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Abstract 

 

INVESTIGATION OF GENETIC CHARACTERISTICS OF STREPTOCOCCUS SUIS ISOLATES 

RECOVERED FROM SICK AND HEALTHY NURSERY PIGS  

Maverick Aradanas 

University of Guelph, 2021 

 

Advisor(s): 

Nicole Ricker 

Abdolvahab Farzan 

 

The aim of this study was to characterize genomic features in S. suis isolates recovered from systemic and 

non-systemic sites of sick and healthy pigs and their association to S. suis disease. A total of 273 S. suis 

isolates were subjected to whole-genome sequencing. Twenty-one S. suis serotypes were identified in the 

collection with serotypes 9 (13.9%) and 2 (8.4%) as the most prevalent, while 19.4% of the isolate 

remained untypable. Virulence-associated factor (VAF) genes were found to be abundant but there was a 

higher frequency of VAF genes in systemic (p<0.001) and non-systemic (p<0.001) isolates from sick 

pigs compared to isolates from healthy pigs. Additionally, 98% of the isolates were found to carry at least 

one antimicrobial resistance (AMR) gene with tetO and ermB as most the prevalent. Interestingly, several 

AMR genes and VAF genes were found in mobile genetic elements such as integrative and conjugative 

elements, and phages. 
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Chapter 1: Literature Review 

1.1 Introduction 

Streptococcus suis is an encapsulated opportunistic Gram-positive pathogen closely 

associated with swine meningitis and in rare cases, capable of zoonotic infections (Gottschalk & 

Segura, 2019). S. suis can cause significant economic losses to both independent and large-scale 

swine producers. In the United States, disease caused by S. suis were estimated to have resulted 

in losses of over 300 million dollars annually (Staats et al., 1997). The first published reports of 

human S. suis infections were in the 1950s in the Netherlands (Jansen & Van Dorssen, 1951) and 

in England (Field et al., 1954). In more recent years, zoonotic infections by S. suis has been 

reported mostly in countries with intensive swine management practices, namely Asian countries 

such as Vietnam and Thailand (Takeuchi et al., 2017; Wertheim, Nguyen, et al., 2009; Staats et 

al., 1997) . The significance of S. suis disease in the swine industry and the risk posed to the 

health of personnel in close contact with swine warrants further research on understanding how 

this bacterium sporadically causes disease.  

1.2 Diagnosis 

1.2.1 Swine 

S. suis infections are primarily associated with swine meningitis, however clinical signs 

often include a wide spectrum of variation (Staats et al., 1997). In addition to meningitis, severe 

disease conditions such as arthritis, endocarditis,  rhinitis, encephalitis,  pneumonia, abscesses 

and vaginitis may manifest due to S. suis infection (Gottschalk et al., 2010; Staats et al., 1997).  

Acute forms of S. suis infections include signs of  a fever (up to 42̊C) in combination with other 

signs including tremors, involuntary head tilt, ataxia, paddling, convulsion, difficulty standing, 

staggering,  skin redness and loss of appetite (Goyette-Desjardins et al., 2014; Staats et al., 

1997). The progression of S. suis infections can be very rapid from the onset of early signs of 

ataxia followed by convulsions and  then followed by sudden death (Gottschalk et al., 2013).  

Furthermore, chronic infections occur more often in pigs already afflicted with various 

conditions including weakness and pneumonia (Gottschalk et al., 2013). The infection of S. suis 

is very intriguing as an asymptomatic carrier may live it’s life without developing any clinical 
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signs (Segura et al., 2020; Chun-ping Zhang et al., 2009; Dee et al., 1993; Brisebois et al., 1990; 

Breton et al., 1986). However in the same context, there have also been reported cases of pigs 

suddenly dying without displaying any prior clinical signs (Gottschalk & Segura, 2000). The 

healthy carriage and sudden spontaneous clinical infections highlight the need for research of 

why some infections results in clinical manifestations and some do not. 

1.2.2 Zoonosis 

Human infections of S. suis have been sporadically reported in individuals closely 

working with pigs and related products, these incidents mainly involved farmers and butchers 

(Arends & Zanen, 1988). The first ever reported case of S. suis human infection occurred in 

Denmark in 1968 (Tarradas et al., 2001). Since the initial report, hundreds of sporadic cases of 

human infections have been reported worldwide (Gottschalk et al., 2007).  Most outbreaks and 

concerns over S. suis zoonotic infections are in Asian countries where multiple outbreaks have 

highlighted the importance of this opportunistic pathogen in public health (Kerdsin et al., 2020; 

Goyette-Desjardins et al., 2014; Takeuchi et al., 2012; Ye et al., 2006). The fatality rate of the 

disease in humans is 13% in Europe and 20% in Asia (Huang, Teng, Ho, & Hsueh, 2005). 

Meanwhile, only eight human cases were reported in North America which may suggest 

underdiagnoses of the disease (Gomez-Torres et al., 2017) or other reasons, such as differences 

in swine production practices.   

Commonly reported routes of infection for S. suis included wounds and abrasions in the presence 

of infected pig or pig products in Western countries (Gottschalk et al., 2007). However, a recent 

study of published worldwide human infections highlighted that only 20% of all the cases 

involved contact with pigs alongside skin injury (Segura et al., 2016) . Their findings suggest 

that other routes of infections likely exist. In support of this, S. suis has previously been 

recovered from the skin, digestive, gastric and urinary tracts, oral cavity and respiratory sites in 

humans (Fongcom et al., 2001).  Interestingly, there are reported cases of S. suis colonization of 

the upper respiratory tract without clinical manifestations – similar to healthy carriage in swine 

(Gottschalk et al., 2007).   

Human S. suis infection is one of the most frequent cause of bacterial meningitis in adults for a 

number of Asian countries including Thailand and Vietnam (Wertheim, Nguyen, et al., 2009).  
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In addition to meningitis, clinical manifestations such as arthritis, pneumonia, endocarditis, 

peritonitis, and/or hearing and vestibular loss were also previously reported (Navacharoen et al., 

2009; Ye et al., 2009). The difference in frequency of human S. suis outbreaks between Asian 

and Western countries can likely be attributed primarily to the cultural differences, as backyard 

swine production systems are commonly used in Asian countries (Takeuchi et al., 2017). This 

allows a close and constant contact between humans and pigs, which increased the likelihood of 

zoonotic infections. Furthermore, in countries such as Vietnam, Laos, and Thailand consumption 

of raw pork products are part of the common practices (Navacharoen et al., 2009).  In the cases 

in the Western countries, individuals infected are likely a result of an accident or improper use of 

equipment. In Canada, an Ontario pork producer disposed of a dead pig from his barn without 

proper personal protective equipment and was diagnosed with S. suis infection (Gomez-Torres et 

al., 2017).  Fortunately, there have not been reported incidences of S. suis transmission between 

humans. However, it is still of utmost importance to invest resources trying to understand the 

mechanisms that cause the sudden onset of disease in both swine and humans.  

1.2.3 Epidemiology  

S. suis typically colonizes the upper respiratory tract, tonsils and nasal cavities, but is 

known to be an opportunistic pathogen that can cause severe clinical disease (Gottschalk et al., 

2013). Generally, clinical cases are frequently observed during the immunity transitional phase 

of a pig, from passive immunity to active immunity. This transitional phase usually occurs in 

pigs 4-8 weeks of age (Cloutier et al., 2003). This is the period of time when the maternal 

antibodies are fading away or are no longer present and the pigs’ immune system is largely still 

under development (Amass et al., 1997). This bacterium can be transmitted both vertically and 

horizontally. The vertical transfer between a sow and piglets may occur when piglets are exposed 

to S. suis during childbirth through vaginal and/or uterine S. suis infections (Staats et al., 1997). 

Additionally, the piglets may be exposed to S. suis after birth by close contact with the sow and 

her feces, and the immediate environment (Higgins et al., 1990). Horizontal transmission 

including sow-to-piglets and piglet-to-piglet are typically through respiratory entry such as 

“nose-to-nose” contact between healthy and infected pigs (Goyette-Desjardins et al., 2014). 
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A significant factor in the epidemiology of S. suis is asymptomatic carriage. Healthy carriers can 

be introduced into herds and go unnoticed due to the lack of clinical signs and potentially spread 

the infection to the herd (Clifton-Hadley, 1984).  A few studies have looked at the rate of 

carriage of S. suis in healthy pigs. In China, in a study by Zhang et al (2009) they observed that 

40.4% of clinically healthy sows carried S. suis in their tonsils. In Ontario, Canada, a study 

reported that 43.6% of healthy pigs at slaughter (Breton et al., 1986) were carriers of S. suis and 

similarly, 36.7% of nursery pigs from 35 different farms across the United States (Dee et al., 

1993) were also healthy S. suis carriers. And lastly, a study in Quebec, Canada on S. suis 

prevalence in clinically healthy 4-to-8 weeks old nursery pigs reported that 94% of all the pigs 

were carriers of S. suis and 98% of all the farms sampled had S. suis presence (Brisebois et al., 

1990). Despite the ubiquitous nature of S. suis, the mortality rate in nursery pigs is typically low. 

Reports of mortality are often less than 5% within properly maintained facilities, but may go up 

to 20% in herds in the absence of appropriate treatments and up  to 50% on low hygiene farms 

with other diseases (Fulde & Valentin-Weigand, 2012; Wertheim, Nghia, et al., 2009; Staats et 

al., 1997). Despite relatively low rate of mortality, S. suis may already result in significant 

economic loses. Different swine farms and facilities differ in environment and in their swine 

production practices leading to different levels of losses around the globe.    

1.2.3.1 Serotypes and Distribution 

There were initially 35 S. suis serotypes recognized based on their capsular 

polysaccharide (CPS). Currently 29 of the 35 are officially recognized as S. suis, six were 

reclassified and taxonomically removed from the S. suis species through sequence and/or 

phylogenetic analyses. Serotypes 32 and 34 are now a part of the Streptococcus orisratti taxon 

and similarly, serotype 33 was recognized as Streptococcus ruminantium. The remaining three of 

the reclassified serotypes including 20, 22, and 26 were proposed to be Streptococcus parasuis 

strains (Hatrongjit et al., 2020; Okura et al., 2016; Hill et al., 2005). The number of recognized S. 

suis serotypes are still very expansive and diverse. More accurate classification of these strains 

and setting of species boundaries will continue to improve as more extensive studies with higher 

number of S. suis isolates are being conducted worldwide (Okura et al., 2016).  
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There are not many studies that have specifically investigated the S. suis serotype distribution 

within healthy carrier pigs. In general, the most prevalent serotypes reported include serotypes 1 

through 8 and 1/2 (Gottschalk, 2013). In Canada, serotypes 1/2, 2, 3, 4, 5, 7 and 8 are the most 

prevalent (Gottschalk & Lacouture, 2015). All of the initial 35 S. suis serotypes (except serotype 

33) have been recovered from diseased pigs (Gottschalk & Segura, 2019).  Although all 

serotypes have been reported, there is a big variation in the prevalence of each serotype in 

diseased pigs globally. The following serotypes have been reported as major S. suis serotypes 

involved in confirmed swine clinical cases per continent: North America – 1, 1/2, 2, 3, 5, 7 and 

14; South America – 1/2, 2, 3 and 6; Australia – 1/2, 2 and 3; Europe – 2, 4, 7, and 9; and lastly 

Asia – 2, 3, 4 (Segura et al., 2020). Recent studies have reported that pigs in USA and Canadian 

swine production systems carry a variety of S. suis serotypes. In these studies, serotypes 1, 1/2, 2, 

3, 5, 7 and 9 were the most prevalent serotypes recovered in systemic infection sites (Denich et 

al., 2020; Estrada et al., 2019).  The key serotypes associated with clinical cases in pigs globally 

consist primarily of serotypes 1/2, 2 and 3 (Segura et al., 2020; Goyette-Desjardins et al., 2014). 

Of the three key serotypes, serotype 2 has been reported as the most common cause of clinical 

infection in piglets globally.  

S. suis serotype 2 is also considered to have the highest zoonotic potential among S. suis 

serotypes (Goyette-Desjardins et al., 2014).  In addition to serotype 2, other serotypes such as 

serotype 5, 14 and most recently 9, are becoming more of a concern in different countries. 

Serotype 14 has been sporadically recovered from human infections in the UK and Thailand, 

with lower prevalence in Australia, France and Canada (Gottschalk & Segura, 2019; Kerdsin et 

al., 2009). Following serotype 2 and 14, serotype 5 is the third most prevalent serotype recovered 

from human infections (Gustavsson & Ramussen, 2014). Serotype 9 was one of the most 

prevalent serotypes in diseased pigs in Europe, and has previously been reported to be capable of 

zoonotic infections from a severe human infection in Thailand (Kerdsin et al., 2017). The 

increasing prominence of multiple S. suis serotypes in both swine and human infections 

emphasizes the need for the development of new control guidelines and preventative measures 

against S. suis.   
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1.3 Prevention 

As aforementioned, piglets are colonised by S. suis at a very early stage and so early 

weaning is incapable of protecting against S. suis (Gottschalk & Segura, 2019).  Aside from farm 

management systems, the most common preventative measures against S. suis are the use of 

antibiotics/antimicrobials and vaccines (Segura et al., 2020). Both methods come with a set of 

challenges and caveats. There is no effective universal S. suis vaccine commercially available. 

Furthermore, the problems associated with over usage of antimicrobials in agriculture have been 

widely documented.  

1.3.1 Antibiotics  

The routine prophylactic and/or metaphylactic use of antibiotics has prevented the 

incidence of S. suis caused disease at estimates ranging from 5% up to 20% in pigs (Segura et al., 

2020). The most effective antibiotics used in treating S. suis in pigs include penicillin, other 

broad spectrum beta-lactam antibiotics and others that belong to categories 1 and 2 of 

high/critical importance drugs (Segura et al., 2020; Neumann et al., 2009). These antibiotics are 

of utmost importance in human medicine causing the industry to restrict usage of these 

antibiotics. S. suis has been documented to carry antimicrobial resistance  (AMR) and pose high 

risk as a vector of  transmission to other pathogens (J. Huang, et al., 2016). The increasing 

prevalence of antibiotic resistance and stricter regulations of antibiotic use requires development 

of new strategies and guidelines in treating S. suis infections with antibiotics.  

The risk of AMR in S. suis is a global issue. S. suis has also been labeled as a potential AMR 

gene reservoir with the potential to contribute to the dissemination of AMR genes to other 

human pathogens including S. pyogenes, S. pneumoniae and many others (J. Huang, Ma, et al., 

2016; Varela et al., 2013). In Ontario, high resistance to tetracycline has been reported in S. suis 

pigs from 1998 to 2010 (Glass-Kaastra et al., 2014) . In the entirety of North America, resistance 

to antibiotics such as tetracycline, erythromycin, clindamycin and tilmicosin, has been reported 

to be the most common (Arndt et al., 2019; Portis et al., 2013).  These results  mirrored the most 

commonly observed AMR in S. suis isolates in a study from China (L. Li et al., 2012). In Brazil, 

a study reported a slightly different pattern with tetracycline, sulfa-trimethoprim, clindamycin, 

norfloxacin and ciprofloxacin being the most commonly observed resistances in S. suis (Soares 
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et al., 2014). In the same study, 99.61% (253/260) of their strains were found to be multidrug 

resistant to at least four antimicrobials, 85% (221/260) of strains were resistant to eight, and nine 

strains were resistant to all 16 antibiotics tested.  

1.3.1.1 Mobile genetic elements 

Mobile genetic elements (MGEs) are genetic entities that affect evolution within bacteria 

by either decreasing or increasing the genomic potential of a bacterium through genetic transfer. 

MGEs include a wide variety of forms including plasmids, bacteriophages, integrative 

conjugative elements (ICEs) and insertion sequences (IS) (Naito & Pawlowska, 2016).  MGEs 

often carry AMR genes and other virulence factors from one bacterium to another.  Proteins 

SalK and SalR are parts of a two-component signal transduction system and are known virulence 

factors in S. suis. The genes encoding these proteins are found on a MGE, an 89 kb pathogenicity 

island that is linked to S. suis isolates with high virulence identified in China (M. Li et al., 2008). 

In S. suis, numerous AMR genes such as tetracycline, aminoglycosides, chloramphenicol and 

macrolide resistance genes were frequently carried by ICEs capable of autonomous conjugation 

(Tan et al., 2021; J. Huang et al., 2019; H. Zheng et al., 2018; J. Huang, Ma, et al., 2016; Athey, 

Teatero, Takamatsu, et al., 2016; Ambroset et al., 2016; Bellanger et al., 2014; Palmieri, 

Varaldo, et al., 2011).  

Recently, a comprehensive search and analysis of integrative and mobilizable elements (IMEs), 

ICEs and associated AMR genes was conducted in 214 S. suis draft genomes (Libante et al., 

2019).  In these genomes, Libante et al. (2019) found almost 400 AMR genes and numerous 

ICEs, IMEs and other elements at different chromosomal sites. Their results highlighted that 

ICEs and IMEs are major contributors in the dissemination of AMR genes between S. suis strains 

and other bacteria. They concluded that further studies are required to understand the 

contribution of these MGEs in global public human and swine health.  

Bacteriophages are another very important type of MGE in Gram-positive bacteria but they have 

received minimal attention in S. suis. Like ICEs, bacteriophages have been reported to play the 

role of AMR gene vehicles and spread AMR within bacterial communities (Calero-Cáceres & 

Muniesa, 2016; Calero-Cáceres et al., 2014; Marti et al., 2014). However in S. suis, there have 

not been many studies describing bacteriophages in general and reports of bacteriophages as 
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AMR vehicles were even more rare (Palmieri, Princivalli, et al., 2011; H. Zheng et al., 2018). 

There has also been no reported precedence of virulence factors encoded in phages in S. suis. In 

other streptococcal species, bacteriophages have been described to encode virulence factor genes 

involved in pathogenesis and invasion (Ibrahim et al., 2016; Walker et al., 2014; Bensing et al., 

2001) and have also been known to play a role in frequent recombination events in streptococcal 

genomes. The abilities of MGEs to transfer both AMR and virulence factors places attention to 

the need for AMR treatment alternative methods, especially since there is no globally efficacious 

vaccine available to prevent S. suis infections.  

1.3.2 Vaccine 

There has been an intensive amount of research that resulted in a number of vaccine-

candidate antigens, however there is still no universal S. suis vaccine available (Segura, 2015). 

Autogenous vaccines are currently the only available vaccine used for S. suis. These vaccines 

consist of killed virulent strains isolated from clinically diseased pigs present on a particular 

farm, to be used on that same farm.  The effectiveness of these autogenous vaccines often depend 

on their manufacturers (using different protocols such as concentration of antigens and 

adjuvants)  and are very farm-specific -- only useful against homologous strains (Segura, 2015).  

Furthermore, S. suis as the source of disease must be properly diagnosed for the vaccine to be 

relevant (Segura et al., 2020). One of the biggest limiting factors in the development of a vaccine 

is the lack of a well-standardized animal model for testing efficacy. This is especially applicable 

for all strains that are not as extensively studied as serotype 2 (Segura, 2015).   

1.4 Genetic diversity 

Aside from the lack of models, perhaps the most important limiting factor in the 

development of vaccines and other prevention measures is the considerable phenotypic and 

genetic diversity of S. suis, even within strains of the same serotypes (Segura, 2015; Weinert et 

al., 2015). In a study of S. suis whole-genome sequencing data by Weinart et al. (2015), it was 

observed that not even half of proteins carried by an average S. suis strain is conserved at 80% or 

higher protein identity across the entire species. Furthermore, there have been observed trends in 

phenotypic (such as observed beta-lactam minimum inhibitory concentration (MIC)) and 

genotypic differences including larger genomes in nonclinical strains relative to clinical strains 
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(Yongkiettrakul et al., 2019; Hernandez-Garcia et al., 2017; Weinert et al., 2015; Chen Chen et 

al., 2007). In a review by Segura et al. (2020), they stated that despite the overall high genetic 

diversity, clinical S. suis generally has less genetic diversity than nonclinical isolates and thus 

implies the possibility of designing a universal vaccine to control S. suis.  

There is now an increased focused on studies which revolve around the genetic diversity, 

genomic elements of S. suis and their role in the bacterium’s pathogenesis.  However, there is 

significant importance placed in proper identification and classification methods used for this 

high diversity species. There have been a number of newly developed classification methods 

such as improved polymerase chain reaction (PCR) protocols, multilocus sequence typing 

(MLST) and the use of Next Generation Sequencing (NGS) data. These classification methods 

are of great importance in studying the diversity within S. suis. 

1.5 Classification 

1.5.1 Serotyping 

S. suis is an encapsulated bacterium. Serotyping of this bacterium is based on the antigens 

present on its capsular polysaccharide (cps) (Staats et al., 1997). The most commonly used 

serotyping method for S. suis is co-agglutination (Gottschalk et al., 1993). This method relies on 

anti-sera that react specifically to cps antigens unique to each of the 35 known S. suis serotypes 

(Staats et al., 1997).  The process requires reacting the anti-sera with a mixture of the S. suis 

strain to be typed and protein A of Staphylococcus aureus. A strain is deemed positive for a 

serotype if an agglutination reaction occurs as a result of the strain carrying the antigens that 

specific anti-sera binds to (Staats et al., 1997).  

Although co-agglutination is a popular and informative tool in identifying S. suis strains, it has 

multiple caveats.  The typing process requires a separate reaction for each anti-serum per isolate, 

hence leads to intensive labour and high cost when testing a large number of isolates (Okura et 

al., 2016). There are also issues with cross-reactions of some serotypes because they may share 

common antigenic determinants (Goyette-Desjardins et al., 2014).  For example, co-

agglutination often fails to differentiate between serotypes 1/2 with serotype 1 and 2, serotypes 2 

and 22, serotypes 6 and 16 and finally serotypes 1 and 14.  There are also S. suis strains that do 

not undergo agglutination in the presence of any of the 35 known anti-sera (Z. Liu et al., 2013). 
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These strains are untypables. There have been multiple explanations of why these strains can’t be 

typed. The simplest explanation may be because these untypables are novel or are known but 

mutated serotypes (Gottschalk et al., 2013). Another explanation is that these strains may be non-

encapsulated (Bonifait et al., 2010)  and it’s impossible to type these strains using traditional 

methods relying on the CPS antigens. Bonifait et al. (2010) found that the untypables had high 

surface hydrophobicity and increased endothelial cells adherence properties that were correlated 

to the absence of a capsule. They concluded that further studies are required to investigate the 

presence or expression of genes involved in capsule production in untypables.  

1.5.2 Polymerase Chain Reaction (PCR) 

The need for faster, cost-efficient and more accurate diagnostic tests was highlighted by 

limitations of traditional serotyping methods. An alternative method for serotyping S. suis that 

has been continuously improved upon is multiplex PCR.  One of the earliest developed PCR 

assays was based on a highly conserved gene with a relatively low mutation rate encoding the 

enzyme glutamate dehydrogenase (gdh) (Okwumabua et al., 2003). Unfortunately, this multiplex 

PCR assay was only useful for detecting the presence or absence of  S. suis within a sample. The 

assay was only able to distinguish between a limited number of serotypes such serotypes 1, 1/2, 

2, 7, 9 and 14. Following earlier iterations of PCR assays, Lie et al. (2013) developed a set of 4 

different multiplex PCR assays based on the wyz gene (involved in cps synthesis). The multiplex 

PCR assays were able to distinguish all 35 serotypes except between serotypes 1 and 14 and 

serotypes 2 and 1/2 (Z. Liu et al., 2013). A two-step multiplex PCR assay based on the cps gene 

clusters of S. suis improved upon the previous developments in PCR based serotyping (Okura et 

al., 2014). Okura et al. (2014) tested the multiplex PCR assays and accurately distinguished the 

serotypes of 95% of all isolates tested. The failure to type some of the isolates were concluded to 

be caused by cross reaction between novel cps types with known typing sera or mismatched 

sequences in primers sites. Like traditional and previous multiplex PCR assays, this assay was 

also not able to distinguish between serotypes 2 and 1/2 and serotypes 1 and 14.  

Lacouture et al. (2020)  developed the mismatch amplification mutation assay-PCR (MAMA-

PCR) to address the issue of distinguishing between serotypes 2 and 1/2 and serotypes 1 and 14. 

The only difference in the cps loci between serotypes 2 and 1/2,  and 1 and 14, is a 
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nonsynonymous single-nucleotide polymorphism (SNP) (Athey, Teatero, Lacouture, et al., 2016) 

which made them very similar and difficult to distinguish through traditional PCR. The MAMA-

PCR uses SNP-specific primers at the 3’-end for SNP discrimination (Deekshit et al., 2019). 

Lacouture et al. (2020) used two set of forward primers for their MAMA assay. The first forward 

primer was complementary to the SNP of the cpsK gene of serotypes 1 and 1/2 with one 

mismatch which in turn results in two mismatches in the cpsK gene of serotypes 2 and 14. The 

second forward primer was complementary to the SNP of the cpsK gene of serotypes 2 and 14, 

which in turn results in two mismatches in the cpsK gene of serotypes 1 and 1/2. Single 

mismatch in the allele-specific primers have no effect on the PCR yield but primers with more 

than two mismatches do not generate detectable PCR products. For serotypes 1 and 14, positive 

detection for the first primer and negative for the second primer corresponds to serotype 1 and 

vice versa for serotype 14.  Similarly, for serotypes 2 and 1/2, positive for the first primer and 

negative for the second primer corresponds to serotype 1/2 and vice versa for serotype 2. The 

development of this PCR assay is of great importance as serotypes 1/2 and 2 are of the most 

prevalent cause of clinical infections in pigs.  

1.5.3  MALDI-TOF MS 

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

TOF-MS) is an emerging technology used for accurate and rapid microbial identification 

(Singhal et al., 2015). The identification using this method revolves around a characteristic 

spectrum unique to specific microbes called peptide mass fingerprint (PMF) (Singhal et al., 

2015). The identification process compares the PMF of isolates to PMFs within a known 

database. A study by Perez-Sancho et al. (2015) demonstrated the effectiveness of this method 

by identifying the serotypes of 96.9% of a collection of S. suis isolates in one study and followed 

by another study identifying other Streptococcus strains (Pérez-Sancho et al., 2015, 2017). These 

studies proved that aside from common methods mass spectrometry provides another viable 

alternative for S. suis identification. 

1.5.4 Multilocus sequence typing (MLST) 

The multilocus sequence typing (MLST) model for S. suis was first established in 2002 

(King et al., 2002). King et al., developed the model which used and compared sequences of 
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seven housekeeping genes namely recA, aroA, thrA, cpn60, mutS and gki. These housekeeping 

genes were extracted from 294 S. suis from different countries and were clustered into their 

respected sequence types (STs).  In this study, they identified 92 different sequences types with 

many STs consisting of multiple isolates. Their results showed that each S. suis serotype can 

have at least 16 unique STs. Since the development of the model, there are now over 1300+ 

MLST profiles for S. suis available at the public MLST database (https://pubmlst.org/ssuis/).   

Another significant finding from the King et al. (2002) study was the potential horizontal 

transfer of cps genes within the S. suis population. They found individual STs that consist of 

isolates from different serotypes and many isolates from the same serotypes were found to 

belong to different genetic backgrounds. Okura et al. (2014) revisited and performed MLST 

analysis on the same 294 isolates used by King et al. (2002). They found similar result where 

different serotypes had similar genetic backgrounds.  Both of these studies strongly supported the 

possibility of intra-species transfer of serotype specific cps genes. 

MLST can be used alongside serotyping to provide more information on the genetic diversity of 

S. suis worldwide. Similar to serotypes, there are specific STs (STs of serotype 2 in particular) 

with high prevalence in clinical cases both in pigs and humans worldwide. The most prevalent 

ST isolated from both humans and pigs in Asia, Europe, South America and Africa is ST1 of 

serotype 2 (Segura et al., 2020).  North America differs from other regions by having fewer  

reported cases of clinical ST1 infections in pigs and only a single human ST1 case (Segura et al., 

2020). In mainland China, a ST1 variant is endemic and ST28 human infections were only 

reported in Japan and Thailand (Segura et al., 2020). 

1.5.5 Whole Genome Sequencing (WGS) 

The recent advances in WGS technologies have allowed rapid and relatively inexpensive 

sequencing of bacterial genomes. This method has been used to rapidly identify known and 

putative virulence factors present in the genomes of bacterial strains (Gilchrist et al., 2015). It is 

of no surprise that this method may also be used to develop schemes for microbial identification.  

An in silico serotyping pipeline was developed recently that used WGS short-read data and 

tested on multiple genomes of S. suis strains, where it successfully categorized 121 isolates into 

the 29 different S. suis serotypes officially recognized (Athey, Teatero, Lacouture, et al., 2016). 

https://pubmlst.org/ssuis/
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The pipeline consists of alignment of sequences to the recN gene for species confirmation and 

followed by alignment to a custom serotype specific cps database to determine isolate serotype. 

Unlike traditional and PCR-based methods, this method was capable of distinguishing between 

serotypes 1 and 1/2 and serotypes 1 and 14. This was accomplished by screening and alignment 

of cps loci sequences using ClustalW. The serotypes were distinguished based on a single 

nucleotide polymorphism (SNP) at the position of 483 of the cpsK gene nucleotide sequence. In 

this position, serotypes 2 and 14 had a guanine nucleotide while serotype 1 and 1/2 had thymine 

or cytosine at the same position. In the predicted protein sequences of the gene, serotype 1 and 

1/2 encodes a cysteine and serotype 2 and 14 encodes a tryptophan at position 161.  Their 

pipeline demonstrates the potential of WGS based approaches in accurately identifying all the 

serotypes of S. suis isolates, which previous approaches were incapable of. 

In addition to MLST, another non-serotype identification system based on a minimum core 

genome (MCG) using WGS  data was proposed (C. Chen et al., 2013). Chen et al. (2013) 

extracted the core genomes of 72 isolates using BLAST. They extracted a total of 1077 core 

genes and excluded 201 genes which include MGEs and genes with high genetic diversity to 

derive 877 MCG genes (40.8% of the entire genome). The isolates were assigned to a total of 7 

different subpopulations (MCGG1-7) and un-groupable groups. They found that isolates of 

MCGG1 include all the highly virulent strains of ST1 and ST7 and the group also carry the most 

virulent genes. Conversely, MCGG6 were found to carry the least number of virulent genes and 

were found to have diverged earliest from the phylogeny. This group was the closest relative to 

the rest of the groups to the lineage of S. pneumoniae.  Chen et al. stated that these findings 

suggest that S. suis have evolved progressively and gained additional virulence genes gradually 

until becoming zoonotic.  

1.6 Pathogenesis 

The exact virulence mechanisms of S. suis are not well understood. However, there is a 

general consensus that the onset of disease is dependent on multiple variables including the host 

factors such as immunological status and age, co-infections, environmental stressors and 

bacterial virulence determinants(Segura et al., 2020).  The colonisation of S. suis in the upper 

respiratory tract may lead to asymptomatic carriage but it is also the initial step of disease 

development. After the initial colonisation, S. suis can enter and survive in the blood stream and 
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can then colonise major organs including the liver, kidney, lungs and the heart leading to clinical 

signs (Fittipaldi et al., 2012). Furthermore, the probably of a disease onset is drastically increased 

in the case of coinfections such as that of viruses (J. Li et al., 2019; Thanawongnuwech et al., 

2000; Galina et al., 1994).  

1.6.1 Virulence factors 

One of the most important aspects of S. suis pathogenesis are bacterial genetic virulence 

determinants. Genetic determinants are genes encoding virulence associated factors (VAFs) 

carried by a bacterium. A collection of over 70 different confirmed and putative factors have 

previously been reported in S. suis (Fittipaldi et al., 2012). In general, these VAFs may be 

classified in to three broad categories which are surface and secreted elements, enzymes and 

proteases, regulatory systems and transcription factors, and others (Feng et al., 2014; Fittipaldi et 

al., 2012). It’s however important to note that many VAFs have multi-functionality and may be 

placed in multiple categories.  

1.6.1.1 Surface and secreted elements 

The genes within this category include well studied VAFs such as the capsular 

polysaccharides (cps), extracellular protein factor (epf), muramidase-released protein (mrp) and 

the thio-activated hemolysin, suilysin (sly) (Goyette-Desjardins et al., 2016; S. Lun et al., 2003; 

Uri Vecht et al., 1989).  Among these elements, the cps is the major virulence factor that enables 

S. suis to avoid immune-clearance systems of the host such as phagocytosis (Segura, 2012; 

Fittipaldi et al., 2012). However, the function of the cps is only well known in serotype 2 and its 

role in other serotypes is not well studied. Okura et al. tested the role of cps in virulence in other 

serotypes by generating serotyped switched mutants by exchanging the CPS gene clusters of 

multiple serotypes (Segura et al., 2020). They observed variance in virulence levels among the 

switched serotype mutants. They found that switching serotypes and the structure of the CPS 

itself is a key factor in trying to determine the virulence level of S. suis but states that further 

studies are required to understand the mechanisms. 
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1.6.1.1.1 MRP, EPF, SLY 

The exact functions of epf is unknown but it is known that epf encodes a secreted protein 

(Uri Vecht et al., 1989). The gene mrp was recently found to play a role in adherence of serotype 

2 strains to host cells and survival in blood (Q. Li et al., 2017). The phenotype mrp+epf+ was 

observed to be predominant (77%) in a collection of clinical S. suis serotype 2 isolates and 

absent in many of nonclinical isolates (86%) studied in the Netherlands (Galina et al., 1992). 

These findings suggest that these proteins might be good indicators of virulent S. suis. However, 

in a study conducted in the United States the phenotype was observed to be present only in 56% 

of clinical isolates (Galina et al., 1992). Some studies have also shown that the epf gene is not 

commonly carried by clinical S. suis (Oh, JEON, et al., 2017).  Oh et al. (2017) found that epf is 

only found in 7.5% of clinical serotype 2 strains and 1.3% in clinical serotype 1/2 strains.  

Along with mrp and epf, sly has also been used as an indicator of virulence. Suilysin (sly) 

is a thiol-activated cytolysin recognized to be capable of lysing eukaryotic cells containing 

cholesterols (S. Lun et al., 2003). Suilysin-positive strains are capable of crossing the respiratory 

epithelia (Benga et al., 2004) which also indicates its role in inducing inflammatory response and 

bypassing blood-brain barriers (Fittipaldi et al., 2012). Suilysin have also been observed to 

protect the bacterium from host monocytes and neutrophils (Oh, JEON, et al., 2017; Gottschalk 

& Segura, 2000). Despite the functions of suilysin, some suilysin-negative strains have been 

reported to be virulent and are still capable of intracellular invasion and survival in blood 

(Fittipaldi et al., 2012).  

Additionally, a recent study on the search for predictors of S. suis pathogenicity in the United 

States found that the classical epf+/mrp+/sly+ genotype was not a strong predictor of pathogenic 

strains (Estrada et al., 2021). The classical genotype was only detected in 9% of pathogenic 

strains studied, while the genes ofs (serum opacity factor) (Baums et al., 2006a) and srtF (sortase 

F) (Fittipaldi et al., 2010) were found in 95% of the pathogenic strains. Estrada et al. (2021) 

concluded that the ofs+/srtF+ is a stronger predictor of pathogenic S. suis strains compared to 

the classical virulent genotype. Indeed, these studies suggest that strains with phenotype 

mrp+epf+sly+ are likely to be highly virulent but presence of other factors must be considered. 
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1.6.1.2 Enzymes and proteinases  

The VAFs in these category are enzymes involved in central metabolism, bacterial 

surface components synthesis and modifications, and interspecies quorum sensing (Feng et al., 

2014). Many of these VAFs are involved in interacting with the environment and play diverse 

roles in adaptations. For example, an important VAF within this category is the arginine 

deaminase system (ADS) encoded by the arcABC operon. A study has proven that ADS is 

required for S. suis survival in acidic environments and possibly correlates with the rates of 

successful infections (Gruening et al., 2006).  

1.6.1.3 Transcription factors and regulators  

The VAFs within this category are generally involved in regulating bacterial mechanisms 

including the expression of other VAFs (Feng et al., 2014). The roles played by these VAFs are 

very important in determining the level of S. suis virulence. The salK-salR two component signal 

transduction system (TCSTS) was found to be involved in the regulation of multiple gene 

expression levels (M. Li et al., 2008). Li et al. (2008) observed that deletion of this system 

caused a significant downregulation of the expression of these genes and increased susceptibility 

to leukocytes. Furthermore, ΔsalK-R mutants were observed to have significant increase in 

virulence. Another important regulator is the catabolite control protein A (ccpA) which regulates 

sugar metabolism (Willenborg et al., 2011).  Willenborg et al. (2011) found that the expression 

of multiple VAFs including ADS operon gene arcB, surface antigen one (sao) (Y. Li et al., 

2007), and enolase (Esgleas et al., 2008) were altered in a strain with mutated ccpA. 

Furthermore, the deletion of ccpA was found to result in significantly thinner capsule, lower 

resistance to neutrophil-mediated killings and reduced bacterial virulence (Tang et al., 2012). 

1.7 Research Objectives 

Streptococcus suis is ubiquitous in pigs and yet only a small percentage of pigs become 

clinically ill. The aim of this study was to investigate genomic features of S. suis isolates 

recovered from the systemic and non-systemic sites of sick and healthy pigs and their 

associations with S. suis disease. Using whole genome sequencing (WGS), the distribution 

patterns of known and putative virulence associated factors (VAFs) in the S. suis isolates 

recovered were investigated. In this study, we addressed two major research goals. The first goal 
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was to investigate the association of VAF and AMR gene distribution patterns in S. suis isolates 

with disease status in nursery pigs.  This goal was addressed with the following research 

objectives: 

1. Type S. suis isolates using an in silico method. 

2. Determine the VAF/ AMR gene distribution in S. suis isolates:  

a. between and within serotypes, 

b. between non-systemic sites from healthy and sick pigs, and finally, 

c. between systemic and non-systemic sites from sick pigs. 

The second research goal was to investigate other genomic feature differences, such as genome 

size, differences in the genes carried by isolates recovered from systemic and non-systemic sites 

of sick and healthy pigs, and mobile genetic elements (MGEs) along with their distribution 

patterns. This goal was addressed with the following research objectives: 

1. Investigate genes carried by S. suis isolates through pangenome analysis. 

2. Screen isolates for the presence of MGEs, and 

3. investigate carriage of AMR and VAF genes within MGEs. 

4. Determine distributions of MGEs among isolates recovered from systemic and non-

systemic sites of healthy and sick pigs, serotypes, and farms. 

The findings of this study may contribute to understanding the mechanisms of S. suis disease 

onset. The results can contribute to the development of pathogen control measures such as in 

vaccine development and antibiotic usage guidelines to control S. suis on swine farms. 
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Chapter 2: Serotypes, virulence associated factors, and antimicrobial resistance 

of Streptococcus suis isolates recovered from sick and healthy pigs determined by 

whole genome sequencing  
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2.1 Abstract 

Streptococcus suis is ubiquitous in swine and yet only a small percentage of pigs become 

clinically ill. The objective of this study was to describe the distribution of serotypes, virulence-

associated factor (VAF) and antimicrobial resistance (AMR) genes in S. suis isolates recovered 

from systemic (blood, meninges, spleen and lymph node) and non-systemic (tonsil, nasal 

cavities, ileum and rectum) sites of sick and healthy pigs using whole genome sequencing 

(WGS). In total, 273 S. suis isolates recovered from 112 pigs (47 isolates from systemic and 136 

from non-systemic sites of 65 sick pigs; 90 isolates from non-systemic sites of 47 healthy pigs) 

on 17 Ontario farms were subjected to WGS. Using in silico typing, 21 serotypes were identified 

with serotypes 9 (13.9%) and 2 (8.4%) as the most frequent serotypes, while 53 (19.4%) isolates 

remained untypable. The relative frequency of VAF genes in isolates from systemic (Kruskal-

Wallis (KWT), p < 0.001) and non-systemic (KWT, p < 0.001) sites in sick pigs was higher 

compared to isolates from non-systemic sites in healthy pigs. Although many VAF genes were 

abundant in all isolates, three genes including dltA (Fisher’s test (FT), p < 0.001), luxS (FT, p = 

0.01) and troA (FT, p = 0.02) were more prevalent in isolates recovered from systemic sites 

compared to non-systemic sites of pigs. Among the isolates, 98% had at least one AMR gene and 

79% had genes associated with at least four drug classes. The most frequently detected AMR 

genes were tetO conferring resistance to tetracycline, and ermB conferring resistance to 

macrolide, lincosamide and streptogramin (MLS). The wide distribution of VAFs genes in S. suis 

isolates in this study suggests that other host and environmental factors may contribute to S. suis 

disease development. 
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2.2 Introduction 

Streptococcus suis is a Gram-positive opportunistic bacterial pathogen responsible for meningitis 

and other diseases in pigs and occasionally, capable of zoonotic infections (Gottschalk & Segura, 

2019). S. suis is ubiquitous in pigs and although, only a small percentage of pigs become 

clinically ill (Fulde & Valentin-Weigand, 2012; Wertheim, Nguyen, et al., 2009; Staats et al., 

1997), the disease can cause significant economic losses to swine producers.  

The routine use of antimicrobials to control S. suis infection also presents a serious problem in 

development of antimicrobial resistance (AMR) (Goyette-Desjardins et al., 2014). AMR in  S. 

suis has been documented worldwide with high rates of phenotypic resistance to tetracyclines, 

lincosamides and macrolides reported (Arndt et al., 2019; H. Zheng et al., 2018; Varela et al., 

2013; Princivalli et al., 2009; Hendriksen et al., 2008; Wisselink et al., 2006). Though in lower 

frequencies, resistance to other antimicrobials including beta-lactams (P. Hu et al., 2011; 

Chunping Zhang et al., 2008; Y.-T. Huang et al., 2005), trimethoprim–sulfamethoxazole (Holden 

et al., 2009; Chunping Zhang et al., 2008; Wisselink et al., 2006), aminoglycosides (Arndt et al., 

2019; Hendriksen et al., 2008; Wisselink et al., 2006), fluoroquinolones (Escudero et al., 2007, 

2011; Hendriksen et al., 2008; Aarestrup et al., 1998) and chloramphenicol (Takamatsu et al., 

2003) has also been reported. Over time, there has been a global trend of increased resistance to 

tetracycline, aminoglycosides, fluoroquinolones, macrolides and cephalosporins (Segura et al., 

2020; van Hout et al., 2016; Varela et al., 2013) in S. suis. Recent metagenomic studies have also 

supported the trend of increased resistance and broad distribution of AMR associated genes 

globally (Tan et al., 2021; Nicholson et al., 2021; Segura et al., 2020).  Recombination plays a 

key role in the evolutionary history of S. suis (Weinert et al. 2015) and it has been suggested that 

S. suis has the potential to act as an antimicrobial resistance reservoir (Varela et al., 2013).  

Currently twenty-nine S. suis serotypes are recognized, with serotypes 1, 1/2 , 2, 3, 5, 7, and 14 

being the most frequent serotypes associated with clinical infections in North America (Segura et 

al., 2020). Globally, the key serotypes associated with clinical infections consist primarily of 

serotypes 1/2;2 and 3 (Segura et al., 2020), with serotype 2 being the most prevalent and well 

characterized in human and pig clinical infections. Recently, serotype 9 has shown increased 

importance in S. suis clinical pig infections globally with increased prevalence in many European 

countries including Spain, Netherlands, Germany and Belgium (Segura et al., 2020; Goyette-
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Desjardins et al., 2014; Schultsz et al., 2012), as well as in China (Zhu et al., 2011) and Canada 

(Arndt et al. 2018; Gottschalk and Lacouture 2015).  

Serotyping of S. suis is traditionally conducted  by slide co-agglutination test using antibodies 

directed against the capsular polysaccharide (CPS) (Gottschalk et al., 1993). However, over the 

last two decades, multiplex PCR assays based on conserved genes and cps gene clusters have 

also been developed as alternatives to serotyping S. suis (Okura et al., 2014; Z. Liu et al., 2013; 

Okwumabua et al., 2003).  Co-agglutination and PCR methods have been unable to distinguish 

certain serotypes from each other, namely between serotypes 1 and 14 and serotypes 2 and 1/2. 

Furthermore, both methods often result in a proportion of isolates being untypables, i.e. unable to 

be assigned to any of the currently known serotypes. The serotypes that previously could not be 

distinguished (ex. 1 and 14; 2 and 1/2) can now be identified based on single nucleotide 

polymorphisms (SNP) in the cps genes either by mismatch amplification mutation assay 

(MAMA) (Lacouture et al. 2020) or through in silico methods using whole genome sequencing 

(WGS) data (Athey, Teatero, Lacouture, et al., 2016). 

Multilocus Sequence Typing (MLST) is also commonly used for subtyping S. suis strains. The 

MLST for S. suis was first established by King et al. (2002), who developed the model which 

assigns a sequence type (ST) based on the allele combinations of seven housekeeping genes 

(recA, aroA, thrA, cpn60, mutS, dpr and gki). The serotype 2 strains have been extensively 

characterized by MLST, and ST1 has been shown to be the most frequently associated with 

disease in both humans and pigs in Europe, Asia, Africa and South America (Segura et al., 2020; 

Callejo et al., 2016; King et al., 2002).  Conversely, in North America, ST25 has high prevalence 

and association with disease in pigs and humans (Segura et al., 2020; Gomez-Torres et al., 2017; 

Fittipaldi et al., 2011).   

The exact virulence mechanisms of S. suis are not well understood. Numerous virulence-

associated factors (VAFs) have been suggested to be involved in of S. suis pathogenesis. The 

most studied VAFs include the capsular polysaccharide (Segura, 2012; Fittipaldi et al., 2012), 

muramidase-released protein (MRP)  (Li et al. 2017; Smith et al. 1992), extracellular protein 

factor (EPF) (Smith et al. 1999) and suilysin (SLY)  (S. Lun et al., 2003).  However, the actual 

involvement of many VAFs in S. suis disease development remains controversial (Segura et al., 



 

21 
 

2017). Three key VAFs have been characterized as important for virulence in serotype 2 isolates 

(EPF, SLY and MRP); however, virulent S. suis strains which do not produce or carry genes 

encoding these proteins are regularly reported in literature (Segura et al., 2017). Furthermore, 

several VAFs including LysM (Wu et al., 2016), EsxA (Lai et al., 2017), SrtR (Hu et al. 2019), 

5’-nucleotidase (ssadS) (Dai et al., 2018) and Antigen I/II (Chuzeville et al., 2017), have been 

found to be associated with clinical serotype 9 strains but not serotype 2 strains.  

The objectives of this study were to analyze the whole genome sequencing data of S. suis isolates 

recovered from systemic and non-systemic sites of sick and healthy pigs from multiple farms in 

order to determine the serotype of the S. suis isolates using an in silico method and identify the 

distribution of VAFs and AMR genes across the different serotypes, farms and disease status in 

those isolates. 

2.3 Materials and Methods 

2.3.1 Streptococcus suis isolates 

The isolates used in this study were recovered from nursery pigs with clinical signs of S. suis 

infection and from age-matched healthy animals on the same farm whenever possible on Ontario 

farms between 2013 and 2018 (Denich et al., 2020; Arndt et al., 2018). The identities of S. suis 

isolates were considered confirmed if glutamate dehydrogenase (gdh) (Okwumabua et al., 2003) 

and recombination protein N (recN) (Ishida et al., 2014) were both detected by PCR (Denich et 

al., 2020; Arndt et al., 2018). A total, 294 S. suis isolates were subjected to WGS, but 21 isolates 

were excluded due to contig N50 values < 10 000 and/or contamination in the final assembly. 

The isolates were recovered from systemic (blood, meninges, spleen and lymph node) and non-

systemic (tonsil, nasal, ileum and rectal) sites of 112 pigs on 17 farms: 183 isolates from 65 sick 

pigs and 90 isolates from 47 healthy pigs. Sick pigs displayed one or more S. suis infection 

clinical signs such as ataxia, paralysis, shaking, paddling, opisthotonos, convulsions, nystagmus 

and/or incoordination.  

The isolates were grouped into four different categories: Systemic-confirmed (SC), Non-

systemic-confirmed (NSC), Non-systemic-probable (NSP) and Non-systemic-healthy (NSH) 

(Table 2.1). The SC (n = 47) and NSC (n = 65) isolates were recovered from systemic and non-



 

22 
 

systemic sites of 32 pigs, respectively, that were both symptomatic and confirmed to have S. suis 

recovered from at least one systemic site. The NSP (n = 71) isolates were obtained from non-

systemic sites of 33 symptomatic pigs, for which S. suis was not recovered from any systemic 

site. The NSH isolates (n = 90) were recovered from 47 healthy pigs. 

2.3.2 Whole Genome Sequencing 

The S. suis isolates were plated on phenylethyl alcohol (PEA) agar and incubated at 35°C with 

5% CO2 for 48 h.  Then, DNA was extracted by using Qiagen DNeasy Blood and Tissue kit 

(Qiagen, Hilden, Germany) according to the protocol provided by the manufacturer. Whole 

genome sequencing of 294 isolates was done by HiSeqX PE150 (242 isolates) or NovaSeq6000 

(36 isolates) by Genome Quebec (Montreal, QC, Canada) and 16 isolates were sequenced using 

MiSeq by the Laboratory Services at University of Guelph (ON, Canada). 

2.3.3 In silico serotyping 

The S. suis sequences were typed through the pipeline SsuisSerotyping_pipeline (Athey, Teatero, 

Lacouture, et al., 2016) (https://github.com/streplab/SsuisSerotyping_pipeline) . Conflicting 

serotype assignments for an isolate between PCR and in silico serotyping outputs were addressed 

by comparisons of the cps genes as described by Athey et al. (2016) (S.D.  Fig S1) and the 

synteny of the cps loci of isolates to reference loci were visualized using easyFig (Sullivan et al., 

2011).  

2.3.4 Genome Assembly 

WGS raw reads for each isolate were trimmed with Trimmomatic 0.39 (Bolger et al., 2014) 

using recommended parameters for Illumina paired-end reads with minimum sequence length of 

100 bp. The trimmed reads were checked for sequence quality with FastQC 0.11.8 (Andrew, 

2010). The trimmed sequences were then assembled  de novo with the genome assembly 

program SPAdes 3.13.1 (Bankevich et al., 2012) with the “—careful” flag . Assemblies with 

contig N50 values lower than 10,000 were excluded (N = 21, from 294 total isolates to 273 final 

isolates). The quality of the assemblies were assessed using BUSCO (Seppey et al., 2019)  with 

the Lactobacillales database to check for missing data, duplication and fragmentation. 

Furthermore, potential contaminants were assessed by determining identities of contig 

https://github.com/streplab/SsuisSerotyping_pipeline
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assemblies against a bacterial genome database with Kraken2 (Wood et al., 2019) with default 

parameters.  

2.3.5 MLST 

MLST was determined using SRST2 0.2.0 (Inouye et al., 2014) using the trimmed read sets for 

each isolate. The S. suis MLST database used was from PubMLST (https://pubmlst.org/) 

accessed in December 2020. 

2.3.6 Virulence-associated factors (VAFs) 

The VAFs of interest in this study were putative proteins involved in S. suis pathogenesis 

reviewed by Fittipaldi et al., (2012).  Additionally, five VAFs found to play important roles in 

the virulence of S. suis serotype 9 strains were included in the analysis: LysM (Wu et al., 2016), 

EsxA (Lai et al., 2017), SrtR (Hu et al. 2019), 5’-nucleotidase (ssadS) (Dai et al., 2018) and 

Antigen I/II (Chuzeville et al., 2017). 

The isolates were also classified into eight different unique genotypes based on the presence of 

three classical virulence genes (mrp, sly, epf, epf* ) mainly associated with serotype 2 (U Vecht 

et al., 1991). The gene epf* is a larger variant of epf that was reported to be less virulent in pigs 

(Smith et al. 1993). 

2.3.7 Confirmation of gene presence 

TBLASTN from the BLAST+ 2.10.1 suite (Camacho et al., 2009) was used to compare VAF 

gene protein sequences with all the assembled genomes to confirm the presence of VAF genes. A 

gene was considered present if a positive hit was identified with greater than 80% percent protein 

identity and greater than 80% sequence coverage. Further confirmations of individual genes was 

performed by mapping of reads using bowtie2 2.4.1 (Langmead & Salzberg, 2012) and samtools 

1.11 (H. Li et al., 2009) on VAF genes of interest. 

2.3.8 Antimicrobial resistance 

CARD’s Resistance Gene Identifier (RGI, 5.1.1) (Alcock et al., 2019) software was used to 

determine the presence of antimicrobial resistance genes using CARD database version 3.1.0. 
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The analysis used three models supported by RGI including CARD’s protein homolog models, 

protein variant models and rRNA mutation models. The cut off was set to include only perfect 

and strict paradigms. Single-nucleotide polymorphism (SNP) screening was not included in the 

analysis.  

2.3.9 Statistical Analysis 

RStudio 1.2.1335 and R 3.6.1 were used for downstream analysis, visualization and statistical 

analysis. McNemar’s test, using the function “mcnemar.test” from base R package, was used to 

determine if there was a significant difference between the assigned serotypes by PCR and in 

silico. To compare the overall distribution patterns of VAFs between and within isolate groups 

(SC, NSC, NSP and NSH), relative frequency (RF) for each gene was calculated at the group 

level as previously described by Weinert et al. (2015). Relative frequency was defined as 𝑅𝐹 =

 𝐹𝑔𝑟𝑜𝑢𝑝 𝐹𝑡𝑜𝑡𝑎𝑙⁄ , where Fgroup is the proportion of isolates carrying the gene within an isolate group 

and the Ftotal is the proportion of isolates carrying the gene out of the isolates from all four 

groups. An RF > 1 would indicate a higher frequency of the gene in the group compared to its 

overall frequency within the data set (all groups) and is interpreted as gene over-representation 

within that group. Kruskal–Wallis rank sum test of mean relative frequencies, using the R base 

function kruskal.test(), was used to compare the mean RF of VAF genes among the isolates in 

two different ways – i) VAF RF between isolate groups and ii) VAF RF compared to the RF of 

all non-VAF genes carried by isolates within each isolate group. The same approach was also 

taken in testing differences in distribution of AMR genes between the four isolate groups 

Fisher's Exact Test for Count Data, using R function fisher.test(), was used to test whether there 

was a significant difference between proportions of isolates that carried prevalent VAF genes 

between isolate groups. If a gene was found to have a significantly higher frequency in SC 

isolates, the potential effects of farm and serotype in its frequency were investigated through 

mixed effect logistic regression using the “lme” function from R package “lme4” and restricted 

maximum likelihood method. The presence and absence of the gene was the outcome of the 

model with isolate groups (SC, NSC, NSP, NSH) as predictor variables and farm source and 

serotypes as random variables. The NSH group was set as the reference for the isolate groups. 

The p-values were adjusted using the base R function “p. adjust” with the method set as “BH” 
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(Benjamini-Hochberg procedure). The significant effects of each random effect variables to the 

regression model were determined using the “rand” function from the R package “lmerTest”. 

Nonmetric Multidimensional Scaling (NMDS) analysis was used to determine if the isolates 

from specific serotype are clustered based on their VAF gene profiles. Only serotypes with 

frequency greater than 5% (2, 3, 9, 16, 29 and untypable isolates) were included, while other 

serotypes below 5% frequency were grouped under the category “others”. The NMDS was 

performed using the function metaMDS from the “vegan” package. The distance matrix used for 

the NMDS was calculated using Jaccard similarity index based on the presence and absence of 

VAF genes in each isolate. 

An association plot, using the function “assoc” from R package “vcd”, was used to visualize a 

contingency table of the presence of AMR genes within serotypes. The formula parameter was 

left at default to use Pearson’s chi-squared test of independence. AMR genes found in less than 

five isolates were excluded. The plot highlighted cases when the observed number of an AMR 

gene within a serotype differed from the expected values (either lower or higher), under the 

assumption that the presence of AMR gene was independent from serotype. Higher observed 

number indicated a potential association of an AMR gene with a serotype(s) within the entire 

data set. To determine if the association of a gene to a serotype is valid, a chi-squared test was 

performed on a separate AMR gene presence and absence contingency table for said serotype.  

2.4 Results 

2.4.1 In silico serotyping 

Twenty-one serotypes were identified using in silico typing (Figure 2.1). The most common 

serotypes recovered were serotype 9 (38/273, 14%), serotype 2 (23/273, 8%), serotype 16 

(16/273, 6%), serotype 29 (20/273, 7%); while 19% (53/273) of isolates remaining untypable. 

The isolates recovered from systemic sites of confirmed cases (SC) belonged to 14 serotypes 

with serotypes 2 (15%) and 9 (30%) as most prevalent, while the NSH isolates consisted of 18 

serotypes with serotypes 2 and 9 together accounting only 9 % of isolates.  However, 27% of 

isolates recovered from non-systemic sites of healthy pigs (NSH) were untypable compared to 

only 8.5% untypable isolates in SC group.  
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There were significant differences in the serotyping results by PCR and in silico serotyping 

(McNermar’s test, p < 0.001, Appendix 2.3). PCR and in silico serotyping assigned the same 

serotype to an isolate at a rate of 72% (197/273). PCR could not distinguish 1/2 and 2 but 92% 

(22/24) of those isolates were classified into serotype 2 and 8% (2/24) as serotype 1/2 through in 

silico analysis.  Of the remaining isolates, 6% were assigned to a different serotype by both 

methods and needed to be resolved by comparison of their cps loci to references with confirmed 

serotype. In addition, the number of isolates that were untypable by PCR was reduced by ~41% 

(87 to 53 isolates) through in silico serotyping. The PCR-untypable isolates were assigned by in 

silico into serotypes 2, 4, 8, 9, 15, 16, 21, 29 and 30. Most of the PCR-untypable isolates that 

were re-classified were found to be serotype 9 (9%, 8/87,) and 21 (10%, 9/87).  

2.4.2 Relative frequency of VAFs between SC, NSC, NSP, and NSH isolate groups 

The relative frequencies of VAF genes compared to other genes carried by S. suis isolates are 

shown in Figure 2.2.  There was no significant difference between the mean relative frequencies 

of VAF genes in SC and NSC isolates (Kruskal-Wallis (KW), n = 112, p = 0.28). However, 

there was an increased relative frequency  of VAF genes in both SC isolates (KW, n = 136, p < 

0.001) and in NSC isolates (KW,  n = 151, p < 0.001) compared to NSH isolates. Interestingly, 

the relative frequency  of VAF genes in NSP was also higher compared to NSH isolates (KW,  n 

= 161, p < 0.001) but was not different from NSC isolates (KW,  n = 161, p = 0.37). 

2.4.3 Relative Frequency of VAF genes relative to non-VAF genes within isolate groups 

There was a higher relative frequency for VAF genes relative to other genes in SC (KW, n = 47, 

p < 0.001), NSC (KW, n = 65, p < 0.001), and NSP (KW, n = 71, p < 0.001) isolates.  

Conversely, there was a significant pattern of VAF genes having lower relative frequency and 

being under-represented in NSH isolates relative to non-VAF genes (KW, n = 90, p < 0.001). 

2.4.4 Frequency of individual VAF genes 

The frequencies of individual VAF genes in 273 S. suis isolates in SC, NSC, NSP, and NSH are 

shown in Table 2.2 and Appendix Tab 2.2. Only three VAF genes including dltA (Fisher’s test 

(FT), p < 0.001), luxS (FT, p = 0.011), and troA (FT, p = 0.019) had higher frequency in SC 

relative to NSH isolates. The dltA, luxS, and troA genes were present in 89%, 96%, and 96% of 
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SC isolates, respectively, and these genes were further investigated using mixed effect logistic 

regression method with farm and serotype as random effects (Appendix Tab 2.3). The gene dltA 

was found to have higher probability of being present in SC (p < 0.001) and NSP (p = 0.010) 

isolates compared to NSH isolates. Compared to NSH isolates, the gene luxS was more likely to 

be present in NSP (p < 0.001) as well as in SC (p = 0.069) and NSC (p = 0.069) but borderline 

significant. Similar to luxS, the troA gene was also found to have higher probability of being 

present in NSP isolates (p = 0.006) as well as a tendency to be increased in SC (p = 0.077) and 

NSC (p = 0.077) isolates. Serotype had a significant influence on the probability of each of the 

three genes being present (p < 0.001) within the isolate groups but only the presence of dltA gene 

was significantly influenced by the farm. Interestingly, all three genes were carried by all SC 

serotype 2 and 9 isolates but not all NSH serotype 2 and 9 isolates carried the three genes. Of the 

three genes, luxS and troA were carried by all eight NSH serotype 2 isolates and dltA was carried 

by 2 isolates. Among the six NSH serotype 9 isolates, 16% (1), 83% (5), and 83% (5) of isolates 

were carriers of dltA, luxS, and troA, respectively. Both luxS and troA generally had high rates of 

carriage by isolates regardless of the farm the isolate were recovered from. However, dltA was 

not as prevalent as luxS and troA, and carried by 44% (84/190) of  isolates on two farms – where 

mostly serotypes 9 and 2 isolates were recovered. Additionally, dlta had higher frequency in SC 

serotype 9 (FT, p < 0.001) and serotype 2 (FT, p < 0.025) isolates compared to their NSH 

counterparts. 

2.4.5 MRP, SLY, EF genotypes 

The mrp, sly, epf, and epf* gene was carried by 24% (65), 28% (77), 10% (27) and 7% (18) of 

273 isolates, respectively (Table 2.3). None of the serotype 2 isolates carried epf or sly genes. 

Furthermore, all the serotype 9 isolates except for one mrp+ isolate belonged to the mrp-sly-epf– 

genotype. Overall, 62% (168/273) of the isolates, 58% (106/183) of SC, NSC and NSP isolates 

collectively, and 69% (62/90) of NSH isolates- belonged to the mrp-sly-epf – genotype. The 

mrp+sly+epf+ and mrp+sly+epf*+ genotypes were only identified in 8% (21/273) and 2% (5/273) 

of the isolates, respectively. Twenty-four isolates with mrp+sly+epf+ / epf*+ genotypes belonged 

to serotypes 3, 4, 7, 11, 15, 28, 30, and 31; two untypable NSC isolates (recovered from rectal 

samples) had the mrp+sly+epf+ genotype. Nine of these 24 isolates with mrp+sly+epf+ / epf*+ 
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genotypes (serotype 3, 7, 11, 28 and 30) were recovered from non-systemic sites of healthy pigs 

(NSH).  

2.4.6 VAF profiles of S. suis serotypes 

The VAF genes profiles in serotype 2 and serotype 9 in SC, NSC, NSP, and NSH isolate group 

are demonstrated in Figure 2.3, S.D Fig 4 & 5. Clustering analysis using NMDS of VAF genes 

presence and absence data showed that the majority of typable isolates clustered together (Figure 

2.4). The serotype 2, 3, 9, 16 and 29 isolates formed their own clusters within the cluster of 

typeable isolates and there were a few divergent strains that were mostly untypable isolates.  

Of 53 different VAF genes identified in serotype 9 isolates in SC group, only 45 of those genes 

were carried by all isolates. All except one serotype 2 isolate in SC group carried the same 51 

VAF genes. There were some VAF genes that were carried only by serotype 2 and not serotype 9 

isolates in the SC group which included the genes virA, srtF, sadP, ofs, neuB, mrp, and IgA1. 

Similarly, srtR, rgg, lysM, fur, esxA, endoD and AgI/II were identified in serotype 9 isolates in 

SC group but were not found in serotype 2 isolates in SC group.  

The srtR gene was found in 13% of serotype 9 and was also found in some isolates of 15 other 

different serotypes in the SC isolate group. The gene AgI/II was only found in serotype 9 (75%, 

12/16) and two serotype 29 isolates among the SC isolate but was also found in other serotypes 

(9, 16, 21, 28, 29, 30) in the NSC and NSH isolate groups (Table 2.2). Interestingly, lysM and 

esxA were rarely found in SC serotype 9 (5%, 1/21) and were found in 6 (3, 7, 8, 9, 10, 16) and 8 

(3, 9, 10, 11, 15, 21, 28, unt) serotypes, respectively, in NSC and NSH isolate groups. The gene 

ssadS was identified in isolates belonging to all 22 serotypes (87%, 238/273). Among the SC 

isolates, ssadS was detected in all serotype 9 (14) and serotype 2 (7) isolates and was also 

detected in 67% (4/6) and 100% (8) of NSH serotype 9 and 2 isolates, respectively. 

2.4.7 MLST 

The serotype 2 isolates in this study were distributed among seven different STs. All serotype 2 

isolates in SC group, one isolate in the NSC group, and three isolates in NSH group were 

determined to be ST25 which explains their similar VAF profiles (Appendix 2.6). However, the 

remaining serotype 2 isolates in the NSC, NSP, and NSH groups belonged to six different STs – 
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three isolates in NSP group were ST28, and the rest of isolates from NSC and NSH group were 

assigned to five distinct novel STs. There was only in one pig where ST25 was recovered from 

both systemic and non-systemic site. In addition, the three ST25 in the NSH isolate group were 

isolated from pigs on the same farms that the SC ST25 isolates were recovered from. The 

serotype 9 isolates showed higher diversity with isolates belonging to thirteen novel STs and 

ST621. Among the serotype 9 isolates, twelve of fourteen isolates in SC group and five of eleven 

isolates in NSC group belonged to one novel ST, the remaining two isolates in SC group were 

assigned to two other novel STs, one NSH isolate was identified as ST621 and the rest, along 

with other isolates in NSC, NSH and NSP groups, were spread among twelve novel STs. Five 

isolates sharing the same ST among the SC and NSC groups were recovered from the same 

respective pigs.  

2.4.8 Antimicrobial Resistance (AMR) 

There were 38 different genes encoding resistance to 15 antibiotic drug classes detected in 273 S. 

suis isolates (Figure 2.5, Table 2.4). Overall, 98% (267/273) of isolates carried at least one AMR 

gene and 79% (217/273) of isolates carried genes associated with resistance to at least four drug 

classes (Appendix Tab 2.5 & 2.6). The four major drug classes to which resistance genes were 

found included tetracycline in 98% (267/273), lincosamides in 96% (263/273), macrolide in 90% 

(247/273) and streptogramin in 90% (247/273) of isolates. The mel or IsaE gene encoding 

resistance to pleuromutilin antibiotics were identified in 20% (47/273) of isolates. The genes 

encoding resistance to penam and cephalosporin were detected only in 2.6% (7/273) and (1.7% 

(4/273), respectively.   

There was no significant difference between the relative frequency (RF) of AMR genes carried 

by isolates in SC and NSC groups (KW, n = 112, p = 1.00). However, there was a higher RF of 

AMR genes in NSH isolates compared to SC and NSC isolates, collectively (KW, n= 202, p = 

0.008). Furthermore, there were 28 AMR genes identified in NSH isolates compared to 22 AMR 

genes in SC and NSC isolates, collectively (Figure 2.5). There were seven genes found in NSH 

isolates that were absent in SC and NSC isolates including cat (2 isolates, chloramphenicol 

resistance), PEDO-3 (1 isolate, carbapenem resistance), ermG (1 isolate, MLS), ermK (1 isolate, 

MLS), ceoB (1 isolate, fluoroquinolone and aminoglycoside resistance), AAC(6')-If (1 isolate, 
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aminoglycoside resistance), and AAC(2')-IIa (1 isolate, aminoglycoside resistance). There were 

eight AMR genes present in greater than 20% of isolates (Table 2.5). Most of the prevalent AMR 

genes had similar distributions across all four isolate groups, however, the ermB gene encoding 

MLS-resistance was detected in higher frequency in SC isolates (98%) than in NSH isolates 

(81%) (FT, p= 0.009). Interestingly, all the serotype 2 isolates carried genes encoding resistance 

to tetracycline (tetO). Serotype 2 isolates in the NSH group also carry other genes such as 

tet(W/N/W) and tet(45) encoding tetracycline resistance. 

The observed proportion of isolates which carries AMR genes tet(45), tet(40) , lsaE and ANT(6)-

Ia ,  tet(W/N/W), ermT, and tetO  was different than expected within specific serotypes (Figure 

2.6). The only AMR gene found to be underrepresented was tetO in untypable isolates.  The 

genes tet(45) and tet(W/N/W) were each found in 2 (9%) serotype 2 isolates. The genes tet(40) 

and ermT were identified in, 18% (7/38) and 8% (3/38), of serotype 9 isolates. However, the 

majority of serotype 9 isolates did not carry these two genes and therefore the genes are not 

associated with serotype 9. The presence of lsaE was positively associated with serotype 21 

(Chi-squared (X2), p = 0.011); however, 83% (5/6) of the serotype 21 isolates carrying lsaE were 

from the same farm. Similarly, the presence of ant(6)-Ia was positively associated with serotype 

4 isolates , (X2, p =  0.020) recovered  from the same farm. 

2.5 Discussion 

This study used WGS data to type S. suis isolates and examine the association of disease status 

and the presence of VAF and AMR genes in a collection of isolates recovered from sick and 

healthy pigs. There are numerous virulence association factors (VAFs) reported with possible 

association with S. suis disease development (Segura et al. 2017; Fittipaldi et al. 2012). 

However, there have not been many studies which investigated the distribution of these VAFs 

within a large collection of S. suis isolates from sick and healthy pigs.  

In this study WGS data were used to serotype S. suis isolates using in silico method. The 

classification of S. suis isolates is key to the development of control and prevention measures of 

S. suis disease in pigs. S. suis serotyping can be done through multiple methods including slide 

co-agglutination test (Gottschalk et al., 1993), PCR serotyping  (Lacouture et al., 2020; Okura et 

al., 2014; Z. Liu et al., 2013; Okwumabua et al., 2003) and in silico (Athey, Teatero, Lacouture, 
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et al., 2016). The present study compared PCR and in silico serotyping and found lack of 

agreement between the two methods. The observed disagreement was mostly attributed to the 

differentiation of serotypes 1/2 and 2 by in silico method, as well as serotyping of more than 

40% of PCR-untypable isolates. The inability of PCR to distinguish between serotypes 1 and 14, 

and 2 and 1/2 is a result of the high similarly within the cps gene clusters of the two pairs of 

serotypes (Wang et al. 2011; Liu et al. 2013). Furthermore, PCR fails to serotype some strains 

potentially because they carry a novel cps gene cluster or a mutant cps gene cluster (Okura et al., 

2014; Lakkitjaroen et al., 2014). Similar to PCR, slide co-agglutination test also doesn’t 

distinguish between pairs of serotypes due to shared antigenic determinants (Goyette-Desjardins 

et al., 2014) and cannot classify isolates with novel capsular polysaccharide  (Bonifait et al., 

2010). However, in silico serotyping is able to distinguish between serotypes 1 and 14 and 2 and 

1/2 and classified untypable strains by directly comparing serotype specific single-nucleotide 

polymorphisms (SNP) within the cps sequences (Athey, Teatero, Lacouture, et al., 2016). 

Recently, a new PCR-based technique called mismatch amplification mutation assay (MAMA) 

(Lacouture et al., 2020) has been developed targeting these SNPs to discriminate between 

serotypes 1 and 14 and 2 and 1/2. Therefore, except for untypable isolates, S. suis can now be 

accurately classified through combinations of multiple PCR assays. Both PCR and in silico 

typing methods are therefore a great resource when working with high number of isolates.  

Additionally, in comprehensive studies, in silico serotyping may be able to provide more 

information by typing the strains which could not be serotyped by PCR or slide co-agglutination 

method. It is important to keep in mind however that the in silico pipeline by Athey et al. (2016) 

may not identify all novel isolates recovered since 2015. 

There are numerous VAFs characterized and reported to play important roles in S. suis virulence 

(Segura et al., 2017; Fittipaldi et al., 2012). The present study found a tendency for S. suis 

isolates recovered from sick pigs to carry a higher number of VAF genes, which is in accordance 

to previous analysis of frequencies of the same set of VAFs in S. suis isolates conducted by 

Weinert et. al (2015). Additionally, there was no significant difference between the carriage of 

VAFs by isolates from systemic and non-systemic sites of pigs with confirmed infections. This 

indicates the potential of isolates recovered from non-systemic sites to cause systemic infection. 

Inline with this observation, it was previously described that some carrier piglets develops 
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clinical signs due to dissemination of S. suis from non-systemic sites such as tonsils and other 

mucosal surfaces to systemic sites (Gottschalk & Segura, 2019; Cloutier et al., 2003). The higher 

frequency of VAFs in NSC isolates relative to NSH isolates could indicate that there are 

environmental or host-associated factors that benefit isolates carrying these genes and therefore 

could lead to higher likelihood of disease development. However, as the NSH isolates in the 

current study were obtained from the same farms as the sick pigs, farm-level environmental or 

management factors may be less of a factor than animal-level variations for pathogen success. 

For instance, we detected ST25 strains in isolates from healthy pigs on the same farm where 

ST25 strains were detected in isolates from systemic sites of sick pigs indicating that host- and 

environment-associated factors are likely involved in disease development. Further 

epidemiological studies are required before any concrete conclusions can be made. 

This present study also determined that most of the individual VAFs did not have a significant 

correlation with disease status despite the higher relative frequency of VAFs in sick animals. It is 

possible that VAFs generally increase the fitness of S. suis strains and are favoured for 

colonization but are not necessarily causing the illness, or it could indicate that combinations of 

different VAFs can contribute to disease development. The VAF genes with significantly higher 

frequencies in SC isolates in this study were dltA, luxS and troA. Similarly, a previous study on 

virulent serotype 9 and 2 strains from Spain and Canada also reported that dltA and luxS were 

present in all 30 isolates analyzed (H. Zheng et al., 2018). All the genes detected in higher 

frequencies play key roles in environmental adaptation and survival in S. suis. LuxS plays critical 

roles in quorum sensing and regulation of expression of other VAFs (Y. Wang et al., 2011). TroA 

is involved in uptake of manganese used by S. suis for counteracting oxidative stress (Schreur et 

al., 2011).The gene dltA  is involved in survival of S. suis in blood as it plays a role in escaping 

neutrophil mediated immune responses (Fittipaldi et al., 2008). The gene dltA have also been 

found to play key roles in the virulence of other Gram positive bacteria including Streptococcus 

agalactiae (Poyart et al., 2003), Streptococcus aureus (Weidenmaier et al., 2005), Streptococcus 

pyogenes (Kristian et al., 2005) and Listeria monocytogenes (Abachin et al., 2002) . Further 

studies aimed at characterizing and understanding the specific advantages that these three VAFs 

provide in S. suis pathogenesis would be useful.  
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The three virulence markers including mrp, epf, and sly have previously been used as indicators 

of high virulence in serotype 2 strains (Segura et al., 2017).  The detection of mrp in all serotype 

2 isolates from systemic sites in the current study supports the previous finding that mrp may 

play a role in adherence of serotype 2 strains to host cells and survival in blood (Li et al. 2017). 

In the present study, more than half of the isolates recovered from systemic isolates and all 

serotype 9 strains from healthy and sick pigs were mrp negative. Fittipaldi et al. (2011) have also 

shown the absence of mrp in serotype 2 isolates recovered from pigs with clinical disease from 

Canada and United States. The absence of mrp was also observed for most serotype 9 strains in 

sick pigs in previous studies (Oh, Jeon, et al., 2017; Blume et al., 2009). The absence of mrp in 

S. suis isolates recovered from sick pigs supports the explanation that VAFs may be favored for 

their roles in colonization but not necessarily in causing disease (Peterson, 1996).  

Similar to the current study, previous analyses of serotype 2 and 9 strains also noted rare 

detection or absence of epf  (H. Zheng et al., 2018; Oh, Jeon, et al., 2017; Blume et al., 2009). 

Notably, none of the serotype 2 and 9 isolates in this study carried either sly or epf, even though 

these genes are involved in important virulence mechanisms in S. suis. Although not essential, 

suilysin is very important in the invasion and survival of S. suis in its host (Tenenbaum et al., 

2016). The absence of this and other classical markers in most isolates suggest that the virulence 

potential of the S. suis isolates in this study are likely lower than isolates from other countries 

such as Spain where higher prevalence of sly and mrp has been reported (H. Zheng et al., 2018). 

Our results mirrors that of a recent study on pathogenic indicators in S. suis in the United States 

– where they have also found that these three classical markers are not strong predictors of 

pathogenic S. suis isolates (Estrada et al., 2021). The absence of important VAFs in some 

isolates from systemic sites in the present study may highlight that many VAFs play similar roles 

(Fittipaldi et al., 2012).  The presence of all three markers in isolates recovered from healthy pigs 

in this study may also suggest that important VAFs are not exclusive to pathogenesis but likely 

play other essentials roles in the protection and propagation of S. suis. Further, just presence of 

VAFs genes may not be sufficient to develop the disease and it needs to be accompanied by 

other factors such as farm management, diet, pig flow, pig density and presence of other 

diseases. Other factors such as host genetics and interactions with other members of the 

microbiota may also have important influences in the virulence mechanisms of each serotype, 
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and each may have serotype specific genetic determinants (Zou et al., 2018). Alternatively, it 

might also be possible that these genes in healthy isolates are not expressed. 

It has previously been shown that serotype 9 isolates were generally less virulent compared to 

serotype 2 isolates (Greeff et al., 2011; Beineke et al., 2008). This suggests that there might also 

be differences in the genetic bases of their virulence. In this study, serotype 9 and serotype 2 

isolates from systemic sites carried additional VAFs that were distinct to each serotype. For 

example, srtR and AgI/II which were predominantly present in SC serotype 9 isolates in this 

study have previously been reported as important VAFs in serotype 9 pathogenesis. SrtR was 

reported to be involved in stress tolerance (Hu et al. 2019) and AgI/II (Chuzeville et al. 2017) 

was reported to be involved in survival and development of systemic disease.  Further, in our 

NMDS analysis, isolates from the most prevalent serotypes formed clusters within a bigger 

cluster of typable isolates indicating similarities in VAF genes carried among the well-

characterized serotypes despite differences in gene carriage for individual serotypes. This 

supports the possibility that virulence mechanisms of each serotype may have slight differences, 

but there are not enough representative isolates within each serotype in the current study to 

determine distinct sets of VAFs per serotype. The recent increase in prevalence of disease caused 

by serotype 9 isolates globally requires more attention to understanding the pathogenesis 

mechanisms that may be unique to each serotype. 

There was a high rate of carriage of AMR genes in S. suis isolates in this study and similar to 

previous S. suis  genotypic AMR studies globally (Tan et al., 2021; Nicholson et al., 2021; 

Segura et al., 2020), most of the isolates carried genes associated with resistance to tetracycline , 

lincosamides and macrolides. Consistent with those studies, tet(O) was the most prevalent 

tetracycline resistance gene detected in the S. suis isolates. In the present study, tet(45) and 

tet(W/N/W) were identified in a number of serotypes including several serotype 2 isolates, which 

has not been previously described. However, tetM , which was frequently associated with S. suis 

serotype 2 strains from patients in China and Vietnam (Hoa et al., 2011; Ye et al., 2008) was 

absent in all serotype 2 strains in this study.  Previous studies have also demonstrated that 

clindamycin and chloramphenicol resistance was associated with serotype 2 (Li et al. 2012). In 

the present study, none of the serotype 2 isolates carried genes associated with chloramphenicol 

resistance whereas the genes associated with lincosamides resistance were common in all 
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serotypes and not just serotype 2. In this study, AMR genes were found in higher diversity and 

frequency in healthy pigs compared to isolates from sick pigs. The difference in frequency 

within the S. suis collection of this study may be attributed to the higher diversity of isolates 

detected within healthy pigs. The SC isolates consisted mostly of genotypically related isolates, 

particularly those of serotypes 2 and 9, with each group of related isolates carrying a similar set 

of AMR genes. The presence of some AMR genes was statistically associated with specific 

serotype, but it was more likely seen in a group of isolates recovered from pigs on the same farm. 

Previous findings suggests that resistance patterns in S. suis can vary with pig health, geographic 

location, serotypes and different farm practices such as use of different antibiotics (Varela et al., 

2013; Hendriksen et al., 2008) which likely contributed to presence of  the same AMR genes on 

a specific farm. Notably, in the current study, the isolates were not evaluated for phenotypic 

resistance and therefore further studies are needed to compare the presence of AMR genes in S. 

suis isolates with confirmed phenotypic resistance.   

2.6 Conclusion 

This study has shown that in silico serotyping can improve the classification of S. suis and its 

contributions in comprehensive genomic S. suis studies. It also highlighted that the presence of 

virulence associated factors are not the sole indicators of disease development. The large number 

of S. suis serotypes and the prevalence of many of them in clinical infections globally increases 

the importance of understanding the differences and more importantly, the shared factors 

involved in pathogenesis of each serotype – in developing a universal solution. The results in this 

study showed that there are differences in virulence factors between serotypes and there is a need 

to expand research on virulence mechanism of clinically prevalent S. suis serotypes other than 

serotype 2 and develop a more holistic understanding of S. suis pathogenesis. With such 

considerations, a future study incorporating a much larger global data set to investigate shared 

genetic determinants and other factors should be very interesting and insightful in efforts such as 

vaccine development. The high frequency of AMR genes in this study suggests that a consistent 

surveillance of AMR in S. suis is crucial. Future studies on the potential mobility of these AMR 

genes among S. suis and other bacterial populations are imperative in the infection control 

efforts. Further research into the distribution patterns of VAF and AMR genes may give insight 

in the development of methods and guidelines for S. suis control. 
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2.10 Figures 

 

 
 

Figure 2.1: In silico serotype of 273 S. suis isolates in the 4 classified groups based on 

disease-status (confirmed, probable infection, and healthy) and isolation source.  Systemic 

sites included blood, meninges, spleen, and lymph node. Non-systemic sites included tonsil, 

nasal cavities, ileum, and rectal sample. 
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Figure 2.2: Distribution of virulence associated factor genes and other genes carried by 273 

S. suis isolates. Density plots of relative frequencies of known/putative VAF genes (red) against 

all other genes (grey) carried by each isolate. A relative frequency >1 denotes a higher 

prevalence of gene within the isolate group; (A) isolates recovered from systemic sites of pigs 

with confirmed infections (SC), (B) isolates recovered from non-systemic sites of pigs with 

confirmed infections (NSC), (C) isolates recovered from probable infections (NSP), (D) isolates 

recovered from non-systemic sites of healthy pigs (NSH). 
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Figure 2.3: Virulence associated factor genes distribution among isolates in SC, NSC, NSP, 

and NSH groups. Darker shades show higher proportion of isolates of a serotype carrying a 

particular gene. White indicates absence of the gene in that serotype. (A) isolates recovered from 

systemic sites of pigs with confirmed infections (SC), (B) isolates recovered from non-systemic 

sites of pigs with confirmed infections (NSC), (C) isolates recovered from probable cases (NSP), 

(D) isolates recovered from non-systemic sites of healthy pigs (NSH). 

 

 

 

 

Figure 2.4: NMDS clustering based on virulence associated factor gene presence and 

absence profiles of S. suis isolates. The ordination was based on a Jaccard distance matrix 

generated using VAF gene presence and absence data. Ellipses represent clusters within 95% 

confidence level for each isolate group.  Serotypes with prevalence below 5% were grouped 

together as ‘other’.  
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Figure 2.5: Antimicrobial resistance genes distribution in 267 S. suis isolates from SC & 

NSC, NSP and NSH groups. Darker shades show higher proportion of isolates of serotype 

carrying a particular gene. White indicates absence of the gene in that serotype. 
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Figure 2.6: Association plot for presence of AMR genes in 273 S. suis isolates belonging to 

different serotypes. Generated using Pearson’s chi-squared test of independence of multi-way 

contingency table. The shade represents degree of departure from expected values; blue for 

higher and red for lower. Degree of departure from expected values represents the significant 

difference in the number of isolates carrying an AMR gene within a serotype relative to the 

number of isolates carrying that AMR gene in other isolates from other serotypes.   
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2.11 Tables 

Table 2.1: Distribution of 273 isolates recovered from sick and healthy pigs into isolate groups. 

Isolate group Number (%) of 

isolates  

Isolation sites Clinical signs of S. suis 

infection 

Systemic-confirmed (SC) 47 (17) blood, meninges, spleen, lymph node Yes 

Non-systemic-confirmed (NSC) 65 (24) tonsil, nasal cavities, ileum, rectum Yes 

Non-systemic-probable (NSP) 71 (26) tonsil, nasal cavities, ileum, rectum Yes 

Non-systemic-healthy (NSH) 90 (33) tonsil, nasal cavities, rectum No 
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Table 2.2: Distribution of individual virulence associated factor (VAF) genes in 273 S. suis isolates in SC, NSC, NSP, and NSH 

groups. 

VAF/genes Product 
Number (%) of isolates 

Total 

(n = 273) 

SC 

(n = 47) 

NSC 

(n = 65) 

NSH 

(n = 90) 

NSP 

(n = 71) 

Ser 9 

(n = 38) 

Ser 2 

(n = 23) 

Unt 

(n = 53) 

AgI/II Antigen I/II 70 (26) 16 (34) 23 (35) 24 (27) 7 (10) 23 (61) 0 (0) 8 (15) 

apuA Amylopullulanase 266 (97) 46 (97) 64 (98) 87 (97) 69 (97) 38 (100) 23 (100) 48 (90) 

dltA* 
D-alanine--D-alanyl 

carrier protein ligase 
190 (70) 42 (89) 46 (71) 53 (59) 49 (69) 21 (55) 15 (65) 25 (47) 

epf 
extracellular protein 

factor 
27 (10) 5 (11) 4 (6) 6 (7) 12 (16) 0 (0) 0 (0) 2 (4) 

guaA GMP synthase 262 (96) 44 (94) 64 (98) 85 (94) 69 (97) 38 (100) 23 (100) 46 (87) 

luxS* 

S-

ribosylhomocysteine 

lyase 

243 (89) 45 (96) 59 (91) 71 (79) 68 (96) 37 (97) 23 (100) 34 (64) 

mrp 
muramidase-

released protein 
65 (24) 15 (32) 19 (29) 17 (19) 14 (20) 0 (0) 15 (65) 2 (4) 

pgdA 
Peptidoglycan N-

deacetylase 
245 (90) 44 (94) 60 (92) 74 (82) 67 (94) 37 (97) 23 (100) 34 (64) 

sly Suilysin 77 (28) 13 (28) 20 (31) 22 (24) 22 (31) 1 (2) 0 (0) 4 (8) 

troA* 
metal binding 

lipoprotein TroA 
245 (90) 45 (96) 60 (92) 73 (81) 67 (94) 37 (97) 23 (100) 34 (64) 

SC = isolates from systemic sites in pigs with confirmed infections; NSC = isolates from non-systemic sites in pigs with confirmed infections; NSP = isolates from non-

systemic sites in symptomatic pigs, which had no S. suis recovered from their systemic sites; NSH = isolates from non-systemic sites in healthy pigs 

Total = SC + NSC + NSH + NSP 

* higher frequency in SC compared to NSH (p < 0.05
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Table 2.3: S. suis genotypes based on classical virulence markers (Fittipaldi et al., 2012; S. Lun et al., 2003; Smith et al., 1992, 

1999). 

 Number (%) of Isolates 

Genotype All (N = 273) Ser 9 (n = 38) Ser 2 (n = 23) Unt (n = 53) 

 T SC NSC NSP 
NS

H 
SC NSC NSP NSH SC NSC NSP 

NS

H 
SC NSC NSP NSH 

mrp-sly-

epf- 

168 

(62) 

23 

(49) 

38 

(58) 

45 

(63) 

62 

(69

) 

14 

(10

0) 

9 

(100) 

9 

(100) 

5 

(83) 
-- 

1 

(50) 

2 

(33) 

5 

(50) 

4 

(100) 

7 

(78) 

14 

(88) 

24 

(100) 

mrp+sly-

epf- 

28 

(10) 

11 

(23) 

7 

(11) 

4 

(6) 

6 

(7) 
-- -- -- -- 

7 

(100

) 

1 

(50) 

4 

(67) 

3 

(50) 
-- -- -- -- 

mrp-

sly+epf- 

21 

(8) 

2 

(4) 

5 

(8) 

8 

(11) 

6 

(7) 
-- -- -- 

1 

(17) 
-- -- -- -- -- -- 

2 

(13) 
-- 

mrp+sly+e

pf+ 

21 

(8) 

2 

(4) 

4 

(6) 

9 

(13) 

6 

(7) 
-- -- -- -- -- -- -- -- -- 

2 

(22) 
-- -- 

mrp-

sly+epf*+ 

13 

(5) 

4 

(8) 

3 

(5) 

1 

(1) 

5 

(6) 
-- -- -- -- -- -- -- -- -- -- -- -- 

mrp+sly+e

pf- 

11 

(4) 

2 

(4) 

6 

(9) 

1 

(1) 

2 

(2) 
-- -- -- -- -- -- -- -- -- -- -- -- 

mrp-

sly+epf+ 

6 

(2) 

2 

(4) 
-- 

3 

(4) 
-- -- -- -- -- -- -- -- -- -- -- -- -- 

mrp+sly+e

pf*+ 

5 

(2) 
-- 

2 

(3) 
-- 

3 

(3) 
-- -- -- -- -- -- -- -- -- -- -- -- 

Total 273 47 65 71 90 14 9 9 6 7 2 6 8 4 9 16 24 

epf* = large variant extracellular factor protein; Ser = Serotype, Unt = Untypables; SC = isolates from systemic sites in pigs with confirmed infections; NSC = 

isolates from non-systemic sites in pigs with confirmed infections; NSH = isolates from non-systemic sites in healthy pigs; NSP = isolates from non-systemic 

sites in symptomatic pigs, which had no S. suis recovered from their systemic sites; Percentage in each column (per subset) is out of the total number indicated in 

the last row
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Table 2.4: AMR genes detected in 273 S. suis isolates in SC, NSC, NSP, and NSH groups.  

 
Number (%) of isolates  

Drug Class 
Total 

(n = 273) 

SC 

(n = 47) 

NSC 

(n = 65) 

NSP 

(n = 71) 

NSH 

(n = 

90) 

Genes/Proteins 

Aminoglycosides 111 (41) 10 (21) 23(35) 35(49) 43(48) 

ANT(6)-Ia, AAC(2')-IIa, 

aad(6), APH(3')-IIIa, AAC(6')-

Ie-APH(2'')-Ia, amrB, AAC(6')-

If, APH(3')-IIb, APH(3')-Ib, 

APH(2'')-IIIa 

Carbapenems 3 (<1) 1 (1) 1 (1) 0 (0) 1 (1) PEDO-3,IND-4 

Diaminopyrimidines 1 (<1) 0 (0) 1 (1) 0 (0) 0 (0) dfrK 

Glycopeptides 1 (<1) 0 (0) 0 (0) 1 (1) 0 (0) vanTC 

Lincosamides 72 (26) 7 (15) 17 (26) 15 (21) 33 (37) lnuB, lnuC 

Mupirocin 1 (<1) 0 (0) 0 (0) 1 (1) 0 (0) mupA 

Nucleosides 14 (<1) 0 (0) 1 (1) 6 (8) 7 (8) SAT-4 

Penams 4 (<1) 0 (0) 2 (2) 0 (0) 2 (2) mecD, AER-1 

Phenicols 2 (<1) 0 (0) 0 (0) 0 (0) 2 (2) SS_cat 

Tetracycline 267 (98) 47 (100) 63 (97) 70 (99) 87 (97) 
tetO, tet(45), tet(W/N/W), tetM, 

tet(L), tet(40) 

Multidrug Resistances 

Aminoglycoside,  

cephalosporin, 

cephamycin, penam 

2 (<1) 1 (1) 0 (0) 0 (0) 1 (1) smeB 

Carbapenem, 

cephalosporin, penam 
1 (<1) 0 (0) 0 (0) 1 (1) 0 (0) CGB-1 

Cephalosporin, 

cephamycin, penam 
1 (<1) 1 (1) 0 (0) 0 (0) 0 (0) MOX-7 

Fluoroquinolone, 

aminoglycoside 
1 (<1) 0 (0) 0 (0) 0 (0) 1 (1) ceoB 

Macrolide, 

fluoroquinolone, 

rifamycin 

1 (<1) 0 (0) 0 (0) 1 (1) 0 (0) efrA 

Macrolide; 

lincosamide; 

streptogramin (MLS) 

245 (90) 47 (100) 54 (83) 69 (97) 75 (83) ermB, ermG, ermT, ermK 

MLS, tetracycline, 

oxazolidinone, 

phenicol, 

pleuromutilin 

57 (21) 4 (9) 18 (28) 14 (20) 19 (21) mel, IsaE 

SC = isolates from systemic sites in pigs with confirmed infections; NSC = isolates from non-systemic sites in pigs with 

confirmed infections; NSP = isolates from non-systemic sites in symptomatic pigs, which had no S. suis recovered from their 

systemic sites; NSH = isolates from non-systemic sites in healthy pigs 
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Table 2.5: Distribution and frequency of most prevalent antimicrobial resistance genes in 

273 S. suis isolates in SC, NSC, NSP, and NSH groups. 

AMR 

Genes 
Drug Class 

Number (%) of isolates 

Total 

(n = 

273) 

SC 

(n = 

47) 

NSC 

(n = 

65) 

NSH 

(n = 

90) 

NSP 

(n = 

71) 

Ser 9 

(n = 

38) 

Ser 2 

(n = 

23) 

Unt 

(n = 

53) 

ermB* 

Macrolide; 

lincosamide; 

streptogramin 

237 

(87) 

46 

(98) 

53 

(82) 

73 

(81) 

65 

(92) 

34 

(89) 

19 

(83) 

45 

(85) 

aph(3')-IIIa 
Aminoglycoside

s 

20 

(7) 

1 

(2) 

2 

(3) 

8 

(9) 

9 

(13) 

0 

(0) 

0 

(0) 

10 

(19) 

tet(L) Tetracycline 
29 

(11) 

2 

(4) 

3 

(5) 

15 

(17) 

9 

(13) 

5 

(13) 

0 

(0) 

9 

(17) 

lnuB ** Lincosamides 
70 

(27) 

7 

(15) 

17 

(26) 

32 

(36) 

14 

(20) 

11 

(29) 

7 

(30) 

27 

(51) 

tetO Tetracycline 
247 

(91) 

46 

(98) 

57 

(88) 

80 

(89) 

64 

(90) 

38 

(1) 

23 

(100) 

42 

(79) 

lsaE 

Pleuromutilin; 

lincosamides; 

streptogramin 

38 

(14) 

3 

(6) 

14 

(22) 

14 

(16) 

7 

(10) 

1 

(3) 

1 

(4) 

7 

(13) 

tet(W/N/W) Tetracycline 
27 

(10) 

2 

(4) 

8 

(12) 

14 

(16) 

3 

(4) 

0 

(0) 

8 

(35) 

9 

(17) 

antT(6)-Ia 
Aminoglycoside

s 

66 

(23) 

7 

(15) 

20 

(31) 

23 

(26) 

16 

(8) 

6 

(16) 

8 

(35) 

18 

(34) 
SC = isolates from systemic sites in pigs with confirmed infections; NSC = isolates from non-systemic sites in pigs 

with confirmed infections; NSH = isolates from non-systemic sites in healthy pigs. Total = SC + NSC + NSH + NSP 

* higher frequency in SC compared to NSH (p < 0.05)  

** higher frequency in NSH compared to SC (p < 0.05) 
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Chapter 3: Pangenome and mobile genetic elements in S. suis isolates 

recovered from sick and healthy pigs 

 

3.1 Abstract 

Streptococcus suis is ubiquitous in swine yet only a small percentage of pigs become clinically 

ill. In S. suis and other bacteria, reduced genome size has been associated with highly virulent 

strains. Additionally, mobile genetic elements (MGEs) have been found to carry antimicrobial 

resistance (AMR) and virulence factor genes. The objective of this study was to analyze a large 

collection of whole genome sequencing data of S. suis isolates recovered from systemic (blood, 

meninges, spleen and lymph node) and non-systemic (tonsil, nasal, ileum and rectum) sites of 

sick and healthy pigs and characterize genomic differences between isolates in order to gain 

insight into their potential role in genomic adaptation. There was a trend of smaller genome size 

in systemic isolates relative to non-systemic isolates in most serotypes and in particular, serotype 

2 isolates (Kruskal Wallis (KW), p = 0.02). Conversely, larger genomes were observed with 

serotype 9 systemic isolates relative to their non-systemic counterparts (KW, p = 0.02). Further, 

most of the genes prevalent only in serotype 9 systemic isolates were associated with MGEs 

including phage-related and integrative conjugative elements (ICEs) and also the putative 

virulence factor purA. In total, 345 putative ICE-related elements and 646 putative phages were 

detected. Identical ICE-related elements and phages were detected in isolates from systemic and 

non-systemic sites, and across multiple farms and serotypes. Fifty-five ICE-related elements and 

17 putative phages encoded AMR genes, with genes tetO and ermB as the most prevalent. A 

lacABCD operon was also found to be present in systemic serotype 2 and 9 isolates but not in 

their non-systemic counterparts presenting a potential direction of research in increasing 

understanding of S. suis pathogenesis. Our results suggests that genomic trends among S. suis 

serotypes may be different and factors such as MGEs can play important roles in their 

evolutionary adaptations. In addition, the diversity of MGEs carrying AMR genes in isolates 

from healthy pigs indicates a potential reservoir of AMR genes to pathogenic S. suis in swine. 
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3.2 Introduction 

Streptococcus suis is a leading cause of meningitis in pigs and in rare cases, infects 

humans working closely with pigs (Gottschalk & Segura, 2019). To date, the pathogenesis of S. 

suis is still poorly understood and although only a low percentage of infected pigs become 

clinically ill (Wertheim, Nghia, et al., 2009; Baums et al., 2006b), the disease poses an 

economical threat to the swine industry (Wertheim, Nguyen, et al., 2009; Staats et al., 1997).  

There is no universal vaccine available to prevent S. suis infections and so the routine use of 

antimicrobials to control S. suis infections contributes to the global increase in the development 

of antimicrobial resistance (AMR) among bacterial communities (Goyette-Desjardins et al., 

2014).    

It is known that S. suis strains have considerable genetic diversity (Aradanas et al., 2021; 

Weinert et al., 2015; Greeff et al., 2011). Previous studies have reported a long list of putative 

virulence factors involved in S. suis pathogenesis (Segura et al., 2017; Fittipaldi et al., 2012), and 

have highlighted the potential roles of genetic virulence determinants in the adaptations of 

pathogenic S. suis strains.  In previous studies of S. suis serotype 2 strains and other pathogenic 

bacteria, it has been shown that disease-associated isolates have significantly smaller genomes 

than their nonclinical counterparts but have higher probability of carrying virulence factor genes 

(Weinert et al., 2015; Merhej et al., 2013). However, there have been limited studies 

investigating other S. suis serotypes. In a recent study conducted by our lab, it was determined 

that virulence factors were abundant within all S. suis isolates in the collection, however isolates 

associated with disease carried a higher number of virulence factor genes in proportion to their 

total genes in their genomes compared to isolates recovered from healthy pigs (Aradanas et al., 

2021). In the same study, we also highlighted genomic differences between disease-associated 

isolates from different S. suis serotypes. Here we have expanded that work to better understand 

trends in overall genome size among systemic and non-systemic isolates across serotypes. 

One of the main drivers of evolution in microbial communities is horizontal gene transfer 

through mobile genetic elements (MGEs). AMR  genes associated with tetracyclines, 

chloramphenicol, aminoglycoside and others encoded in Integrative and Conjugative elements 

(ICEs) have been frequently described in S. suis  (Libante et al., 2019; H. Zheng et al., 2018; 

Athey et al., 2016; J. Huang et al., 2016; Ambroset et al., 2016). To date, most of the AMR 
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carrying ICEs described in S. suis belong to three main families namely Tn916, Tn5252, and 

Tn1549 (Libante et al., 2019; H. Zheng et al., 2018; J. Huang, Ma, et al., 2016; Athey, Teatero, 

Takamatsu, et al., 2016; Holden et al., 2009). Other ICE-related MGEs that have been rarely 

described in S. suis are Integrative and Mobilization elements (IMEs), which are elements that 

can not transfer by themselves but can facilitate their transfer by subverting the conjugation 

modules of other conjugative elements such as ICEs (Bellanger et al., 2014). There has been one 

study that has described IMEs in S. suis in great detail (Libante et al., 2019). In that study, IMEs 

were reported to play a role in the dissemination of AMR and mostly carried the AMR genes, 

tetO (confers resistance to tetracycline) and ermB (confers resistance to macrolides, 

lincosamides, and streptogamin B (MLS)). There have not been any reports of virulence factor 

genes being found encoded in ICEs and IMEs in S. suis. 

Bacteriophages are very important MGEs in Gram-positive bacteria but have been poorly 

characterized in S. suis. Bacteriophages have been reported to play the role of AMR gene 

vehicles in disseminating AMR in the environment (Calero-Cáceres & Muniesa, 2016; Calero-

Cáceres et al., 2014; Marti et al., 2014). In S. suis, a few prophages have been reported to carry 

AMR genes such as PhageΦSsu1135/10 encoding tetracycline (tetO) resistance (H. Zheng et al. 

2018) from a serotype 9 isolates and ΦSsUD.1 encoding multiple AMR genes from a serotype 2 

isolate (Palmieri et al., 2011).  Furthermore, in other streptococcal species, bacteriophages have 

been described to encode virulence factor genes involved in pathogenesis and invasion (Ibrahim 

et al., 2016; Walker et al., 2014; Bensing et al., 2001). Streptococcal genomes are also known to 

have numerous phage integration sites and transposable elements have been reported to account 

for 7-14% of their genomes, causing them to be highly susceptible to frequent recombination 

events (Bisno et al., 2003) and extensive genetic recombination has also been previously 

reported in S. suis (Nicholson et al., 2021; Greeff et al., 2011). Understanding the potential roles 

of these MGEs in the evolution of pathogenic S. suis strains is crucial in developing S. suis 

infection controls. 

This study analyzed a large collection of whole genome sequencing data of S. suis isolates 

recovered from systemic and non-systemic sites of sick and healthy pigs and characterized the 

genomic differences in order to gain insight into their potential role in genomic adaptation. This 

study focused on two major research objectives. The first objective was to identify genome size 
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trends in systemic vs non-systemic isolates and perform a pangenome analysis to identify 

enriched genes and subsystems specific to systemic isolates. The second objective was to 

identify specific MGEs within the isolate genomes and investigate their associations with AMR 

genes, virulence factors, serotypes and disease status.  

3.3 Materials and Methods 

3.3.1 Streptococcus suis isolates 

The S. suis isolates and whole genome sequencing data were described previously (Aradanas et 

al., 2021). Briefly, 273 isolates were recovered from systemic and non-systemic sites of sick 

nursery pigs with clinical S. suis infection and age-matched healthy pigs on the same farm (if 

possible) on Ontario farms between 2013 and 2018. The isolates were divided into four isolate 

groups (Table 3.1). Systemic-confirmed (SC) and Non-systemic-confirmed (NSC) isolates were 

recovered from pigs with confirmed S. suis infection, that were both symptomatic and had S. suis 

recovered from at least one systemic site. Non-systemic-probable (NSP) isolates were recovered 

from pigs that were symptomatic but S. suis was not recovered from any systemic site. And 

finally, Non-systemic-healthy (NSH) isolates were recovered from asymptomatic pigs.  

3.3.2 In silico Serotyping, Genome Assembly and Annotation  

The S. suis isolates were serotyped through the in silico pipeline SsuisSerotyping_pipeline 

(Athey et al., 2016) (https://github.com/streplab/SsuisSerotyping_pipeline). Trimmomatic 0.39 

(Bolger et al., 2014)  was used to trim WGS raw reads with recommended parameters for 

Illumina paired-end reads with minimum sequence length set to 100 bp. The trimmed reads were 

assembled de novo with SPAdes 3.13.1 (Bankevich et al., 2012) with the parameter  “—careful”. 

The assembled genomes were annotated using Prokka 1.14.6 (Seemann, 2014). The annotated 

contigs were used as inputs for ROARY 3.13.0 (Page et al. 2015) and the pangenomic workflow 

(Delmont & Eren, 2018) of the Anvio v7 platform (Eren et al., 2021)  for downstream 

pangenome analyses.  

3.3.3 Pangenome Analysis 

RStudio 1.2.1335 and R 3.6.1 were used for downstream pangenome analysis, visualization and 

statistical analysis. To address potential inclusion of clones in the downstream analysis, only one 

https://github.com/streplab/SsuisSerotyping_pipeline
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isolate for each serotype per pig were included in the downstream pangenome analysis (N = 192) 

– with SC isolates with highest priority. Kruskal–Wallis (KT) rank sum test, using the base R 

function kruskal.test(), was used to compare the genomic sizes of isolates recovered from 

systemic sites and those recovered from non-systemic sites. 

Gene content comparison analyses were focused on serotype 2 and serotype 9 analysis. The 

comparison of gene contents for genomes of each isolate group to each other included genes that 

were prevalent in at least 50% of all the isolates within each isolate group. All the genes found to 

be prevalent in each isolate group were assigned to a functional category by comparing their 

protein sequences against the COG database (Tatusov, 2000) using BLAST+ (Camacho et al., 

2009).  

Metabolism analysis was performed using the metabolic modelling workflow of KBase (Arkin et 

al., 2018) and gapseq (Zimmermann et al., 2021). The gapseq analysis was set to only search for 

enzymes associated with carbohydrate metabolism.     

3.3.4 Screening for MGEs 

The screening of ICE-related elements involved the curation of a database containing protein 

sequences of integrases, DDE transposase superfamily and other conjugation modules (CP, 

relaxase and VirB4 proteins) obtained from ICEberg (M. Liu et al., 2019) and NCBI’s protein 

databases. BLASTX from the BLAST+ 2.10.1 suite (Camacho et al., 2009) was used to search 

contigs containing conjugation modules from the assembled sequences. GenBank annotations 

files of the contigs were then used as inputs to mine ICEs using the standalone version of 

ICEfinder  (M. Liu et al., 2019). Putative MGEs were labeled as ICEs by ICEfinder if an 

integrase or DDE transposase, relaxase and complete conjugation modules were identified and as 

IMEs if the elements contained all except the conjugation modules. The positive prediction of 

ICEs and IMEs were confirmed by analyzing the translated coding sequences of the elements 

using the CONJscan module of MacSyFinder (Abby et al., 2014) and confirming the presence of 

the ICE related proteins. ICEs were delimited by searching for known potential ICE insertion site 

coding sequences (CDS) and direct repeats using the RepeatFinder (Volfovsky et al., 2001) plug-

in of Geneious v9.1.8 (http://www.geneious.com) (Kearse et al., 2012).   

http://www.geneious.com/
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Putative phages were detected using VIBRANT v1.2.1 (Kieft et al., 2020). Taxonomic 

classification of putative phages were conducted through Kraken2 (Wood et al., 2019) and 

VIRFAM (Lopes et al., 2014). The screening for phages with complete phage associated proteins 

was done manually and confirmed through Head-Neck-Tail analysis of VIRFAM. The Head-

Neck-Tail analysis of VIRFAM was also used to determine published phages with similar phage 

genome structure. The phages are deemed complete and intact when VIRFAM analysis confirms 

the presence of multiple protein sequences including the major capsid protein, major tail protein, 

portal, terminase, adaptor protein, and proteins related to head closure and tail completion. 

Phages missing a complete set of phage-associated proteins carrying at least a capsid or a major 

tail protein along with a cluster of other phage-associated proteins were labeled as vestiges in 

this study. Relationships and homology of MGEs were analyzed using BLAST+ and Mash 

(Ondov et al., 2016).  

3.3.5 Antimicrobial resistance and virulence factor genes in MGEs 

The extracted putative ICEs/IMEs and putative phage sequences were screened for the presence 

of antimicrobial resistance genes using CARD’s Resistance Gene Identifier (RGI, 5.1.1) (Alcock 

et al., 2019) software. The analysis used CARD database version 3.1.9 and three detection 

models supported by RGI including protein homolog models, protein variant models and rRNA 

mutation models. Only AMR genes detected with perfect and strict paradigms were considered 

as positive hits. Each putative MGE was annotated by BLASTX and Prokka, and the annotations 

were used to search for virulence factor genes previously characterized in S. suis (Segura et al., 

2017; Fittipaldi et al., 2012).  AMR and virulence factor genes were considered MGE-associated 

if they were encoded within the boundaries identified for identified ICEs and phages. 

3.4 Results 

3.4.1 Genome size and pangenome analysis 

Consistent with previous studies, the genomes of non-systemic isolates within our isolate 

collection carried a higher average number of genes corresponding with a larger overall genome 

size than systemic isolates (Figure 3.1). The isolates recovered from the systemic sites of pigs 

encoded an average of 2117 coding sequences (CDS) and isolates recovered from non-systemic 

sites of pigs encoded an average of 2171 CDS, netting a mean average difference of 54 CDS 
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(KT, p = 0.08). We next explored whether this trend was maintained within individual serotypes, 

focusing specifically on serotypes 2 and 9 due to their prevalence within the dataset. As 

previously reported, serotype 2 isolates followed the same pattern with systemic isolates 

encoding an average of 2072 CDS and non-systemic isolates encoding an average of 2165 CDS 

(KT, p = 0.03).  Interestingly, serotype 9 isolates displayed the opposite pattern with isolates 

from systemic sites on average being larger (2132 CDS) than isolates from non-systemic sites 

(2080 CDS) (KT, p = 0.02).  

Pangenome analysis of the most prevalent serotypes within our S. suis collection revealed that 

isolates recovered from systemic sites, especially of the same serotypes, had less variation in the 

genes they carry relative to isolates recovered from non-systemic sites (Figure 3.2). This is likely 

due to isolates from systemic sites belonging mostly, if not entirely, to a single sequence type 

and isolates from non-systemic sites being more diverse (Appendix 3.4). Reflecting the pattern in 

genome sizes, there were more genes prevalent only in systemic serotype 9 isolates (650 CDS) 

compared to non-systemic serotype 9 isolates (140 CDS). Investigation of the genes carried by 

serotype 9 isolates revealed that many of the unique genes found in serotype 9 systemic isolates 

were associated with mobile genetic elements (MGEs) – including transposases, integrases, 

conjugative transfer modules, and phage associated proteins (discussed further below). The 

difference in genes carried by serotype 2 isolates recovered from systemic and non-systemic sites 

did not show a clear enrichment for specific functions. Interestingly, there were a few genes 

involved in transcription regulation that were found in both serotype 2 and 9 isolates from non-

systemic sites and not in isolates from systemic sites. 

Additionally, a lac operon, lacABCD, was found in all serotype 2 and 9 systemic isolates and not 

in their NSH isolate counterparts. This operon was in a genomic region with lacX, lacG, 

phosphotransferase system (PTS) lactose transporters IIBC and IIA, and a DeoR family 

transcriptional regulator. In a previous study, the lacD.1 of Streptococcus pyogenes has been 

reported to affect the regulation of multiple S. pyogenes associated virulence genes (Kietzman & 

Caparon, 2010). The gene lacD found in this study was highly similar to the lacD.1 of S. 

pyogenes with 72% protein identity.  
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3.4.2 Mobile genetic elements – ICEs and IMEs 

All MGEs found in this study were putative as they have been determined though in silico 

methods and have not yet been experimentally validated. A total of 74% (220/273) of the isolates 

carried ICE-related elements, with 226 ICEs and 119 IMEs identified in the collection. Among 

these, 37 isolates carried one or more IME and ICE simultaneously – 9 from SC, 7 from NSC, 8 

from NSP and 13 from NSH isolates. Many of the most prevalent ICEs and IMEs (clustered at 

95% nucleotide similarity) were found distributed over multiple serotypes. The most prevalent 

ICEs were shared among isolates from three serotypes (serotypes 9, 16 and 21) were observed to 

often share highly similar ICEs and IMEs, and the same was observed for serotypes 2, 3 and 7. 

Many of the ICEs detected in this study belonged to isolates from serotypes 9 (39 ICEs, 31 

isolates), 16 (35 ICEs, 13 isolates) and 2 (24 ICEs, 13 isolates). Interestingly, serotype 9 isolates 

rarely carried IMEs and most IMEs were found in isolates from serotypes 2 (22 IMEs, 12 

isolates), 7 (20 IMEs, 10 isolates), and untypables (18 IMEs, 17 isolates). Furthermore, the ICEs 

and IMEs were ubiquitous in all isolate groups. Highly similar IMEs were observed to be 

ubiquitous with the most diversely disseminated being found in isolates from more than 6 

serotypes.   

AMR genes were detected in 52 ICEs and 3 IMEs distributed among different serotypes and 

isolate groups (Figure 3.3). There were three AMR-associated conjugative elements found in 

more than three isolates namely ICESsuSS140, ICESsuSS298 and IMESsuSS108, but only the 

latter was found in multiple serotypes. Interestingly, most of the AMR carrying ICEs were found 

among isolates from serotypes 2, 3, 16, 15 and 9. The elements carrying AMR genes found in 

this study were related to three different families based on their integrases and conjugation 

modules – 15% were of TnGBS, 24% were of ICESa2603 and 58% were of Tn5253-like ICE 

families. The most frequently detected AMR associated genes were tetO (43 distinct ICEs), 

encoding tetracycline resistance and ermB (28 distinct ICEs, 1 IME) which confers resistances to 

macrolide, lincosamide, and streptogramin antibiotics (MLS). Both ermB and tetO were also 

found together in 19 distinct ICEs. There were three ICEs carrying ermB and tetO genes that 

were found in both a SC isolate and at least one other isolate group from the same farm (Figure 

3.3): ICESsuSS058, ICESsuSS084, ICESsuSS298. All three of these ICEs were found be 

integrated in a 50S ribosomal protein L7/L12 (rplL) site. An ICE of the TnGBS family carrying 
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ermB, ICESsuSS140, was also found to be distributed among 10 serotype 2 ST25 SC, NSC and 

NSH isolates from two different farms. This ICE was found to be truncated and no integration 

site was found, suggesting it is no longer active. Another notable ICE carrying three resistance 

genes was ICESsuSS057 - this ICE was integrated in a 23S rRNA uracil-5-methyltransferase 

(rumA) site and carried both ermB and tetO and as well as lsaE, which confers resistance to 

pleuromutilin, lincosamide and streptogramin A. This ICE was found in a SC and a NSH 

serotype 21 isolate and was also closely related to another ICE carrying the same set of AMR 

genes found in serotype 15 isolates recovered from the same farm.  

In addition to AMR genes, some virulence associated factors reported for S. suis were also found 

in multiple ICEs. There were two ICEs related to the ICESa2603 ICE family, designated 

ICESsuSS107 and ICESsuSS272, found to be carrying a guaA gene (Wilson et al., 2007). 

ICESsuSS107 was found integrated in a rplL site and no insertion target was identified for 

ICESsuSS272. Another virulence associated factor found in multiple ICEs was rgg (F. Zheng et 

al., 2011). The virulence-associated factor rgg was carried by ICESsuSS084 which was also 

carrying ermB and tetO genes as discussed above. Similarly, ICESsuSS075 from a serotype 31 

SC isolate, was also identified to be carrying rgg as well as ermB and tetO genes.  

3.4.3 Bacteriophages 

There were 484 putative lysogenic phages and 162 putative lytic-like phages detected in 241 

(88%) isolates in this study. Contrary to what was observed in ICE-related elements, the most 

prevalent phages in the collection were found to be serotype specific. However, phages in 

general were ubiquitous among all isolate groups, similar to the ICE-related elements. Most of 

the putative lysogenic phages detected in this study were found in isolates from serotypes 9 (67 

in 34 isolates), 29 (52 in 20 isolates, 2 (28 in 12 isolates), 3 (27 in 11 isolates) and untypable 

strains (120 in 51 isolates). For the lytic-like phages, most were found in serotypes 29 (41 in 14 

isolates), serotype 2 (20 in 18 isolates), serotype 3 (20 in 11 isolates) and untypable strains (27 in 

19 isolates).  

Despite the greater number of putative phages detected compared to ICE-related elements, only 

17 distinct phages were found to be carrying AMR genes (Figure 3.4). Interestingly, none of 

these phages were found in serotype 2 isolates, but two phages from serotype 9 were found 
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carrying ermB (MLS) and lnuB (lincosamides resistance) genes, respectively. Of the 17 phages, 

only 4 lysogenic phages were found to have a recombinase, and a complete set of phage-

associated proteins. These phages include phiSsuSS248-1 and phiSsuSS299-1 encoding ermB 

(MLS); phiSsuSS278-1 encoding aph(3’)-lla (aminoglycoside resistance); and phiSsuSS312-1 

encoding ermT (MLS) and tet(45) (tetracycline resistance). All 4 lysogenic phages were related 

to and showed the structural organization of the Siphoviridae phage SPP1 neck type. These 

phages were also structurally similar to phages including Streptococcus mitis SM1 (Bensing et 

al., 2001) and Streptococcus pyogenes 315.3 phage (Ibrahim et al., 2016), both known to carry 

virulence associated factors. All the phages within this structurally similar group are usually 

found in hosts which belong to Firmicutes. Interestingly, one incomplete phage carrying lnuB 

was found in 2 isolates from two different farms. 

Screening the phages for virulence associated factors found 31 intact lysogenic phages which 

carried the S. suis virulence factor gene purA, a gene reported to be important in the colonization 

of S. suis in pig and mice models (Wilson et al., 2007). Notably, intact elements (95% nucleotide 

similarity) were found in both SC and NSH isolates. There were no intact phages carrying purA 

found in serotype 2 isolates, however there was a 17,465 bp remnant lytic phage, carrying purA 

designated as phiSsuSS067. This phage was 63% similar to the complete sequence of the phage 

phiZJ20091101-3 (KX077894.1) from an S. suis isolate recovered in China, except the latter 

does not carry purA. Interestingly, another intact lysogenic phage, phiSsuSS019, had 37% 

similarity to phiSsuSS067 suggesting similar evolutionary origins and was found in 17 serotype 9 

isolates distributed among all the isolate groups among multiple farms (10 SC, 5 NSC, and 1 

NSP). All 31 lysogenic phages also showed the structural organization of the Siphoviridae phage 

SPP1 neck type but were part of a different group from the AMR carrying phages. The purA 

carrying lysogenic phages had similar structural organization with S. pyogenes 315.1 and 315.2 

phages (Ibrahim et al., 2016), Streptococcus dysgalactiae phi3396 (Davies et al., 2007) and 

Streptococcus thermphilus DT1 (Lamothe et al., 2005), all of which have been isolated from 

virulent strains or carry virulence associated factors. The phages within this structurally similar 

group usually are found in host belonging to Actinobacteria and Firmicutes.  

https://www.ncbi.nlm.nih.gov/nucleotide/KX077894.1?report=genbank&log$=nucltop&blast_rank=5&RID=NTNY3HWD01N
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3.5 Discussion 

This study used a large collection of WGS data from S. suis isolates recovered from sick and 

healthy pigs to investigate mobile genomic elements that may play roles in S. suis genome 

diversity and pathogenesis. Most of the studies of this nature have been focused on S. suis 

serotype 2 strains and seldomly on other serotypes (Segura et al., 2020; Goyette-Desjardins et al., 

2014; Z. Lun et al., 2007). Studies which include a wider diversity of S. suis serotype strains 

greatly contribute to the efforts in creating a more holistic understanding of the complex 

mechanisms of S. suis pathogenesis.  

In our study, isolates recovered from systemic sites of pigs tended towards smaller genome sizes 

compared to isolates recovered from non-systemic sites of pigs. Our previous study conducted on 

the same collection of S. suis isolates showed that isolates from systemic sites carried a higher 

number of virulence associated factor genes per genome compared to isolates from non-systemic 

sites of healthy pigs (Aradanas et al., 2021), and therefore within our collection, genomes of 

disease associated isolates have the tendency to be smaller but are likely to encode more genes 

related to virulence. This observation has also been previously reported in S. suis (Weinert et al., 

2015; Merhej et al., 2013). However, in the present study, serotype 9 isolates did not follow the 

same pattern, as isolates from systemic sites were found to be larger than the isolates recovered 

from non-systemic sites. Most of the S. suis isolates analyzed in the study by Weinert et al. 

(2015) belonged to serotype 2 and it is possible that the pattern of smaller genome size for 

pathogenic isolates does not apply to all serotypes of S. suis. Furthermore, in the present study, it 

was observed that many of the genes found in serotype 9 systemic isolates and not in serotype 9 

isolates from non-systemic sites of healthy pigs were related to ICEs and phages. It is widely 

acknowledged that streptococcal genomes are susceptible to extensive genetic recombination 

events and S. suis is no exception (Nicholson et al., 2021; Greeff et al., 2011; Bisno et al., 2003). 

The serotype 9 isolates from systemic sites in this collection had a stronger association with 

MGEs compared to serotype 2 which could result from more genetic acquisitions or a higher 

likelihood of maintaining genes after they have been acquired. One plausible explanation may be 

that these genomic elements may have been retained due to their contributions to the fitness of 

the strains, such as the ICEs and phages encoding AMR genes and putative phages encoding a 

virulence factor found in serotype 9 isolates in systemic sites. It is also possible that serotype 9 

isolates from systemic sites may have acquired AMR or virulence genes more recently and thus 
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these genes are contained within more intact MGEs. In addition to the variations in genome size, 

a common observation of the present study and previous studies was the detection of 

transcriptional regulators that were only prevalent in serotype 2 and 9 isolates from healthy pigs 

and not in disease associated isolates (Weinert et al., 2015; Merhej et al., 2013) – which suggests 

a loss of regulatory complexity in pathogenic strains. These observations highlight the 

commonalities between the serotypes and a potential evolutionary path towards pathogenicity.  

The most prominent category of genes that were more abundant in disease associated isolates 

than isolates from healthy pigs in the present study was carbohydrate metabolism. In streptococci 

and other Gram-positive bacteria, carbohydrate metabolism and regulation has been linked to 

pathogenesis due to its role in regulating the expression of virulence factors (Paixão et al., 2015; 

Ferrando et al., 2014; Willenborg et al., 2011; Kietzman & Caparon, 2010; Shelburne et al., 

2008; Moreno et al., 2004). The tagatose-6-phosphate pathway found exclusively in serotype 2 

and 9 systemic isolates and not in the serotype 2 and 9 isolates from healthy pigs in the present 

study catabolizes lactose and D-galactose into D-glyceraldehyde 3-phosphate, which is an 

intermediate metabolite in several central pathways of all organisms including the glycolysis and 

gluconeogenesis pathways (Rosey et al., 1991). In the present study, the lacD gene detected was 

highly similar to the lacD.1 of S. pyogenes (Kietzman & Caparon, 2010; Loughman & Caparon, 

2007). The LacD.1 of S. pyogenes has been reported to be adapted as a regulator of global carbon 

catabolite control by functioning as a sensor for its substrates (Loughman & Caparon, 2007). It 

has also been reported to act as a repressor of the transcription of speB (Kietzman & Caparon, 

2010), which encodes a streptococcal exotoxin excreted by S. pyogenes that can degrade host 

extracellular matrix proteins (Burns et al., 1996; Kapur et al., 1993). The repression by LacD.1 

of speB transcription in S. pyogenes is similar to that of the repression of CcpA of suilysin (sly) 

transcription, a secreted toxin which damages epithelial cells (S. Lun et al., 2003), under optimal 

growth conditions in S. suis (Ferrando et al., 2014). In infected tissues where glucose is not as 

abundant, CcpA no longer represses sly transcription and is instead upregulated to cause damage 

to host cells leading to the release of glycogen to be degraded and used to sustain the growth of 

S. suis (Ferrando et al., 2014). It’s also very important to note that the CcpA pathway and LacD.1 

pathways function independently of each other (Loughman & Caparon, 2006, 2007) which 

warrants the need for further understanding of these carbon catabolite repressors. The exact role 

of LacD.1 in S. suis has never been studied but it’s role as a global transcriptional regulator in S. 
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pyogenes and our results suggests that investigating its role in pathogenesis might provide 

insights in constructing a more holistic understanding of S. suis pathogenesis.   

It is now common knowledge that MGEs are vehicles for AMR genes within microbial 

communities. In the present study, there were several MGEs that were found carrying AMR 

genes including putative ICEs and IMEs. There was a large proportion of all the putative ICEs 

(36%) carrying AMR genes with most encoding ermB and tetO, both of which have been 

frequently reported in S. suis (Libante et al. 2019; Zheng et al. 2018; Huang, Ma, et al. 2016; 

Athey et al. 2016; Holden et al. 2009). Most of the ICEs (58%) encoding AMR genes in this 

study were related to the Tn5253 ICE family, which have been well established as vehicles for 

AMR genes in S. suis (J. Huang, Liang, et al., 2016; Palmieri, Varaldo, et al., 2011). The rest of 

the AMR carrying ICEs belonged to TnGBS and ICESa2603 ICE families, both of which have 

also been described in S. suis (Libante et al., 2019; J. Huang, Liang, et al., 2016). Many of the 

AMR carrying ICEs related to Tn5253 and ICESa2603 found in this study were found to be 

integrated in a 50S ribosomal protein L7/L12 (rplL) site, which have reported as a common 

integration site for ICEs related to Tn5253 and ICESa2603 ICE families in S. suis (Libante et al., 

2019; J. Huang, Liang, et al., 2016). There were also a few IMEs that were carrying AMR genes 

found in this study, with ermB as the most prominent AMR gene carried. There were low 

numbers of IMEs detected in the present study; however, in a previous S. suis study they were 

reported to be abundant, with most carrying tetO and ermB genes (Libante et al., 2019). In the 

study by Libante et al. (2019), the abundance may be attributed to the higher diversity of S. suis 

serotypes were analyzed. In the present study, many of the ICEs and IMEs carrying AMR genes 

were found in isolates of the same serotypes but from different isolate groups or were found in 

different serotypes usually from the same farm. Only one truncated ICE, ICESsuSS140, was 

found in isolates from two separate locations, indicating that transfer of ICEs carrying AMR 

between farms is rare. 

The present study also found several putative phages that were carrying AMR genes. Most of 

these phages do not have a complete set of phage related proteins to be considered active and are 

therefore likely to be remnants of a phage. Those with complete set of phage related proteins are 

likely still active and these phages were determined to carry genes including aph(3’)-llla, ermB, 

ermT and tet(45). There have not been many reported phages in S. suis but ermB has been 
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described previously in a phage (ΦSsUD.1 ) of a S. suis serotype 2 strain recovered from a 

human diagnosed with meningitis (Palmieri, Princivalli, et al., 2011). The phage ΦSsUD.1 also 

encoded aph(3’)-IIIa, ant(6)-Ia and tet(W). The AMR carrying phages in the present study 

clustered and also have the same phage genes structure as that of phages S. mitis SM1 (Bensing 

et al., 2001) and S. pyogenes 315.3 (Ibrahim et al., 2016) –both S. mitis SM1 and S. pyogenes 

315.3 are phages which carry virulence factors involved in the pathogenesis of their host against 

humans (Ibrahim et al., 2016; Bensing et al., 2001). The abundance of MGEs carrying AMR in 

this study supports the notion that S. suis plays a major role in the mobility of AMR genes within 

the bacterial community (Yongkiettrakul et al., 2019; J. Huang, Ma, et al., 2016). Continued 

surveillance of MGEs such as ICEs, IMEs and phages is crucial in being able to control the 

dissemination of AMR genes to pathogenic S. suis and other bacteria. 

Interestingly, despite the extensive list of virulence factors reported to be essential in S. suis 

pathogenesis (Fittipaldi et al., 2012), there have not been any recent studies that have reported 

presence of virulence factors encoded in MGEs unlike in other streptococcal species (Ibrahim et 

al., 2016; Davies et al., 2007; Lamothe et al., 2005; Bensing et al., 2001). The S. suis virulence 

factors SalK/SalR, encoding a two-component signal transduction system, was found in an 89K 

pathogenicity island (M. Li et al., 2008) and was the only reported virulence factor to be found 

on an MGE in S. suis to date. Salk/SalR was a virulence factor identified in  two epidemic S. suis 

serotype 2 strains (98HAH12 and 05ZYH33) (Chen Chen et al., 2007) and was reported to be 

required for the strains to have a full virulence (M. Li et al., 2008). In this study, we report 

MGEs that encoded three putative virulence factors previously described in S. suis namely guaA 

(Wilson et al., 2007), rgg (F. Zheng et al., 2011) and purA (Wilson et al., 2007). The virulence 

factors guaA and rgg were found encoded in ICEs in a small number of isolates. The S. suis 

virulence factor guaA encodes a guanosine monophosphate synthase that was found to be 

required for S. suis virulence in mice (Wilson et al., 2007) and recently noted as one of the 

conditionally essential genes required for the growth of S. suis in pigs determined through Tn-

Seq analysis (Arenas et al., 2020). The virulence factor rgg encodes a transcription regulator that 

was previously reported to be involved regulating carbohydrate metabolism and plays an 

important role in S. suis serotype survival in its host (F. Zheng et al., 2011). Both guaA and rgg 

were found encoded in ICEs related to ICESa2603 ICE family, similar to another ICESa2603 

family ICE, ICESag37, that has been reported to carry a putative virulence factor in 
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Streptococcus agalactiae (Zhou et al., 2017).  ICESag37 encoded a putative two-component 

signal transduction system (nisK/nisR) that has been shown to play a role in colonization, 

invasion and survival of S. suis in mouse models (Xu et al., 2014). Interestingly, ICESag37 also 

encodes genes associated with resistance to tetracycline(tetO), erythromycin (ermB), and 

aminoglycosides (aadE, aphA, and ANT(6) (Zhou et al., 2017). The combination of virulence-

associated and AMR genes was also observed in the present study with the observation of co-

carriage of AMR genes ermB and tetO and virulence factor gene rgg.  

The detection of purA, a gene described to play a role in the colonization of S. suis in pig and 

mice models (Wilson et al., 2007), was found encoded in a large number of putative phages, 

many of which are likely to be active. Furthermore, more than half of the putative active phages 

encoding purA were from serotype 9 isolates and most were in isolates recovered from systemic 

sites of sick pigs. The phage phiSsuSS019 was the most prevalent phage identified in the 

collection and a major contributor to the higher average number of CDS in systemic serotype 9 

isolates in this study, since it carried 36 CDS. The 31 intact and putative active phages were all 

determined to be part of a cluster with S. pyogenes 315.1 and 315.2 phages (Ibrahim et al., 2016), 

Streptococcus dysgalactiae phi3396 (Davies et al., 2007) and Streptococcus thermophilus DT1 

(Lamothe et al., 2005). These phages also encode virulence factors that are important in the 

pathogenesis of their streptococcal species host. Unlike the putative active phages carrying AMR 

previously described, the putative phages carrying purA also may target hosts belonging to 

Actinobacteria, in addition to Firmicutes. The discovery of MGEs that encode known putative 

virulence factor is a major concern as transfer may potentially increase the virulence of S. suis 

strains and/or provide an additional factor contributing to a switch from a commensal S. suis 

strain into a pathogenic strain.  

3.6 Conclusion 

This study has shown that the consensus of pathogenic S. suis being smaller in size does not 

apply to all S. suis serotypes, as specifically observed in serotype 9 isolates in this study. It has 

also highlighted that, similar to other streptococcal species, carbohydrate metabolism is 

potentially tied to the pathogenesis mechanisms of S. suis. With that in mind, further research in 

metabolic pathways involving other bioinformatic based models or animal models are a great 

future direction. The high number of MGEs carrying AMR and virulence factors genes reported 
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in this study emphasizes the need for constant surveillance of these MGEs.  The introduction of 

AMR genes to S. suis bacteria in pigs not only may have a great impact on the swine industry but 

also in public health. The results of this study contribute to understanding the pathogenesis of S. 

suis and its control efforts. 
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3.10 Figures 

 

Figure 3.1: Number of coding sequences (CDS) carried by Streptococcus suis isolates from 

systemic (blood, meninges, blood, lymphnode) and non-systemic (nasal, ileum, rectal and 

tonsil) sites of sick and healthy pigs. Potential clone isolates were addressed by taking one 

isolate per serotype from each pig with isolates from systemic sites as priority. The floating 

numbers are the average genome size for each isolate site. S. suis infection was confirmed when 

S. suis was isolated from both systemic and non-systemic sites of sick pigs. S. suis infections 

were probable when S. suis was isolated from non-systemic sites but were not recovered from 

systemic sites of pigs. Healthy isolates were recovered from non-systemic sites of asymptomatic 

healthy pigs. 
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Figure 3.2: Pangenome analysis of Streptococcus suis from SC, NSC, NSP and NSH isolate 

groups. Isolates from the five most prevalent serotypes with the most isolates were included in 

the figure. Figure was generated using the interactive Anvi’o editor. 
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Figure 3.3: Integrative and conjugative elements (ICEs) carrying AMR genes found in 

isolates recovered from sick and healthy pigs. The black block indicates presence of AMR 

gene in ICE. Systemic-confirmed (SC) and Non-systemic-confirmed (NSC) isolates were 

recovered from pigs with confirmed S. suis infection, that were both symptomatic and had S. suis 

recovered from at least one systemic site. Non-systemic-probable (NSP) isolates were recovered 

from symptomatic pigs but S. suis was not recovered from any systemic site. Non-systemic-

healthy (NSH) isolates were recovered from asymptomatic pigs. 
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Figure 3.4: Bacteriophages carrying AMR genes found in isolates recovered from sick and 

healthy pigs. The black block indicates presence of AMR gene in the phage element. Systemic-

confirmed (SC) and Non-systemic-confirmed (NSC) isolates were recovered from pigs with 

confirmed S. suis infection, that were both symptomatic and had S. suis recovered from at least 

one systemic site. Non-systemic-probable (NSP) isolates were recovered from symptomatic pigs 

but S. suis was not recovered from any systemic site. And Non-systemic-healthy (NSH) isolates 

were recovered from asymptomatic pigs. 
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3.11 Tables 

 

Table 3.1: Distribution of 273 Streptococcus suis isolates recovered from sick and healthy pigs into 

isolate groups. Isolates were previously described and used in our previous study (Aradanas et al., 

2021). SC and NSC isolates were recovered from pigs with confirmed S. suis infection, that were 

both symptomatic and had S. suis recovered from at least one systemic site. NSP isolates were 

recovered from symptomatic pigs but S. suis was not recovered from any systemic site. And 

NSH isolates were recovered from asymptomatic pigs. 

Isolate Group Number (%) of 

Isolates  

Isolation sites Symptoma

tic 

Systemic-confirmed (SC) 47 (17) blood, meninges, spleen and lymph 

node 

Yes 

Non-systemic-confirmed 

(NSC) 

65 (24) tonsil, nasal, ileum and rectal Yes 

Non-systemic-probable 

(NSP) 

71 (26) tonsil, nasal, ileum and rectal Yes 

Non-systemic-healthy 

(NSH) 

90 (33) tonsil, nasal, and rectal No 
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Chapter 4: Summary and Conclusions 

 

4.1 Streptococcus suis  

In this study, different genomic features of Streptococcus suis whole genome sequences 

from isolates recovered from systemic and non-systemic sites of sick and healthy pigs on Ontario 

farms were investigated. S. suis is ubiquitous in swine and although only a small percentage of 

pigs develop S. suis disease (Fulde & Valentin-Weigand, 2012; Wertheim, Nguyen, et al., 2009; 

Staats et al., 1997), ongoing outbreaks of S. suis could be a challenging problem in specific farms 

and production systems, and can be difficult to control. Furthermore, zoonotic infections in 

individuals closely working with swine have been reported in many countries including Canada 

(Gomez-Torres et al., 2017; Goyette-Desjardins et al., 2014). There is currently no universal 

vaccine available for S. suis and thus, routine use of antimicrobials is used to control S. suis 

infection which contributes to the global problem in development of antimicrobial resistance 

(Goyette-Desjardins et al., 2014). The economic losses and the threat to public health enforces 

the importance of research in understanding the mechanisms of how S. suis causes disease.  

The pathogenesis of S. suis disease and the reasons why some infected pigs become clinically ill 

while others remain healthy are still largely unknown (Gottschalk & Segura, 2000). There is a 

consensus that the onset of S. suis disease is dependent on multiple variables including immune 

system compromises, age, environmental stressors, co-infections and bacterial genomic virulence 

determinants (Segura et al., 2020; Goyette-Desjardins et al., 2014). This study focused on 

investigating several genomic virulence determinants and their associations with disease status. 

4.1.1 Serotyping 

Classification is fundamental in studying large numbers of bacterial isolates and especially in a 

genetically diverse pathogen like S. suis.  One of the commonly used classification methods in 

identifying S. suis strains is serotyping, which can be done through multiple methods including 

slide co-agglutination test, PCR serotyping and in silico serotyping.  In this study, the 

effectiveness of PCR serotyping and in silico serotyping were compared. It was determined that 

in silico serotyping was able to distinguish and reclassify many of the isolates that were 

classified by PCR as serotype 1/2 into serotype 2 isolates and identify many isolates that PCR 

could not type. This result highlighted the viable use of in silico serotyping methods in 
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identifying S. suis when whole genome sequences are available. However, the in silico method 

may also be improved and requires constant maintenance as more novel strains of S. suis are 

discovered. Recently, a new PCR-based technique called mismatch amplification mutation assay 

(MAMA) (Lacouture et al., 2020) has also been developed capable of discriminating between 

serotypes 1 and 14 and 2 and 1/2 which previous PCR assays could not. Further research in this 

direction is important in developing effective S. suis control methods. Additionally, in the 

classification of the S. suis isolates within the collection, it was determined that the most 

prevalent serotypes recovered were serotype 9, 2, 16, 29, and untypables. The most characterized 

and commonly associated serotype to S. suis disease is serotype 2, but similar to recent patterns 

in European countries (Segura et al., 2020), there was a larger number of serotype 9 isolates 

detected in this study. This observation highlighted the need for research to understanding the 

holistic pathogenesis of S. suis and increase the research of other serotypes. 

4.1.2 Virulence associated factors in isolates from sick and healthy pigs 

One of the foci of this study was virulence associated factors (VAFs) and investigating their 

distributions and associations to disease. There are numerous putative VAFs reported to play 

important roles in S. suis virulence (Segura et al., 2017; Fittipaldi et al., 2012). This study 

screened the collection and determined that these previously identified virulence factors were 

widespread among the isolates. However, there was a tendency for S. suis isolates recovered 

from sick pigs to have a higher number of VAF genes in their genome relative to their healthy 

counterparts (KW, p < 0.001)  – which is in agreement with a previous study (Weinert et al., 

2015). In the present study, there was no difference between the frequency of VAF genes carried 

by isolates from systemic and non-systemic sites of pigs with confirmed infections (KW, p = 

0.28). There was however a higher frequency of VAF genes in isolates for systemic (KW, p < 

0.001) and non-systemic (KW, p < 0.001) sites of sick pigs relative to isolates from healthy pigs. 

Interestingly, there were isolates of the same serotype and sequence types with similar VAF 

profiles found in both disease-associated systemic isolates and isolates from healthy animals 

within the same farm. The tendency of higher VAF frequency in disease-associated systemic 

isolates suggests that VAFs are important in disease progression but the presence of similar 

isolates within both disease associated and healthy isolates on the same farm suggest that there 

are likely host factors affecting the onset of disease. Furthermore, the distribution of VAFs 
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within the entire isolate collection suggests their benefit to S. suis isolates may relate to other 

functions beyond virulence. Future research of S. suis virulence must then account for the 

multifactorial cause of S. suis disease onset. 

Most of the individual VAFs did not have a significant correlation with disease status despite the 

higher relative frequency of VAFs in sick animals. There were three VAF genes that had higher 

frequency in systemic isolates relative to non-systemic isolates from healthy pigs: dltA (Fisher’s 

test (FT), p < 0.001), luxS (FT, p = 0.011), and troA (FT, p = 0.019). All three of these genes 

play key roles in environmental adaptation and survival in S. suis. In particular, dltA has been 

highlighted in previous studies in S. suis (H. Zheng et al., 2018) and reported to play key roles in 

other Gram positive bacteria (Kristian et al., 2005; Poyart et al., 2003; Abachin et al., 2002). 

Further research to characterize the advantages provided by these VAFs in S. suis pathogenesis 

might provide great insights. 

4.1.3 Virulence associated factors and serotype 

Non-metric multidimensional scaling (NMDS) analysis of VAF genes presence and absence data 

showed that the majority of the typable isolates clustered together. Serotype 2, 3, 9, 16 and 29 

isolates were observed to form internal clusters within a cluster of typable isolates with divergent 

strains consisting mostly of untypable isolates. These suggest that there are differences between 

the VAF profiles of isolates from different serotypes and by extension, implied difference in 

virulence mechanisms. In a pairwise comparison of VAF profiles between systemic serotype 9 

isolates and systemic serotype 2 isolates, there were multiple VAF genes that were only in either 

group. The potential differences in virulence mechanisms between serotypes suggest that further 

research and greater understanding of serotype specific virulence mechanisms is required in the 

development of a universal control method such as vaccines. 

4.1.4 Antimicrobial resistance 

There was a high rate of AMR gene carriage among the isolates, with 98% of isolates carrying at 

least one AMR gene and 79% carry genes associated with resistance to at least four drug classes. 

Most of the isolates carried genes conferring resistance to tetracyclines, lincosamides and 

macrolides. There were no significant associations between serotypes and AMR presence 

however there was a higher frequency (KW, p = 0.008) and diversity in isolates from healthy 
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pigs compared to isolates from sick pigs. These are likely caused by the higher diversity of 

isolates from healthy pigs. Since no universal vaccine for S. suis prevention is available, 

antimicrobials are often the most common alternative. Over usage of these antimicrobials 

contributes to accelerated dissemination of AMR genes within S. suis and other bacteria and 

therefore it is important to consistently monitor patterns of resistance. Although the resistance 

genes detected in this study have not been phenotypically tested, the high rates of carriage not 

only pose a threat to the swine populations but also to public health. 

4.1.5 Pangenome analysis 

In this study, a pangenome analysis was conducted to determine if there were patterns or genes 

which may be associated with disease status. The analysis showed that isolates recovered from 

systemic sites, especially of the same serotypes, had less variation in the genes they carry relative 

to isolates recovered from non-systemic sites. This was likely due to isolates from non-systemic 

sites being more diverse and most isolates from systemic sites belonged to a single sequence 

type. Gene expression experiments might be a great future work to determine which specific 

genes play roles in pathogenesis. 

In an investigation of the gene presence and absence data, a lac operon, lacABCD, was found in 

all serotype 2 and 9 systemic isolates and not in their healthy isolate counterparts. The gene lacD 

in this operon was found to be most similar to lacD.1 (72% protein identity) of Streptococcus 

pyogenes which have been reported to affect the regulation of multiple S. pyogenes associated 

virulence genes (Kietzman & Caparon, 2010) . In streptococci and other Gram-positive bacteria, 

carbohydrate metabolism has previously been reported to be closely associated to pathogenesis 

by playing roles in the regulation of the expression of many virulence factors (Paixão et al., 

2015; Ferrando et al., 2014; Willenborg et al., 2011; Kietzman & Caparon, 2010; Shelburne et 

al., 2008; Moreno et al., 2004). The role of the lacD.1 homologue in S. suis has never been 

studied and further research might provide insights in constructing a fuller understanding of S. 

suis pathogenesis. 

There was a trend of smaller genome sizes for isolates recovered from systemic sites of pigs 

compared to isolates recovered from non-systemic sites of pigs (p = 0.08). Serotype 2 isolates 

were found falling into this trend (KT, p = 0.03). Conversely, serotype 9 isolates displayed the 
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opposite pattern with isolates from systemic sites being larger than their non-systemic 

counterparts (KT, p = 0.02). Further investigation revealed that many of the genes found 

prevalent only in serotype 9 systemic isolates and not in serotype 9 non-systemic isolates were 

associated with MGEs which included transposases, conjugative transfer modules, integrases and 

phage-related proteins. Pathogenic strains with reduced genomes have also previously been 

reported in S. suis (Weinert et al., 2015) and other pathogenic bacteria (Merhej et al., 2013).  In 

the S. suis study by Weinert et al. (2015), most of the S. suis isolates analyzed belonged to 

serotype 2 and it is likely that pattern of reduced genome size does not apply to all serotype of S. 

suis. It is possible that systemic serotype 9 isolates may have acquired AMR or virulence genes 

more recently and the MGEs that may have contained there are more intact. The results observed 

with the patterns of VAFs among serotypes and these observations highlights the commonalities 

between the serotypes and suggest a potential evolutionary trajectory towards pathogenicity.  

4.1.6 Mobile Genetic elements 

MGEs are important drivers of evolution and are known as vehicles for AMR genes in microbial 

communities. The ICE-related elements in this study were related to three ICE families Tn5253, 

ICESa2603 and TnGBS. Among all the putative ICE-related elements found, 36% carried AMR 

genes with ermB and tetO as the most frequently encoded. Many of the unique ICEs and IMEs 

carrying AMR genes in this study were found in multiple isolates from the same farm, however, 

one truncated ICE was found in isolates from two different farms. Although not as numerous, 

several complete phages were also found carrying AMR genes such as aph(3’)-llla, ermB, ermT 

and tet(45) in this study. And interestingly, only an incomplete phage carrying lnuB was also 

found in 2 isolates from two different farms. These observations imply the transfer of AMR 

genes between isolates in the past and that ICEs and phages may act as AMR vehicles within S. 

suis and other bacterial communities. 

There has only been one reported virulence factor previously reported in an MGE in S. suis, 

namely the SalK/SalR two-component signal transduction system (M. Li et al., 2008). In this 

study, we report MGEs that encoded three putative virulence factors described in S. suis: guaA 

(Wilson et al., 2007) encoded in 2 ICEs, rgg (F. Zheng et al., 2011) encoded in 2 ICEs and purA 

(Wilson et al., 2007) encoded in 31 intact phages. These virulence factors have previously been 

described to play roles in colonization and growth of S. suis. A phage carrying purA was found 
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in systemic serotype 9 isolates and was confirmed to contributes greatly to the previously 

discussed larger genomic size of systemic serotype 9 isolates compared to their non-systemic 

counterparts. The discovery of MGEs that encode known putative virulence factors is a major 

concern as these elements may accelerate the development or increase the pathogenic potential 

of S. suis isolates. 

4.2 General Conclusions 

This study has shown the capabilities of in silico serotyping in the classification of S. suis and its 

usefulness in the analysis of a large collection of genome sequences. It has also highlighted the 

multifactorial nature of the onset of S. suis disease and the need for a collaborative research 

effort to construct the complex mechanisms of S. suis pathogenesis. The results in this study 

showed that there are differences but also shared factors between serotypes and understanding 

the virulence mechanisms of other clinically prevalent S. suis serotypes in addition to serotype 2 

is crucial in developing a universal solution. Furthermore, the results of this study suggest that 

some of the differences among the serotypes may have been propagated by MGEs. Thus, a future 

work following this study may be the isolation of some of the MGEs described and confirming 

their abilities to act as AMR and/or virulence factor vehicles in the environment. The high 

frequency of genes and the presence of AMR in MGEs requires phenotypic testing but does 

suggest the need for a consistent surveillance in S. suis. An expanded study and inclusion of 

isolates from other geographical locations may give further insights of the onset of S. suis disease 

and contribute to the S. suis control efforts. 
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Appendices 

 

Appendix 2.1: Example confirmation of serotypes when strains are assigned mismatched 

serotypes by PCR and in silico serotyping. The cps loci of strains assigned mismatched 

serotypes were compared to references with confirmed serotypes using the program easyFig. (A) 

Strain SS137 was classified as serotype 18 by PCR serotyping, but cps loci comparison shows it 

is serotype 3, as assigned by in silico serotyping. (B) Strain SS174 was classified as serotype 29 

by PCR serotyping, but cps loci comparison shows it is serotype 31, as assigned by in silico 

serotyping. The shade of the lines indicates nucleotide identity. 
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Appendix 2.2: Frequency (%) of all VAF genes detected in 273 S. suis isolates 

 

 



 

101 
 

 

Appendix 2.3: Difference in serotypes identified between in silico and PCR serotyping 

methods (N=273) 
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Appendix 2.4: VAF profiles of 23 S. suis serotype 2 by SC, NSC, NSP and NSH isolate 

groups 
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Appendix 2.5: VAF profiles of 38 S. suis serotype 9 by SC, NSC, NSP and NSH isolate 

groups 

 

 

 

Appendix 2.6: Neighbour joining trees of serotype 2 and 9 isolates based on (A) MASH 

distances and (B) virulence associated factor presence and absence data. Colored text 

denotes the sequence type (ST) if known and allele group if not known. The allele groups are 

based on the variants of the seven housekeeping genes used in MLST of S. suis: aroA, cpn60, 

dpr, gki, mutS, recA, and thrA. 
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Appendix 2.7: Distribution of AMR genes in isolates from healthy pigs and pigs with 

confirmed S. suis infections. Density plots of relative frequencies of AMR genes from healthy 

pigs (orange) and confirmed cases (blue). A relative frequency >1 denotes a higher prevalence of 

gene in a particular host pig health case. 
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Appendix Tab 2.1: Streptococcus suis reference genomes  

Strain Serotype Accession 

Streptococcus suis S735 2 CP003736 

Streptococcus suis SC84 2 NC_012924 

Streptococcus suis P1/7 2 AM946016 

Streptococcus suis BM407 2 NC_012926 

Streptococcus suis GZ1 2 NC_017617 

Streptococcus suis JS14 2 NC_017618 

Streptococcus suis 05HAS68 2 NZ_CP002007 

Streptococcus suis NSUI060 2 NZ_CP012911 

Streptococcus suis HN105 5 NZ_CP029398 

Streptococcus suis D12 9 CP002644 

Streptococcus suis DN13 9 CP015557 

 

Appendix Tab 2.2: Distribution of individual VAF genes in clinical and non-clinical 

isolates. 

 Number (%) of isolates Fisher's exact test (p-value) 

VAF/genes SC NSC NSH SC vs NSC SC vs NSH NSC vs NSH 

38 kDa 47(100) 64(98) 85(94) 1.0000 0.1647 0.4018 

6pdg 47(100) 64(98) 84(93) 1.0000 0.0939 0.2398 

adcR 44(94) 61(94) 74(82) 1.0000 0.0742 0.0501 

AgI/II 16(34) 23(35) 24(27) 1.000 0.7064 0.2891 

apuA 46(97) 64(98) 87(97) 1.000 0.6323 0.6398 

arcA 44(94) 63(97) 85(94) 0.5223 0.2572 0.4506 

arcC 44(94) 64(98) 85(94) 0.3074 1.0000 0.4018 

ccpA 44(94) 65(98) 85(94) 0.3074 1.0000 0.4018 

cdd 44(94) 60(92) 73(81) 1.0000 0.0725 0.0622 

ciaH 43(91) 60(92) 73(81) 1.0000 0.1372 0.0622 

ciaR 44(94) 64(98) 85(94) 0.3074 1.0000 0.4018 

covR 44(94) 65(100) 87(97) 0.0711 0.4126 0.2648 

dltA 42(89) 46(71) 53(59) 0.0204 0.0002 0.1750 

dpr 47(100) 62(95) 83(92) 0.2628 0.0952 0.5216 

enolase 47(100) 65(100) 89(99) 1.0000 1.0000 1.0000 

epf 5(11) 4(6) 6(7) 0.4881 0.5109 1.0000 

epf* 6(13) 5(8) 8(9) 0.5219 0.5556 1.0000 

fbps 45(96) 64(98) 84(93) 0.5711 0.7149 0.2398 

feoB 44(94) 60(92) 74(82) 1.0000 0.0742 0.0956 

gapdh 47(100) 64(98) 87(97) 1.0000 0.5510 0.6398 

gdh 31(66) 50(77) 73(81) 0.2087 0.0595 0.5513 

glnA 33(70) 54(83) 67(74) 0.1151 0.6859 0.2402 

guaA 44(94) 64(98) 85(94) 0.3070 1.0000 0.4018 

guaB 47(100) 64(98) 85(94) 1.0000 0.1647 0.4018 

lgt 44(94) 60(92) 73(81) 1.0000 0.0725 0.0622 

luxS 45(96) 59(91) 71(79) 0.4644 0.0111 0.0503 

manN 45(96) 64(98) 84(93) 0.5711 0.7149 0.2398 
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mrp 15(32) 19(29) 17(19) 0.8361 0.0941 0.1769 

pgdA 44(94) 60(92) 74(82) 0.5521 0.0742 0.0955 

purA 32(68) 54(83) 74(82) 0.0733 0.0845 1.0000 

purD 46(98) 61(94) 82(91) 0.3966 0.1645 0.7621 

rgg 19(40) 34(52) 44(49) 0.2522 0.3716 0.7455 

sly 13(28) 20(31) 22(24) 0.8344 0.6850 0.4643 

sod 43(91) 60(92) 72(80) 1.0000 0.0921 0.0398 

spyM3-0908 42(89) 59(91) 74(82) 1.0000 0.3256 0.1645 

srtA 44(94) 59(91) 73(81) 0.7319 0.0725 0.1123 

ssadS 41(87) 60(92) 71(79) 0.5219 0.2551 0.0252 

ssnA 41(51) 42(65) 47(52) 0.1757 1.0000 0.1405 

sspA 41(87) 56(86) 71(79) 1.0000 0.2961 0.2834 

SSU0308 43(91) 64(98) 84(93) 0.1594 0.7358 0.2398 

troA 45(96) 60(92) 73(81) 0.697 0.0193 0.06215 

** SC = isolates from systemic sites in pigs with confirmed infections 
** NSC = isolates from non-systemic sites in pigs with confirmed infections 
** NSP = isolates from non-systemic sites in symptomatic pigs, which had no S. suis recovered from their systemic sites 
** NSH = isolates from non-systemic sites  in healthy pigs 
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Appendix Tab 2.3: Mixed effect logistic regression for gene presence in healthy and sick pigs with farm and serotype as 

random variables. 

Gene Parameters Odds Ratio Std. error 95% CI P- value 

dltA 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.183 0.064 0.984, 1.265 0.090 

Non-systemic-probable 1.808 0.063 1.046, 1.337 0.010 

Systemic-confirmed 1.116 0.072 1.140, 1.513 < 0.001 

Random 

effects 

Serotype -- 0.286 -- < 0.001 

Farm -- 0.134 -- < 0.001 
 

luxS 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.184 0.046 0.994, 1.190 0.069 

Non-systemic-probable 2.279 0.044 1.087, 1.290 < 0.001 

Systemic-confirmed 1.088 0.052 0.998, 1.224 0.069 

Random 

effects 

Serotype -- 0.149 -- < 0.001 

Farm -- 0.000 -- 1.000 
 

troA 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.135 0.045 0.994, 1.184 0.077 

Non-systemic-probable 2.303 0.042 1.044, 1.232 0.006 

Systemic-confirmed 1.085 0.050 0.991, 1.207 0.077 

Random 

effects 

Serotype -- 0.162 -- < 0.001 

Farm -- 0.000 -- 1.000 

“--" = not applicable 
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Appendix Tab 2.4: Mixed effect logistic regression for distinct genes in serotype 2 and 9 SC isolates. 

Gene Parameters Odds Ratio Std. error 95% CI P- value 

AgI/II 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.029 0.029 0.988, 1.107 0.165 

Non-systemic-probable 2.574 0.028 0.974, 1.087 0.300 

Systemic-confirmed 1.046 0.032 0.989, 1.122 0.165 

Random 

effects 

Serotype -- 0.070 -- 0.004 

Farm -- 0.029 -- 0.088 
 

dpr 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.020 0.035 0.968, 1.111 0.384 

Non-systemic-probable 2.561 0.034 0.955, 1.091 0.551 

Systemic-confirmed 1.038 0.039 0.988, 1.151 0.195 

Random 

effects 

Serotype -- 0.064 -- 0.002 

Farm -- 0.043 -- 0.042 
 

fur 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.017 0.061 1.031, 1.308 0.030 

Non-systemic-probable 1.535 0.059 0.907, 1.141 0.775 

Systemic-confirmed 1.161 0.069 0.939, 1.230 0.399 

Random 

effects 

Serotype -- 0.371 -- 0.000 

Farm -- 0.073 -- 0.080 
 

guaA 
Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.024 0.032 0.968, 1.096 0.428 

Non-systemic-probable 2.585 0.030 0.965, 1.086 0.428 

Systemic-confirmed 1.030 0.035 0.900, 1.035 0.428 
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Random 

effects 

Serotype -- 0.081 -- 0.001 

Farm -- 0.015 -- 0.726 
 

mrp 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 0.990 0.053 1.002, 1.231 0.094 

Non-systemic-probable 1.230 0.051 0.895, 1.095 0.845 

Systemic-confirmed 1.111 0.059 0.985, 1.239 0.123 

Random 

effects 

Serotype -- 0.302 -- < 0.001 

Farm -- 0.111 -- < 0.001 
 

ofs 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.106 0.052 0.967, 1.187 0.187 

Non-systemic-probable 1.520 0.050 1.002, 1.220 0.062 

Systemic-confirmed 1.072 0.059 1.028, 1.295 0.033 

Random 

effects 

Serotype -- 0.385 -- < 0.001 

Farm -- 0.080 -- 0.007 
 

pgdA 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.119 0.045 0.982, 1.172 0.157 

Non-systemic-probable 2.335 0.043 1.028, 1.217 0.019 

Systemic-confirmed 1.073 0.051 0.955, 1.165 0.301 

Random 

effects 

Serotype -- 0.161 -- < 0.001 

Farm -- 0.022 -- 0.701 
 

srtF 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.124 0.051 1.035, 1.266 0.015 

Non-systemic-probable 1.227 0.049 1.021, 1.238 0.020 

Systemic-confirmed 1.146 0.057 1.066, 1.331 0.009 

Random 

effects 

Serotype -- 0.330 -- < 0.001 

Farm -- 0.082 -- 0.021 



 

110 
 

 

virA 

Fixed effects: 

Isolate source 

Non-systemic-healthy Reference    

Non-systemic-confirmed 1.129 0.044 0.939, 1.116 0.601 

Non-systemic-probable 1.357 0.043 1.038, 1.229 0.010 

Systemic-confirmed 1.023 0.050 0.960, 1.167 0.349 

Random 

effects 

Serotype -- 0.402 -- < 0.001 

Farm -- 0.096 -- 0.004 

“--" = not applicable 
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Appendix Tab 2.5: Carriage distribution of AMR-associated genes in S. suis isolates. 

  Number (%) of isolates 

Number of AMR-associated genes 

carried 
SC NSC NSH NSP 

All 

Isolates 

1 0(0) (0) 1(1) 1(1) 2(1) 

2 30(64) 34(46) 34(38) 34(48) 128(47) 

3 10(21) 14(22) 17(19) 10(14) 51(19) 

4 3(6) 7(11) 10(11) 8(11) 28(10) 

5 3(6) 7(11) 9(10) 7(10) 26(10) 

6 1(2) 4(6) 9(10) 7(10) 21(8) 

7 0(0) 1(2) 5(6) 1(1) 7(3) 

8 0(0) 0(0) 2(2) 2(3) 4(1) 

** SC = isolates from systemic sites in pigs with confirmed infections 
** NSC = isolates from non-systemic sites in pigs with confirmed infections 
** NSP = isolates from non-systemic sites in symptomatic pigs, which had no S. suis recovered from their systemic sites 
** NSH = isolates from non-systemic sites  in healthy pigs 

 

Appendix Tab 2.6: Carriage distribution of potential AMR to different drug classes in S. 

suis isolates. 

 
Number(%) of isolates 

Number of drug class carried SC NSC NSH NSP All 

Isolates 

1 0(0) 0(0) 3(3) 1(1) 4(1) 

2 0(0) 2(3) 4(4) 1(1) 7(3) 

3 1(2) 5(8) 2(2) 1(1) 9(3) 

4 33(70) 28(43) 39(43) 40(56) 140(51) 

5 8(17) 10(15) 14(16) 8(11) 10(15) 

6 1(2) 0(0) 5(6) 6(8) 12(4) 

7 3(6) 10(15) 9(10) 3(4) 25(9) 

8 0(0) 5(8) 7(8) 7(10) 19(7) 

9 0(0) 3(5) 3(3) 3(4) 9(3) 

10 1(2) 0(0) 1(1) 0(0) 2(1) 

** SC = isolates from systemic sites in pigs with confirmed infections 
** NSC = isolates from non-systemic sites in pigs with confirmed infections 
** NSP = isolates from non-systemic sites in symptomatic pigs, which had no S. suis recovered from their systemic sites 
** NSH = isolates from non-systemic sites in healthy pigs 
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Appendix 3.1: ICEs and IMEs carrying AMR genes detected in isolates recovered from sick and healthy pigs 

 

ICE 

 

AMR genes 

 

Type 

 

Length 

(bp) 

 

Family 

 

Isolate metadata  

Isolate  Pig Farm Isolate Group Serotype 

ICESsuSS010 lsaE, tetO ICE 79112 Tn5253-like SS010 P108 F01 Non-systemic-healthy 15 

ICESsuSS015 tetO ICE 52464 Tn5253-like SS015 P079 F01 Non-systemic-healthy 15 

ICESsuSS031 tetO ICE 52346 Tn5253-like SS031 P110 F01 Non-systemic-confirmed 21 

ICESsuSS034 ermB, lsaE, tetO ICE 90194 Tn5253-like SS034 P111 F01 Non-systemic-confirmed 21 

ICESsuSS034 ermB, lsaE, tetO ICE 90194 Tn5253-like SS042 P008 F01 Non-systemic-confirmed 21 

ICESsuSS036 ermB ICE 31101 Tn5253-like SS036 P111 F01 Non-systemic-confirmed 15 

ICESsuSS036 ermB ICE 31101 Tn5253-like SS049 P043 F01 Non-systemic-confirmed 15 

ICESsuSS040 ermB, tetO ICE 48766 ICESa2603-

like 

SS040 P005 F01 Non-systemic-confirmed 16 

ICESsuSS044 lsaE, tetO ICE 79225 Tn5253-like SS044 P029 F01 Non-systemic-confirmed 21 

ICESsuSS057 ermB, lsaE, tetO ICE 68453 Tn5253-like SS016 P079 F01 Non-systemic-healthy 21 

ICESsuSS057 ermB, lsaE, tetO ICE 68453 Tn5253-like SS057 P078 F01 Systemic-confirmed 21 

ICESsuSS058 ermB, tetO ICE 47016 Tn5253-like SS058 P097 F10 Non-systemic-healthy 9 

ICESsuSS058 ermB, tetO ICE 47016 Tn5253-like SS068 P104 F10 Non-systemic-probable 9 

ICESsuSS058 ermB, tetO ICE 47016 Tn5253-like SS070 P106 F10 Non-systemic-probable 9 

ICESsuSS059 ermB ICE 28639 ICESa2603-

like 

SS059 P097 F10 Non-systemic-healthy 3 

ICESsuSS059 ermB ICE 28639 ICESa2603-

like 

SS274 P106 F10 Non-systemic-probable 4 

ICESsuSS065 tetO ICE 32911 Tn5253-like SS065 P102 F10 Non-systemic-probable 9 

ICESsuSS065 tetO ICE 33911 Tn5253-like SS127 P062 F07 Non-systemic-healthy 18 

ICESsuSS075 ermB, tetO ICE 81446 Tn5253-like SS075 P122 F11 Systemic-confirmed 31 

ICESsuSS084 ermB, tetO ICE 61925 Tn5253-like SS084 P126 F11 Non-systemic-confirmed 11 

ICESsuSS085 tetO ICE 50524 ICESa2603-

like 

SS085 P128 F12 Non-systemic-probable 15 

ICESsuSS086 tetO ICE 42887 Tn5253-like SS086 P130 F12 Non-systemic-healthy 11 

ICESsuSS089 tetO ICE 76474 Tn5253-like SS089 P127 F12 Non-systemic-probable unt 
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ICESsuSS090 tetO ICE 42712 Tn5253-like SS090 P127 F12 Non-systemic-probable 11 

ICESsuSS090 tetO ICE 42712 Tn5253-like SS189 P127 F12 Non-systemic-probable 11 

ICESsuSS091 tetO ICE 76474 Tn5253-like SS091 P129 F12 Non-systemic-probable unt 

ICESsuSS094 tetO ICE 52909 Tn5253-like SS094 P132 F13 Non-systemic-healthy 16 

ICESsuSS100 tetO ICE 52912 Tn5253-like SS100 P131 F13 Non-systemic-confirmed 16 

ICESsuSS105 ermB ICE 27962 TnGBS-like SS105 P017 F03 Non-systemic-healthy 7 

ICESsuSS105 ermB ICE 27962 TnGBS-like SS106 P017 F03 Non-systemic-healthy 7 

ICESsuSS105 ermB ICE 27962 TnGBS-like SS260 P018 F03 Non-systemic-healthy 7 

ICESsuSS109 tetO ICE 46057 ICESa2603-

like 

SS109 P031 F04 Non-systemic-healthy 16 

ICESsuSS114 ermB, tetO ICE 48401 ICESa2603-

like 

SS114 P049 F06 Non-systemic-healthy 16 

ICESsuSS114 ermB, tetO ICE 48401 ICESa2603-

like 

SS115 P049 F06 Non-systemic-healthy 16 

ICESsuSS114 ermB, tetO ICE 48401 ICESa2603-

like 

SS119 P045 F06 Non-systemic-probable 16 

ICESsuSS116 ermB ICE 32835 ICESa2603-

like 

SS116 P050 F06 Non-systemic-healthy 16 

ICESsuSS129 tetO ICE 38957 Tn5253-like SS129 P072 F07 Non-systemic-healthy unt 

ICESsuSS135 tetO ICE 48414 Tn5253-like SS135 P067 F07 Non-systemic-healthy unt 

ICESsuSS139 ermB, tet(45), tetO ICE 46171 Tn5253-like SS139 P057 F07 Non-systemic-probable 1/2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS013 P004 F01 Non-systemic-healthy 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS132 P065 F07 Non-systemic-healthy 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS140 P058 F07 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS145 P059 F07 Non-systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS147 P005 F01 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS175 P075 F07 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS212 P077 F07 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS218 P059 F07 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS239 P059 F07 Systemic-confirmed 2 

ICESsuSS140 ermB ICE 15629 TnGBS-like SS245 P065 F07 Non-systemic-healthy 2 
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ICESsuSS153 tetO ICE 38684 Tn5253-like SS153 P088 F08 Systemic-confirmed 2 

ICESsuSS156 ermB, lsaE, tetO ICE 77853 Tn5253-like SS156 P107 F01 Systemic-confirmed 15 

ICESsuSS156 ermB, lsaE, tetO ICE 77853 Tn5253-like SS284 P107 F01 Non-systemic-confirmed 15 

ICESsuSS161 lsaE, tetO ICE 69653 Tn5253-like SS161 P110 F01 Non-systemic-confirmed 21 

ICESsuSS166 tetO ICE 39689 Tn5253-like SS166 P099 F10 Non-systemic-healthy 28 

ICESsuSS168 ermB, tet(L) ICE 50992 Tn5253-like SS168 P101 F10 Non-systemic-healthy 9 

ICESsuSS175 ermB, tetO ICE 38953 Tn5253-like SS067 P104 F10 Non-systemic-probable 2 

ICESsuSS175 ermB, tetO ICE 38953 Tn5253-like SS175 P075 F07 Systemic-confirmed 2 

ICESsuSS181 ermB, tet(W/N/W) ICE 54598 ICESa2603-

like 

SS181 P122 F11 Non-systemic-confirmed 31 

ICESsuSS181 ermB, tet(W/N/W) ICE 54598 ICESa2603-

like 

SS186 P126 F11 Non-systemic-confirmed 31 

ICESsuSS192 ermB, tetO ICE 36878 Tn5253-like SS192 P132 F13 Non-systemic-healthy unt 

ICESsuSS198 ant(6)-Ia, lsaE, tetO ICE 44128 Tn5253-like SS198 P026 F04 Non-systemic-probable 30 

ICESsuSS199 ermB ICE 27756 Tn5253-like SS199 P022 F04 Systemic-confirmed 3 

ICESsuSS204 ermB, tetO ICE 53199 ICESa2603-

like 

SS204 P069 F07 Non-systemic-healthy 7 

ICESsuSS216 ermB, tetO ICE 35628 Tn5253-like SS216 P057 F07 Non-systemic-probable 29 

ICESsuSS225 tetO ICE 37976 Tn5253-like SS225 P086 F08 Non-systemic-probable 2 

ICESsuSS233 ermB, tetO ICE 83626 ICESa2603-

like 

SS233 P089 F08 Non-systemic-healthy 9 

ICESsuSS241 ermB, tetO ICE 37396 Tn5253-like SS241 P056 F07 Non-systemic-confirmed 10 

ICESsuSS242 ermB ICE 24105 ICESa2603-

like 

SS242 P056 F07 Non-systemic-confirmed 3 

ICESsuSS242 ermB ICE 24105 ICESa2603-

like 

SS251 P064 F07 Non-systemic-healthy 3 

ICESsuSS244 ermB, tetO ICE 37375 Tn5253-like SS244 P056 F07 Non-systemic-confirmed unt 

ICESsuSS248 tetO ICE 36335 Tn5253-like SS248 P062 F07 Non-systemic-healthy unt 

ICESsuSS283 tet(45), tetO ICE 70386 Tn5253-like SS283 P098 F10 Non-systemic-healthy 28 

ICESsuSS287 tetO ICE 52007 Tn5253-like SS287 P100 F10 Non-systemic-healthy 28 

ICESsuSS290 tetO ICE 50322 TnGBS-like SS290 P014 F03 Non-systemic-healthy 29 
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ICESsuSS297 ermB, tetO ICE 77049 ICESa2603-

like 

SS297 P066 F07 Non-systemic-healthy 29 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS137 P056 F07 Non-systemic-confirmed 3 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS237 P060 F07 Systemic-confirmed 3 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS246 P067 F07 Non-systemic-healthy 3 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS298 P056 F07 Systemic-confirmed 3 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS301 P059 F07 Non-systemic-confirmed 3 

ICESsuSS298 ermB, tetO ICE 49236 ICESa2603-

like 

SS302 P059 F07 Systemic-confirmed 3 

ICESsuSS304 ermB, tetO ICE 53201 ICESa2603-

like 

SS304 P075 F07 Non-systemic-confirmed 8 

IMEsuSS073 tet(L) IME 7130 unknown SS073 P118 F11 Non-systemic-healthy unt 

IMESsuSS108 ermB IME 6877 Tn5253-like SS108 P020 F04 Non-systemic-healthy 17 

IMESsuSS108 ermB IME 6941 Tn5253-like SS005 P366 F26 Non-systemic-confirmed 7 

IMESsuSS108 ermB IME 6941 Tn5253-like SS286 P367 F26 Systemic-confirmed 7 

IMESsuSS108 ermB IME 6962 Tn5253-like SS064 P094 F10 Non-systemic-probable 31 

IMESsuSS108 ermB IME 6962 Tn5253-like SS152 P086 F08 Non-systemic-probable 7 

IMESsuSS108 ermB IME 6962 Tn5253-like SS174 P096 F10 Non-systemic-probable 31 

IMESsuSS108 ermB IME 6962 Tn5253-like SS285 P362 F24 Non-systemic-probable 7 

IMESsuSS108 ermB IME 6965 Tn5253-like SS273 P125 F11 Non-systemic-confirmed 3 

IMESsuSS108 ermB IME 6989 Tn5253-like SS069 P105 F10 Non-systemic-probable 18 
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IMESsuSS108 ermB IME 7030 Tn5253-like SS133 P065 F07 Non-systemic-healthy 31 

IMESsuSS318 aph(2'')-IIIa IME 4357 unknown SS263 P021 F04 Non-systemic-healthy 29 

IMESsuSS318 aph(2'')-IIIa IME 4348 unknown SS318 P023 F04 Systemic-confirmed unt 

 

Appendix 3.2: Phages detected carrying AMR genes in isolates recovered from sick and healthy pigs. 

 

Name 

 

Length 

(bp) 

 

AMR Genes 

 

Phase 

 

Order 

 

Family 

 

Isolate metadata  

Isolate Pig Farm Isolate Group Serotype 

phiSsuSS032-1 13610 tetO lysogenic unclassified unclassified SS032 P110 F01 Non-systemic-

confirmed 

16 

phiSsuSS032-1 13610 tetO lysogenic unclassified unclassified SS033 P111 F01 Systemic-

confirmed 

16 

phiSsuSS089-1 72598 tetO lysogenic Ortervirales Retroviridae SS089 P127 F12 Non-systemic-

probable 

unt 

phiSsuSS130-2 52189 lnuB lytic-like Caudovirales Siphoviridae SS130 P064 F07 Non-systemic-

healthy 

unt 

phiSsuSS130-2 53141 lnuB lytic-like Caudovirales Siphoviridae SS233 P089 F08 Non-systemic-

healthy 

9 

phiSsuSS142-1 13524 ermB lysogenic unclassified unclassified SS142 P058 F07 Non-systemic-

confirmed 

unt 

phiSsuSS143-1 60844 ermB, mel lysogenic Caudovirales Siphoviridae SS143 P058 F07 Non-systemic-

confirmed 

16 

phiSsuSS157-2 12470 ermB lytic-like Caudovirales Siphoviridae SS157 P107 F01 Systemic-

confirmed 

9 

phiSsuSS185-1 51170 aac(6')-Ie-

aph(2'')-Ia 

lysogenic Caudovirales Siphoviridae SS185 P126 F11 Systemic-

confirmed 

unt 

phiSsuSS201-2 29056 lnuB lytic-like Caudovirales Siphoviridae SS201 P066 F07 Non-systemic-

healthy 

28 

phiSsuSS244-1 49780 lnuB lysogenic unclassified unclassified SS244 P056 F07 Non-systemic-

confirmed 

unt 

phiSsuSS248-1 54437 ermB lysogenic Caudovirales Siphoviridae SS248 P062 F07 Non-systemic-

healthy 

unt 
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phiSsuSS278-1 72333 aph(3')-IIIa lysogenic Caudovirales Siphoviridae SS170 P094 F10 Non-systemic-

probable 

28 

phiSsuSS278-1 72333 aph(3')-IIIa lysogenic unclassified unclassified SS278 P094 F10 Non-systemic-

probable 

29 

phiSsuSS278-1 72333 aph(3')-IIIa lysogenic unclassified unclassified SS279 P095 F10 Systemic-

confirmed 

29 

phiSsuSS278-1 72333 aph(3')-IIIa lysogenic unclassified unclassified SS280 P096 F10 Non-systemic-

probable 

29 

phiSsuSS290-1 63330 ermT, tet(45) lysogenic unclassified unclassified SS290 P014 F03 Non-systemic-

healthy 

29 

phiSsuSS299-1 54437 ermB lysogenic Caudovirales Siphoviridae SS299 P056 F07 Non-systemic-

confirmed 

unt 

phiSsuSS307-1 62854 ant(6)-Ia, 

lnuB, tetM 

lysogenic unclassified unclassified SS307 P002 F01 Non-systemic-

confirmed 

unt 

phiSsuSS312-1 63330 ermT, tet(45) lysogenic unclassified unclassified SS312 P010 F03 Systemic-

confirmed 

29 

phiSsuSS313-1 51209 tet(L), 

tet(W/N/W) 

lysogenic Caudovirales Siphoviridae SS313 P010 F03 Systemic-

confirmed 

unt 

phiSsuSS314-1 60813 ermT, mel lysogenic unclassified unclassified SS314 P010 F03 Non-systemic-

confirmed 

9 

 

 

Appendix 3.3: ICEs detected carrying virulence factor genes in isolates recovered from sick and healthy pigs. 

 

ICE 

 

Virulence 

factor 

 

Type 

 

Length 

(bp) 

 

Family 

 

Isolate 

Isolate metadata  

Pig Farm Isolate Group Serotype 

ICESsuSS107 guaA ICE 41140 ICESa2603-

like 

SS107 P027 F04 Non-systemic-healthy 7 

ICESsuSS272 guaA ICE 47985 ICESa2603-

like 

SS272 P124 F11 Non-systemic-probable 12 

ICESsuSS075 rgg  ICE 81446 Tn5253-like SS075 P122 F11 Systemic-confirmed 31 

ICESsuSS084 rgg  ICE 61925 Tn5253-like SS084 P126 F11 Non-systemic-confirmed 11 
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Appendix 3.4: Phages detected carrying virulence factor genes in isolates recovered from sick and healthy pigs. 

 

Name 

 

Length 

(bp) 

 

Phase 

 

Order 

 

Family 

 

Complete 

 

Isolate metadata 

  
Isolate Pig Farm Isolate Group Serotype 

phiSsuSS149 10532 lytic-like Caudovirales Siphoviridae No SS149 P089 F08 Non-systemic-

healthy 

29 

phiSsuSS153 11422 lytic-like unclassified unclassified No SS153 P088 F08 Systemic-

confirmed 

2 

phiSsuSS263 13778 lytic-like Caudovirales Siphoviridae No SS263 P021 F04 Non-systemic-

healthy 

29 

phiSsuSS171 14452 lysogenic Caudovirales Siphoviridae No SS171 P095 F10 Systemic-

confirmed 

9 

phiSsuSS295 16287 lytic-like Caudovirales Siphoviridae No SS295 P053 F06 Non-systemic-

probable 

29 

phiSsuSS295 16287 lytic-like Caudovirales Siphoviridae No SS296 P053 F06 Non-systemic-

probable 

29 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS137 P056 F07 Non-systemic-

confirmed 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS237 P060 F07 Systemic-

confirmed 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS242 P056 F07 Non-systemic-

confirmed 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS246 P067 F07 Non-systemic-

healthy 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS251 P064 F07 Non-systemic-

healthy 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS298 P056 F07 Systemic-

confirmed 

3 
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phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS301 P059 F07 Non-systemic-

confirmed 

3 

phiSsuSS137 17246 lytic-like Caudovirales Siphoviridae Yes SS302 P059 F07 Systemic-

confirmed 

3 

phiSsuSS067 17465 lytic-like Caudovirales Siphoviridae Yes SS067 P104 F10 Non-systemic-

probable 

2 

phiSsuSS067 17465 lytic-like Caudovirales Siphoviridae Yes SS155 P381 F14 Non-systemic-

confirmed 

3 

phiSsuSS067 17465 lytic-like Caudovirales Siphoviridae Yes SS175 P102 F10 Non-systemic-

probable 

2 

phiSsuSS067 17465 lytic-like Caudovirales Siphoviridae Yes SS225 P086 F08 Non-systemic-

probable 

2 

phiSsuSS088 17500 lytic-like Caudovirales Siphoviridae No SS088 P127 F12 Non-systemic-

probable 

2 

phiSsuSS008 18008 lysogenic Caudovirales Siphoviridae No SS008 P193 F18 Non-systemic-

probable 

29 

phiSsuSS149 18433 lytic-like Caudovirales Siphoviridae No SS149 P089 F08 Non-systemic-

healthy 

29 

phiSsuSS258 18502 lysogenic Caudovirales Siphoviridae No SS258 P025 F04 Non-systemic-

probable 

unt 

phiSsuSS282 18738 lysogenic Caudovirales Siphoviridae No SS282 P103 F10 Non-systemic-

probable 

29 

phiSsuSS108 19137 lytic-like Caudovirales Siphoviridae No SS108 P020 F04 Non-systemic-

healthy 

17 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS018 P107 F01 Non-systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS019 P107 F01 Non-systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS030 P109 F09 Non-systemic-

probable 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS035 P111 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS037 P111 F01 Non-systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS041 P008 F01 Non-systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS043 P029 F01 Systemic-

confirmed 

9 
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phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS046 P043 F01 Non-systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS047 P043 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS050 P054 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS157 P107 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS162 P111 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS305 P001 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS306 P002 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS309 P029 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS310 P029 F01 Systemic-

confirmed 

9 

phiSsuSS019 21580 lysogenic Caudovirales Siphoviridae Yes SS311 P029 F01 Systemic-

confirmed 

9 

phiSsuSS019 21581 lysogenic Caudovirales Siphoviridae Yes SS308 P008 F01 Systemic-

confirmed 

9 

phiSsuSS231 28680 lysogenic Caudovirales Siphoviridae Yes SS229 P080 F09 Non-systemic-

healthy 

30 

phiSsuSS231 28680 lysogenic Caudovirales Siphoviridae Yes SS231 P081 F09 Non-systemic-

healthy 

30 

phiSsuSS231 28680 lysogenic Caudovirales Siphoviridae Yes SS264 P131 F13 Non-systemic-

confirmed 

30 

phiSsuSS290 29706 lysogenic Caudovirales Siphoviridae No SS290 P014 F03 Non-systemic-

healthy 

29 

phiSsuSS312 30030 lysogenic Caudovirales Siphoviridae No SS312 P010 F03 Systemic-

confirmed 

29 

phiSsuSS164 30680 lysogenic Caudovirales Siphoviridae No SS164 P092 F10 Non-systemic-

healthy 

28 

phiSsuSS164 30680 lysogenic Caudovirales Siphoviridae No SS173 P095 F10 Non-systemic-

confirmed 

28 

phiSsuSS266 32606 lysogenic Caudovirales Siphoviridae No SS266 P131 F13 Non-systemic-

confirmed 

8 
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phiSsuSS010 32803 lysogenic Caudovirales Siphoviridae No SS010 P108 F01 Non-systemic-

healthy 

15 

phiSsuSS191 32831 lysogenic Caudovirales Siphoviridae No SS191 P132 F13 Non-systemic-

healthy 

unt 

phiSsuSS190 34036 lysogenic Caudovirales Siphoviridae No SS190 P129 F12 Non-systemic-

probable 

unt 

phiSsuSS069 35903 lysogenic Caudovirales Siphoviridae No SS069 P105 F10 Non-systemic-

probable 

18 

phiSsuSS176 36027 lysogenic Caudovirales Siphoviridae Yes SS176 P103 F10 Non-systemic-

probable 

8 

phiSsuSS176 36072 lysogenic Caudovirales Siphoviridae Yes SS211 P077 F07 Non-systemic-

confirmed 

8 

phiSsuSS176 36072 lysogenic Caudovirales Siphoviridae Yes SS213 P077 F07 Non-systemic-

confirmed 

8 

phiSsuSS176 36072 lysogenic Caudovirales Siphoviridae Yes SS304 P075 F07 Non-systemic-

confirmed 

8 

phiSsuSS107 36086 lysogenic Caudovirales Siphoviridae No SS107 P027 F04 Non-systemic-

healthy 

7 

phiSsuSS107 36086 lysogenic Caudovirales Siphoviridae No SS315 P023 F04 Systemic-

confirmed 

7 

phiSsuSS285 36377 lysogenic Caudovirales Siphoviridae No SS285 P362 F24 Non-systemic-

probable 

7 

phiSsuSS192 36486 lysogenic Caudovirales Siphoviridae No SS192 P132 F13 Non-systemic-

healthy 

unt 

phiSsuSS267 36976 lysogenic Caudovirales Siphoviridae No SS267 P131 F13 Non-systemic-

confirmed 

5 

phiSsuSS036 39036 lysogenic Caudovirales Siphoviridae Yes SS015 P079 F01 Non-systemic-

healthy 

15 

phiSsuSS036 39036 lysogenic Caudovirales Siphoviridae Yes SS036 P111 F01 Non-systemic-

confirmed 

15 

phiSsuSS036 39036 lysogenic Caudovirales Siphoviridae Yes SS049 P043 F01 Non-systemic-

confirmed 

15 

phiSsuSS036 39036 lysogenic Caudovirales Siphoviridae Yes SS156 P107 F01 Systemic-

confirmed 

15 

phiSsuSS036 39036 lysogenic Caudovirales Siphoviridae Yes SS284 P107 F01 Non-systemic-

confirmed 

15 

phiSsuSS200 39049 lysogenic Caudovirales Siphoviridae No SS200 P037 F04 Non-systemic-

probable 

7 
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phiSsuSS317 46947 lysogenic Caudovirales Siphoviridae No SS317 P026 F04 Systemic-

confirmed 

8 

phiSsuSS189 47648 lysogenic Caudovirales Siphoviridae No SS189 P127 F12 Non-systemic-

probable 

11 

phiSsuSS090 47649 lysogenic Caudovirales Siphoviridae No SS090 P127 F12 Non-systemic-

probable 

11 

phiSsuSS292 48136 lysogenic Caudovirales Siphoviridae No SS292 P011 F03 Non-systemic-

probable 

21 

phiSsuSS086 51377 lysogenic Caudovirales Siphoviridae No SS086 P130 F12 Non-systemic-

healthy 

11 

phiSsuSS233 68759 lysogenic Caudovirales Siphoviridae No SS233 P089 F08 Non-systemic-

healthy 

9 

**Complete phages indicate confirmation of the presence of multiple protein sequences including the major capsid protein, major tail protein, 

portal, terminase, adaptor protein, and proteins related to head closure and tail completion. 
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Appendix 3.4: MLST assigned to S. suis serotype 2 and 9 isolates. 

Isolate ST 

Assigned 

Farm Source Isolate Group Serotype 

SS145 25 F07 tonsil Non-systemic-

confirmed 

2 

SS083 AG2-4 F11 tonsil Non-systemic-

confirmed 

2 

SS013 25 F01 tonsil Non-systemic-healthy 2 

SS132 25 F07 nasal Non-systemic-healthy 2 

SS245 25 F07 tonsil Non-systemic-healthy 2 

SS179 AG2-1 F11 tonsil Non-systemic-healthy 2 

SS275 AG2-1 F11 tonsil Non-systemic-healthy 2 

SS276 AG2-2 F11 tonsil Non-systemic-healthy 2 

SS277 AG2-2 F11 tonsil Non-systemic-healthy 2 

SS074 AG2-3 F11 tonsil Non-systemic-healthy 2 

SS067 28 F10 tonsil Non-systemic-

probable 

2 

SS088 28 F12 tonsil Non-systemic-

probable 

2 

SS225 28 F08 tonsil Non-systemic-

probable 

2 

SS081 AG2-2 F11 nasal Non-systemic-

probable 

2 

SS288 AG2-5 F11 tonsil Non-systemic-

probable 

2 

SS140 25 F07 blood Systemic-confirmed 2 

SS147 25 F01 meninges Systemic-confirmed 2 

SS153 25 F08 meninges Systemic-confirmed 2 

SS175 25 F07 blood Systemic-confirmed 2 

SS212 25 F07 meninges Systemic-confirmed 2 

SS218 25 F07 spleen Systemic-confirmed 2 

SS239 25 F07 meninges Systemic-confirmed 2 

SS018 AG9-1 F01 rectal Non-systemic-

confirmed 

9 

SS019 AG9-1 F01 tonsil Non-systemic-

confirmed 

9 

SS037 AG9-1 F01 tonsil Non-systemic-

confirmed 

9 

SS041 AG9-1 F01 Ileum Non-systemic-

confirmed 

9 

SS046 AG9-1 F01 Ileum Non-systemic-

confirmed 

9 

SS314 AG9-10 F03 tonsil Non-systemic-

confirmed 

9 

SS097 AG9-3 F13 tonsil Non-systemic-

confirmed 

9 
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SS227 AG9-5 F08 tonsil Non-systemic-

confirmed 

9 

SS228 AG9-5 F08 tonsil Non-systemic-

confirmed 

9 

SS233 621 F08 tonsil Non-systemic-healthy 9 

SS235 AG9-13 F08 tonsil Non-systemic-healthy 9 

SS058 AG9-2 F10 rectal Non-systemic-healthy 9 

SS168 AG9-2 F10 rectal Non-systemic-healthy 9 

SS093 AG9-3 F13 rectal Non-systemic-healthy 9 

SS268 AG9-3 F03 tonsil Non-systemic-healthy 9 

SS030 AG9-1 F09 nasal Non-systemic-

probable 

9 

SS065 AG9-11 F10 rectal Non-systemic-

probable 

9 

SS126 AG9-12 F06 tonsil Non-systemic-

probable 

9 

SS068 AG9-2 F10 tonsil Non-systemic-

probable 

9 

SS070 AG9-2 F10 Ileum Non-systemic-

probable 

9 

SS150 AG9-4 F08 Ileum Non-systemic-

probable 

9 

SS223 AG9-4 F08 Ileum Non-systemic-

probable 

9 

SS123 AG9-8 F06 rectal Non-systemic-

probable 

9 

SS124 AG9-9 F06 tonsil Non-systemic-

probable 

9 

SS035 AG9-1 F01 meninges Systemic-confirmed 9 

SS043 AG9-1 F01 blood Systemic-confirmed 9 

SS047 AG9-1 F01 meninges Systemic-confirmed 9 

SS050 AG9-1 F01 meninges Systemic-confirmed 9 

SS157 AG9-1 F01 meninges Systemic-confirmed 9 

SS162 AG9-1 F01 spleen Systemic-confirmed 9 

SS305 AG9-1 F01 meninges Systemic-confirmed 9 

SS306 AG9-1 F01 meninges Systemic-confirmed 9 

SS308 AG9-1 F01 blood Systemic-confirmed 9 

SS309 AG9-1 F01 blood Systemic-confirmed 9 

SS310 AG9-1 F01 blood Systemic-confirmed 9 

SS311 AG9-1 F01 meninges Systemic-confirmed 9 

SS006 AG9-6 F26 lymphnode Systemic-confirmed 9 

SS171 AG9-7 F10 meninges Systemic-confirmed 9 

 


