotypes most frequently recovered from the rectum of control 

animals included serotypes 9 (n=3), 28 (n=2) and untypable isolates (n=3).  

When considering all sample types, a single serotype was found in 12 case animals and 

18 control animals, while 2 or more serotypes were recovered in 47 case animals and 22 control 

animals. With respect to the population of clinical cases, tonsillar swabs had the greatest number 

of different serotypes recovered (n=13), followed by nasal cavity swabs (n=12), and meningeal 

swabs (n=11). Similarly, in the population of controls, tonsillar swabs also had the greatest 

number of different serotypes recovered (n=12), followed by nasal cavity swabs (n=8) and rectal 

swabs (n=7). 

The number of different serotypes found in 64 sampled clinical case pigs recovered on 12 

farms can be seen in Figure 2.3 and the different serotypes found on each farm can be seen in 

Table 2.2. The  number of serotypes detected at the level of the individual farm were between 1 

and 15 with an average of 7. 

 Streptococcus suis serotypes recovered from systemic sites  

 The S. suis serotypes recovered from systemic sites of confirmed cases are shown in 

Table 2.3. The most commonly detected serotypes found in systemic sites at the pig level were 9 

(n=9), (2,1/2) (n=7), and untypable isolates (n=7). While the most commonly detected serotypes 
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found in systemic sites at the farm level included 29 on 3 farms, (2,1/2) and 9 each on 2 farms, as 

well as untypable isolates on 4 farms. 

Seventeen confirmed cases (61%) were identified with a single serotype in systemic sites, 

9 cases (32%) with two serotypes and 2 cases (7%) with three serotypes. The most common 

pattern of positivity for serotypes was positivity for serotype 9 only (n=6), followed by positivity 

for serotype (2,1/2) only (n=5). Furthermore, the most common pattern of positivity seen on 

farms in confirmed cases was detection of serotype (2, 1/2) (n=2 farms).  

 S. suis serotypes from systemic sites (blood, meninges and spleen) compared to 

serotypes in upper respiratory sites (tonsils and nasal cavities) of case pigs 

   

Streptococcus suis serotypes were not recovered from upper respiratory sites in seven 

confirmed (25%) cases, similarly, a single serotype was also identified in seven confirmed cases 

(25%), two serotypes were identified in ten (35.71%) confirmed cases, three serotypes (10.71%) 

in three confirmed cases and five serotypes (3.57%) in one confirmed case. 

The same serotypes were recovered from systemic and upper respiratory sites in 6 

(21.43%) confirmed cases. This included (2,1/2) (n=2), 9 (n=2), 18 (n=1) and 31 (n=1).  

When univariable logistic regression was performed, there was an interest in how 

untypable isolates and serotypes 9 and (2, 1/2) compared between systemic and upper respiratory 

sites in confirmed cases (Table 2.4). Untypable isolates (n=5) were frequently recovered in pigs 

in both sites, although, there was no association between their detection in systemic and upper 

respiratory sites. Conversely, the presence of serotype 9 (OR=5.6, p=0.03) in upper respiratory 

sites were positively associated with the detection of the same serotype in the systemic sites of 
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the same pig, while a similar positive trend was seen for serotype (2,1/2) (OR=7.2, p=0.07). 

However, it should be noted that isolation of serotypes found in both systemic and upper 

respiratory sites was low. This was also reflected in the low estimates of population attributable 

fraction for both serotypes (Table 2.4). 

 Streptococcus suis serotypes in upper respiratory sites (tonsils and nasal cavities) of 

case and control pigs 

  Together forty different serotype patterns were found in upper respiratory sites of 59 case 

and 59 matched control animals. The most frequent patterns included only untypable isolates in 

case (n=12) and control (n=18) animals, along with no S. suis recovered in case (n=13) and 

control (n=15) animals. In the subset of animals used for this analysis, zero to four serotypes 

were detected in upper respiratory sites of case and control animals. The most frequent serotypes 

in case animals included (2,1/2) (n=8), 15 (n=6), 9 (n=5), 29 (n=5), 30 (n=5) and 16 (n=4) along 

with 21 isolates remaining untypable. The most frequent serotypes in control animals included 

29 (n=6), 7 (n=3), 16 (n=4), 17 (n=3) and 18 (n=3) along with 29 isolates remaining untypable. 

  Twenty-four matched case-control pairs (40%) shared at least one of the same serotypes 

in upper respiratory sites and can be seen in Table 2.5. These included serotype (2,1/2) from 2 

farms (n=3), serotype 18 from 1 farm (n=2), serotype 30 from 1 farm (n=1), and serotype 16 

from 1 farm (n=1). Untypable isolates were also present in 8 farms (n=24). Univariable 

conditional logistic regressions showed there was no statistical evidence to suggest that the 

presence of a serotype in controls is associated with its presence in cases (Table 2.5). 
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 Discussion 

  Diseases caused by Streptococcus suis are one of the most common bacterial diseases in 

the nursery stage of swine production. With a high frequency of healthy pigs carrying S. suis, 

there is a knowledge gap with respect to why some pigs become sick, while others remain 

unaffected. 

The major serotypes of diseased pigs in North America have been shown to be 2, 3 and 

1/2 (Gottschalk et al., 2013 and Haas et al., 2017). There are some differences between these 

previously reported data and the present study, however, serotype (2, 1/2) was the most 

frequently isolated serotype found in clinical cases. Serotype 3 appeared in both case and control 

animals but was not found as frequently as the other serotypes. Interestingly, serotype 9 which in 

previous studies has rarely been isolated from diseased pigs in Canada appeared as frequently as 

serotype (2, 1/2) and has shown to be emerging in recent years (Zheng et al., 2018).   

In the present study, three different types of confirmed cases could be identified from 

descriptive statistics of positivity to different serotypes. Firstly, there were S. suis cases identified 

primarily with serotypes 9 and (2, 1/2) alone or in combination with other serotypes. The 

identification of clusters of cases within individual farms, would be most consistent with either 

the clonal spread of one or more linkages of the same serotype among pigs, or more generally to 

the same source of infection (Dekker et al., 2018). Consistent with our research, a recent study in 

Germany also found systemic infections associated with serotype (2, 1/2) and serotype 9 (Prüfer 

et al., 2019).  Secondly, there was a subset of confirmed cases that were all detected with 

untypable isolates, alone or in combination with other serotypes. More discriminatory molecular 

typing is required in an attempt to understand the incidence of such confirmed cases. In the 
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previous literature, untypable isolates were hypothesized to be defective mutants of strains of 

known serotypes or represent novel serotypes (Gottschalk et al., 2019). Lastly, there were 

confirmed cases that were detected with only one serotype, other than serotypes 9 or (2,1/2). 

Such cases were observed in low frequency, with a maximum of two detections of serotype 3 on 

one farm. The low number of investigated clinical cases on some farms could have influenced 

this result and our interpretation. However, such detection is most consistent with existence of 

sporadic cases associated with different serotypes. These cases may be due to secondary or co-

infections that have enabled the bacterium to reach systemic sites of these pigs (Feng et al., 

2001).  

Previous studies have also shown that S. suis serotypes recovered from systemic sites 

were generally different compared to those found in upper respiratory sites (Oliveira et al., 2001; 

Feng et al., 2001). In the present study only 21% of confirmed cases had serotypes in systemic 

sites that were the same to those in upper respiratory sites of the same pigs; this is an optimistic 

estimate as untypable isolates were included in the analysis. When individual serotypes were 

evaluated, positive association between detection in upper respiratory sites, and detection in 

systemic sites could be found only for serotypes 9 and a trend for serotype (2,1/2). However, 

even for these two serotypes, only a small fraction of cases due to a specific serotype could be 

linked with detection of the same serotype in upper respiratory sites. It is possible that multiple 

serotypes can colonize pigs, and that our sampling and detection strategy resulted in low 

sensitivity of detecting a specific serotype in upper respiratory sites. However, this result also 

suggests that, when evaluated using a typical sampling and testing protocol, serotypes found in 
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upper respiratory sites are not necessarily the same serotypes found in systemic sites causing pigs 

to become sick. 

Further, there was no association between the presence of a serotype in upper respiratory 

sites of case and control animals. This suggests that we could not identify evidence that pen-

mates serve as the source of colonization for cases, or that there is a common source of 

colonization for the majority of serotypes. Nonetheless, a combination of study design, small 

sample size and, possibly, low sensitivity of detecting a specific serotype in upper respiratory 

sites could also have negatively affected our ability to detect such associations.  

This study has several limitations. It is possible that the clinically ill pigs were treated 

with an antibiotic prior to sampling, and as a result some bacteria could have been eliminated 

from the blood and/or meninges and therefore would only be present in upper respiratory sites 

(Fittipaldi et al., 2012). For the purpose of this study, we considered a combination of results 

from tonsillar and nasal swabs to be representative of the upper respiratory tract. It should be 

noted that not all sections of the upper respiratory tract could be sampled. Multiple serotypes 

were also found in systemic sites and could be indicative of secondary infections and/or 

contamination. Consistent with previous observations reported, the use of the two-step multiplex 

PCR was also not able to distinguish between serotypes 1 and 14 and 2 and 1/2 (Okura et al., 

2019; Liu et al., 2013). Since we used PCR typing, we could have used the term capsular types 

as a surrogate for serotypes, but we decided to use serotypes in order to be consistent with the 

literature. Additionally, only one healthy animal for each sick animal was tested, therefore 

diversity of serotypes at the farm level may have been underestimated. Lastly, it is also possible 

that issues with processing of samples such as transporting, storing and culturing could have 
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resulted in false negative results. Nevertheless, as many samples were obtained from both sick 

and healthy pigs, a snapshot of the current situation of S. suis in Ontario nurseries can be seen.  

 In conclusion, most commonly detected serotypes in systemic infections in S. suis 

diseased pigs in this study were serotypes (2,1/2) and 9, followed by frequent isolation of PCR 

untypable isolates from systemic sites. The colonization of upper respiratory sites with serotype 

9 was positively associated with detection of these serotypes in systemic sites while a trend was 

seen for serotype (2, 1/2). However, only a small fraction of detection in systemic sites could be 

linked with the detection of the same serotype in upper respiratory sites (up to 21%, as indicated 

by the estimate of the population attribution fraction) making this result of limited practical use. 

Lastly, no link between the colonization of upper respiratory sites of case and control animals 

could be detected. Further research on the S. suis whole genome needs to be conducted to 

distinguish molecular differences of isolates. High detection frequency of untypable isolates 

warrants further investigation. 
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Table 2. 1: The number of samples collected and tested positive for S. suis from case (sick with S. suis 

clinical signs) and control (healthy) animals at the pig level 

 

 

Sample-Type 

 Pig level 

 

Cases  Controls 

pigs 

sampled 

(n) 

pigs tested 

positive (n) 

% pigs 

positive 

 

pigs 

sampled 

(n) 

pigs tested 

positive (n) 

% pigs 

positive 

Blood 62 9 14.5 62 0 0 

Meningeal 

swabs 
64 25 39.1 n/a n/a n/a 

Spleen tissue 48 5 10.4 n/a n/a n/a 

Tonsillar swabs 62 43 69.4 63 37 58.7 

Nasal cavity 

swabs 
60 27 45.0 64 17 26.6 

Rectal swabs 63 22 34.9 58 10 17.2 

Total 64 60 93.7 64 54 84.4 
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Farm 

Health 

Status 

1, 

14 

2, 

1/2 3 4 5 7 8 9 10 11 12 15 16 17 18 21 24 28 29 30 31 33 34 un 

1 Case        +    + +        +   + 

 Control             + +      +     + 

2 Case                         

 Control                      +    
3 Case            +    +   +     + 

 Control       +        +     +     + 

4 Case  + +   + +     +       + + +   + 

 Control       +       + +     +  +  + + 

6 Case        +  +   +       +    + 

 Control              +      + +    + 

7 Case  +  + + + +  + +  + +  +   + + + +   + 

 Control   +    +    +     +    + +    + 

8 Case  +      +          +      + 

 Control     +   +         +        + 

9 Case                        + 

 Control                  +       + 

10 Case  +  +    + +   +   +   + +    + + 

 Control    +   +  + + +   +     +      + 

11 Case + + +      + + +  +     +   +   + 

 Control   + +       +              + 

12 Case  +      +  +  +      +      + 

 Control           +  +       +     + 

13 Case    + +  + +     +           + 

 Control     +    +     +      +     + 

Total farms (n) 1 6 3 4 2 4 4 6 3 5 1 6 7 2 2 2 1 5 8 3 5 1 2 11 

Legend: +: Present 

 

 

 

 

 

 

 

Table 2. 2: Streptococcus suis serotypes found in case and control animals on each study farm 
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Pattern 

id# 

 pigs 

(n) 

 

farms 

(n) 

Serotype 

(n) un 

1,  

14 

2, 

1/2 3 4 7 8 9 15 18 28 29 31 

1 1 1 1 - - - - - - - - - - - - + 

2 1 1 1 - - - - - - - - - + - - - 

3 6 1 1 - - - - - - - + - - - - - 

- 4 1 1 3 - - - - - - - + - - + + 

5 1 1 2 - - - - - - - + + - - - - 

6 1 1 1 - - - - - + - - - - - - - 

7 2 1 1 - - - - + - - - - - - - - 

8 1 1 1 - - - + - - - - - - - - - 

9 5 2 1 - - + - - - - - - - - - - 

10 1 1 2 - - + - - - - - - + - - - 

11 1 1 3 - - + - - - - - - + - + - 

12 1 1 1 - + - - - - - - - - - - - 

13 2 1 1 + - - - - - - - - - - - - 

14 1 1 2 + - - - - - - - - - - + - 

15 1 1 2 + - - - - - - + - - - - - 

16 1 1 2 + - - - - - + - - - - - - 

17 1 1 2 + + - - - - - - - - - - - 

pigs (n) 28 n/a  
6 2 7 1 2 

 

2 

 

1 

 

9 

 

1 3 

 

1 

 

3 

 

1 

 

farms (n) n/a 8  
4 1 2 1 1 2 

 

1 

 

2 1 

 

1 

 

1 2 1 

Legend: +: positive; -: negative 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. 3: Serotypes found in systemic (blood, meninges and spleen) sites of 28 confirmed 

cases with S. suis infection 

 

Table 3 

Pattern positivity for different serotypes found in systemic sites (blood, meninges, spleen) 

of 28 confirmed cases of Streptococcus suis infections at the pig and farm level 
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Serotype upper respa (+) upper resp (-)     
 sysb (+) sys  (-) sys (+) sys(-)  ORc PAFd CIe Pf 

1,14 0 0 2 26 npg np np np 

2,1/2 2 1 5 20 7.24 0.20 0.319, 494.7 0.07 

3 0 1 1 26 np np np np 

4 1 0 2 25 - - - 0.78 

7 0 0 2 26 np np np np 

8 0 0 1 27 np np np np 

9 2 0 7 19 5.59 0.16 0.4151, +inf 0.03 

10 0 1 0 27 np np np np 

11 0 2 0 26 np np np np 

15 1 2 0 25 np np np np 

16 0 0 4 24 np np np np 

18 1 1 1 25 np np np np 

28 0 0 1 27 np np np - 

29 0 1 3 24 - - - 0.72 

31 1 2 0 25 np np np np 

un 4 12 1 11 - - - 0.25 

Legend: aupper resp: upper respiratory sites; bsys: systemic sites; +: positive; -: negative; ORc: odds ratio; PAFd: 

population attributable fraction; CIe: confidence interval; pf: p-value. Note that confidence intervals and p-

values are calculated using two different methods. npg=not performed 

  

Table 2. 4: Serotypes found in systemic (blood, meninges and spleen) and upper respiratory 

(tonsil and nasal cavity) sites of 28 confirmed S. suis cases 
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Serotype 
Clinically ill pigs 

(n) 

Healthy pigs  

(n) 

(n) matched pairs 

 ((n) on farms) 
pc 

2,1/2 7 4 3 (2 farms) 0.124 

3 3 1 1 (1 farm) npd 

4 1 1 - 1 

7 1 3 - 0.21 

9 5 2 - 0.27 

10 2 1 - 0.57 

11 3 2 - 0.66 

12 1 0 - 1 

15 6 0 - np 

16 4 4 1 (1 farm) 1 

17 0 3 - np 

18 3 3 2 (1 farm) 1 

21 2 0 - np 

28 2 2 - 1 

29 5 6 - 0.566 

30 5 0 - np 

31 2 1 - 0.341 

33 1 0 - np 

un 21 29 15 (8 farms) 0.301 

Legend: pc: p-value. npd: not performed 

Table 2. 5: Streptococcus suis serotypes found in upper respiratory (tonsil and nasal cavity) sites of 59 

clinically ill and 59 healthy pigs 
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The most frequent serotypes in case animals included (2,1/2) (n=8), 15 (n=6), 16 (n=5), 29 (n=6) and 30 

(n=5), along with untypable isolates (n=30). The most frequent serotypes in control animals included 29 

(n=7), 9 (n=3), 7 (n=4), 16 (n=4) and 18 (n=4), along with untypable isolates (n=24). 

Figure 2. 1: Comparison of the number of Streptococcus suis serotypes detected in upper respiratory sites in 

47 of 64 case animals and 38 of 64 control animals on 12 Ontario farms 
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The most frequent serotypes in case animals included 9 (n=3), 30 (n=3) and untypable isolates (n=15). While 

the most frequent serotypes in control animals included serotype 9 (n=3) and 28 (n=2) as well as untypable 

isolates (n=3). 

Figure 2. 2: Comparison of the number of S.  suis serotypes detected from rectal swabs in 25 of 64 case animals 

and in 9 of 64 control animals on 12 Ontario farms 
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The serotypes identified from most farms were 29 (n=3), 7 (n=2), 9 (n=2), 28 (n=2) and (2, 1/2) (n=2) 

as well as untypable isolates (n=4). 

 

 Figure 2. 3: Number of Streptococcus suis serotypes detected on 12 farms in systemic (blood, meninges, 

spleen) sites of 28 confirmed cases with clinical signs of S. suis infections 
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 Chapter 3: Phylogenetic analysis of untypable isolates recovered 

from Streptococcus suis clinically ill and healthy nursery pigs in 

Ontario, Canada 

 Abstract 

  Streptococcus suis naturally colonizes the upper respiratory tract of pigs and can lead to 

major disease conditions. Although there are several serotypes associated with disease, untypable 

isolates have also been observed. The objective of this study was to investigate the relatedness of 

untypable Streptococcus suis strains detected in clinical cases and healthy pigs in Ontario, 

Canada, and their relation to existing serotypes. One hundred fifty-three isolates obtained from 

33 cases and 26 farm-and-pen-matched control pigs were sequenced using Illumina HiSeq 

sequencing. Protein sequences of the core and capsular polysaccharide genes (cps) were 

identified and analyzed using maximum likelihood trees. Among untypable isolates 7 were from 

systemic sites of cases, and 16 and 13 were from upper respiratory sites of cases and controls 

respectively. Study isolates were grouped into 17 distinct groups based on the core gene tree. 

Untypable isolates were detected in 14 of those groups. Eleven untypable isolates (28%) were 

almost indistinguishable from an existing serotype in the same core and cps phylogenetic 

groupings, 9 untypable isolates (23%) were moderately to highly related to an existing serotype 

and 19 untypable isolates (49%) had very low relatedness to any of the isolates from the existing 

serotypes. Untypable isolates with high similarity to existing serotypes appeared more frequently 

in cases rather than controls, whereas untypable isolates with <50% similarity to existing 

serotypes were detected with similar frequency in cases and controls. The untypable isolates 

therefore represent a very diverse group, and their detection could be a result of different 

processes and warrants further investigation.  
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 Introduction 

 Streptococcus suis is a bacterial pathogen seen around the world in swine. This 

bacterium naturally resides in the tonsils and nasal cavities of pigs. Systemic infections can result 

in a wide range of disease conditions typically seen in pigs that are 4-8-weeks of age. The S. suis 

population is very heterogeneous, as to date 29 different serotypes, each with multiple strains 

have been identified (King et al., 2001; Goyette-Desjardins et al., 2014). Most S. suis isolates 

recovered from diseased pigs belong to serotypes 1 through 9, 1/2 and 14, though the distribution 

may differ depending on virulence and geographical location (Vela et al., 2003; Gottschalk et al., 

2010).  

Knowledge of the pathogenesis of infection has improved over the years; however, there 

is still a gap in understanding why some animals become systemically ill, while most remain 

healthy, and which factors are involved in different steps of the infection process (Fittipaldi et 

al., 2012; Segura et al., 2017). Identification of virulence factors has also been difficult as there 

is no clear definition of “virulence” and therefore, the presence of some proposed factors do not 

necessarily define the strain as virulent (Fittipaldi et al., 2012). Nonetheless, the capsular 

polysaccharide (cps), is considered an important factor (Goyette-Desjardins et al., 2016) for 

pathogenicity and virulence, and represents the basis for serotyping of S. suis strains. Untypable 

isolates have also been recovered frequently under field conditions and these may be 

representative of novel serotypes or mutants of known serotypes (Gottschalk et al., 2013). 

Distinguishing between the latter two mechanisms of emergence of untypable S. suis strains, 

starting with their relatedness to existing serotypes, could have an impact on our understanding 

of the epidemiology of S. suis disease in specific populations. 
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 The overall objective of this study was to investigate the relatedness of untypable 

Streptococcus suis strains detected in clinical cases and healthy controls and to determine their 

relation to existing serotypes. 

 Materials and methods 

  This research project was conducted with approval from the University of Guelph Animal 

Care Committee and followed the guidelines of the Canadian Council on Animal Care. 

 Study design and sampling 

  A case-control study involving nursery pigs from 12 Ontario farms was performed as 

described in Chapter 2. Clinically ill pigs experiencing typical clinical signs of S. suis infection 

had upper respiratory (tonsil and nasal swabs) sites and systemic (blood, meningeal swabs and 

spleen tissue) sites sampled, while healthy pigs had upper respiratory (tonsil and nasal swabs) 

sites sampled as described in Chapter 2. 

 DNA extraction and purification 

  One to six suspected S. suis colonies were selected from each sample on phenylethyl 

alcohol (PEA) agar and subjected to DNA extraction using InstaGene Matrix (Bio-Rad, 

Hercules, CA) according to the manufacturer’s instructions. DNA was then purified using the 

GenepHlow Gel/PCR kit according to the PCR cleanup protocol instructions (Geneaid, New 

Taipei City, Taiwan). 

 S. suis identification  

  To identify S. suis, DNA extracted from all suspected isolates were tested for the 

presence of the glutamate dehydrogenase (gdh) gene by PCR as described previously by 
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Okwumabua et al. (2003). The gdh positive isolates were then tested for the presence of 

recombination protein N (recN) gene by PCR as described previously by Ishida et al. (2014). 

The isolates were confirmed as S. suis if both genes were present. The positive isolates were then 

stored in CryoStor microbiology culture reservation vials according to the manufacturer’s 

instructions (Oxoid, Canada) for further identification. 

  Serotyping 

  The S. suis isolates were serotyped using a two-step multiplex PCR method as described 

previously by Okura et al. (2014). Products from PCR were examined by electrophoresis on a 

1.5% agarose gel and visualized with RedSafe Nucleic Acid Staining Solution (FroggaBio, 

Toronto, Canada). 

 DNA concentrations 

  285 samples were sent to the Advanced Analytics Centre at the University of Guelph for 

Qubit Analysis to test for DNA concentration quality. DNA samples were stored at -20˚C upon 

return. 

 Sequence analysis 

The 153 isolates that had the required quantity of DNA (150ng) were submitted for 

Illumina Hiseq sequencing. Sixteen isolates were submitted to the Agriculture and Food Lab 

Services (Guelph, Ontario, Canada) and 137 isolates were submitted to The McGill University 

and Genome Quebec Innovation Centre (Montreal, Canada). 

All analysis was performed using the graham cluster (graham.computecanada.ca) from 

Compute Canada (www.computecanada.ca). First, the quality of the raw reads was checked 
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using FastQC (Andrews S. 2010). The reads were trimmed with the following parameters: 

ILLUMINACLIP:/trim_adapters/TruSeq3-PE-2.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:100 using Trimmomatic (version 0.39, Bolger et al., 2014). 

SPAdes (version 3.13.0, Bankevich et al., 2014) was then used to assemble the sequences using 

the careful parameter and these assemblies were annotated using default parameters in Patric 

(Wattam et al., 2016). Lastly, a core genome was extracted using default parameters in Roary 

(version 3.12.0, Page et al., 2015).   

 Phylogenetic construction 

   The core genome alignment was used for the construction of a maximum likelihood (ML) 

tree through Roary (version 3.12.0, Page et al., 2015) which was visualized using FigTree 

(version 1.4.2, Rambaut et al., 2012). 

  An additional ML trees was created using cps2A, cps2B, cps2C and cps2D as reference 

cps loci genes (Smith et al. 1999). These genes were obtained from the National Center for 

Biotechnology Information (NCBI) genome database (http://www.ncbi.nlm.nih.gov/, accession 

numbers: AAD24447.1, AAD24448.1, AAD24449.1, AAD24450.1). Blastp was used with a 

homology cut off of >50% coverage to identify the cps genes in our sample genomes. Multiple 

sequence alignments of the proteins were created using Clustal_X 2.1 (Larkin et al., 2007) and 

after arranging them into the same gene order, they were concatenated into a single file.  The 

resulting sequence alignments, which contained 3365 aligned positions were used for 

phylogenetic analysis. ML trees based on 100 bootstraps were constructed using Mega 7 (Kumar 

et al., 2016) employing Jones-Taylor-Thornton substitution models (Jones et al., 1992). These 

trees were then visualized using FigTree (version 1.4.2, Rambaut et al., 2012). Lastly, for 
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additional insight, similarity matrices were obtained in Geneious 9 using default parameters 

(https://www.geneious.com). 

 Statistical analysis 

  A Fischer’s exact test was used to determine if there were any associations of untypable 

isolates between cases and controls, between systemic and upper respiratory sites and between 

farms. These analyses were performed in Stata 15 (StataCorp, College Station, Texas, USA). 

 Results 

 A total of 153 isolates (112 from case pigs and 43 from control pigs) from 10 farms were 

included in this analysis. The distribution of isolates among sites can be seen in Table 3.1. In 

case pigs this included: 38 isolates detected in systemic sites (blood/meninges/spleen) from 20 

pigs and 74 isolates detected in upper respiratory sites (tonsil/nasal cavity) from 33 pigs. In 

control pigs this included: 43 isolates detected in upper respiratory sites (tonsil/nasal cavity) 

from 26 pigs. Between 1 and 6 isolates were retrieved from each pig from various sites. 

  The number of serotypes sequenced from systemic and upper respiratory sites found 

within each site in case and control pigs can be seen in Figure 3.1. Serotypes most frequently 

sequenced from systemic sites of case pigs were 9 (n=5) and (2,1/2) (n=5) as well as untypable 

isolates (n=6). Most frequently sequenced serotypes in upper respiratory sites of case pigs were 

(2,1/2) (n=6) , 16 (n=5), 31 (n=5) and 9 (n=4) as well as untypable isolates (n=13). Similarly, the 

most frequently sequenced serotypes in upper respiratory sites of control pigs included 16 (n=4) 

and untypable isolates (n=12). 

https://www.geneious.com/
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  A pangenome matrix of the 153 S. suis isolate strains retrieved from whole genome 

sequencing was extracted from Roary (version 3.12.0, Page et al., 2015) and the diversity 

between isolates can be seen in Figure 3.2. This consisted of 21 genes found in at least 99% of 

isolate strains (core genes), 70 genes found in 95%-99% of isolate strains, 3827 genes found in 

15%-95% of isolate strains and 107,319 genes found in < 15% of isolate strains.  

 A phylogenetic tree was then created using the presence/absence of core genes. This tree 

was organized into 17 distinct groups based on visual appearance of the dendrogram and the 

resulting groups were depicted in Figure 3.3. The distribution of isolates among each group can 

be seen in Table 3.2. Eight of the 17 groups consisted of only upper respiratory sites, while 9 

groups consisted of a mix of both systemic and upper respiratory sites. Each group also consisted 

of isolates from between 2-7 farms with most groups consisting of isolates from 4 farms. Isolates 

from each farm were also found in 4-9 different groups. Lastly, untypable isolates in groups 2, 3, 

12 ,14 and 16 were predominately associated with specific serotypes (serotypes 15, 4, 9, 16 and 

(2,1/2)) while groups 4, 5, 6, 8, 10 and 11 contained clusters of untypable strains. 

  To further analyze the core gene groupings, a ML tree based on cps protein sequences 

was also created. Figure 3.4 shows the cps groupings of the existing serotypes and untypable 

isolates found in systemic and upper respiratory sites of cases and upper respiratory sites of 

controls. This tree was organized into 17 distinct groups based on visual appearance of the 

dendrogram. Isolates from both systemic and upper respiratory sites were found in 14 groups, 3 

groups contained only upper respiratory sites and 1 group contained only systemic sites. Groups 

consisted of a minimum of 2 and maximum of 23 isolates. 
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 Of the 20 case pigs with matched systemic and upper respiratory sites only 6 pairs were 

found in the same cps tree groups. This included groups 2, 9, 11 , 14 and 15 with serotypes 4,  

15, (2,1/2), 9 and 28 respectively. Additionally, of the 26 case-control pairs matched based on 

farm and time of sampling, with isolates recovered from upper respiratory sites, only 8 pairs 

were found in the same cps tree group. This included groups 3, 4, 5, 7, 9, 12, 13 and 14. 

When sequence similarities based on cps gene loci of untypable isolates were compared 

to the established serotypes detected in this study, broad categories of untypable strains were 

found (Table 3.3). It was clear that 11 isolates shared between 90-100% similarity with an 

existing serotype. This consisted of 3 untypable isolates recovered from systemic sites of case 

pigs, which showed high similarity with a serotype (2,1/2), 4, or 9; 5 untypable isolates 

recovered from upper respiratory sites of case pigs, which showed high similarity to serotype 4 

isolates or to serotype 8 and 3 untypable isolates recovered from upper respiratory sites of 

control pigs which, showed high similarity to a serotype 9 or 8. Secondly, there were 9 untypable 

isolates that shared between 50-89% similarity with an existing serotype. This included 6 isolates 

from upper respiratory sites in case pigs and 3 isolates from upper respiratory sites in control 

pigs. Lastly, there were 19 untypable isolates that shared <50% similarity to an existing serotype. 

This included 4 isolates from systemic sites and 9 isolates from upper respiratory sites in case 

pigs and 6 isolates from upper respiratory sites in control pigs. 

Descriptively, untypable isolates with high similarity to an existing serotype (90-100%) 

were detected with similar frequency in case and control animals (Table 3.3, p=0.6) . 

Furthermore, untypable isolates with <50% similarity to existing serotypes where equally 

distributed in cases and controls (Table 3.3). Additionally, there was no detectable difference in 
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the proportion of isolates that showed high, moderate or low similarity to existing serotypes 

between isolates found in upper respiratory sites or systemic sites (p>0.3). 

  At least one untypable isolate was present on each of the 10 farms explored in this 

analysis. Six farms had an untypable isolate that shared a high similarity (90-100%) to an 

existing serotype. Of these, 3 farms also had the existing serotype present on their farm. This 

included isolates with serotypes 4,8, 9 and 15. Seven farms had an untypable isolate that shared 

between 50-89% similarity with an existing serotype. Lastly, 8 farms had an untypable isolate 

<50% similar to any of the existing serotypes present. Overall, untypable isolates were equally 

represented between the three groups amongst farms (p>0.5).  

 Discussion 

  In this study the relatedness of untypable isolates and existing serotypes of Streptococcus 

suis was characterized through whole genome sequencing. Although, serotyping is an important 

step in the routine diagnostic procedure for S. suis infections, the proportion of untypable isolates 

in our collection highlights the limitations of this procedure. Consistent with previous studies 

untypable isolates have been recovered from clinically ill and healthy pigs (Prufer et al., 2019; 

Arndt et al., 2018). The isolation of untypable isolates from systemic sites within this thesis, 

indicates that they may play a role in disease development. 

 Serotyping is based on the capsular polysaccharide which plays an important role in the 

stage of infection when S. suis escapes the hosts immune system and tries to enter the 

bloodstream. This is where the capsular polysaccharide protects the bacterium against 

phagocytosis and helps the bacterium survive within the cells (Haas et al., 2018).  Although 



 

 

79 

 

untypable isolates have a non-recognizable serotype using routine PCR diagnostic tests, it has 

been shown that cps2A, cps2B, cps2C and cps2D genes are conserved amongst most other 

serotypes. This corresponds with the findings in this analysis as using a 50% homology cutoff 

allowed for cps2A, cps2B, cps2C and cps2D to be found in all sequence strains used in this 

study. This also indicates that the proteins encoded by these specific genes perform more 

common functions in the biosynthesis of the cps, rather than being serotype specific, which is 

also seen in previous literature (Okura et al., 2013; Smith et al., 1999). 

  Both phylogenetic trees presented in this analysis, show that it is clear that some 

untypable isolates can be grouped together with existing serotypes through recent evolution, 

while others appear to be independent and more divergent. Three possible groups could be seen 

when untypable strains were compared to the existing serotypes on the basis of genetic 

similarity. First, they can be 90-100% similar to existing serotypes. This could have been a result 

of mistyping on the PCR assay. Previous results by Gottschalk et al., (2013) have indicated that 

one explanation of this could be that these isolates were non-encapsulated. Our results are 

consistent with this hypothesis, although they do not apply directly since our analysis was based 

on genotype and not phenotype. Many untypable isolates were confirmed an existing serotype 

after Illumina HiSeq sequencing was performed in addition to serotyping, which could also 

imply that multiple tests should be performed before concluding an untypable isolate is actually 

untypable.  Second, some untypable isolates had cps genes that were 50-89% similar to existing 

serotypes present in our dataset, which could suggest there are minor variations within sequences 

preventing the typing assay from capturing the actual serotype. This could be reflective of the 

genetic diversity of S. suis strains or presence of mutations and is consistent with previous 
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research (King et al., 2002). Lastly, many of our isolates have cps characteristics that are <50% 

similar to known serotypes. These untypable isolates are scattered throughout multiple groups 

suggesting new strains could be present, or they could represent serotypes that were not captured 

in our dataset. Overall, our results suggest high diversity of untypable isolates both, when the 

core genome is considered, and when selected cps genes were considered.  

  It should be noted that the sample size used in our analyses was small and therefore 

interpreting these results should be done with caution.  

In conclusion, our analysis provides the basis for a more comprehensive classification of 

untypable isolates between clinically ill and healthy pigs. The results suggest that untypable 

isolates identified in this study form a subset of S suis that is genetically very diverse on the basis 

of core genes and selected cps genes. Additionally, in terms of the similarity of protein 

sequences of cps genes, untypable isolates range from 100% similarity to <50% similarity with 

existing serotypes.        
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Site Health status Number of isolates Number of pigs 

Systemic Clinically ill  1 8 

2 7 

3 4 

4 1 

Total  38 20 

Upper respiratory Clinically ill  1 15 

2 5 

3 6 

4 4 

5 2 

6 1 

Total 74 33 

Upper respiratory Healthy 1 14 

2 8 

3 3 

4 1 

Total 43 26 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 3. 1 Number of S. suis isolates recovered from clinically ill and healthy pigs 

in systemic and upper respiratory sites 
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Core 

group 

Sequence 

id 

Health 

status Site Serotype Pig Farm 

1 

SS317 sick sys 8 26 4 

SS213 sick upper un 77 7 

SS266 sick upper un 131 13 

SS183 sick sys 1,14 125 11 

SS184 sick sys 1,14 126 11 

SS100 sick upper 4 131 13 

SS207 sick upper 16 56 7 

2 

SS289 sick sys 4 131 13 

SS010 healthy upper 15 108 1 

SS017 sick upper 15 107 1 

SS044 sick upper un 29 1 

SS049 sick upper un 43 1 

SS086 healthy upper 11 130 12 

SS090 sick upper 11 127 12 

SS120 sick upper 30 45 6 

SS156 sick sys 15 107 1 

SS159 sick sys 15 107 1 

SS189 sick upper 9,15 127 12 

SS219 sick upper 30 59 7 

SS146 sick upper 31 59 7 

3 

SS039 sick sys un 5 1 

SS101 sick sys 4 133 13 

SS102 sick sys 4 133 13 

SS103 sick upper 4 133 13 

SS185 sick sys un 126 11 

SS124 sick upper 9 45 6 

4 

SS060 healthy upper un 98 10 

SS068 sick upper 9 104 10 

SS126 sick upper 9 48 6 

SS138 sick upper 10 77 7 

SS314 sick upper un 10 3 

SS048 sick upper 31 43 1 

SS056 sick upper 31 54 10 

SS133 healthy upper 31 65 7 

SS167 healthy upper 11 99 10 

SS181 sick upper 31 122 11 

5 

SS061 healthy upper 10 99 10 

SS097 sick upper 4 133 13 

SS227 sick upper un 88 8 

SS228 sick upper un 88 8 

SS268 healthy upper un 14 3 

SS098 sick upper 4 133 13 

6 

SS158 healthy upper un 55 1 

SS191 healthy upper un 132 13 

SS235 healthy upper 9 89 8 

SS254 sick upper un 53 6 

SS263 healthy upper 29 21 4 

SS267 sick upper 5 131 13 

SS303 sick upper un 60 7 

SS180 healthy upper un 119 11 

SS076 sick upper 10 122 11 

SS129 healthy upper un 72 7 

SS188 healthy upper un 130 12 

SS214 sick upper 31 77 7 

SS249 healthy upper un 72 7 

7 

SS206 sick upper 11 56 7 

SS075 sick sys 31 122 11 

SS072 healthy upper 12 117 11 

SS313 sick sys un 10 3 

SS318 sick sys un 23 4 

8 
SS092 healthy upper 29 132 13 

SS187 sick upper un 129 12 

 

9 

SS262 healthy upper 29 21 4 

SS265 sick upper 8 131 13 

SS312 sick sys 29 10 3 

SS164 healthy upper 28 92 10 

SS172 sick sys 28 95 10 

SS173 sick upper 28 95 10 

SS077 sick upper 16 122 11 

SS179 healthy upper 2,1/2 117 11 

Core 

group 

Sequence 

id 

Health 

status Site Serotype Pig Farm 

SS270 sick upper 5 131 13 

SS275 healthy upper 2,1/2 117 11 

SS276 healthy upper 2,1/2 120 11 

 

10 

SS190 sick upper un 129 12 

SS192 healthy upper un 132 13 

SS201 healthy upper 28 66 7 

SS221 healthy upper un 87 8 

SS222 healthy upper 21 89 8 

SS226 sick upper 28 86 8 

SS236 sick sys 29 60 7 

SS272 sick upper 2,1/2 124 11 

SS294 sick upper un 36 4 

SS234 healthy upper un 89 8 

SS280 sick upper 29 96 10 

SS087 sick upper 28 127 12 

11 
SS089 sick upper un 127 12 

SS091 sick upper un 129 12 

12 

SS264 sick upper un 131 13 

SS035 sick sys 9 111 1 

SS047 sick sys 9 43 1 

SS051 sick upper un 54 1 

SS310 sick sys 9 29 1 

SS019 sick upper 9 107 1 

SS030 sick upper 9 109 9 

SS037 sick upper 9 111 1 

SS043 sick sys 9 29 1 

SS050 sick sys 9 54 1 

SS052 sick upper 9 54 1 

SS157 sick sys 9 107 1 

SS160 sick upper 9 107 1 

SS162 sick sys 9 111 1 

SS309 sick sys un 29 1 

SS311 sick sys 9 29 1 

13 

SS110 sick upper un 22 4 

SS177 sick upper 15 104 10 

SS009 healthy upper 16 108 1 

SS011 healthy upper 16 113 1 

14 

SS233 healthy upper 9 89 8 

SS171 sick sys 9 95 10 

SS033 sick sys un 111 1 

SS040 sick upper 16 5 1 

SS109 healthy upper 16 31 4 

SS116 healthy upper 16 50 6 

15 

SS174 sick upper 29 96 10 

SS238 sick upper 4 59 7 

SS059 healthy upper 3 97 10 

16 

SS137 sick upper 18 56 7 

SS237 sick sys 18 60 7 

SS242 sick upper 18 56 7 

SS251 healthy upper 18 64 7 

SS273 sick upper 3 125 11 

SS107 healthy upper 7 27 4 

SS315 sick sys 7 23 4 

SS080 sick upper 3 124 11 

SS067 sick upper 2,1/2 104 10 

SS132 healthy upper 2,1/2 65 7 

SS141 sick sys 2,1/2 58 7 

SS145 sick upper 2,1/2 59 7 

 

17 

SS136 sick upper 10 56 7 

SS111 sick upper 21 25 4 

SS084 sick upper 11 126 11 

SS113 sick upper 30 36 4 

SS121 sick upper 11 45 6 

SS151 sick upper 28 86 8 

SS198 sick upper 30 26 4 

SS143 sick upper 16 58 7 

SS215 sick upper 16 77 7 

 

n/a 

SS152 sick upper 7 86 8 

SS163 sick upper un 29 1 

 SS085 sick upper 15 128 12 

Table 3. 2 List of Streptococcus suis isolates with case-control status, sampling site, pig and farm identification, and 

associated grouping on the basis of core genes and serotyping conducted by PCR 
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 Untypable Isolates Existing Serotypes 

Similarity 

group 

Sample 

id Site 

Health 

status 

Farm  

id 

Core 

group 

Cps 

group 

% 

Similarity Serotype 

Farm 

 id 

Core 

group 

Cps 

group 

 

 

 

 

90-100 % 

SS309 sys sick 1 12 14 100 9 1 12 14 

SS228 upper sick 8 5 6 100 4 13 5 6 

SS147 sys sick 1 16 11 100 2,1/2 7 16 11 

SS049 upper sick 1 2 5 100 15 1 2 9 

SS039 sys sick 1 3 2 100 4 13 3 2 

SS060 upper healthy 10 4 5 99 9 10 4 5 

SS089 upper healthy 12 11 12 99 9 1 12 6 

SS264 upper sick 13 12 4 98 8 13 9 4 

SS192 upper healthy 13 10 10 98 8 13 9 9 

SS266 upper sick 13 1 2 96 4 13 3 2 

SS213 upper sick 7 1 2 96 4 13 2 2 

 

 

 

 

50-89 % 

SS031 upper sick 11 7 9 71 30 4 17 9 

SS221 upper healthy 8 10 4 69 8 13 9 4 

SS303 upper sick 7 6 9 62 28 8 17 9 

SS294 upper sick 4 10 4 59 21 8 10 4 

SS044 upper sick 1 2 9 56 30 7 17 9 

SS227 upper sick 8 5 6 51 28 10 9 15 

SS254 upper sick 6 6 4 51 5 13 6 4 

SS129 upper healthy 7 6 16 50 10 11 6 16 

SS268 upper healthy 3 5 6 50 28 10 9 15 

 

 

 

 

 

 

 

 

 

<50 % 

SS163 upper sick 1 n/a 1 45 4 13 2 2 

SS249 upper sick 7 6 16 45 31 7 6 16 

SS163 upper sick 1 n/a 1 45 4 13 3 2 

SS051 upper sick 1 12 6 44 29 10 10 15 

SS180 upper healthy 11 6 12 42 2,1/2 7 16 11 

SS314 upper sick 3 4 5 41 10 7 4 5 

SS158 upper healthy 1 6 4 38 15 1 2 9 

SS033 sys sick 1 14 13 32 2, 1/2 10 16 11 

SS188 upper healthy 12 6 16 31 28 12 10 16 

SS185 sys sick 11 3 5 29 1, 14 11 1 5 

SS190 upper sick 12 10 4 28 8 10 9 15 

SS091 upper sick 12 11 5 27 9 12 10 12 

SS191 upper healthy 13 6 4 27 9 1 12 6 

SS234 upper healthy 8 10 12 20 9 1 12 12 

SS110 upper sick 4 13 9 19 18 7 16 1 

SS318 sys sick 4 7 17 16 2, 1/2 11 10 14 

SS187 upper sick 12 8 9 14 29 13 8 4 

SS313 sys sick 3 7 17 6 28 8 17 9 

SS165 upper healthy 1 - n/a 5 28 12 10 16 

SS318 sys sick 4 7 17 16 2, 1/2 11 10 14 

SS187 upper sick 12 8 9 14 29 13 8 4 

SS313 sys sick 3 7 17 6 28 8 17 9 

SS165 upper healthy 1 - n/a 5 28 12 10 16 

Table 3. 3 Percent similarity of untypable isolates recovered from systemic and upper respiratory sites in clinically ill 

and healthy pigs. The farm, core group and cps group that each untypable isolate and corresponding existing S. suis 

serotype is listed 
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Figure 3. 1: The distribution of S. suis serotypes found within systemic (blood/meninges/spleen) and upper 

respiratory (tonsil/nasal cavity) sites of clinically ill (case) pigs and in upper respiratory sites of healthy (control) 

pigs 
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Figure 3. 2: Pangenome matrix of 153 S. suis isolates retrieved from whole genome sequencing. Isolates come from systemic and 

upper respiratory sites of clinically ill pigs and from upper respiratory sites of healthy pigs. The dark blue denotes all of the possible 
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Figure 3. 3: Core gene tree of 153 S. suis isolates. Isolates were detected after sampling from systemic and upper respiratory 

sites of clinically ill (case) pigs and from upper respiratory sites of healthy (control) pigs. Each colour denotes a different 

group and the labels in red denote untypable isolates 
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Figure 3. 4: A concatenated maximum likelihood tree of 153 S. suis isolates. This consists of isolates from clinically ill (case) 

pigs from systemic and upper respiratory sites and healthy (control) pigs from upper respiratory sites based on S. suis cps loci 

that had homology of 50% or greater with known cps loci of serotype 2. This included cps2A, cps2B, cps2C and cps2D. Each 

colour denotes a separate group and the labels in red denote untypable isolates. 
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 Chapter 4: Conclusions 

 Research summary and conclusions 

  Streptococcus suis naturally resides in the upper respiratory tract of pigs. In some, 

systemic infection could result leading to a wide range of disease conditions, typically seen in 

pigs 4-8 weeks of age. Outbreaks tend to be sporadic, however, it is still unknown why some 

pigs remain healthy while others become systemically ill with S. suis infection (Gottschalk & 

Segura et al., 2000). Currently, there are 29 known serotypes that have appeared world-wide and 

distribution is affected by geographical location (Goyette-Desjardins et al., 2014). It is still also 

unclear if certain serotypes are more virulent than others, and therefore it is important that 

research on this subject is ongoing. 

  In this study, isolates from clinically ill and healthy nursery pigs were collected from 

farms experiencing outbreaks of S. suis infection in south western Ontario. This research focused 

on determining which serotypes were most frequently found in 64 clinical cases and 64 farm-

and-pen-matched healthy controls. In this study, the isolates were identified as S. suis if both the 

gdh and recN genes were present. These isolates were then serotyped using a two-step multiplex 

PCR. A variety of serotypes were recovered from both clinically ill and healthy pigs as well as 

on each farm, further showing larger variability of S. suis in commercial production. 

Interestingly, the most frequently found serotypes in systemic sites of clinically ill pigs were 

serotypes 9 and (2,1/2), as well as untypable isolates. This matches closely with results of 

serotypes found in other North American studies and suggests that these serotypes could be 

involved more frequently in clinical disease than other serotypes. (Haas et al., 2017; Zheng et al., 

2018). Detection of serotypes 9 (p=0.03) in upper respiratory sites were positively associated 
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with their detection in systemic sites of cases, while a trend was seen for (2,1/2) (p=0.07); 

however, only a small fraction of detections in systemic sites could be linked with the same 

serotype in upper respiratory sites. Additionally, no statistically significant association between 

colonization of upper respiratory sites of cases and controls by different serotypes of S. suis 

could be detected.  

  This research also examined the relationship of untypable isolates in clinically ill and 

healthy pigs recovered in this study. This was done through phylogenetic analysis of core and 

cps genes based on whole genome sequencing results. Our analysis suggested that these isolates 

could be classified into 3 diverse genetic groups based on cps gene loci. They were either highly 

similar (90-100%),  had moderate to low similarity (50-89%) or were <50% similar to any of the 

existing serotypes presented in the current study. These isolates might have been mistyped,  had  

minor variations in sequences,  or presented as novel serotypes (Gottschalk et al., 2010). 

Interestingly, untypable isolates with high similarity (90-100%) to existing serotypes appeared 

more frequently in cases in comparison to controls. Conversely, untypable isolates that shared 

<50% similarity was equally represented amongst cases and controls. Similar observations were 

seen between systemic and upper respiratory sites of cases and between untypable isolates 

present between farms. Further studies are needed to understand how untypable isolates relate 

with existing serotypes.   

 There were some weaknesses in this research. The sample size of pigs used was low, 

study farms were only included if nursery pigs experienced clinical disease consistent with 

systemic infection of S. suis, and if the owners agreed to participate in the study. Therefore, 

extrapolating these results to the Ontario swine industry should be done with caution. The 
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number of positive samples recovered could have been limited by the number of pigs that could 

have been treated prior to sampling. A one to one case-control matching method could have 

missed some of the diversity of serotypes seen on each farm and it is possible that issues with 

processing of samples could have resulted in false negative results. Lastly, specific antisera 

should be used to identify between serotypes 2 and 1/2 or 1 and 14. 

  Future research on this topic should be continued with a larger sample size of pigs with S. 

suis infection in order to capture the diversity of serotypes seen on Ontario farms. Finding 

specific strains that appear most frequently on each farm would allow for the identification of 

molecular differences that could be targeted for more effective treatment options which could 

lead to reduced mortality and improved welfare of pigs.  
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