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ABSTRACT 
	  
	  
	  

The relationship between Streptococcus suis and Haemophilus parasuis, two important 
residents of the tonsils of the soft palate in swine 
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University of Guelph, 2015  Dr. J.I. MacInnes 
	  
	  
	  

Haemophilus parasuis and Streptococcus suis are residents of tonsils of the soft palate in healthy 

pigs but can also cause severe disease. Planktonic growth curves indicated that S. suis growth was 

enhanced in the presence of H. parasuis, while H. parasuis was at a disadvantage. It was also found that 

H. parasuis and S. suis biofilm biomass was decreased in co-culture. These effects were demonstrated to 

be partly attributable to secreted factors. Finally, H. parasuis protected S. suis from antibiotics in co-

culture biofilms, and S. suis protected H. parasuis against swine complement proteins.  

The results here suggest H. parasuis and S. suis may increase each others’ virulence by 

preventing entrance into a quiescent biofilm form, as well as providing synergistic protection against 

antimicrobials and complement. A further understanding of the interplay between S. suis and H. parasuis 

could lead to the development of new approaches to reduce swine respiratory disease.  
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Chapter	  1	  –	  Review	  of	  the	  literature	  	  

1.1	  The	  swine	  tonsil	  environment	  	  

The tonsils harbor large populations of immune cells that contribute to both the innate and 

acquired responses, and act as an initial line of defense at the openings to the gastrointestinal (GI) and 

respiratory tracts (2). They are composed of lymph nodules and diffuse lymphoid tissues and are located 

between the nasopharynx and the oropharynx (1). 

 Swine possess five types of tonsil: lingual, paraepiglottic, pharyngeal, tubal, and the tonsils of the 

soft palate (2). The tonsils of the soft palate are the largest in the pig, and are composed of a mixed 

collection of host cells – mainly squamous epithelium and lymphoepithelium–with membranous (M) cells 

and goblet cells distributed throughout (1). They contain a large number of tonsillar crypts, which form a 

labyrinth of deep pockets within the tonsil epithelium that terminate within the lymphoid tissue and are 

filled with a variety of bacteria and other cellular debris (1).  

 The tonsils are an important component of the immunological defenses of mammals. Their 

epithelial lining provides a physical barrier against entry, whereas mucin secretions prevent adherence of 

bacteria and facilitate clearance (3). Macrophages and neutrophils are found within the tonsils and can 

phagocytose microorganisms and present antigens to lymphocytes, leading to activation of the adaptive 

immune response (1). In addition, tonsils play an essential role in the adaptive immune system by 

trapping antigens within their crypts, and moving particles across M cells to be taken up by antigen 

presenting cells and lymphocytes (1). Lymphocytes are the most abundant immune cell type in the swine 

tonsils, and depending on the age of the animal, about 75% are T lymphocytes and the remaining 25% are 

B lymphocytes (1). These cells are believed to contribute to systemic regulation of adaptive immunity 

through cytokine production.  

 Despite their importance in protecting the host from disease, tonsils can also have a role in 

infection. Although they are involved in immune surveillance, the tonsils of the soft palate in swine have 

also been repeatedly shown to be the site of initial entry, growth, and colonization for a variety of 

pathogens (1). Importantly, the tonsils can become a site of persistent, chronic infection (1). Bacteria are 
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often found in the tonsillar crypts or within lymphocytes and are usually associated with communities 

comprised of multiple species (3). Kernaghan et al. (3) speculated that these bacterial communities or 

biofilms might allow organisms to better persist by sharing antibiotic resistance or virulence genes.  

1.1.1	  Swine	  tonsillar	  microbiota	  	  

To be able to characterize specific interactions between bacteria within an environment, the first 

step is to identify which organisms are commonly present (4). Such an analysis of the complete 

microbiome, or the evaluation of all commensal, symbiotic, and pathogenic microbes (bacteria, viruses, 

fungi, and protists), present within an environment is very challenging, so most studies focus on members 

of the eubacterial community (referred to as the microbiota) (5). 

 A number of broad culture based studies have been performed to gain a better understanding of 

the total bacterial population in the swine tonsils. For example, Baele et al. (5) focused on the isolation of 

Gram-positive bacteria from the tonsils of the soft palate, and found a total of 25 species in 20 weaned 

and 20 non-weaned piglets, with Streptococcus suis, Streptococcus dysgalactiae, Staphylococcus hyicus, 

Staphylococcus aureus, and Arcanobacterium pyogenes identified most often. A study conducted by 

O’Sullivan et al. (6) confirmed that in 395 tonsils taken from slaughterhouse pigs, S. suis and other 

streptococcal species were most likely to be cultured. Finally, a study by Lowe et al. in 2011 (7) 

demonstrated the presence of 26 species in a culture-dependent analysis. They found that 28% of 

organisms were streptococci or enterococci, 21% were staphylococci, and the members of the family 

Pasteurellaceae and Enterobacteriaceae each accounted for 20% (7). Pasteurella multocida, S. suis, S. 

aureus, Staphylococcus epidermidis, S. dysgalactiae and Escherichia coli were found in more than 50% 

of the animals tested, but considering the low sample size, the general applicability of these results is 

questionable (7). In a later study by Lowe et al. (8), pyrosequencing of the 16S rRNA V4 region was used 

to identify the core microbiome of tonsils from 16 pigs (summarized in Figure 1.1). Five phyla were 

found to make up the core, with members of the family Proteobacteriae being the most prevalent (8). 

Both Pasteurellaceae and Streptococcaceae were found in all or almost all pigs tested (8). Further 

analysis using a pairwise distances program to compare the 16S V4 regions of type strains with sequences 
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found in the tonsils, revealed that Haemophilus parasuis was present in all the pigs, and S. suis was found 

in almost all pigs tested (8). Actinobacillus indolicus, Actinobacillus minor, Actinobacillus 

porcitonsillarum, Actinobacillus porcinus, Actinobacillus rossi, and P. multocida were also found in 

almost all the tonsils (8). However, because of the small sample sizes in these microbiome studies, the 

results must be viewed with caution, especially since the authors also recognized an unexpected dearth of 

Bacteroidetes, most likely due to amplification bias (8). Finally, in a study of 127 animals, Kernaghan (9) 

characterized the core phyla of the microbiome of the swine soft palate tonsils using terminal restriction 

fragment length polymorphism (T-RFLP) analysis and pyrosequencing, and reported the presence of 

Streptococcus spp. in 94% of healthy pigs. However, Haemophilus spp. were found in only 5% of pigs 

using this analysis, which could be due to a general bias against the family Pasteurellaceae in the T-

RFLP method used (9).  

These initial studies of the swine tonsil microbiome suggest that a large number of organisms 

exist there. What remains unclear is the roles these bacteria are playing in the health of the host or how 

they might be interacting with each other. Some, like Actinobacillus pleuropneumoniae and Mycoplasma 

hyopneumoniae, are proven swine pathogens, while A. minor and A. porcintonsillarum are benign 

commensals (3). However, many species present in the swine tonsil have a range of virulence potential 

that is dependent on the particular strain, immune status of the host, and other, as of yet, uncharacterized 

factors (3). In the gut, probiotic bacteria are capable of competing with pathogenic microbes for both 

receptor sites and nutrients, as well as producing antimicrobial compounds and modulating host responses 

(10). Investigations focused on the occurrence and importance of these types of interactions in the swine 

tonsils are lacking and merit further study.  

As described below, in humans synergistic interactions occur amongst bacteria in the 

nasopharynx and oropharynx that lead to increased virulence and persistence of pathogens. Again, 

whether similar phenomena also take place in the swine tonsils is a critical question and elucidation of 

such interactions may contribute to an explanation of how seemingly commensal organisms become 

harmful pathogens.  
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1.2	  Polymicrobial	  disease	  	  

Historically, microbiology has focused on Koch’s pure culture paradigm to identify bacteria 

involved in pathogenesis (11). This approach has led to new insights into disease; however, in recent 

years researchers have developed an appreciation for polymicrobial communities and how they contribute 

to infection (12). In fact, many pathological conditions are not the result of a single etiological agent as 

was originally thought and investigating how microbes are interacting and contributing to these diseases 

is an important area of research (12).  

The recognition of polymicrobial communities is not entirely new and there is evidence that 

Pasteur and Joubert discussed the presence of microbes living in diverse communities as early as 1877 

(13, 14). However, the discovery that polymicrobial infections are often more severe than single microbe 

infections and can contribute to persistence at an infection site has altered the way microbiologists view 

many diseases (11, 13). Recent findings have stimulated considerable interest in understanding the nature 

of polymicrobial disease, and while the details of how bacterial relationships lead to the development and 

increased severity of infection are not yet fully elucidated, further understanding may lead to innovative 

solutions for prevention and treatment (15). 

A number of diseases in both animals and humans are now recognized as being caused by more 

than one etiological agent (16). These are generally chronic conditions where a single disease-causing 

factor cannot be identified and often have large health care and other socio-economic costs (12, 15). 

Perhaps the best-studied polymicrobial interactions are in the oral cavity. An imbalance of the oral 

microflora can lead to the development of dental caries and periodontitis, two of the most common human 

diseases in the world (17). With over 750 bacterial species residing in the human mouth, characterizing 

the organisms in this complex system has been a challenging task (17). A number of significant species 

have been identified through cultivation and culture independent techniques (18). A study by Saini et al. 

(19) compared bacterial isolates from healthy people to those with severe dental caries and found that 

100% of patient cavities harboured altered polymicrobial communities, shifting from mainly Gram-

positive anaerobic cocci in healthy teeth to Gram-positive anaerobic bacilli in affected teeth. A number of 
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bacteria also contribute to periodontitis, including Fusobacterium nucleatum, Porphyromonas gingivalis, 

and Aggregatibacter actinomycetemcomitans (12). In vitro studies conducted by Saito et al. (20, 21) with 

these species revealed that F. nucleatum supports P. gingivalis growth in a biofilm and penetration of 

human gingival epithelial cells in vitro, leading to synergistic increases in virulence that would be 

predicted to cause enhanced inflammation of the gums and tooth loss in vivo. Although the oral cavity is a 

well-researched polymicrobial environment, mechanistic explanations of relevant interactions as well as 

in vivo models are needed to confirm the observations made so far.  

 Otitis media (OM), or infection of the middle ear, is another example of a polymicrobial infection 

in mammals. Culture independent techniques suggest that OM has a very diverse microbial etiology and 

confocal laser scanning microscopy of middle ear effusions from human patients has demonstrated that 

organisms such as Moraxella catarrhalis, Haemophilus influenzae and Streptococcus spp. are co-

associated within polymicrobial biofilms during OM infection (12, 22). Using a chinchilla model, 

researchers have shown that polymicrobial M. catarrhalis and H. influenzae infections result in increased 

resistance to antibiotic treatment and clearance from the host, whereas in vitro imaging reveals a physical 

association of these two pathogens, resulting in a synergistic increase in biomass (22, 23). These studies 

suggest a polymicrobial etiology for OM, but a more comprehensive survey of possible pathogens needs 

to be completed to determine the role each plays during infection.   

Porcine respiratory disease complex (PRDC) affects pigs worldwide (24) and is an example of 

polymicrobial disease in swine. Pathogens contributing to this complex include both viruses and bacteria, 

in particular porcine reproductive and respiratory syndrome virus (PRRSV), swine influenza virus (SIV), 

M. hyopneumoniae, P. multocida, and A. pleuropneumoniae (24). When pigs are exposed to M. 

hyopneumoniae alone, the result is typically mild disease with minimal lung lesions, while infection with 

P. multocida alone causes no disease. However, when pigs are challenged with both organisms 

concurrently they develop high fever, severe cough, and extensive lung lesions where both M. 

hyopneumoniae and P. multocida can be isolated (10). The generally accepted mechanism for this specific 

interaction in PRDC is that M. hypopneumoniae damages the epithelial surface and cilial function of the 
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upper respiratory tract (URT), allowing other pathogens to infect lower respiratory tissue (10). The 

immune response to M. hyopneumoniae contributes to lesion development and immunosuppression, 

providing an opportunity for secondary bacterial infection (24). A number of similar studies have been 

carried out using different combinations of viruses and bacteria, but it is often difficult to experimentally 

reproduce lesions with co-infection experiments (24). Overall, because of the complicated, multifactorial 

nature of PRDC, studying these interactions is complex and the definitive pathogenesis of this disease 

complex remains speculative and based on a small number of proven mechanisms (10)

1.2.1	  The	  ecology	  of	  microbial	  communities	  	  

Bacteria rarely exist in single-species planktonic culture – rather, the large majority of microbes 

on earth are living in highly complex polymicrobial communities that are often encased in extracellular 

polymeric secretions known as biofilms. These communities are typically combinations of bacteria, 

viruses, protozoans, and fungi attached to abiotic or biotic surfaces and their architecture is determined by 

intermicrobial and microbial-host interactions (12). Six hundred to 1000 unique bacterial species have 

been found in the human GI tract and comparable numbers have been reported in the oral cavity (18). 

These communities contain both autochthonous (permanent) colonizers and allochthonous (transient) 

members (18, 25). Many of these resident bacteria are beneficial to the host, but species population shifts 

and depleted host immunity can lead to infection by opportunistic pathogens (12, 14). With the 

completion of several high profile studies like the Human Microbiome Project and the international 

metaHIT Project, the human associated microbiota has entered the realm of general knowledge (4).  

 Many of the techniques being used to examine the human microbiota were derived from earlier 

microbial ecology studies. Major breakthroughs in this field came in the 1980’s with the advent of rRNA 

phylogeny, which allowed for a more in depth analysis of microbial communities through the sequencing 

of 16S rRNA genes (4). These investigations uncovered rich, complex communities dependent on a 

variety of physical, chemical, and biological conditions (26). 
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 In order to understand the interactions and function of a community, the members of that 

community must be characterized. This is not an easy task, and only with 16S rRNA phylogeny has this 

become an achievable goal (26). Once the core members of a community have been found, interactions 

between these species can be investigated (26). When a large and complex group of microbes interact in a 

relatively small site in a host, it is natural that many of them have co-evolved to develop similar species-

specific interactions (27). These relationships are classified as either synergistic or antagonistic, and both 

are illustrated in Figure 1.2. 

1.2.1.1	  Antagonistic	  relationships	  	  

Organisms often act antagonistically towards each other to compete for limited space or resources 

(28). Bacterial competition or interference is well studied, and there are a number of reports where 

researchers have attempted to prevent colonization of pathogens by using protective, benign organisms. 

For example, in the early 1900’s attempts were made by doctors to use staphylococci to replace 

Corynebacterium diphtheriae in the throats of carriers (28). These experiments had mixed success but did 

demonstrate the importance of antagonism in bacterial interactions and helped lead to the development of 

probiotics for the maintenance of healthy microflora in the GI tract.  

Mechanisms of antagonism vary, but usually involve direct interactions and competition. As in all 

trophic levels, competition among bacteria is a battle for resources that the individual needs to survive 

and pass genetic information to further generations (29). The simplest approach to understanding this type 

of relationship was first posited by David Tilman as the resource ratio model of competition, which 

proposes that “the availability of, individual demand for, and rate of consumption of nutrients will 

determine the predominance of different taxa” (29).This suggests that bacteria are able to co-exist in the 

presence of abundant nutrients but when nutrient levels are low, some members of a microbial community 

outcompete the others (30). There are two types of competition for a limited resource. The first is 

scramble competition which is described by Hibbing et al. (29) as the “rapid use of the limiting resource 

without direct interaction between competitors”. However, this is a simplification because nutrient 
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availability alone cannot account for the full extent of competition between organisms since bacteria have 

a number of other features associated with optimal fitness (29). This is addressed by the second type of 

competition, contest competition, which suggests that adaptations such as receptor tropism, bacteriocin 

production, and coordinated behaviour can give one species a significant advantage over others in the 

same environmental niche (29).  

An example of direct antagonism is the sequestration of nutrients such as carbon, phosphorus, or 

iron. Many bacteria produce and/or take up iron-binding molecule called siderophores and can hijack 

siderophores from other species by using their own receptors (31). This strategy allows conservation of 

resources while ensuring adequate iron uptake. Certain species even possess siderophores with very high 

affinity in order to outcompete their neighbours (31). For example, when Pseudomonas aeruginosa and 

Burkholderia cepacia are co-cultured, the B. cepacia siderophores sequester enough iron from P. 

aeruginosa for it to respond by triggering expression of iron-regulated genes (29). Bacteria also need to 

compete for adhesion sites in order to bind and colonize a niche. Some species are capable of producing 

molecules to disperse already bound bacteria. Probiotic bacteria, including Bifidobacterium and 

Lactobacillus species, prevent binding of pathogens such as E. coli and Salmonella enterica to cultured 

epithelial cells, possibly through expression of glycoproteins on their cell surface (32, 33). As well, P. 

aeruginosa produces rhamnolipids, which stimulate release of other species from biofilms (34). 

Another form of direct antagonism is the secretion of bactericidal substances. Bacteriocins are 

antimicrobial peptides that kill other closely related organisms and antibiotics generally act on a broader 

range (29). For example, bacteriocins are produced by Lactococcus lactis against other specific strains of 

Lactococcus spp., a reflection on their homogenous environment (29). Alternatively, broad-spectrum 

antibiotics are useful for Streptomyces spp., which are exposed to a diverse collection of species in the 

soil and so produce an array of antimicrobial polyketides (29). Bacteria can also secrete substances to 

disrupt signaling within other species. For example, many bacterial species produce enzymes capable of 

degrading acyl homoserine lactones (AHLs) (38). E. coli and S. enterica both produce autoinducer-2 (AI-
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2) but can also consume the molecule and interfere with this type of signaling in other bacterial species 

(38, 39).  

Physical interactions can also mediate antagonism between bacteria. This can be seen with certain 

strains of uropathogenic E. coli (UPEC) that are able to inhibit the growth of other E. coli strains through 

a contact-dependent mechanism (35). Inhibition involves an interaction between two outer membrane 

proteins (CdiAB from the inhibitory strains and BamA on the surface of the target strain) but the exact 

molecular mechanism is unknown (35). One hypothesis is that CdiA moves through the BamA β-barrel 

central pore to cause a cascade of events within the cell or that contact between the two proteins generates 

a conformational change that has downstream effects (35). A similar finding was observed between P. 

multocida and Mannheimia haemolytica, and between M. haemolytica and Bibersteinia trehalosi, all of 

which are opportunistic pathogens that can cause pneumonia and septicemia in ruminants (36, 37). Co-

culture experiments reveal that both P. multocida and B. trehalosi inhibit the growth of M. haemolytica 

through a contact dependent mechanism, but whether it is related to the one found in E. coli remains to be 

determined (36, 37). Another recently discovered kind of physical interference is the type VI secretion 

system (T6SS), which allows for the interaction of a number of Gram-negative species (15). First 

discovered in Vibrio cholerae and P. aeruginosa, researchers have proven that its primary role is to 

mediate bacterial competition by transferring toxins directly into other species (15). The T6SS might 

contribute to polymicrobial infection by providing a significant competitive advantage to invading 

pathogens.

  1.2.1.2	  Synergistic	  relationships	  	  

In contrast to engaging in competitive behaviour, some bacteria are capable of working together 

to facilitate cohabitation of surfaces. This is somewhat paradoxical since evolutionary theory would 

suggest that only traits benefiting individuals would be selected for. However, when a cooperative 

behaviour provides a direct fitness benefit, cooperation is mutually beneficial and is then selected for 

instead (40). Symbiotic relationships can be divided into categories, with the most relevant being 
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commensalism and mutualism. Commensalism is a relationship where one partner derives benefit while 

the other partner experiences no effects, whereas mutualism is the association that occurs when both 

partners benefit (26). 

 Synergistic bacterial interactions, referred to as polymicrobial synergy or microbial cooperation 

by some authors, are important to consider in polymicrobial disease because these types of infections are 

often more severe and persistent than disease caused by individual organisms (13). Recently, in a review 

on synergetic interactions in polymicrobial infections, Murray et al. (13) defined the term polymicrobial 

infection as “an interaction of two or more microbes in an infection site that results in enhanced disease 

compared to infections containing the individual microbes acting alone”. There is a variety of 

mechanisms that contribute to polymicrobial synergy, but they can be ascribed to four general categories: 

metabolic signals, quorum sensing, immune interference, and physical contact.  

Metabolic interactions play a significant role in synergistic pathogenesis of a number of species. 

Metabolite cross-feeding, a process in which one species of bacteria consume the end metabolic products 

of another, has been demonstrated to allow for synergy in infections (15, 41). For example, Ramsey et al. 

(41) used a murine abscess model co-culture system to show that the pathogen A. actinomycetemcomitans 

is better able to persist and cause disease in the presence of S. gordonii, a commensal organism. The 

mechanism may be that in the absence of S. gordonii, there is an ample glucose supply for A. 

actinomycetemcomitans, but when S. gordonii is introduced, competition increases and A. 

actinomycetemcomitans is disadvantaged (42). However, A. actinomycetemcomitans is able to use L-

lactate produced by S. gordonii, which enhances its ability to survive by avoiding direct nutrient 

competition with other faster-growing streptococci species (15, 42). The interaction demonstrates that 

metabolites secreted by resident commensal bacteria can influence opportunistic pathogens; however, 

because this experiment was done in a murine leg wound model, the results are only speculative until 

proven within their native oral environment.	  

P. aeruginosa also alters its virulence based on available nutrients, showing a distinct change in 

phenotype when grown on fermentation products of co-residents in the lungs (15). One such fermentation 
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product of Klebsiella pneumoniae and S. aureus is 2,3-butanediol, which causes P. aeruginosa to 

increases its biofilm formation, virulence factor production, and antagonistic activity against other 

bacteria (15). This suggests that P. aeruginosa can actively respond to other bacterial species in its 

environment in order to alter its phenotype (15). Secondary metabolite recognition also plays a role in 

oral infections, affecting gene expression of different species in biofilms. For example, Ramsey and 

Whitely (43) demonstrated that S. gordonii produces hydrogen peroxide as a by-product of metabolism, 

which causes up-regulation of virulence genes in A. actinomycetemcomitans, especially genes important 

for resisting host immune defenses.  

Bacteria are able to produce many types of molecules and determining which of these are acting 

as signals is an area of active research. Quorum sensing (QS) is a specific type of signaling that occurs 

when a bacterial population produces and responds to a signal in a manner that is dependent on 

population density (44, 45). At a certain threshold concentration, QS molecules can mediate changes in 

gene expression and bacterial behaviour (46). Quorum sensing allows a population of bacteria to behave 

in a coordinated manner in terms of producing virulence factors and antibiotics, and forming biofilms 

(47). There are six chemical classes of molecules used for signaling in bacteria: N-acylhomoserine 

lactones (AHLs), autoinducer oligopeptides (AIP), AI-2, diffusible signal factors (DSF), Streptomyces 

butyrolactones, and diketopiperazines (46). Recent studies have demonstrated that in many cases the same 

signaling molecules are involved for both intra- and interspecies interactions (45).  

For intraspecies signaling Gram-negative organisms most often use N-acyl-L-homoserine 

lactones, as well as other fatty acid derivatives, and Gram-positive bacteria tend to use amino acid and 

peptide derivatives (46). To date, AI-2s are the only AIs found that mediate communication in both 

Gram-negative and Gram-positive bacteria (46). The focus in this section will be on AI-2 molecules; 

further information on other QS signals can be found in the review by Ryan and Dow (46). 

Originally discovered in Vibrio harveyi, AI-2 molecules are borate esters of furanosyl 

compounds. The production of AI-2 requires the enzyme LuxS, which converts S-ribosylhomocysteine to 

4,5-diydroxy-2,3-pentanedione (DPD), a molecule that spontaneously rearranges to form AI-2 (46). The 
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periplasmic receptor (LuxP) and two-component regulatory system sensor kinase (LuxQ) are required to 

detect and respond to AI-2 (46). Since its discovery, homologs of the luxS gene have been found in 

approximately half of all sequenced bacteria, and many more have closely related genes, including 

Salmonella enterica, which possesses	  LsrB, a distinct periplasmic protein that binds an enantiomeric form 

of AI-2 (46, 49).  

There are numerous examples of AI-2 playing a role in interspecies signaling. Rickard et al. (50) 

have demonstrated that AI-2 is essential for biofilm growth of two oral bacteria, Actinomycyes naeslundii 

and Streptococcus oralis. When luxS-negative S. oralis mutants are grown together with A. naeslundii, 

true biofilms do not form and there is an overall decrease in biomass (50). Restoration of the AI-2 by 

chemical or genetic complementation results in the formation of abundant biofilms, similar to wild-type 

(50). An AI-2 has also been identified as an essential factor for M. catarrhalis and H. influenzae 

polymicrobial biofilm formation and increased resistance to the host immune system (23). This was 

unexpected since M. catarrhalis is not capable of producing AI-2 molecules; however it appears to 

possess an AI-2 transport system because artificial AI-2 also increases biofilm production of this 

pathogen in mono-culture (23). This result illustrates that even bacteria unable to synthesize AI-2 can 

respond to the molecule, something that has also been found with P. aeruginosa. This species does not 

possess the luxS gene but it is able to detect the AI-2 molecule produced by other oropharyngeal bacteria 

in order to respond by changing virulence gene expression, resulting in increased damage in rat lung 

infection models (15, 51). These examples demonstrate the importance of AI-2 signaling and strongly 

suggest a role for this molecule in interspecies communication leading to increased virulence in 

polymicrobial infections. 

Some bacteria can also interfere with the immune response of the host and allow other species to 

colonize due to a lack of host defenses (13). For example, urinary tract infections are often caused by 

UPEC. In this environment, E. coli may encounter opportunistic pathogens such as group B streptococci 

(GBS) that do not normally cause infection (13). Recent studies have shown that co-infection with both of 

these organisms results in increased survival of UPEC, and the use of isogenic GBS strains lacking sialic 



	  

	   13	  

acid results in lower titres of UPEC within the bladder lumen, suggesting that increased UPEC survival is 

due to the GBS capsule (52). Using in vitro experiments, Kline et al. (52) showed that the presence of 

GBS contributes to a state of lipopolysaccharide (LPS) tolerance in murine macrophages by suppressing 

the Nf-κB pathway. This results in a reduced inflammatory response to UPEC LPS (52). Another example 

of manipulation of the host immune response is the production of IgA protease by H. influenzae, which 

cleaves IgA into fragments that can be used by pneumococcal species to adhere to epithelial cells (53). 

Cooperation can also occur via physical interactions. The best-studied example of this is co-

aggregation within the oral cavity (13). This phenomenon is mediated by adhesins, which recognize 

receptors on host-surfaces or on other microbes (54). Interestingly, these interactions can occur between 

different genera, and Kolenbrander (54) has suggested that these organisms co-evolved together within 

the oral environment. The interactions are usually highly specific, with the exception of Fusobacteria 

spp., which can bind to a large number of oral community members (54). Co-aggregation has been proven 

to lead to increased virulence and inflammation when pathogens enter the biofilm community (11). For 

example, colonization with both F. nucleatum and P. gingivalis leads to greater formation of lesions than 

is observed with either organism alone (55). 

Overall, synergy is a relatively new area of research, but there is growing circumstantial evidence 

that cooperative relationships may play a large role in the virulence seen with polymicrobial infections. 

These types of interactions have been observed in a range of chronic infections, including OM, wound 

infections, and cystic fibrosis lung infections (15). The vast majority of current research in this area is 

limited to studies in vitro, so further work is needed to gain insight into the highly complex nature of 

bacterial cooperation in vivo.	  

1.2.2	  Biofilms	  	  	  

To date, polymicrobial interactions have been primarily studied in planktonic culture; however, it 

is recognized that such interactions are more likely to occur in biofilms (12). Biofilms are complex 

communities of bacteria, and as they age, new niches emerge, resulting in environments with high 
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bacterial diversity (14). Biofilms are composed of bacterial cells embedded in an extracellular polymeric 

substance (EPS) and can be attached to either abiotic or biotic surfaces. Biofilm bacteria take on specific 

phenotypes, and it has been repeatedly demonstrated that cells within this type of community change their 

gene and protein expression to allow for bacterial structural organization, signaling, and changes in 

virulence factor expression and metabolism (27). Enhanced virulence in polymicrobial biofilms has been 

shown to be due to QS molecules and other secreted factors and, because of the close proximity of the 

cells in biofilms, synergy may also be a result of changes in gene regulation, physical factors, and 

horizontal gene transfer (27). 

 Biofilms are found in many environments, including mammals, and it has been demonstrated that 

they are responsible for many chronic infections (56). Importantly, mono-species biofilms protect against 

antibacterial agents through reduced diffusion of molecules into the matrix, altered gene expression, and 

less metabolically active cells (57, 58). These changes mean that biofilm bacteria can have a competitive 

advantage over planktonic cells in stressful environments (27). Biofilms protection against antimicrobial 

agents is enhanced in a synergistic manner when multiple species are present (27). For example, 

multispecies biofilms containing four marine bacteria produce more biofilm compared to each species 

cultured alone, and are more resistant to tetracycline and hydrogen peroxide (27). As well, P. aeruginosa, 

Pseudomonas protegens, and K. pneumoniae are resistant to both tobramycin and sodium dodecyl sulfate 

in a multi-species biofilm, but not in monoculture biofilms (27). In summary, many complex interactions 

have been demonstrated to shape multispecies biofilm synergism in polymicrobial infections.  

1.2.3	  New	  approaches	  to	  the	  treatment	  of	  polymicrobial	  infections	  

As researchers continue to uncover the complexities that lie behind polymicrobial infections, new 

treatments strategies will be developed, especially against chronic infectious diseases. The standard, 

current intervention for this type of infection is the use of broad-spectrum antibiotics, which is often 

ineffective, and may lead to increased antimicrobial resistance (15). The main focus now should be to 

identify the species within a microbial community that contribute to pathogenesis, while maintaining the 

species that promote health with the goal of preventing serious disease in a population (11). In order to do 
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this, a number of approaches have been suggested including targeted vaccines, tailored synbiotics, and 

communication antagonists.  

Design of effective vaccines against polybacterial infections should take into consideration all the 

microbes that might be contributing to the targeted disease state. This is especially true because many 

bacteria are able to modulate or protect other species against host immune responses (59). Sibley et al. 

(60) used Drosophila melanogaster models to show that the virulence of P. aeruginosa could be 

significantly enhanced or reduced based on which commensal microbes were present, and that the host 

antimicrobial and innate immunity genes were also specifically modulated during polymicrobial 

infections. Another issue that arises is the need for a vaccine delivery system that delivers more than one 

antigen (59). Even with an effective system, vaccine designers will still need to address antigenic 

competition, where one antigen can elicit a strong immune response and prevent a protective response 

from developing for the others (59).  

Another approach to the treatment of polymicrobial infections is the development of novel anti-

infective agents. Interbacterial communication is one of the new targets being investigated. A number of 

researchers have shown that this kind of intervention may be successful. Macrolide antibiotics interfere 

with QS, resulting in attenuation of P. aeruginosa virulence in a UTI model infection (11). As well, 

several furanone compounds and AHL antagonists have been synthesized that show reduced virulence in 

Caenorhabditis elegans models (11). Other novel anti-infective targets include interbacterial contact and 

adhesion factors, two component regulatory systems, and key metabolites or enzymes in a microbial 

community that contribute to pathogenesis (11, 15, 59). A better understanding of the specific factors 

within a polymicrobial environment that lead to the development of disease, whether it be a certain 

species, adhesion, molecule, or virulence factors, could result in more targeted approaches to treat chronic 

infections.  

Finally, there are a number of other advances being investigated to target polymicrobial 

infections. Synbiotics, or combinations of pre- and probiotics, can prevent and reduce biofilm formation 

on surgical devices when taken orally, achieving better outcomes than antibiotic therapy (12). Probiotic 
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supplements reduce pulmonary deterioration in cystic fibrosis patients, possibly due to an alteration of the 

immune response stemming from the gut microbiome (14). In addition, bacteriophage cocktails can 

penetrate and break down thick biofilm communities of P. aeruginosa and S. epidermidis, reducing their 

populations (12). In burn studies by McVay et al. (12), immediate delivery of phage after P. aeruginosa 

infection led to a 90% increase in the survival of the mice. Researchers have also shown that phages are 

able to specifically target bacterial cells within a polymicrobial biofilm and that the use of phage in 

animals is safe, effective, and inexpensive (12).  

Although these are exciting new approaches for infection therapy, many challenges still exist, 

including specificity and delivery, the negative impacts of large-scale inhibition of microbial species, and 

possible side-effects to healthy microflora (15). There is a new imperative to consider the entire consortia 

of microbes required for causing disease in order to be able to strategically eliminate the bacteria that are 

the biggest contributors to pathogenesis.

1.3	  Polymicrobial	  interactions	  in	  the	  respiratory	  tract	  	  

In most environments, bacteria must be able to outcompete the other inhabitants of their niche in 

order to replicate and it is almost guaranteed that members within the same environment interact with 

each other. The human URT contains a conglomerate of both commensal and potentially pathogenic 

organisms (also called pathobionts), including H. influenzae, M. catarrhalis, S. aureus, and Streptococcus 

pneumoniae (61). Below are some significant examples of microbial networks that have been found in the 

respiratory tract of humans.  

P. aeruginosa is a well-studied pathogen of the lungs that has severe consequences for those 

suffering from cystic fibrosis (62). Recently, other pathogens that may be impacting the cystic fibrosis 

lungs have been identified and there is a new appreciation for the role of S. aureus as the initial colonizing 

pathogen during childhood (63). A study of these two organisms by Baldan et al. (62) showed that S. 

aureus growth is inhibited by P. aeruginosa both in a planktonic culture and in biofilm communities. 

While the exact mechanisms behind this interaction are not fully understood, these researchers 
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hypothesize it might be due to simple competition for nutrients or the large arsenal of respiration 

inhibitors and bactericidal compounds that P. aeruginosa produces (62).  

There are also examples of mutualism or synergy occurring in the URT. Cook et al. (64) recently 

discovered that several streptococcal species, both pathogenic and commensal, are capable of sensing and 

responding to each other’s QS signals. Specifically, they found that when group A Streptococcus (GAS) 

and group B Streptococcus (GBS) are grown together, GAS increases its biofilm formation and GBS 

virulence factor production is also affected (64). These researchers concluded that signaling pheromones 

mediate bidirectional interactions and identified a QS circuit in GBS similar to one found in GAS, 

although the exact targets are not fully characterized (64). In another study, Shak et al. (65) looked at the 

interactions among streptococci and found that some pneumococcal strains are able to interfere with 

subsequent colonization by additional strains, most likely though bacteriocin production. 

 Significant work has also been carried out to elucidate the interactions amongst four important 

human URT organisms: H. influenzae, M. catarrhalis, S. aureus, and S. pneumoniae. These organisms 

can be benign colonizers or act like primary pathogens. There is evidence of both antagonistic and 

synergistic relationships occurring between these species and the various relationships among these 

organisms are shown in Figure 1.3.  

As demonstrated by Verhaegh et al. (66) using RNAseq analysis, M. catarrhalis increases GAS 

virulence gene expression, including the genes for hyaluronan synthase, streptococcal mitogenic exotoxin, 

and IgG endopeptidase. Their research suggests that co-infection with M. catarrhalis and GAS might lead 

to increased virulence and a more severe pathology (66). M. catarrhalis can also produce outer membrane 

vesicles (OMVs) containing β-lactamases and other enzymes that protect both GAS and S. pneumoniae 

from antibiotics (67).  

Polymicrobial biofilms of M. catarrhalis and S. pneumoniae are also more resistant to macrolide 

killing, and the presence of M. catarrhalis increases the bacterial persistence of S. pneumoniae in both 

chinchilla and mouse models of OM (68). H. influenzae is thought to benefit M. catarrhalis by promoting 

its persistence in biofilms through an AI-2 QS mechanism (23). Similarly, some strains of H. influenzae 
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enhance M. catarrhalis growth, and release OMVs containing β-lactamases that protect GAS from 

antimicrobials (70). Like M. catarrhalis, S. aureus can contribute to H. influenzae survival and increase 

its growth density in biofilms and planktonic cultures (69). 

S. pneumoniae appears to be responsible for much of the microbial antagonism observed in the 

URT– most notably, it produces and is resistant to high levels of hydrogen peroxide, which has been 

shown to be detrimental to H. influenzae in vitro (as well as to S. aureus and M. catarrhalis) (65). S. 

pneumoniae also produces neuraminidases that cleave cell surface sialic acids on H. influenzae, thus 

preventing it from attaching to airway epithelial cells (71). Conversely, H. influenzae can decrease S. 

pneumoniae survival. Tanaka et al. (72) showed that pre-exposure of mice to either of the two species 

induces antibodies against phosphorylcholine, promoting clearance of the secondary colonizer. In another 

study, Lysenko et al. (73) demonstrated that co-colonization of these two species led to a decrease in S. 

pneumoniae growth by complement- and neutrophil-mediated killing. In vitro killing assays also 

demonstrated that H. influenzae is able to promote opsonophagocytic killing of S. pneumoniae by 

neutrophils, an immune process to which H. influenzae is relatively resistant to (73).  

Interactions between H. influenzae and S. pneumoniae can also be synergistic. Cope et al. (74) 

showed that these two organisms interact via physical and chemical mechanisms, leading to an alteration 

in virulence gene expression when co-cultured using biofilm assays, real time PCR (RT-qPCR), and 

bacterial RNA taken from human cases of chronic rhinosinusitis. They observed that H. influenzae type 

IV pili are expressed under co-culture, but not monoculture in vitro (74). As well, they found that the 

expression of a number of S. pneumoniae virulence genes important for nasopharyngeal colonization and 

infection are affected, including an increase in pyruvate oxidase (spxB) and a decrease in pneumolysin 

(ply) and pneumococcal adherence factor A (pavA) gene expression (74). These researchers further 

demonstrated that these changes were due to a combined effect of both physical contact and soluble 

factors using purified supernatant (74). H. influenzae has also been reproducibly observed to reach a 

higher cell density in the presence of S. pneumoniae than in mono-culture, and is therefore more capable 
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of nasopharyngeal colonization in a rat model (65, 69). Finally, biofilms containing these two organisms 

have higher biomass and are more resistant to antibiotics (65).  

In vivo patterns of interaction are certainly much more complicated than the fairly simple 

relationships between two species described above, but these examples of specific polymicrobial 

interactions in the human host illustrate some of the complexity of bacterial interactions in the respiratory 

environment. In addition, although there has been very limited research into similar polymicrobial 

interactions in the URT of other animals, it is assumed that some of the lessons learned from the study of 

human polymicrobial interactions might be applicable to other mammalian species. 

1.4	  Swine	  pathogens	  of	  interest	  

Many species within the swine tonsil seem to be benign commensals but can occasionally result 

in serious disease culminating in meningitis, pneumonia, and septicemia (75). This change is likely 

dependent on a number of factors, including host susceptibility, changes in the overall microbiota, and 

strain specific gene expression. The factors that trigger the shift from benign commensal to invasive 

pathogen are unknown, but S. suis and H. parasuis are two opportunistic pathogens that may be 

interacting with each other to enhance virulence in the swine tonsil. 

1.4.1	  Haemophilus	  parasuis	  	  

Haemophilus parasuis is present worldwide and causes infections resulting in severe economic 

losses due to high morbidity and mortality (76). Mortality is particularly high in specific-pathogen free 

(SPF) herds, whereas conventional herds generally experience mild respiratory disease, with acute 

infections occurring infrequently (76). In SPF herds, H. parasuis can cause Glässer’s disease, which is 

characterized by septicemia, fibrinous polyserositis, polyarthritis, and meningitis (76). The factors that 

contribute or trigger the onset of this disease are still unknown.  

 Haemophilus parasuis is a Gram-negative, microaerophilic, non-motile, pleomorphic rod-shaped 

bacterium that is normally only isolated from the naso- and oropharynx of swine (76). Metabolically, H. 
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parasuis has been found to reduce nitrates, and ferment glucose, galactose, mannose, fructose, 

saccharose, and maltose (77).  

 Fifteen serovars of H. parasuis have been described but a large number of isolates are non-

typeable. In North America serovars 1, 4, 5, 10, 12, 13, and 14 are thought to be the most virulent; 

however, disease is reported to be associated with all other serovars except 3, 6, 7, 9, and 11 (76). 

Recently, Boerlin et al. (78) used multilocus variable number of tandem repeats analysis (MLVA) to 

better understand the epidemiology of H. parasuis isolated from Ontario swine and characterize the 

distribution of known virulence factors among the two identified clusters. Cluster I isolates contain 6 to 9 

putative virulence genes, whereas members of cluster II contain only 1 to 3 (78). Although it is easy to 

predict that cluster I would contain the more virulent isolates, this was not the case – the study showed no 

association between clinical (vs. nasal) isolates and membership in cluster I (78). This finding underlines 

the inherent difficulty of identifying true virulence factors for H. parasuis. To date, the majority of 

virulence genes for this organism have been discovered based on data mining of genomes and other 

sequence information with almost no follow-up experiments using knock-out mutants due to a lack of a 

good challenge model for the disease (79). At this point, no single virulence factor (or group of factors) is 

thought to be sufficient to cause Glässer’s disease.  

To find the virulence factors for H. parasuis, studies have taken one of two approaches: 1. 

observing differences in the genomics/proteomics of virulent vs. non-virulent strains or 2. observing 

differences in gene expression under conditions mimicking the in vivo environment (80). There is a 

number of studies in which virulent and non-virulent strains of H. parasuis were compared, using strains 

isolated from herds with no history of Glässer’s disease (considered avirulent) or those from normally 

sterile sites in pigs (classified as virulent) (80). Sack and Battes (81) used a subtractive hybridization 

technique to identify the presence of cirA and hhdBA in a virulent serovar 5 strain which were absent in 

an avirulent serovar 11 strain. These genes encode proteins involved in iron transport and hemolysis, 

respectively (81). Zhou at al. (82) also used a subtractive hybridization technique and identified a ferric 

hydroxamate receptor (fhuA), a restriction modification system (hsdR), and a fimbrial assembly chaperone 
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(fimB) in the virulent serovar Nagasaki strain, but absent in H. parasuis SW114 (an avirulent serovar 3 

strain). Finally, using proteomics to compare to virulent serovar 5 Nagasaki strain to the avirulent serovar 

3 SW114 strain, Wei et al. (83) found that expression of adhesin AidA, two extracellular serine proteases, 

a protein disulfide isomerase, and an iron ABC transport substrate binding protein was upregulated or 

only found in the virulent strain. The presence of these potential virulence factors in only the more 

virulent strains of H. parasuis, as well as their homology to known virulence factors in other bacterial 

species, suggests they may be important for bacterial colonization or persistence within the pig. However, 

their role has yet to be confirmed using isogenic mutants and studies such as the MLVA analysis by 

Boerlin et al. (78) show a lack of correlation.  

 A number of studies have also been performed attempting to mimic the environmental conditions 

present in the pig nasopharynx. Heat stress can cause the up-regulation of virulence factors and Hill et al. 

(84) used differential display reverse transcription PCR (DD RTPCR) to demonstrate the increased 

expression of the fatty acyl CoA synthase (fadD), diadenosine tetraphosphatase (apaH), and cysteine 

synthetase (cysK) genes at 40oC compared to 35oC. Iron limitation is another condition frequently found 

in the host environment. Iron-regulated genes in H. parasuis described to date include: hxuCBA, which 

encodes proteins involved in free heme uptake, the tonB-exbBS-tbpAB operon, which also encodes 

proteins related to iron uptake, and pilA, a putative fimbrial gene (85, 86). The up-regulation of pilA in 

response to iron restriction is interesting, as this gene in Neisseria gonorrhoeae modulates protein export, 

growth rate, and resistance to human serum (86). Finally, there have been attempts to better mimic the 

host environment or study gene expression in vivo. Metcalf and MacInnes (87) grew H. parasuis in 

cerebrospinal fluid and observed differential expression of several genes, but no association with 

virulence was found. A similar study by Melnikow et al. (85) was performed using both oxygen and iron 

limitation, as well as acid and heat stress. Numerous genes involved in metabolic adaptation to stress were 

found, along with iron acquisition genes (yfeCA and hxuCBA), a putative hemolysin, and 2 proteases; 

however there is little evidence that any of these genes are essential for virulence (85). Jin et al. (88) 

extended the findings of earlier work by examining gene expression of H. parasuis in vivo during 
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pulmonary infection using selective capture of transcribed sequences (SCOTS). They found a large 

number of putative virulence genes, including a probable large adhesin (vta), a tRNA modifying protein 

(gidA) known to be important for controlling virulence gene expression in other organisms, and a 

subtilisin autotransporter protease (sspA) that may process adhesins, lead to colonization, enhance biofilm 

formation, and result in persistence in the host (88). Another virulence gene found to be expressed in this 

study was a homologue of siaB, which encodes a protein that sialylates LPS in H. influenzae (88). Based 

on similarities to proteins in E. coli, this protein is believed to be involved in penetration of the blood-

brain barrier (88). The authors used qRT-PCR to determine that expression of this protein was much 

higher in brain tissue of three H. parasuis infected pigs compared to the spleen, heart, lung or liver, 

supporting this hypothesis (88).   

 Overall, the discovery of putative virulence genes is allowing for a further understanding of the 

pathogenesis of H. parasuis, an important first step towards better treatment and prevention of the 

disease. A tentative description of the overall pathogenesis has been made based on discovered virulence 

factors, with the major contributing proteins summarized in Table 1.1. Infection begins when H. parasuis 

attaches to and invades epithelial cells (80). Adherence has been attributed to many proteins, including: 6- 

phospogluconate dehydrogenase, cytolethal distending toxin (CDT), fimbriae, outer membrane protein 2 

(OmpP2), and virulence associated trimeric autotransporters (Vtas) (89–93). Hybridization studies have 

shown that group 3 vtaA is conserved in both invasive and non-invasive strains, but vtaA1 genes are 

found only in virulent strains, although this is true for European isolates and was not seen with the 

Ontario strains investigated by Boerlin et al. (78, 94). H. parasuis resists the innate immune system partly 

by degrading IgA through the use of a novel putative IgA protease that cleaves only swine 

immunoglobulin heavy chains (92). H. parasuis can also avoid phagocytosis by macrophages due to the 

presence of a capsule, as well as Vta proteins (93, 95, 96). Bacterial replication, lipooligosaccharides 

(LOS), and Cdt, a DNase that causes host cell toxicity, may all trigger an inflammatory reaction through 

the release of the pro-inflammatory cytokines IL-6 and IL-8 (97).  
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For H. parasuis to cause systemic infection it must enter the bloodstream, but the details of this 

process have not been elucidated. Virulent strains can invade endothelial cells, which may allow entry 

into circulation (98). Once in the bloodstream, it is essential for an invading organism to avoid 

complement and H. parasuis possesses many surface expressed molecules that allow this, including LOS, 

OmpP2, and Cdt (99). Finally, H. parasuis has been found in the brains of pigs, indicating that it is 

capable of crossing the blood-brain barrier (98). Again, the details of this process are not yet known, but a 

number of hypotheses have been proposed. Bouchet et al. (97) suggested that permeability changes 

between cells due to inflammation may contribute to the development of meningitis, and Jin et al. (88) 

have hypothesized that sialylation of the LOS of H. parasuis might be involved in penetration of the 

barrier. Finally, it was observed by electron microscopy that H. parasuis is able to attach to and invade 

porcine brain microvascular endothelial cells (PBMEC) through rearrangements of actin filaments and 

microtubular cytoskeletal elements but the factors contributing to this are unknown (98). In summary, 

investigation of several virulence genes in H. parasuis has led to a basic understanding of its pathogenesis 

but there are many gaps remaining in our knowledge of this important pathogen.  

1.4.2	  Streptococcus	  suis	  	  	  

Streptococcus suis is a leading cause of disease in the swine industry worldwide, resulting in 

severe economic losses (100). It can cause meningitis, septicemia, endocarditis, rhinitis, and arthritis (75). 

In addition, S. suis is now being recognized as an emerging human pathogen (101). In North America, 

zoonotic S. suis infections are rare and limited to those employed in the pig industry (101). However, in 

Thailand, Vietnam, and China several serious outbreaks of S. suis have been reported, and human cases 

are probably under-diagnosed (101). These outbreaks were likely due to the emergence of a highly 

pathogenic strain, as well as consumption of raw pork dishes and human-pig contact (102).  

 The natural habitat of S. suis is the URT of pigs, specifically the tonsils and nasal cavities, as well 

as the genital and alimentary tracts (101). In almost all countries, asymptomatic carriage is common in 

healthy pigs, with carrier rates approaching 100% (100, 102). However, the incidence of S. suis disease is 

much lower (~5%) mainly due to the use of preventative antimicrobials (100). In North America, S. suis 
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infections are the main cause of piglet deaths and in peracute cases pigs can be found dead with no 

previous signs of disease (102).  

 Streptococcus suis is a Gram-positive, alpha-hemolytic, facultative anaerobe with spherical/ovoid 

morphology and cells are often found in pairs or short chains (101, 102). Thirty-two serovars have been 

proposed, based on variation in capsule antigens (101). Serovars 1/2, 1-9, 14, 16 and 24 have all been 

associated with infection in swine, but serovars 2 and 14 are considered the most virulent in North 

America (102). The virulence potential of the various serovars differs, making the quest for understanding 

pathogenesis more complex. Zheng et al. (103) did a comparative genomic hybridization study of 39 

isolates of S. suis from clinical sources and also tested the ability of these isolates to induce cytokines, 

resist phagocytosis in vivo, and activate TLR signaling in vitro in order to find a correlation between the 

genome and virulence. From these comparisons, isolates could be categorized into three groups: a highly 

virulent group (clade Ia), a virulent group (clade Ib), or an intermediate weakly virulent group (non-clade 

I) (103). However, very few challenge studies have been performed on strains other than serovars 1, 2, 

and 7 so the evidence of virulence potential of most serovars is only circumstantial.  

 The emergence of powerful genetic tools, such as in vivo expression technology (IVET), 

signature tagged mutagenesis (STM), selective capture of transcribed sequences (SCOTS) and 

suppression subtractive hybridization have provided some insight into S. suis pathogenesis, with over 60 

proteins now thought to be associated with infection (101). The most significant factors are listed in Table 

1.2, but the exact roles of many of these genes still need to be identified. Clearly, disease is a complex, 

multifaceted process that involves bacterial, host, and environmental factors. 

The mechanisms by which S. suis is able to colonize the swine nasopharynx are poorly known, 

but there are indications that the pathogen survives in the swine tonsils for long periods of time (104). 

Here, S. suis may adhere and invade epithelial cells in the tonsillar crypts to elude immune cells (101). 

For systemic disease to occur, S. suis must invade the first barrier of defense, typically by travelling 

across the mucosal epithelium in the URT, although whether it is capable of crossing epithelial cells in the 

tonsils of the soft palate has not been studied (104). Adhesins on the surface of S. suis are hidden by the 
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capsule polysaccharide (CPS), as mutants without a capsule adhere better to porcine epithelial cells, 

suggesting that S. suis may down-regulate expression of CPS during colonization (104, 105). This was 

supported by Wu et al. (106), who showed using differential RNAseq that S. suis increases the expression 

of CPS genes to protect against killing in blood and reduces expression in cerebrospinal fluid to allow for 

adhesion and greater inflammation in the brain.  

Adhesins thought to be involved in S. suis colonization include: glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), 6-phosphogluconate-dehydrogenase, bifunctional amylopullanase, and 

glutamine synthetase, all of which were shown to contribute to adherence to epithelial cells using 

knockout mutant experiments (107–110). However, it is relevant to note that only Ferrando et al. (110) 

used pig epithelial cells, specifically newborn pig tracheal cells, whereas other studies demonstrated 

adherence using human epithelial cells, so whether these results can be translated to swine is questionable 

(107–109). S. suis can also interact with extracellular matrix (ECM) structures, including fibrinogen and 

plasminogen (104). Fibronectin binding protein (Fbps), S. suis enolase, collagenase, sortase (SrtA), and 

DppIV are all involved in interaction with the ECM, and deletion mutants of these genes are attenuated in 

virulence and/or survival in vivo (104, 111, 112). Finally, at the mucosal surfaces IgA immunity is an 

important line of defense against pathogens. A recent study by Zhang et al. (113) showed that S. suis 

produces an IgA protease that can cleave both human and porcine IgA and is essential for full virulence of 

serovar 2 strains of S. suis. 

 For a pathogen to disseminate throughout the body via the bloodstream, it must resist a multitude 

of host defenses. S. suis is capable of avoiding phagocytosis and killing, allowing it to reach high 

numbers within the bloodstream and the capsule is thought to be the most important factor contributing to 

this resistance, providing protection from neutrophil, macrophage, and dendritic cell mediated 

phagocytosis and killing (114). Many studies show that unencapsulated strains are much more susceptible 

to rapid clearance (114). Despite the significant role of CPS in dissemination, other factors are involved in 

resisting phagocytosis. N-deacetylation of peptidoglycan in the cell wall provides protection against 

neutrophil lysozyme mediated killing, and D-alanylation of lipoteichoic acid protects against neutrophils 
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and cationic antimicrobial peptides (115, 116). Suilysin, which is toxic to monocytes and neutrophils, 

appears to reduce phagocytosis of the organism as well (104). A serine protease that degrades IL-8 and a 

DNase that disrupts neutrophil extracellular traps have also been suggested as possible contributors to 

survival in circulation (117, 118).  

Nutrient acquisition is essential for host colonization and in S. suis AdcR, Fur, and FeoB have 

been implicated in this process by regulating zinc and iron transport (104). IVET studies showed that over 

40 genes are regulated by iron restriction, including some for capsule biosynthesis, but the effect of iron 

limitation on virulence is inconclusive (119). Indeed, it has been recently reported that S. suis may switch 

to using manganese or magnesium when iron concentrations are low, and that the lipoprotein TroA (a 

manganese uptake protein) is an essential factor for survival in vivo (120).  

 Activation of the immune system can result in protection from microbial infection, but septic 

shock occurs when the immune response is excessive. In mouse studies, virulent serovar 2 S. suis strains 

induce production of systemic pro-inflammatory cytokines including TNF-alpha, IL-6, IL-12, and IFN-

gamma (121). The bacterial factors involved in stimulating inflammation are largely unknown, although 

cell wall components, capsule, suilysin, and subtilisin-like protease (SspA) may all be involved (104). 

Often sepsis results in death, but meningitis can also occur, which involves the crossing of the blood brain 

barrier (BBB) or the blood-cerebrospinal fluid barrier (BCSFB). S. suis is able to adhere to, invade and 

survive in immortalized porcine brain microvascular endothelial cells (BMEC), suggesting that 

transcytosis may take place (122). However, this has only been demonstrated in transwell in vitro assays 

with epithelial cells lining the BCSFB (122, 123). Protein adhesins and cell wall components involved in 

invasion include D-alanylated lipoteichoic acids, SrtA, and an alpha-enolase (104). Recent studies have 

shown that suilysin is capable of remodeling the cytoskeletons of human BMECs, leading to the 

formation of filopodia, stress fibres, and lamellipodia (124). This remodeling, along with evidence that 

suilysin contributes to the pathogenesis of meningitis, suggests that this toxin plays an important role in 

the progression of S. suis infection (125). S. suis is also capable of binding to plasminogen and converting 

it to its active form, plasmin, which allows bacteria to disrupt cell integrity and increases microbial 
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penetration into tissues (102). Finally, an increase in inflammation can result in a more permeable BBB 

and S. suis stimulates the release of IL-6, IL-8 and MCP-1, which might have a role in transversal of the 

BBB (102). Once in the brain, neuronal damage is mainly due to the host reaction to the bacteria through 

the activation of TLRs in microglial cells that are unable to ingest encapsulated S. suis but are stimulated 

to release pro-inflammatory cytokines (102, 104). The organism can also induce the release of 

arachidonic acid, prostaglandin E2, and MMP9 from BMECs, all of which may be involved in further 

disruption of the BBB (126). 

 In addition to the specific virulence factors mentioned above, proteins in S. suis homologous to 

global regulators in other Gram-positive bacteria also play a role in pathogenesis. The deletion of the 

response regulator RevS, sugar regulator CcpA, orphan regulators RecSC21 and CovR, and two-

component systems like SalK/SalR and CiaRH all result in reduced virulence, but their exact roles remain 

unknown (127–132). It has also been demonstrated that carbohydrate availability plays a role in virulence 

gene expression. A recent study showed that when glucose levels are low and alpha-glucan levels are 

high, adherence, invasion and hemolytic activity are increased, likely due to increased expression of 

amylopullanase and suilysin (127). Ferrando et al. (127) showed that 19 virulence genes were 

differentially expressed when S. suis was grown in starch compared to pullulan glucans. Of these genes, 7 

were thought to be involved in host invasion and avoidance of host defenses. The authors suggested this 

was due to relief from carbon catabolite repression, which occurs when glucose is absent (127). They 

concluded that in the low glucose environment of the nasopharynx, certain genes are expressed which 

facilitate invasion and dissemination to the bloodstream. In this environment there is a higher glucose 

concentration, resulting in a decrease in expression of certain virulence genes (127).   

 The luxS gene also contributes to pathogenesis by controlling biofilm formation and drug 

resistance in S. suis (133). This is achieved through AI-2 cell-signaling molecules produced as a result of 

LuxS activity (133). S. suis luxS mutants have reduced hemolytic activity, a 51% decrease in adherence, 

and a decreased ability to form biofilms (134). As well, the biofilms of mutant strains are less dense and 

have less ECM material (135). In the zebrafish challenge model system, S. suis luxS mutants have 
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increased LD50 values, reflecting decreased virulence potential (135). In addition, AI-2 induced biofilm 

formation/density, adherence, and expression of CPS and suilysin, while decreasing expression of Fbps 

and GAPDH (135). These findings support the role of quorum sensing in the control of virulence gene 

expression in S. suis.  

	   1.4.3	  Epidemiological	  relationship	  between	  H.	  parasuis	  and	  S.	  suis	  

A small number of surveys have been done to examine the presence of major upper respiratory 

pathogens in both healthy and diseased swine and they generally report the presence of M. 

hyopneumoniae (Mhp), A. pleuropneumoniae (App), and P. multocida (Pmult), in addition to H. parasuis 

and S. suis. The following summary of these studies will focus on the prevalence of H. parasuis and S. 

suis. A research group in France completed two epidemiological surveys, one investigating pathogens 

associated with lung lesions in slaughter pigs and the other exploring respiratory infection patterns in 

breeding sows over time (136, 137). In the first study, the lungs of 30 pigs from 125 herds were examined 

for lesions and associated pathogens. The authors found that Mhp, App, and Pmult were most often 

associated with lesions (69%, 21% and 37%, respectively), whereas H. parasuis and S. suis were only 

associated with lesions in 1% and 6.5% of the cases, respectively (136). The researchers did find that the 

presence of H. parasuis was associated with extensive lesions when associated with Mhp and Pmult 

(136). Significant associations were also found between most of the pathogens, but there was no 

correlation between S. suis and H. parasuis (136). However, because these two pathogens are not 

associated with lung lesions, any interactions between them would be unlikely to occur in this 

environment.  

 The French research group also conducted a longitudinal study of respiratory pathogens in 

breeding sows. Sows are believed to be an important reservoir for circulation of respiratory pathogens, 

especially in terms of vertical transmission of microbes to piglets in farrow to finish systems (137). Nasal, 

tonsillar, and oro-pharyngeal swabs were taken from 30 pigs from five farrow-to-finish herds in Brittany, 

France over the course of 13 weeks, and lungs were sampled at the slaughterhouse. Using DNA detection, 

they found that H. parasuis was present in 23.4% of the sows tested and S. suis was present in 67.1% 
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(137). S. suis was also the pathogen most frequently isolated – 40% of the sows carried this species at any 

given time (137). These two pathogens were most often isolated from the tonsils, and all sows tested 

positive for them at least once during the study. This suggests that infections with S. suis and H. parasuis 

are transient, which is consistent with the intermittent shedding of pathogens found in this study.  

 Similar investigations have been carried out in North America. A study looking at the presence of 

pathogens in the respiratory tract of swine in Mexico found that 17% of asymptomatic pigs were 

colonized by S. suis (3.3% were the highly virulent serovar 2 strains), and 29.7% were colonized by H. 

parasuis (138). Overall, 85% and 93% of farms tested positive for S. suis and H. parasuis, respectively. S. 

suis and H. parasuis were most commonly isolated from the same farms –  around 85.7% of the time 

(138). In Ontario, a similar trend was seen, with all but 1 or 2 farms out of 50 testing positive for S. suis 

or H. parasuis, respectively (139). This study also found that S. suis serovar 2 was present 9% of the time, 

slightly higher than what was seen in the Mexican results. Together, these studies suggest that both H. 

parasuis and S. suis are present in the majority of healthy swine farms in North America, with a lower 

incidence in France.  

 More research needs to be done to understand how S. suis and H. parasuis are inducing disease in 

pigs. Epidemiological evidence suggests that these two pathogens are often present within the tonsils of 

the soft palate and it is therefore highly likely that these species are interacting in some way via one of the 

many interspecies relationships described above. Analysis of the association between H. parasuis and S. 

suis will help further uncover the polymicrobial nature of swine disease.   
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Figure 1.1.  Bacteria found in the swine tonsils of the soft palate. Organisms relevant to this study are 

highlighted in red.  
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Figure 1.2. Overview of the synergistic and antagonistic relationships that can occur between bacteria 

within an animal host	    
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Figure 1.3: Possible polymicrobial interactions in the human URT 
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Table 1.1. Proposed Haemophilus parasuis virulence factors and their putative role in pathogenesis 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Virulence Factor Putative Role  Gene Ref. 

6-phosphogluconate 
dehydrogenase 

Adhesion 
Induction of IL-6/IL-8 release 

gnd 86 

Lipooligosacharides Induction of TNF-α/IL-6/IL-8 release  
Adhesion 
Crossing of blood brain barrier 
Resistance to complement  

opsX, 
rfaE, 
waaQ 

95 

Cytolethal 
Distending Toxin 

DNase, results in cell cycle arrest and 
death  
Immune evasion 
Adhesion (?) 
Invasion 

ctd1, 
ctd2 

87 

IgA Protease Cleave IgA, avoidance of mucosal 
immunity 

Unknown 
(espP2?) 

92 

Capsule Resistance to phagocytosis 
Resistance to complement 
Biofilm formation 

capD 79 

Fimbriae Adhesion(?) pilA 88 

Porins (OmpP2) Prevent IgG binding/classical 
complement 
Adhesion  
Invasion  

ompP2 89 

Virulence Associated 
Trimeric 
Autotransporters 

Adhesion 
Antigenic switching  
Resistance to phagocytosis  

vtaA 90 
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Table 1.2. Proposed Streptococcus suis virulence factors and their putative role in pathogen

	  
	  
	  

Virulence Factor Putative Role Gene Ref. 

Enolase Adhesion and invasion 
Fibrinogen interactions 

eno 112 

GAPDH Adhesion gapdh 107 

6-phosphogluconate 
dehydrogenase 

Adhesion pgd 108 

Amylopullanase Adhesion apuA 110 

Glutamine Synthetase Adhesion glnA 109 

IgA Protease Avoidance of mucosal immunity igA1 113 

Fibrinogen Binding Protein Fibrinogen interactions 
Adhesion 

fbp 111 

Dipeptidylpeptidase Interaction with ECM dppIV 111 

Sortase A Interaction with ECM srtA 111 

Collagenase Collagen interactions  
Invasion 

Unknown 111 

Capsule Resistance to phagocytosis 
Resistance to complement killing  
Induction of TNF-α/IL-6/IL-12 release  

cpsE, 
cps2e, 
neuB 

114 

N-deacetylation of 
Peptidoglycan 

Resistance to neutrophil lysozyme killing 
Induction of TNF-α/IL-6/IL-12 release  

pgdA 115 

D-alanylation of lipoteichoic 
acid 

Protection from neutrophils and cAMPs 
Induction of TNF-α/IL-6/IL-12 release  
Invasion 

dltA 116 

DNase Interrupts neutrophil extracellular traps ssaA 118 

Serine Protease Degradation of IL-8 
Induction of TNF-α/IL-6/IL-12 release  

sspA 117 

Suilysin Induction of TNF-α/IL-6/IL-12 release  
Crossing blood brain barrier 

sly 125 

LuxS Quorum Sensing  
Biofilm formation 
Virulence gene expression 

luxS 133 
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Chapter	  2	  –	  Purpose	  and	  objectives	  	  
	  

Based on extensive data showing the importance of polymicrobial infections in the human respiratory 

tract and relevant epidemiological analysis of the community composition of swine tonsils, the purpose of 

this work was to investigate the relationship between Streptococcus suis and Haemophilus parasuis, two 

important pathogens found in the upper respiratory tract of swine. In order to explore the possible 

dynamics between these two species, I set the following objectives: 

1) Evaluate the qualitative and quantitative changes in growth on solid agar and in planktonic 

culture when these species were grown together in co-culture. 

2) Predict if these two species have complementary or competing metabolic pathways and hence 

how they might interact by examining available genomic information.  

3) Observe whether interactions between these two species in co-culture affect their ability to form 

and maintain biofilms over the course of a 24-hour period.  

4) Measure the effect of supernatant from one species on the growth of the other in both biofilms 

and planktonic culture. Various concentrations of supernatant will be applied to these cultures to 

determine the minimum concentration needed to observe any effect. 

5) Determine the effect of external factors on the co-culture growth of these species. External factors 

will include antibiotics (ampicillin and bacitracin), epinephrine, and swine serum.  

 

Based on the published literature, I hypothesize that Streptococcus suis will benefit from the presence 

of Haemophilus parasuis, including enhanced growth and biofilm formation, and protection from the 

effects of antibiotics and serum. I also predict that H. parasuis will not benefit from the presence of S. 

suis, growing more slowly and forming less biofilm due to its more stringent growth requirements.  
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Chapter	  3	  –	  Comparison	  of	  mono-‐	  and	  co-‐culture	  growth	  of	  H.	  parasuis	  and	  S.	  suis	  	  
	  
3.1	  Introduction	  	  

There is a growing appreciation of the importance of polymicrobial diseases and complex 

communities in chronic infections such as cystic fibrosis, dental caries, and otitis media (1). Examining 

microorganisms in isolation can be misleading and to gain a true understanding of many diseases it is 

necessary to consider environmental and community dynamics (1). Here, we are applying the concept of 

polymicrobial interactions to the swine tonsil environment. To begin this line of investigation, the 

interactions of Streptococcus suis and Haemophilus parasuis will be examined as “proof of concept” that 

polymicrobial interactions are relevant to swine upper respiratory tract (URT) infections. These 

organisms are ubiquitous, and colonize piglets soon after birth (2). S. suis and H. parasuis are found on 

almost 100% of pig farms in North America (3, 4). Normally commensal organisms of the nasal cavity 

and the tonsils of the soft palate, they can also cause serious disease, including fibrinous polyserositis, 

septicemia, and meningitis (2). Together, these organisms account for a significant percentage of swine 

morbidity and mortality (2, 3). At the present time, there are no uniformly efficacious vaccines for these 

species although strain specific exposure to H. parasuis is reported to provide protection (4, 5). 

Antibiotics are used to treat these diseases and are also widely used prophylactically to prevent high 

morbidity and mortality, but due to increases in antimicrobial resistance in organisms and increasing 

consumer concern, other treatments or prevention strategies should be explored (6).  

 Besides their prevalence in the swine population and importance for pig health, H. parasuis and 

S. suis were chosen due to their complex and multifaceted pathogenesis. Many serovars of both species 

exist, and virulence varies between and within these serovars (2). The cause of this variation in virulence 

has not been fully determined, and despite a great deal of research in recent years, the mechanisms that 

allow H. parasuis and S. suis to change from benign commensal URT organisms to systemic pathogens 

are largely unknown (7, 8). Some researchers have suggested that factors such as control of gene 

expression through interactions with the host, environment, and other microorganisms might play a role 

in pathogenesis of S. suis and H. parasuis (9). This is also true for the related human organisms, 
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Haemophilus influenzae and Streptococcus pneumoniae. Both these organisms are common inhabitants of 

the human URT, but can also cause severe diseases including meningitis, bacteremia, pneumonia, and 

arthritis (10). Like S. suis and H. parasuis, their pathogenicity is complex, but recent studies have shown 

that these two organisms are capable of interacting in the nasopharynx through a number of chemical and 

physical mechanisms, resulting in increased biomass and differential virulence gene expression (10).  

 In this chapter, we report how the presence of one organism can affect the growth of the other. 

Specifically, we show phenotypic changes in co-cultures of S. suis and H. parasuis when these species are 

grown together on solid agar, and the effects that some strains of H. parasuis have on the hemolytic 

activity of S. suis. We also demonstrate that H. parasuis has a positive effect on the growth of S. suis, but 

is itself inhibited by the presence of S. suis in planktonic co-culture. These data support the hypothesis 

that an interaction is occurring between these two species, at least in vitro, and this relationship is 

beneficial for S. suis while being detrimental to H. parasuis under these conditions.  

3.2	  Methods	  	  
	  

3.2.1	  Bacterial	  strains	  and	  growth	  conditions.	  	  

Bacterial strains of H. parasuis and S. suis used in this study and their relevant characteristics are 

outlined in Table 3.1. All H. parasuis strains were obtained from Ø. Angen (Danish Veterinary 

Laboratory, Copenhagen, Denmark) and all S. suis strains were from the collection of the late Dr. S. 

Rosendal (University of Guelph, Guelph, Canada). All bacterial strains were stored frozen in brain heart 

infusion (BHI) broth (Bacto, Franklin Lakes, NJ, USA) with 20% glycerol at -80oC.  

H. parasuis strains were grown on chocolate agar plates (Oxoid, Basingstoke, Hampshire, UK) 

and in BHI broth (Bacto) supplemented with 10 µg/ml nicotinamide adenine dinucleotide (NAD) (sBHI) 

(Sigma-Aldrich, St. Louis, MO, USA). S. suis strains were grown on BHI agar plates (Bacto) and in either 

Todd-Hewitt broth (THB) (Bacto) or in sBHI. For routine culture, both species were grown at 37oC – H. 

parasuis was grown in an atmosphere of 5% CO2. Liquid cultures were incubated on an orbital shaker set 

at 180 rpm (H. parasuis) or 200 rpm (S. suis).  
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Overnight cultures of H. parasuis and S. suis were established using two to six colonies taken 

from bacterial culture grown for 24 hours on chocolate or BHI agar, respectively. These colonies were 

inoculated into 5 ml of sBHI and incubated overnight for 14 hours with shaking. S. suis cultures were 

incubated at 200 rpm and 37oC and H. parasuis cultures were incubated at 180 rpm and 34.5oC, 

conditions found to optimize growth of this species, as shown in section 3.2.2.  

3.2.2	  Optimization	  of	  H.	  parasuis	  growth	  conditions	  	  

In order to optimize the growth of H. parasuis strains, a number of different conditions were 

tested. NAD concentrations of 5, 10 and 50 µg/ml were used to find the minimal concentration that would 

allow growth. In addition, various BHI volumes were used, as well as a variety of sizes and types of 

growth vessels. A number of inoculation concentrations were also tested, using cells obtained directly 

from agar plates and from broth cultures of H. parasuis. In addition, various temperatures, as well as 

different rates of agitation and overnight incubation times were tested in an attempt to find conditions 

allowing for reliable subculture. Filter-sterilized medium was also used to see if the autoclaving process 

eliminated essential growth factors. Finally, a variety of supplements were added to the media, including 

1% IsoVitalexTM (Becton, Dickinson and Co., Franklin Lakes, NJ, USA), 50% spent medium from both 

the same and other H. parasuis strains, and 5% horse serum (Sigma-Aldrich) to find optimal growth 

conditions.  

3.2.3	  Growth	  interactions	  on	  a	  solid	  agar	  surface	  

H. parasuis and S. suis were grown together on agar to observe whether they would qualitatively 

affect each other’s growth. Overnight growth of pure S. suis and H. parasuis strains on BHI and chocolate 

agar plates, respectively, was used. A sterile wooden toothpick was used to streak one colony of a S. suis 

strain across the center of a new chocolate agar plate. Then, single colonies of selected H. parasuis strains 

were streaked perpendicularly across the S. suis. Plates were observed for inhibition or changes in growth 

and morphology after 24 and 48 hours of incubation. The experiment was repeated with H. parasuis as 

the primary streak and S. suis as the secondary streak to ensure changes were not reliant on this factor. As 
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well, mono-culture cross-streaks of the same species were performed to ensure that changes were not a 

result of the experimental streaking method. These experiments were repeated three times independently.  

3.2.4	  Bactericidal	  assay	  	  

Bactericidal assays were performed to determine whether the two species had inhibitory effects 

on each other. Overnight liquid cultures of H. parasuis strains SW114 (HP3) and Nagasaki (HP5) and S. 

suis strains 735 (SS2) were adjusted to 106 CFU/ml, based on optical density (OD) measurements at 600 

nm using a Nanodrop 2000 spectrophotometer (Thermo-Fisher Scientific, Waltham, MA, USA). One 

hundred µl of the adjusted H. parasuis culture was inoculated into 5 ml of fresh sBHI and incubated for 6 

hours with shaking (late-exponential phase). One hundred microlitres of the adjusted S. suis culture was 

mixed with 3 ml of soft molten agar (Thermo-Fisher Scientific) and poured onto a preheated BHI agar 

plate. Actively growing H. parasuis strains were diluted to 106 CFU/ml and 20 µl was dropped onto the 

soft agar in triplicate. Plates were observed for zones of inhibition after 24 and 48 hours of incubation. 

This experiment was repeated three times independently. 

A spot-on-lawn method was also used to examine inhibitive interactions between S. suis and H. 

parasuis. Overnight cultures of both species were normalized to an OD600 of 0.5 (107 CFU/ml). H. 

parasuis cultures were then spread uniformly on the surface of a chocolate agar plate using a cotton swab. 

Ten microlitres of the adjusted S. suis culture were dropped in triplicate on the H. parasuis lawn. This 

experiment was also performed with H. parasuis spotted on S. suis lawns. Zones of inhibition were 

observed as clearings in the lawns after 24 and 48 h of incubation in three independent experiments.  

3.2.5	  Evaluation	  of	  hemolysis	  on	  blood	  agar	  	  

S. suis 735 (SS2) was mixed with both H. parasuis SW114 (HP3) and H. parasuis Nagasaki 

(HP5) and plated on blood agar (Oxoid) to determine whether the presence of H. parasuis changed the 

ability of S. suis to lyse red blood cells. Overnight liquid cultures of S. suis and H. parasuis were adjusted 

to 106 CFU/ml and mixed at a 1:1 ratio. Twenty microlitres of the mixed or pure cultures were dropped 

onto blood agar plates in triplicate. Zones of hemolysis were measured after 24 and 48 hours of 

incubation. This experiment was performed three times, independently.  
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3.2.6	  Mono-‐	  and	  co-‐culture	  growth	  curves	  	  

Growth curves were done to compare changes in growth of S. suis and H. parasuis when cultured 

alone or with each other. Co-cultures were grown in 25 ml of sBHI at 37oC with shaking (200 rpm). S. 

suis strains 735 (SS2) and 5428 (SS1), and H. parasuis strain SW114 (HP3) were used for these 

experiments. H. parasuis Nagasaki repeatedly did not grow reliably following initial overnight culture. 

Strains were grown overnight in THB (S. suis) or sBHI (H. parasuis). The OD600 of these cultures was 

adjusted to a final concentration of 107 CFU/ml. For co-cultures, 0.5 ml each of S. suis and H. parasuis 

was used and 1.0 ml of S. suis or H. parasuis was used for mono-culture. Growth was assessed hourly by 

measuring the absorbance at 600 nm using a Novaspec plus spectrophotometer (Biochrom, Cambridge, 

UK) until cultures reached stationary phase (~8 to 10 hours). At the same time points, samples were 

serially diluted in sterile phosphate buffered saline (PBS) and plated onto chocolate agar and BHI agar 

plates to enumerate the two species. These plates were incubated for 24 to 48 hours and the S. suis and H. 

parasuis colonies were counted. These experiments were repeated three times independently.  

Both competitive index (CI) and Relative Increase Ratio (RIR) were calculated for these 

experiments. CI is the H. parasuis-to-S. suis ratio within the output sample divided by the same ratio for 

the input inoculum, as described by Baldan et al. (27). RIR is the H. parasuis-to-S. suis ratio in the output 

sample, divided by the same ratio in the inoculum, but using the growth results of the pure culture. If at a 

specific time point, the CI is statistically different from the RIR, there is an interaction occurring between 

these two species.  

3.2.7	  Bioinformatic	  analysis	  of	  the	  biochemical	  profiles	  of	  H.	  parasuis	  and	  S.	  suis	  	  

A net-tool called NetCmpt was used to calculate the metabolic competitive potential between the 

two species based on an input of enzymatic reactions from both organisms (11). The list of enzymes for 

H. parasuis Nagasaki and S. suis 735 was obtained from the BioCyc database collection, a website 

curating 5500 pathway/genome databases, that provides individual metabolic pathways, full metabolic 

maps, and complete lists of species enzymatic reactions via EC numbers. These numbers were submitted 

to the NetCmpt web tool as a plain text file and an effective metabolic overlap (EMO) score was ascribed 
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to each species bases on an analysis of the topology of corresponding metabolic models (11). The 

program reconstructs the metabolic network of each species, as well its optimal environment, resulting in 

a list of essential metabolites it needs to grow. This list is then used to calculate the EMO score.  

The BioCyc database and NetCmpt tool were also used to generate a list of all carbon sources 

used by both species in order to evaluate shared and unique resources. From this information a niche 

overlap index (NOI) can be calculated in terms of carbon sources as the ratio of shared resources to total 

resources an organism can used.  

3.2.8	  Statistical	  analysis	  	  

H. parasuis and S. suis cell numbers at different time points in the growth curves were expressed 

as mean CFU/ml ± standard deviation. All data were analyzed using two-tailed Student’s t-test, and p 

values were determined using GraphPad Prism 5 (GraphPad Software, San Diego, CA), considering 

p<0.05 the limit of statistical significance. RIR and CI indexes were analyzed using Student’s t-test with 

the null hypothesis being the mean CI was not different from the mean RIR.  

3.3	  Results	  	  

3.3.1	  Growth	  interactions	  on	  a	  solid	  agar	  surface	  

 Selected H. parasuis serovars were evaluated in co-culture with S. suis 735, a serovar 2 strain, in 

simple cross-streak experiments. H. parasuis serovars 1, 3, 4, 5, 8, 9, 12, and 14 were streaked 

perpendicularly across a S. suis 735, a serovar 2 streak. No zones of inhibition were observed where the 

two species mixed, but a change in phenotype was observed when some of the H. parasuis strains were 

grown with S. suis (Figure 3.1). At the end of the co-culture streaks of H. parasuis serovars 3, 4, and 5 

cells displayed a spreading morphology that was not observed in any of the pure culture streaks. The 

spreading was consistently most pronounced with the HP5 cross-streak. When S. suis 5428 (a serovar 1 

reference strain) was co-streaked with the same H. parasuis strains, no changes in phenotype were 

observed with any of the H. parasuis strains (results not shown).  



	  

	   52	  

3.3.2	  Evidence	  of	  bactericidal	  effects	  on	  solid	  agar	  surface	  	  

 Reference strains of 8 different serovars of H. parasuis were tested for growth inhibition of S. 

suis 5428 (SS1) and S. suis 735 (SS2), serovar 1 and 2 strains, respectively using a drop plate technique. 

None of the H. parasuis strains lysed or inhibited the growth of either of the S. suis strains (results not 

shown). Similarly, S. suis strains did not exert any effect on the growth of the H. parasuis reference 

strains in the converse experiment (results not shown). 

3.3.3	  Changes	  in	  blood	  agar	  hemolysis	  as	  a	  result	  of	  co-‐culture	  	  

 As shown in Figure 3.2, we found that neither HP3 nor HP5 had a significant effect on the 

hemolytic activity of SS2, although there was a slight decrease in the diameter of hemolysis when H. 

parasuis strains were present. On the other hand, HP5 had a significant negative effect on the zone of 

hemolysis of SS1, with the average diameter decreasing from around 17 mm to 14 mm. The same effect 

was not observed with HP3.    

3.3.4	  Optimization	  of	  H.	  parasuis	  growth	  conditions	  

Based on the above experiments and knowledge of relevant S. suis and H. parasuis strains, a 

small number of strains were selected for further culture experiments. Before either S. suis or H. parasuis 

could be grown together in co-culture, we needed to determine the optimal growth conditions for both 

species. This process was relatively simple for S. suis because the conditions for growth reported by Fang 

et al. (12) and Wang et al. (13) proved to be transferrable to our S. suis strains – optimal growth was 

obtained at 37oC on BHI plates and in both BHI and THB broth with shaking at 200 rpm.  

 Finding the optimal conditions for the H. parasuis growth curves was more challenging. A 

number of different protocols for growth of this species have been reported in the literature and many of 

these methods were tested in the current study (Table 3.2). From these trials, we found that H. parasuis 

SW114 (HP3) broth cultures grew best in 5 ml of BHI in a 125 ml flask. When overnight cultures were 

incubated at 37oC and 180 rpm for 18 hours, the cells were dormant and/or not viable. Therefore, shorter 

overnight incubation times and lower temperatures were tested to find a combination that resulted in 

slower growth and active cultures for inoculation. We found that growth at 34.5oC for 14 hours resulted in 



	  

	   53	  

the shortest lag time at the beginning of the subsequent cultures. Carbon dioxide was not required for HP3 

growth in planktonic culture, 180 rpm yielded the most growth and the minimal NAD concentration 

required was determined to be 10 µg/ml. Finally, we determined that less than 8 colonies to inoculate 

these overnight cultures was too little to initiate any growth, but using more than 8 resulted in cultures 

that grew too quickly and died by the end of the growth period.  

 When the same experiments were done with H. parasuis Nagasaki (HP5), more difficulties were 

encountered. While the conditions noted above resulted in good overnight growth for HP3, when the HP5 

overnight culture was used to inoculate fresh media there was an immediate and rapid increase in growth 

for the first 2 hours but after this point, the optical density decreased. The maximum concentration 

reached was ~104 CFU/ml, which is much lower than the maximum density for HP5 reported in the 

literature (14). Therefore, it was impossible to generate consistent and reproducible growth curves of this 

strain. To address this problem, a number of different approaches were tested (as outlined in Table 3.3). 

Some of these modifications resulted in less growth of HP5 including the use of tryptone-yeast broth, the 

addition of swine blood (5%) to the BHI, and the use of freshly autoclaved BHI. The use of heat-

inactivated serum (5%) or IsoVitaleXTM (1%) supplemented into the BH also resulted in the same pattern 

of growth. We also tried a short, 2-hour pre-incubation instead of an overnight incubation to see if the 

cells were more viable than after the longer growth period. After 2 hours, we saw a significant increase in 

the number of H. parasuis cells in the broth, but when this culture was used to inoculate fresh broth, the 

same problem was observed. Finally, spent medium from overnight cultures of both HP5 and HP3 was 

filter-sterilized and mixed at a 1:1 ratio with fresh BHI. When HP5 was grown in this medium, cells 

reached a slightly higher concentration, but then ceased to grow exponentially. Similar findings were 

obtained when a number of different ratios of spent medium and fresh BHI were used. 

 In summary, we managed to optimize growth conditions for S. suis 735 and H. parasuis SW114 

strains in order to generate reproducible growth curves. However, we were not able to optimize the 

conditions for H. parasuis Nagasaki (HP5) growth curves, even though a number of approaches were 

tried.  
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3.3.5	  Comparison	  of	  mono-‐	  and	  co-‐culture	  growth	  curves	  	  	  

 We first investigated the interactions between S. suis and H. parasuis in planktonic culture by 

comparing their growth kinetics in co-culture compared to mono-culture. Figure 3.3A shows the growth 

curves of HP3 in single culture and dual culture with SS2. HP3 growth in co-culture with SS2 was 

significantly inhibited starting at 5 hours (p<0.05), continuing until 9 hours post-inoculation (p<0.01). 

HP3 also grew 12.6% slower (based on generation time) and there was an 84.4% reduction in the 

maximum population reached when it was grown in co-culture with SS2, as summarized in Table 3.4. To 

better illustrate the differences in growth between HP3 in mono- and co-culture, we calculated the 

Competition Index (CI), which allows a comparison of the growth curves of mixed cultures, and the 

Relative Increase Ratio (RIR), that compares growth curves of pure cultures. Figure 3.3B shows the CI 

and RIR for SS2 versus HP3. The RIR was significantly greater than the CI in the early (p<0.0001) and 

late (p<0.0001) exponential phases, and in stationary (p<0.0001) phase (4, 7, and 9 hours, respectively), 

suggesting an inhibitory effect of SS2 on HP3.  

 We also examined the effect of co-culture with HP3 on SS2 growth, compared to mono-culture, 

shown in Figure 3.3C. SS2 growth in co-culture with HP3 was significantly increased starting at 4 hours 

(p<0.05) and continuing until 10 hours post-inoculation (p<0.05). Table 3.4 summarizes some of the 

differences between mono- and co-cultures, including a 6.5% shorter generation time and a 71.5% higher 

final SS2 cell concentration in co-culture with HP3. The RIR of HP3 versus SS2 was significantly lower 

than the CI in early (4 h, p<0.05) and late (7 h, p<0.01) exponential phase, and stationary (9 h, p<0.0001) 

phase (Figure 3.3D), indicating that HP3 has a positive effect on SS2 growth in planktonic culture.  

3.3.6	  Bioinformatic	  analysis	  of	  the	  biochemical	  profiles	  of	  H.	  parasuis	  and	  S.	  suis	  	  

The NetCmpt web tool provided EMO scores laid out in a pairwise matrix, as shown in Table 3.5. 

The results of this analysis show that if both organisms were present in an environment that provided all 

their possible seed compounds, they both would only be sharing approximately 30% of them. Table 3.6 

shows the carbon sources used by both S. suis and H. parasuis, and highlights the shared nutrients. From 

this information an NOI was calculated in terms of carbon sources as the ratio of shared resources to total 



	  

	   55	  

resources an organism can use. The NOI for S. suis is 0.526, which means that it is competing with H. 

parasuis for around 50% of its possible carbon sources. The NOI for H. parasuis is higher, at 0.714, 

showing that it is competing for around 70% of its carbon sources in the presence of S. suis. 

3.4	  Discussion	  	  

 This study documents the complex polymicrobial relationships between two organisms 

commonly found in the swine tonsils, and specifically evaluated the interaction between S. suis and H. 

parasuis in vitro. Bacteria living together in the same environment often participate in interspecies 

interactions that can be either synergistic or antagonistic and these interactions can contribute to the 

development of polymicrobial infections. Many relationships have been uncovered between human 

pathogenic and commensal organisms, but there have been few studies of polymicrobial pathogens of 

veterinary importance. Streptococcus suis and Haemophilus parasuis are both found in swine tonsillar 

crypts as commensal inhabitants but, under conditions we do not understand, can also cause systemic 

disease. We found that H. parasuis dramatically increased the growth of S. suis in planktonic co-culture, 

whereas S. suis had an antagonistic effect on H. parasuis.  

 Many antagonistic relationships are a result of the production of compounds such as antibiotics 

and bacteriocins, and analysis of available genome sequences of H. parasuis using the Bagel3 web-based 

bacteriocin-mining tool showed no indication of bacteriocin sequences. On the other hand, there is 

experimental evidence that S. suis produces two nisin-related lantibiotics, but they are only active against 

Gram-positive swine bacteria (15, 16). Our results confirmed this, showing no marked inhibition with any 

of the pairs of H. parasuis and S. suis tested.  

 It is noteworthy, however, that although no inhibition was observed, there was a change in 

phenotype of a few of the mixed culture pairs (Figure 3.1). Specifically, when S. suis 735 (SS2) was 

cross-streaked with H. parasuis strains Nagasaki (HP5), SW114 (HP3), and SW124 (HP4), the mixed 

culture streaks exhibited a spreading morphology that was not seen in the mono-cultures. While we do not 

know the mechanism behind this change in appearance, phenotypic alterations are a common result of 

polymicrobial growth. For example, Wolfe et al. (17) created a model system using microorganisms 
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associated with cheese and found that certain pairwise combinations of bacteria and fungi result in 

pigment production that could be clearly seen using a 96-well plate co-culture assay. Researchers also 

showed that when Streptococcus gordonii and Pseudomonas gingivalis are cultured together, 50% of their 

genes are differentially expressed, which suggests a dramatic change in phenotype (18). Colony 

morphology has been correlated with surface presentation of fimbriae and other proteins in Escherichia 

coli, which can be altered by culture conditions (19). H. parasuis also possess fimbriae on their cell-

surface and stressful conditions induce fimbriae presentation in a closely related species, Actinobacillus 

pleuropneumoniae (20, 21). It is possible that the presence of S. suis is inducing presentation of fimbriae 

or other surface proteins in H. parasuis, resulting in the observed change in phenotype.  

 S. suis is capable of causing hemolysis of erythrocytes and this trait is considered a virulence 

factor of many pathogens, including E. coli, Streptococcus pneumoniae, Pasteurella haemolytica, and A. 

pleuropneumoniae (22). Suilysin is a thiol-activated toxin secreted by most S. suis serovars (22). In this 

study, we examined the hemolytic activity of SS1 and SS2 in the presence of both HP3 and HP5. Overall, 

there was no significant difference in the hemolytic activity of SS2 mono-cultures and co-cultures with H. 

parasuis. However, we did find that the presence of HP5 significantly decreased the size of the hemolytic 

zone produced by SS1 (Figure 3.2). Hemolysis in S. suis is controlled by two orphan response regulators, 

RevSC21 and CovR (23, 24). Mutants containing a deletion of CovR exhibit enhanced hemolytic activity 

and deletion of RevSC21 leads to a loss of hemolysis, indicating that they are negative and positive 

modulators of virulence respectively (23, 24). Response regulators detect changes in the environment and 

it is possible that HP5 contributes some factor that acts on one of these components to decrease hemolytic 

activity in SS1. There is some precedence to the control of hemolysin activity of another species by P. 

aeruginosa, which can induce the expression of Staphylococcus aureus α-hemolysin (25). Although this 

is an example of increased expression, this study demonstrates other bacteria in the environment can 

influence the expression of virulence factors, including toxin genes.  

 We also found that H. parasuis was able to grow in the presence of S. suis on the blood plate but 

was not able to grow on its own. This was an expected result as H. parasuis and a number of other 
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Haemophilus spp. are V-factor dependent, meaning they cannot produce pyrimidine nucleotides. 

Nicotinamide adenine dinucleotide (NAD) is a well-known growth requirement of H. parasuis, and may 

be a limiting factor in the respiratory tract and blood stream (21). Lysis of the erythrocytes in the blood 

agar by S. suis suilysin provided the NAD required for H. parasuis growth, as demonstrated by Gram 

staining. This kind of interaction has also been demonstrated between S. aureus and Haemophilus 

influenzae. S. aureus is capable of extensive hemolysis, releasing hemin and NAD that is vital for the 

growth of H. influenzae and allowing it to reach higher colony densities in the nasopharynx (26). Our co-

culture results suggest that a similar interaction may be taking place in the tonsils or tissues of swine, 

where the levels of NAD are low enough to inhibit growth of H. parasuis (21).  

 Based on the results of the initial experiments, we looked at the planktonic growth of a selection 

of S. suis and H. parasuis strains. We were not able to obtain reproducible growth of HP5 in planktonic 

culture. However, we were able to show that in rich medium HP3 was significantly inhibited by the 

presence of SS2, whereas SS2 benefited from the presence of HP3 in co-culture (Figure 3.3). This effect 

could be seen from the start of the exponential phases and into the stationary phases for both species. 

 There are a number of reasons why HP3 could be exhibiting less growth in the presence of SS2. 

These include straightforward competition for resources, targeted antagonism, or a more complex 

combination of both. For example, Baldan et al. (27) showed that a variety of P. aeruginosa strains 

caused growth defects in S. aureus during the late logarithmic and stationary phase. The exact mechanism 

behind this was not elucidated but they did propose that direct antagonism might contribute due to the fact 

that P. aeruginosa is capable of lysing S. aureus (27). P. aeruginosa also produces a large number of 

respiratory inhibitors, such as pyocyanin, hydrogen cyanide, and alkyl-hydroxyquinoline (HQNO), all of 

which suppress the aerobic metabolism of S. aureus (27). In a similar study, P. aeruginosa was shown to 

inhibit the growth of Burkholderia cenocepacia in the same fashion (28). While we found no evidence of 

H. parasuis being lysed by S. suis, there is some indication that reactive oxygen species might be 

involved in a direct antagonistic effect. Specifically, S. suis is capable of producing large amounts of 

hydrogen peroxide as a result of its metabolism and is in turn resistant to these high levels due to the 
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presence of superoxide dismutase and Dpr protein (12, 29). Dpr is a compound that protects S. suis by 

removing free Fe2+ from the cytosol of the cell, preventing the formation of toxic hydroxyl radicals from 

hydrogen peroxide via the Fenton reaction (29). H. parasuis may be sensitive to the levels of hydrogen 

peroxide being produced by the more resistant S. suis, similar to how high concentrations produced by S. 

pneumoniae are inhibitory to H. influenzae in in vitro studies (30). S. pneumoniae hydrogen peroxide 

production is so high that even bacterial species who possess catalase (like S. aureus) are killed (31). It is 

not known whether S. suis is capable of producing similarly high concentrations of peroxides; however, 

this might be a contributor to the observed decrease in H. parasuis growth. Further study is warranted to 

determine whether oxidative stress induced by S. suis has a negative effect on H. parasuis.  

 The decrease in growth of HP3 may also have been a result of resource competition. When a 

pathogen invades a host, it must acquire carbon and nitrogen from its infection site and competition for 

these resources can be a major determinant of which microbes are present in a niche (32). We used 

bioinformatics to analyze the genomes of SS2 and HP5 to better understand how these two organisms 

might be interacting in terms of nutrients. The NetCmpt analysis revealed that SS2 and HP5 are sharing 

only half of their needed metabolites in an optimal environment (Table 3.5). This does not account for 

competition that might occur in a nutrient restricted environment, so we decided to examine the carbon 

sources being used by both these bacterial species. We found that S. suis had a much higher NOI number 

and was sharing up to 50% of its possible carbon sources, whereas H. parasuis’ NOI was lower, 

indicating it may be sharing up to 70%. Ji and Wilson (33) propose that an organism with a higher NOI 

should be able to exclude an organism with a lower NOI by using up a higher percentage of carbon 

sources within that niche. They proved this with bacteria growing on tomato plants but it is also possible 

that S. suis, like most streptococci, is capable of rapid uptake and consumption of a wide variety of 

carbohydrates (31, 33). Therefore, we hypothesize that S. suis is causing competition by limiting carbon 

source availability within the growth media, which impedes the slower growing H. parasuis that is also 

dependent on a less diverse pool of carbohydrates. This interaction would become even more important in 

the URT because the airway surface is not a rich source of nutrients, leading to more competition (34).  
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 Competition for iron may also play a role in the decrease in growth of HP3 we saw in co-culture 

with SS2. Neither of these species synthesizes siderophores for iron uptake, but H. parasuis does have 

transferrin receptors, along with receptors for free iron, on its cell surface (35). S. suis binds and oxidizes 

Fe2+, but iron availability may be of little importance for its growth (36). This organism can adapt to iron 

restriction by altering its metabolism and replacing iron with manganese or magnesium (8). This ability to 

use an alternate ion source may also be giving S. suis a competitive advantage over H. parasuis.  

 In our experiments, SS2 benefitted from the presence of HP3, and was able to grow to a higher 

density at a faster rate. Synergistic increases in growth were also seen by Cope et al. for H. influenzae and 

S. pneumoniae in co-culture with each other (10). They found that these interactions were due to a 

combination of secreted chemical factors and physical associations (10). Another research group found 

that H. influenzae is capable of preventing autolysis and fratricide of S. pneumoniae, mediated by 

diffusible signals responsible for down-regulating specific genes (37). The increase in S. suis growth may 

also be due to secreted factors, such as quorum sensing signals. However, it is possible that S. suis is 

benefitting because H. parasuis is capable of producing many of the amino acids it requires such as 

arginine, histidine, and glutamine (38). In addition, based on our genomic analysis, S. suis possesses the 

ability to breakdown chitobise. This is a product of chitin degradation, a process that H. parasuis is 

capable of performing. Humans possess relatively high levels of chitinases in their saliva, which most 

likely act as a line of defense against chitin-containing pathogens such as Aspergillus fumigatus and 

Candida albicans (39). It is therefore possible that the chitinases of these two pig pathogens are also used 

to derive nutrients from fungi present in their environment, and introduces the potential for cross-feeding 

as another benefit S. suis might obtain from the presence of H. parasuis.  

 Overall, the results of our experiments presented here suggest that an interaction is occurring 

between H. parasuis and S. suis, and this is causing phenotypic changes in terms of colony morphology 

and hemolysis, as well as changes in growth dynamics of both species. H. parasuis is likely being 

outcompeted due to a combination of nutrient competition and direct antagonism from S. suis. Secondary 
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metabolism, cross-feeding, and diffusible signals may all contribute to the enhanced growth of SS2 in co-

culture.  

There are some caveats to these results, however. First, we only looked at a small number of 

strains of both species. Other strains might show different characteristics in co-culture with each other, as 

suggested by our plating results with a larger selection of H. parasuis serovars. This is an important factor 

to consider because there have been contradictory studies reporting on the interactions between H. 

influenzae and S. pneumoniae – one group found competitive effects, while other groups saw synergism 

between them (10, 40). This was accounted for based on the drastically different strains used in each 

study. Strain-specific differences have also been shown to play a role in the interaction between P. 

aeruginosa and S. aureus in the cystic fibrosis lung (27). As well, we inoculated our culture with an equal 

ratio of H. parasuis and S. suis. This likely does not represent what could be occurring in vivo, where one 

organism might already be present in large numbers when a small population of the other organism 

attempts to invade. Indeed, Hong et al. (37) found that if S. pneumoniae dominated in the nasopharynx 

first, it prevented H. influenzae from colonizing. Conversely, if H. influenzae dominated first, this 

benefited S. pneumoniae colonization (37). Further studies that examine different strains of S. suis and H. 

parasuis, as well as different ratios of each species would help determine whether these factors change 

our preliminary results and expand our knowledge of these interactions.   
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Table 3.1. Bacterial strains used in this study.	  
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Table 3.2. Growth conditions tested and optimal growth conditions found for HP3 and HP5. 
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Table 3.3. Further conditions tested in order to grow HP5 in planktonic culture. 
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Table 3.4. Comparison of changes in maximum population reached and generation time for both S. suis 

735 (SS2) and H. parasuis SW114 (HP3) in mono- and co-culture with each other.  

 
 
 
 
 
 
 
 
Table 3.5. NetCmpt Effective Metabolic Overlap (EMO) scores matrix output. 
 
 

 
 
 
 

 
 
 
 
Table 3.6. Shared and unique carbon sources used by S. suis and H. parasuis. 
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Figure 3.1. Eight reference strains of Haemophilus parasuis (representing eight different serovars) were 

streaked across Streptococcus suis 735 (SS2). Mixed cultures of H. parasuis strains SW114 (HP3), 

Nagasaki (HP5), and SW124 (HP4) with SS2 resulted in a change of colony morphology, as shown on the 

close-up to the right. See Table 3.1 for the representative strains used.  
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Figure 3.2. S. suis 5428 (SS1) and 735 (SS2) were grown in mono- or co-culture with H. parasuis strains 

SW114 (HP3) and Nagasaki (HP5) on blood agar to observe changes in hemolysis. The presence of H. 

parasuis Nagasaki led to a significant decrease (p<0.05) in the zone of hemolysis caused by SS1. There 

were no other significant changes in hemolysis of S. suis. Each value represents the diameter of hemolysis 

from at least three separate assays, and the bars indicate standard deviations. * = a significant difference 

(at least p<0.05) assessed using the Student’s t test.  
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Figure 3.3. Mono- and co-culture growth curves showing the relative growth of A) SS2 with or without 

HP3 and C) HP3 with or without SS2. SS2 growth was significantly greater in co-culture by the start of 

stationary phase (7-10 h; p<0.05). HP3 growth was significantly inhibited in co-culture by the beginning 

of exponential phase (5-10 h; p<0.005). Competitive indices (CI) and Relative Increase Ratios (RIR) 

allow for a comparison of differences in growth in pure and mixed cultures of B) SS2 with HP3 and D) 

HP3 with SS2. For SS2 with HP3, the RIR was significantly higher at 4 (p<0.05), 7 (p<0.01), and 9 hours 

(p<0.0001), indicating a positive effect on SS2 growth in the presence of HP3. For HP3 with SS2, the CI 

was significantly higher at 4 (p<0.0001), 7 (p<0.0001), and 9 hours (p<0.0001), indicating a negative 

effect on HP3 growth in the presence of SS2. Each value represents the mean measurement from at least 

three separate assays, and the bars indicate standard deviations. * = a significant difference (at least 

p<0.05) assessed using the Student’s t test. 
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Chapter	  4	  –	  Characteristics	  of	  co-‐culture	  biofilms	  of	  H.	  parasuis	  and	  S.	  suis	   

4.1	  Introduction	  	  

Biofilms are communities of microbes that are irreversibly attached to a biotic or abiotic surface 

and embedded in a self-produced extracellular polymeric substrate (EPS) (1). EPS can be composed of 

complex polysaccharides, proteins, and extracellular DNA (eDNA) (2, 3). Numerous studies have 

demonstrated that bacteria within a biofilm are different from their planktonic counterparts (4). The 

ability to form biofilms inside a host is known to be an important survival mechanism for many bacteria, 

enabling them to thrive even in an environment full of stressors. In fact, the presence of bacteria in 

biofilms is now recognized as a key factor in pathogenesis (5).  

Generally, biofilms are considered a specific phenotype characterized by bacterial organization 

and signaling. One to two percent of the Escherichia coli genome (~400 to 800 proteins) and over 800 

proteins in Pseudomonas aeruginosa are differentially expressed between the biofilm and planktonic 

states (4). The switch from a planktonic to biofilm phenotype occurs even when nutrient concentrations 

are growth-limiting, which suggests that expending energy on this switch provides a considerable 

advantage to bacteria (3). Studies have shown that biofilms are protective against antibiotics, immune 

components, and desiccation, all important threats to bacterial survival within a host (6). A biofilm 

environment also allows for the development of many unique microenvironments, which foster nutrient 

exchange and crosstalk within and between species (7).  

Bacteria are rarely found in isolation within the environment and biofilms are similarly rarely 

composed of a single species. Interspecific interactions within biofilms play an essential role in the 

development, structure, and function of complex communities (4). Synergistic and antagonistic 

relationships can occur within polymicrobial biofilms, including competition, inhibitory compounds, and 

metabolic cooperation (8–10). Most investigations into multispecies biofilms suggest that bacteria display 

synergy in these environments. For example, Haemophilus influenzae promotes pneumococcus biofilm 

formation and persistence, and P. aeruginosa enhances E. coli colonization of biofilm communities (2, 
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11). Moraxella catarrhalis and Streptococcus pneumoniae are also shown to increase biofilm formation 

when grown together in co-culture (7).  

The selective advantages of polymicrobial synergism are still being elucidated, but some 

hypotheses have been proposed. Antibiotic tolerance and metabolic cooperation both allow survival of a 

larger variety of species within the biofilm (8). The close proximity of cells in this environment might 

also allow for efficient diffusion of signals, triggering changes in gene expression and possibly a 

subsequent increase in biomass (4). Biofilm communities also promote horizontal gene transfer (HGT), 

which allows for increased adaptation to external stressors (8).  

Biofilms are a major factor in bacterial persistence as they are known to release cells that 

contribute to recurrent infections (11). The human respiratory tract contains multiple species on the 

epithelial layer, becoming a niche for commensals and non-commensals (7). Within this environment, 

otitis media, chronic tonsillitis, and cystic fibrosis pneumonia are all associated with the formation of 

biofilms (12).  

There is not as much research into biofilm infections in veterinary medicine, but both 

Haemophilus parasuis and Streptococcus suis biofilms have been associated with respiratory tract 

infections in pigs (1, 13). Generally, the major pathogens in these types of infections are also members of 

the commensal microflora. H. parasuis EPS is composed mainly of proteins, with some eDNA and 

polysaccharides (14). Nasal strains are more likely to produce biofilms compared to systemic strains, and 

outer membrane adhesins, including PilQ, are involved (14, 15). S. suis biofilm formation is controlled by 

LuxS and is triggered by the presence of swine extracellular matrix (ECM) components (16, 17). Many 

virulent strains of S. suis produce biofilms, and researchers have demonstrated that biofilm cells are less 

virulent than their planktonic counterparts, which might contribute to their persistence within the host 

(17). Due to the known importance of polymicrobial biofilms and studies showing the prevalence of S. 

suis and H. parasuis biofilm infections, in the following chapter we characterize co-culture biofilms of 

these two species. We demonstrate that H. parasuis and S. suis strains form biofilms together through a 

complex combination of interactions.  
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4.2	  Methods	  	  

	   4.2.1	  Cultivation	  of	  mono-‐	  and	  co-‐culture	  biofilms	  	  

Biofilms of H. parasuis strains SW114 (HP3) and Nagasaki (HP5), and S. suis strains 735 (SS2) 

and 5428 (SS1) were cultivated using the method of Bello-Orti et al. (14), with a few modifications. 

Briefly, strains were grown overnight and then sub-cultured into fresh sBHI for 4 hours to reach the mid-

exponential phase of growth. Bacteria were then centrifuged, the pellets washed 3 times with PBS and 

suspended in fresh sBHI. The OD600 was measured and the cultures were adjusted to approximately 106 

CFU/ml. H. parasuis and S. suis strains were then inoculated individually or at a (1:1) ratio in triplicate 

into wells of a 96-well flat bottomed polystyrene plate (BioBasic, Markham, ON, Canada). A final 

volume of 200 µl was placed into each well. Negative control wells contained sterile broth. The plates 

were sealed with Parafilm® and incubated with shaking (40 rpm) for 24 hours at 37oC.  

4.2.2	  Crystal	  violet	  assay	  	  

Evaluation of biofilm density was performed using crystal violet, a cationic dye that binds to the 

predominant matrix exopolysaccharides and proteins (18). After 24 hours of incubation, the planktonic 

culture from the 96 well plates was transferred to new microtitre plates. The attached cells were rinsed 

three times with 200 µl of PBS to remove non-adherent and weakly adherent bacteria. The plates were 

then allowed to air dry at room temperature for 30 minutes. A 200 µl volume of 1% (w/v) crystal violet 

(Sigma-Aldrich) was added to all wells, and allowed to stain for 20 minutes. After the crystal violet was 

removed, wells were rinsed three times with 200 µl PBS to remove excess stain. The dye bound to biofilm 

was then released using 95% (v/v) ethanol and shaking for 10 minutes. The OD595 was read using the 

Powerwave XS2 multiwell plate reader (Biotek, Winooski, VT, USA). The extent of biofilm formation 

was calculated based on the method provided by Naves et al. (2008) (19). The equation used was 

BF=AB-CW, where BF is biofilm formation, AB is the OD595 of the stained attached bacteria and CW is 

the OD595 of the stained control wells containing sterile media (19). Experiments were performed in 

triplicate and repeated three times independently.  



	  

	   74	  

Relative biofilm biomass between mono- and co-cultures can be calculated in a number of 

different ways. For example, Baldan et al. (20) simply evaluated whether the co-cultures pair produced a 

significantly different level of biomass compared to either of the individually cultured species. Other 

researchers, such as Ren et al. (21), used a slightly more involved approach and assessed synergistic 

effects by seeing how the absorbance of the multispecies biofilm (Abs595 MS) was related to that of the 

best single species biofilm former (Abs595 BS) using the following:   [Abs595 MS- standard deviation 

(SD)] > [Abs595 + SD] = synergism. Conversely, they used the equation [(Abs595 MS + SD) < (Abs595 BS 

– SD) = antagonism] to evaluate competitive relationships (21). 

4.2.3	  Enumeration	  of	  planktonic	  and	  sessile	  cells	  in	  biofilm	  assays	  	  

To correlate biofilm formation with growth of both planktonic and biofilm fractions of H. 

parasuis and S. suis, the number of CFU/ml of each species was determined. To enumerate the planktonic 

cells, the supernatant from the 24 hour biofilms was removed to a separate 96-well plate. From these 

samples, 10 fold serial dilutions were plated onto BHI agar (where only S. suis grew) and chocolate agar 

plates (where both H. parasuis and S. suis grew). To measure the number of attached biofilm cells of H. 

parasuis and S. suis, the wells were rinsed three times with 200 µl of PBS to remove non-adherent and 

weakly adherent bacteria. Then the biofilm bacteria were suspended by adding 200 µl of PBS and 

scraping the bottoms of the wells with a 200-µl pipette tip and pipetting up and down until a homogenous 

suspension was obtained. The cells were further suspended by vortexing for 30 seconds. Serial dilutions 

of this solution were plated onto BHI and chocolate agar plates and incubated for 24 to 48 hours. Colonies 

were counted to determine CFU/ml of both S. suis and H. parasuis. To check that all bacteria were 

detached from the plates, a crystal violet assay was performed on the scraped wells and the OD595 

determined.  

4.2.4	  Temporal	  changes	  in	  biofilm	  dynamics	  	  

The density and cell numbers of biofilms of S. suis and H. parasuis were measured over the 

course of 72 hours to investigate changes in mono- and co-cultures. H. parasuis strains SW114 (HP3) and 

Nagasaki (HP5) and S. suis 735 strain (SS2) were used for this assay. Biofilms were established as 
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described above by inoculating three 96 well polystyrene plates with 200 µL of H. parasuis and S. suis, 

either individually or at a 1:1 ratio. The plates were sealed with Parafilm® and incubated at 37oC with 

shaking (40 rpm) for 24, 48 or 72 hours. After 24 hours of incubation, the crystal violet and 

planktonic/biofilm enumeration methods were performed on the triplicate wells of one of the plates. The 

medium in the wells of the other two plates was removed and replenished with 200 µl of fresh sBHI at 24 

and 48 hours. The experiment was repeated three times independently.  

4.2.5	  Statistical	  analysis	  	  

The mean H. parasuis and S. suis biofilm densities (logCFU/ml) and optical densities were 

calculated, along with the representative standard deviations. All data were analyzed using Two-tailed 

Student’s t-test, and p values were determined using GraphPad Prism 5, considering p<0.05 the limit of 

statistical significance.  

4.3	  Results	  	  

	   4.3.1	  Characteristics	  of	  H.	  parasuis	  SW114	  and	  S.	  suis	  735	  biofilms	  	  

 The first pair of strains we examined in biofilm culture was H. parasuis SW114 (HP3), the less 

virulent serovar 3 strain, and the serovar 2 S. suis strain 735 (SS2). As shown in Figure 4.1A, the co-

culture of HP3 and SS2 gave rise to significantly less biomass compared to HP3 alone (p<0.01), and a 

level similar to SS2 alone. According to the method of Ren et al. (21), the absorbance of the co-culture 

biofilm (plus SD) was less than the absorbance of the best biofilm former (HP3) minus SD, so this can be 

classified as a competitive interaction (21).  

 We also determined the number of viable bacteria of each species in both the planktonic and 

biofilm fractions in the mono- and co-culture biofilms. As shown in Figure 4.1B, there was no difference 

in the number of SS2 planktonic or biofilm cells, or HP3 planktonic cells, but there was a significant 

reduction (p<0.0005) in the total number of HP3 biofilm cells present in co-culture with SS2. The number 

of HP3 biofilm cells decreased more than three logs compared to mono-culture biofilm cells. The trends 

seen for SS2 and HP3 were consistent with those of the planktonic growth experiments (Chapter 3), with 

a small increase in SS2 cell numbers and a significant decrease in HP3 cells. Overall, these results 
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correspond with the crystal violet staining results, showing that HP3 biofilms are negatively impacted by 

the presence of SS2.  

 Finally, we used the biofilm and planktonic cell numbers of the two species to show the relative 

fraction percentages that would be expected if no interaction were occurring (calculated using mono-

culture data) compared to the actual percentages in the co-culture (Figure 4.1C). We saw that there was a 

significant difference for all the fractions present in the co-culture compared to what would be expected. 

The percentage of SS2 biofilm cells was significantly decreased (p<0.0001), whereas the SS2 planktonic 

component was significantly increased (p<0.0001). As expected, the percentage of HP3 biofilm cells was 

also significantly decreased (p<0.0001) with a small increase (p<0.05) in the relative amount of HP3 

planktonic cells.  

	   4.3.2	  Characteristics	  of	  H.	  parasuis	  SW114	  and	  S.	  suis	  5428	  biofilms	  	  

 We also investigated biofilms containing H. parasuis SW114 (HP3) and S. suis 5428 (SS1), a less 

virulent serovar 1 strain to see if a different S. suis strain would have similar effects to those seen with 

strain SS2. As Figure 4.2A shows, the co-culture biofilm of HP3 and SS1 had a lower level of biomass 

compared to HP3 alone (p<0.0001), but again was similar to the biomass of SS2 alone. Analysis of these 

results showed that there is a competitive effect between the two species in biofilm, resulting in 

significantly less biomass (21).  

 With SS1 there were also significant differences in the number of viable bacteria of each species 

in the planktonic and biofilm fractions of the mono- and co-culture biofilms. When SS2 and HP3 were 

co-cultured, the only change was in the number of viable HP3 cells, but as Figure 4.2B shows, HP3 

biofilm and planktonic cell numbers were both decreased in co-culture (p<0.005 and p<0.05) and the 

number of SS1 biofilm cells increased significantly (p<0.01) in the presence of HP3. There was three-log 

reduction in HP3 cells between the mono- and co-culture biofilms, similar to what was seen with the HP3 

and SS2 co-cultures.  

When we looked at the relative percentages for an expected co-culture compared to the actual co-

culture of SS1 and HP3, we saw that there was a significant difference for all the fractions. The 
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percentage of SS1 biofilm cells was decreased (p<0.005), even though we saw a net increase in the 

number of cells. There was also a significant increase in the SS1 planktonic component (p<0.0001). As 

expected, the percentage of HP3 biofilm cells was significantly decreased (p<0.0011) with a 

corresponding increase (p<0.0001) in the relative amount of HP3 planktonic cells.  

	   4.3.3	  Characteristics	  of	  H.	  parasuis	  Nagasaki	  and	  S.	  suis	  735	  biofilms	  

 Similar experiments were done using H. parasuis Nagasaki (HP5), the highly virulent serovar 5 

reference strain. HP5 is known to be different from HP3 in terms of both its virulence and susceptibility 

to serum, so we wanted to assess whether there were also major differences in its characteristics in co-

culture with S. suis strains. The first thing we observed was that HP5 was less capable of forming 

biofilms than was HP3, with around half the amount of biofilm measured using crystal violet. As Figure 

4.3A illustrates, we saw that co-culture of HP5 with SS2 results in a significantly lower level of biomass 

compared to HP5 alone (p<0.05), although the difference was not as pronounced as was seen with HP3. 

The co-culture biomass was similar to the biomass of SS2 mono-culture biofilms. SS2 also has an 

inhibitory effect on co-culture biofilm formation with HP5, but to a lesser extent than seen with HP3. 

When the viable cells were enumerated in both the mono- and co-cultures, there was no difference in the 

number of HP5 sessile or planktonic cells (Figure 4.3B). However, there was an increase in both the 

number of SS2 planktonic (p<0.005) and biofilm (p<0.0001) cells in co-culture with HP5, compared to 

mono-culture.  

 The relative percentages for an expected co-culture compared to the actual co-culture showed a 

significant difference in both the SS2 and the HP5 biofilm fractions, as shown in Figure 4.3C. The 

percentage of SS2 biofilm cells was lower (p<0.0001), even though we saw a net increase in the actual 

number of cells. Again, there was an increase in the SS2 planktonic component (p<0.0001). Finally, the 

percentage of HP5 biofilm cells was also significantly lower (p<0.0001), but there was no difference in 

the relative number of planktonic HP5 cells (p<0.1141). Overall, these results show that co-culturing of 

SS2 and HP5 results in fewer cells from both species being found in the biofilm.  
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	   4.3.4	  Characteristics	  of	  H.	  parasuis	  Nagasaki	  and	  S.	  suis	  5428	  biofilms	  	  

 Finally, we looked at the interactions of HP5 and SS1 in biofilm culture. Figure 4.4A shows that 

once again the total biomass in co-culture biofilms of these two species was significantly less (p<0.05) 

than the biomass of HP5 biofilms alone, but similar to the biomass of SS1 mono-culture biofilms. These 

data suggest that SS1 also has an inhibitory effect on HP5 biofilm biomass formation. 

 We also evaluated the number of viable cells in both the planktonic and biofilm fractions of the 

mono- and co-culture biofilms (Figure 4.4B). There was a significant increase in SS1 biofilm cell 

numbers (p<0.01) in co-culture with HP5. There were no other differences between mono- and co-culture, 

although the general trends observed with the other H. parasuis and S. suis strains remained the same.  

 The relative percentages for an expected co-culture compared to the actual co-culture showed 

significant differences only in the SS1 fractions (Figure 4.4C). The percentage of SS1 biofilm cells was 

decreased (p<0.005), along with an increase in the SS1 planktonic component (p<0.0001). There was no 

difference in the relative number of planktonic or biofilm HP5 cells.  

	   	  4.3.5	  Temporal	  changes	  in	  H.	  parasuis	  SW114	  and	  S.	  suis	  735	  biofilms	  	  

 To determine whether the above trends in biofilm formation persisted over time, we looked at the 

formation and maintenance of mixed species biofilms over the course of 72 hours. Figure 4.5A 

demonstrates that at 24 hours there were significantly less HP3 biofilm cells in co-culture with SS2 

compared to mono-culture (p<0.05), as would be expected from the previous experiment. By 48 hours, 

however, this difference had disappeared as HP3 in co-culture gained viable cells, while in mono-culture 

there was a reduction. The trend extended to 72 hours, with the co-culture HP3 population actually 

becoming greater than the mono-culture, although it was not a significant difference.  

 Figure 4.5B shows the survival and growth of SS2 in the biofilm fractions over the same period. 

As anticipated, we found that there were more SS2 biofilm cells in co-culture with HP3 compared to 

mono-culture at 24 hours (p<0.01). However, by 48 hours the SS2 mono-culture biofilm population 

increased and there was not a significant difference between the two growth conditions. The difference 
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was restored by 72 hours, where the SS2 co-culture biofilm population was again significantly greater 

than the mono-culture (p<0.05).   

	   4.3.6	  Temporal	  changes	  in	  H.	  parasuis	  Nagasaki	  and	  S.	  suis	  735	  biofilms	  

 We repeated the above experiment, but using the more virulent HP5 strain, to see if the same 

trends existed over time with this combination of H. parasuis and S. suis strains. Starting with the HP5 

biofilm fraction (Figure 4.6A), we observed that the mono-culture biofilm cell density was significantly 

greater than the density in co-culture with SS2 at all time points evaluated (p<0.0005, p<0.005, and 

p<0.0005, respectively). This was expected at 24 hours, based on the results of some of the previous 

experiments, but was very different from the results seen with HP3 and SS2, where the HP3 populations 

in co-culture seemed to recover after 24 hours.  

 The SS2 biofilm fraction results are shown in Figure 4.6B. We observed that SS2 cell density in 

co-culture with HP5 was higher at 24 hours (p<0.0001) compared to its growth in mono-culture. 

However, as was seen with SS2 and HP3, this difference disappeared by 48 hours. At 72 hours, the cell 

densities for the two conditions were still not significantly different.   

4.4	  Discussion	  

 This is the first time S. suis and H. parasuis have been evaluated together in a biofilm and an 

interaction that promotes dispersal of cells, resulting in a less robust sessile community, was revealed. 

This could contribute to a higher concentration of planktonic cells within the swine tonsil, and lead to 

enhanced bacterial migration and systemic infection.  

Bacteria often exist in multispecies communities adhered to a surface. Due to the enclosed nature 

of this type of environment, it is believed that interactions between existing organisms occurring in this 

niche are significant (22). Both S. suis and H. parasuis are capable of forming biofilms in vitro and in 

vivo (13). Biofilms are of importance on the mucosal surfaces of the upper respiratory tract (URT) so we 

anticipated seeing interactions in this growth state. Based on the results of our previous experiments 

showing an interaction between S. suis and H. parasuis in planktonic culture, we decided to investigate 

the relationship between these two species in a more relevant biofilm model.  
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 In this study, we found that co-culture biofilms containing either HP3 or HP5 and SS1 or SS2 all 

had significantly lower biomass than the H. parasuis mono-culture biofilms (Figures 4.1 to 4.4). Both H. 

parasuis strains were better biofilm formers than the S. suis strains, but this ability was clearly diminished 

when in the presence of S. suis. Finally, the degree of reduction in biomass varied depending on the 

specific combination of species.  

 Overall, our results suggest that HP3 is sensitive to the presence of S. suis strains in a biofilm, and 

this results in a decrease in both biomass of the biofilm and the number of viable HP3 cells. In addition, 

SS1 had a greater inhibitory effect on HP3 biofilm formation than SS2. HP5 cells were resistant to these 

negative effects and were found at the same concentrations in both the mono- and co-cultures with S. suis. 

We still observed a negative effect on biomass in the HP5 co-cultures, suggesting that the presence of S. 

suis species is inhibiting biofilm formation but not causing cell death of HP5. These disparate results 

between the two H. parasuis species tested are not unprecedented, with many studies demonstrating that 

interactions between bacterial species vary depending on the strains used (7, 20). Due to the differences 

within this species, our results indicate that biofilm development by H. parasuis may be reliant on a range 

of strain-specific factors, including cell contact, soluble mediators and antimicrobial substances (7).  

The biofilm cell counts for both S. suis strains indicate that this species benefits from the presence 

of H. parasuis in a biofilm, leading to an increase of viable cells. However, previous experiments looking 

at planktonic growth also showed an overall increase in SS2 cell density in the presence of H. parasuis. 

Therefore, it is difficult to determine whether the increase in S. suis biofilm cell numbers is due to an 

inherent growth benefit or to a specific benefit within the biofilm environment. In an attempt to answer 

this question, we also enumerated the planktonic cells present in the supernatant above the established 

biofilms. Using these values, we calculated the expected ratios of H. parasuis and S. suis biofilm and 

planktonic cells in co-culture based on the mono-culture ratios and compared to the actual results. If there 

were no interaction occurring between these two species in the biofilm-planktonic model, the ratios would 

not be significantly different between the expected and actual results. However, in most cases we did see 

significant differences. The percentage of HP3 and HP5 biofilm cells in co-culture was less than expected 
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in the presence of SS2. This decrease was made up for by an overall increase in the percentage of 

planktonic H. parasuis cells present. While the percentage of S. suis biofilm cells might be expected to 

increase, we saw that the actual ratio of S. suis biofilm cells was much lower than what would be 

expected, and the ratio of S. suis planktonic cells was significantly higher. This result underlines the 

importance of comparing the ratios of cells within the culture system rather than just looking at the 

numerical change in cell numbers. Overall, co-cultures of S. suis and H. parasuis resulted in significantly 

less biofilm biomass than what would be expected, and this can be associated with a decrease in the 

percentage of cells of both species found in the biofilms and a corresponding increase in the relative 

number of cells in the planktonic form.  

We saw a clear decrease in biomass of the co-culture biofilms containing S. suis and H. parasuis. 

This type of interaction has also been described previously. Simoes et al. (23) examined the interactions 

among drinking water bacteria and found that competition existed between Mycobacterium mucogenicum 

and Staphylococcus spp., Sphingomonas capsulata and M. mucogenicum, and S. capsulata and 

Acinetobacter calcoaceticus. Systems containing these dual-species combinations all exhibited less 

biofilm formation compared to their mono-culture counterparts. P. aeruginosa and S. aureus also 

exhibited a significant decrease in biomass when grown together in a biofilm compared to when grown 

alone (20). Specifically, the biomass of the co-culture was much lower than the biomass of the S. aureus 

biofilm, but similar to the biomass of the P. aeruginosa biofilm (20). This indicates an inhibitory effect 

caused by P. aeruginosa on S. aureus, which is comparable to what we saw occurring with S. suis and H. 

parasuis. Finally, Krishmarthy and Kyd (7) examined H. influenzae and S. pneumoniae biofilms and 

discovered that although most combinations of these two species resulted in a synergistic increase in 

biomass, co-culture of S. pneumoniae with one strain of H. influenzae resulted in a decrease in biofilm 

production.  

A number of other studies have demonstrated similar antagonistic relationships between bacteria 

within a biofilm, resulting in lower concentrations of biofilm cells, but the mechanisms behind these 

interactions are not always understood. For example, P. aeruginosa growth and biofilm biomass was 
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substantially less in a mixed culture with E. coli, which was surprising considering the extensive biofilm 

formed by P. aeruginosa on its own (11). This is similar to what we found as H. parasuis also formed 

robust biofilms under mono-culture conditions, but production was markedly limited in the presence of S. 

suis. P. aeruginosa was also capable of decreasing the growth of S. aureus in a biofilm. Baldan et al. (20) 

demonstrated that P. aeruginosa was able to outcompete S. aureus in mixed biofilms, but also found that 

some strains of P. aeruginosa were limited in their ability to produce biofilm in the presence of S. aureus. 

Further, Qazi et al. (24) showed that biofilm related genes in S. aureus are down-regulated in the presence 

of P. aeruginosa through the use of N-acylhomoserine lactone (AHL) quorum sensing.  

 Decreased growth and biomass in co-culture biofilms suggests a strongly competitive interaction 

between these H. parasuis and S. suis. Specifically, based on the decrease relative to H. parasuis mono-

culture biofilms, it seems like S. suis is exerting a negative effect on H. parasuis in the biofilm 

environment. This result corresponds with what we saw in the planktonic growth curve experiments, 

where H. parasuis was significantly inhibited by the presence of S. suis, and could be due to competition 

for resources, one of the most significant drivers of bacterial evolution and adaptation (23). Bacterial 

species better adapted to use an available energy source are able to outcompete less efficient bacteria (23). 

As shown in the previous chapter, S. suis is capable of using a wider variety of carbon sources, potentially 

allowing it to better survive in biofilms. Similarly, faster growing species are predicted to outcompete 

other bacteria and this may be occurring within the co-culture biofilm as well (23). The presence of 

different species in a biofilm can also result in an alteration of the surrounding environment. The 

development of bacterial communities within the EPS can result in anoxic regions and the build-up of 

waste products such as ammonia, lactic acid, and carbon dioxide (5). These compounds can have an 

influence on the surrounding species. Lee et al. (4) showed that carbon limitation and competition is one 

of the biggest factors affecting the composition of a model mixed-species biofilm and that the 

accumulation of waste products and formation of oxygen gradients helps determine which species 

dominate within the biofilm environment. It is possible that S. suis is producing a toxic, acidic 

environment that H. parasuis cannot survive in, resulting in the observed decrease in biomass. 
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  The decrease in biomass within the biofilm may also be due to a more direct interaction. A 

change in the regulation of biofilm genes is an example of a factor that might be contributing to the 

results observed in the literature and in our experiment. This has been demonstrated to occur between S. 

aureus and P. aeruginosa by Qazi et al. (24), while Cope et al. (25) also showed that H. influenzae type 

IV pili (essential to biofilm formation) is only expressed under co-culture conditions with S. pneumoniae. 

In this latter study, both soluble factors and direct contact were found to mediate this change in gene 

expression (25).  

 Biofilm formation and stability can also be impacted by the presence of other bacterial species. 

There are three major stages of a biofilm lifecycle and bacteria have evolved the ability to interfere with 

all of them. These stages include the initial attachment of bacteria to the surface, maturation, and 

dispersion. Bacteria are capable of producing a wide variety of products that prevent attachment of other 

species (26). H. parasuis biofilms are mainly composed of proteins and are susceptible to proteinase K 

degradation, so S. suis proteases may be capable of degrading H. parasuis EPS (14, 29). This would be 

consistent with the results seen with HP5 biofilms where growth was not affected but biofilm biomass 

was significantly decreased. S. suis also possesses a secreted DNase, which is capable of degrading eDNA 

– another primary component of H. parasuis biofilms (14, 30, 31). H. parasuis is known to be sensitive to 

DNase produced by S. aureus, leading to a decrease in biofilm biomass, so it is likely that the S. suis 

enzyme would have a similar effect and warrants further investigation (32). S. suis produces arginine 

deiminase, an enzyme also found in Streptococcus intermedius, which down-regulates the expression of 

two different fimbriae in Porphyromonas gingivalis, leading to the prevention of irreversible attachment 

and maturation of the biofilm (33, 34). H. parasuis possesses genes for fimbriae as well, which are 

believed to be involved in attachment and biofilm formation, so it is possible that S. suis AraC would be 

similarly able to down-regulate H. parasuis fimbrial gene expression and prevent biofilm production (35).  

 The relative number of S. suis biofilm cells was also decreased in co-culture with H. parasuis. 

Some species are capable of interfering with surface interactions by creating a physical barrier (“blanket”) 

that prevents others from attaching (26). For example, P. aeruginosa can spread across a surface via 
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twitching motility that is dependent on the pilA gene in order to prevent Aggrobacterium tumefaciens 

adhesion (26). H. parasuis also possesses a pilABCD gene cluster for a type IV pilus, which may enable 

twitching motility and spreading across the surface of the polystyrene plate as a means to prevent S. suis 

cells from entering a biofilm state (36). A serine protease homologous to the Esp serine protease in 

Staphylococcus epidermidis, which prevents initial adhesion and maturation of S. aureus biofilms by 

degrading the matrix, is also be found in H. parasuis genome sequences (37, 38). These interactions 

prevent other bacteria from forming a biofilm and have no effect on growth, similar to the results of our 

experiments. Finally, we believe it is possible that H. parasuis is affecting the capsule gene expression in 

S. suis. Lysenko et al. (39) predicted that S. pneumoniae in co-culture would express higher levels of 

capsular polysaccharide, reducing biofilm formation (2). This phenomenon could be occurring with H. 

parasuis and S. suis through quorum sensing via autoinducer-2 (AI-2) production or through response 

regulators like CovR, which contribute to capsule thickness (16, 40). Non-encapsulated strains of S. suis 

are capable of producing thick biofilms, but this potential is decreased by the presence of a capsule which 

impairs access to adhesins on the bacterial cell surface (41). If H. parasuis was able to increase the 

expression of genes in the cps cluster, this might prevent S. suis from adhering to cell receptors 

(41).Therefore, the presence of H. parasuis may allow S. suis to transform from an attached, biofilm 

phenotype to a planktonic form. 

The decrease in biomass and biofilm cell numbers observed in our experiments could also have 

been a result of biofilm self-inhibition. Many of the anti-adhesion mechanisms discussed above were 

originally described in mono-species biofilms and may be involved in preventing interaction with other 

bacterial species (26). Self-dispersion from a biofilm allows for colonization of another niche and helps 

bacteria move away from competitors (26). In the previous chapter we demonstrated that S. suis has a 

strong inhibitory effect on the growth of H. parasuis in planktonic culture, and this was confirmed in a 

biofilm model as well. It is possible that H. parasuis is using its own anti-adhesion molecules to detach 

from the biofilm and move away from competitive S. suis by colonizing a new location.  
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 Biofilms persist over a long period of time, so we decided to observe whether the biofilm 

interactions observed after 24 hours persisted over the course of 72 hours. We found that HP3 cell density 

was no longer negatively affected by the presence of SS2 at 48 hours (Figure 4.5A), whereas HP5 

displayed a consistent decrease in growth in co-culture compared to mono-culture (Figure 4.6A). The 

results also show that SS2 only benefits from the presence of H. parasuis during the first 24 hours 

(Figures 4.5B and 4.6B). In terms of HP3 and SS2, it seems as if there are potent competitive effects 

taking place early on in the life cycle of the biofilm but eventually, equilibrium is reached and the cell 

densities for both species are similar to those seen in mono-culture. Biofilms develop new resources and 

habitats over time, allowing bacteria to better survive, so it is possible that S. suis and H. parasuis 

eventually move into separate niches and the interactions between them become less important (42). 

Conversely, HP5 experiences persistent antagonistic effects from SS2 over the entire time period. Again, 

this result suggests that H. parasuis biofilm formation is dependent on strain specific effects, a fact 

supported by work by Bello-Orto et al. (14) showing that biofilm formation is strongly associated with 

multilocus sequence typing (MLST) clusters. HP3 and HP5 are from different clusters and our results 

confirm that these two species respond very differently to factors affecting biofilm formation.  

 Biofilms have gained recognition due to their involvement in chronic infections, but many of the 

bacteria involved in these infections are also capable of causing acute disease (43). This is true for H. 

parasuis and S. suis, which are capable of long term colonization of the URT of swine, but can also cause 

systemic infections (44). How, then, are bacteria able to cause such disparate effects within their host? 

New research suggests that bacteria are capable of altering their gene expression in response to external 

signals, resulting in different types of infection. P. aeruginosa is an example of a species that takes on 

either a resistant biofilm phenotype or expresses a variety of toxins (43). It has been well established that 

bacteria growing planktonically cause acute infections and bacteria in a biofilm are associated with 

colonization and persistence (45). Recent work has shown that the P. aeruginosa dispersion molecules 

BdlA and DipA both play a role in regulating this change, and release of planktonic cells leads to 

enhanced virulence (45). S. pneumoniae is another organism that is most often found as a benign 
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colonizer of the human respiratory tract in biofilm communities (46). Researchers have demonstrated that 

viral infection, changes to the surrounding microflora, and inflammation can all result in release of S. 

pneumoniae from these biofilms with the newly free-floating cells exhibiting enhanced virulence in vivo 

(46).  

 Both S. suis and H. parasuis can form biofilms, and as in the examples above, the biofilm state is 

generally associated with decreased virulence. For example, H. parasuis nasal strains are more likely to 

be strong biofilm formers compared to strains isolated from systemic sites (14). As well, virulence genes 

like VtaA1 and LsgB are associated with decreased biofilm formation (14). It has been hypothesized that 

biofilms may control the change from colonization to an invasive state by providing protection for the 

organism during initial entry into the host, followed by a decrease in biofilm that allows for dissemination 

(14). In addition, S. suis can stay in the tonsil for long periods of time, likely by residing in biofilms (17). 

Virulent strains of S. suis seem to be better at forming biofilms, but these biofilm cells are much less 

virulent, exhibiting a 1 to 2 log increase in LD50 values (17). In order for S. suis cells to persist in the host 

for a long time, they down-regulate their virulence factors within a biofilm (17). Eventually, unknown 

signals may cause dissemination resulting in systemic infection (17). Our experiments demonstrate that 

co-culture biofilms containing S. suis and H. parasuis contain fewer cells and a smaller biomass than their 

mono-culture counterparts. These two species seem to be capable of pushing each other into a planktonic 

state by both preventing formation and causing dispersion of biofilms. This has significant implications 

for swine disease because a larger percentage of planktonic cells within the URT could lead to the 

development of acute, systemic infections caused by either S. suis or H. parasuis. Therefore, 

polymicrobial infections with both S. suis and H. parasuis might result in enhanced morbidity and 

mortality, underlining the importance of interfering with this interaction in an attempt to control endemic 

disease. 

 Finally, it is worth emphasizing that biofilm formation by bacterial species is strongly affected by 

strain properties, culture conditions, environmental factors, and methodology (19). Crystal violet staining 

interpretation can even vary depending on the mathematical model used to evaluate results (19). It is 
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therefore essential to exactly replicate the conditions to ensure consistent results that can be compared 

reliably. In addition, growth of biofilms within a static culture is not representative of the natural flow 

conditions where the complex biofilms generally develop, but use of this model is helpful for initial, high 

throughput studies (47). Enumeration of biofilm cells is also difficult because clumping and aggregation 

of cells can lead to inaccurate cell counts during serial dilutions (3). Finally, although in vitro biofilms are 

considered to be more relevant to the conditions in a host, this model still lacks many of the 

environmental factors found in vivo. Further experiments should attempt to translate these results into an 

in vivo environment in order to take host factors into account.  
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Figure 4.1. Biofilm formation by S. suis 735 (SS2) and H. parasuis SW114 (HP3) in mono- and co-

culture. A) Biofilm biomass as measured by crystal violet absorbance at 595 nm. HP3 formed 

significantly more biofilm than SS2 (p<0.01). When the two species were grown in co-culture the amount 

of biofilm was similar to that seen when SS2 was grown alone. B) Number of CFU of SS2 and HP3 in the 

planktonic and biofilm phase. The presence of HP3 had no significant effect on planktonic or biofilm 

growth of SS2, although the trend suggests an increase in SS2 biofilm cells in co-culture with HP3. 

Conversely, the presence of SS2 resulted in a significant decrease of HP3 cells in biofilm (p<0.0005), and 

a non-significant decrease of HP3 cells in the planktonic phase. C) The relative number of biofilm (S) and 

planktonic (P) CFU in mono- and co-cultures. The single infection bar represents the expected levels if 

there were no interactions taking place between HP3 and SS2 based on the mono-culture results. The co-

infection bar represents the actual results. Significant differences were observed between the expected and 

actual results for planktonic and biofilm populations of both species (p<0.05), suggesting an interaction. 

Each value represents the mean measurement from at least three separate assays, and the bars indicate 

standard deviations. * = a significant difference (at least p<0.05) assessed using the Student’s t test. 
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Figure 4.2. Biofilm formation by S. suis 5428 (SS1) and H. parasuis SW114 (HP3) in mono- and co-

culture. A) Biofilm biomass as measured by crystal violet absorbance at 595 nm. HP3 formed 

significantly more biofilm than SS1 (p<0.0001). When the two species were grown in co-culture the 

amount of biofilm was similar to that seen when SS2 was grown alone. B) Number of CFU of SS1 and 

HP3 in the planktonic and biofilm phase. The presence of HP3 significantly increased the biofilm growth 

of SS2 (p<0.01), and the trend suggests an increase in SS2 planktonic cells as well. Conversely, the 

presence of SS2 resulted in a significant decrease of HP3 cells in biofilm (p<0.05), and in the planktonic 

phase (p<0.005). C) The relative number of biofilm (S) and planktonic (P) CFU in mono- and co-cultures. 

The single infection bar represents the expected levels if there were no interactions taking place between 

HP3 and SS2 based on the mono-culture results. The co-infection bar represents the actual results. 

Significant differences were observed between the expected and actual results for planktonic and biofilm 

populations of both species (p<0.005), suggesting an interaction. Each value represents the mean 

measurement from at least three separate assays, and the bars indicate standard deviations. * = a 

significant difference (at least p<0.05) assessed using the Student’s t test. 
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Figure 4.3. Biofilm formation by S. suis 735 (SS2) and H. parasuis Nagasaki (HP5) in mono- and co-

culture. A) Biofilm biomass as measured by crystal violet absorbance at 595 nm. HP5 formed 

significantly more biofilm than SS2 (p<0.05). When the two species were grown in co-culture the amount 

of biofilm was similar to that seen when S. suis 735 was grown alone. B) Number of CFU of SS2 and 

HP5 in the planktonic and biofilm phase. The presence of HP5 significantly increased both the planktonic 

(p<0.005) and biofilm (p<0.0001) cell numbers of SS2 in co-culture. Conversely, the presence of SS2 had 

no significant effect on HP5 cells in biofilm or planktonic phase. C) The relative numbers of biofilm (S) 

and planktonic (P) CFU in mono- and co-cultures. The single infection bar represents the expected levels 

if there were no interactions taking place between Haemophilus parasuis Nagasaki (HP5) and 

Streptococcus suis 735(SS2) based on the mono-culture results. The co-infection bar represents the actual 

results. Significant differences were observed between the expected and actual results for planktonic and 

biofilm populations of SS2 (p<0.0001), as well as for the sessile population of HP5 (p<0.0001), 

suggesting an interaction. Each value represents the mean measurement from at least three separate 

assays, and the bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed 

using the Student’s t test. 
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Figure 4.4. Biofilm formation by S. suis 5428 (SS1) and H. parasuis Nagasaki (HP5) in mono- and 

co-culture. A) Biofilm biomass as measured by crystal violet absorbance at 595 nm. HP5 formed more 

biofilm than SS1. When the two species were grown in co-culture the amount of biofilm was at an 

intermediate level between the growth seen for SS1 and HP5. B) Number of CFU of SS2 and HP5 in the 

planktonic and biofilm phase. The presence of HP5 significantly increased both the planktonic and 

biofilm cell numbers of SS1 in co-culture (p<0.05). Conversely, the presence of SS1 had no significant 

effect on HP5 cells in biofilm or planktonic phase. C) The relative numbers of biofilm (S) and planktonic 

(P) CFU in mono- and co-cultures were also assessed. The single infection bar represents the expected 

levels if there were no interactions taking place between HP5 and SS1 based on the mono-culture results. 

The co-infection bar represents the actual results. Significant differences were observed between the 

expected and actual results for planktonic and biofilm populations of SS1 (p<0.05), suggesting an 

interaction. Each value represents the mean measurement from at least three separate assays, and the bars 

indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the Student’s t 

test. 
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Figure 4.5. Changes in biofilm growth of A) H. parasuis SW114 (HP3) and B) S. suis 735 (SS2) in 

mono- and co-culture over the course of 72 hours. HP3 cell density in mono-culture was significantly 

greater than in co-culture with SS2 at 24 h (p<0.05), but there was no difference at 48 h or 72 h. SS2 cell 

density in co-culture with HP3 was significantly greater than in mono-culture at 24 h and 72 h (p<0.05). 

Each value represents the mean log(CFU/ml) from at least three separate assays, and the bars indicate 

standard deviations. * = a significant difference (at least p<0.05) assessed using the Student’s t test. 
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Figure 4.6. Changes in biofilm growth of A) H. parasuis Nagasaki (HP5) and B) S. suis 735 (SS2) in 

mono- and co-culture over the course of 72 hours. HP5 cell density in mono-culture was significantly 

greater than in co-culture with SS2 at 24 h, 48 h, and 72 h (p<0.01). SS2 cell density in co-culture with 

HP3 was significantly greater than mono-culture at 24 h (p<0.0001), but there was no difference at 48 h 

or 72 h. Each value represents the mean log(CFU/ml) from at least three separate assays, and the bars 

indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the Student’s t 

test. 
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Chapter	  5	  –	  Role	  of	  secreted	  factors	  in	  the	  relationship	  between	  H.	  parasuis	  and	  S.	  suis	  	  

5.1	  Introduction	  	  

	   Bacteria found in complex, polymicrobial biofilms often depend on diffusible molecules to 

mediate the interactions necessary to form these structured environments. The majority of bacterial 

species are capable of “synthesis, release, and detection of molecules”, which were originally discovered 

as a method for populations of cells to measure their density and produce coordinated changes in gene 

expression in a process called quorum sensing (QS) (1). However, as researchers began to recognize that 

bacteria need to communicate with other species in order to form diverse communities, more evidence 

revealed that this and other types of signaling might play a role (2).  

 Molecules in bacteria are only classed as signals if they are “produced by a dedicated pathway at 

a specific stage of growth, and elicit responses in the receiver organism that are distinct from those 

required for the processing of the molecule” (3). Signals may be beneficial to both bacteria involved in 

the relationship, in what is termed a symbiotic relationship, or they can also be purely detrimental (4). In 

either case, bacterial signals can be exchanged between two species or one species can interfere with the 

signals of another (5).  

 Signal molecules can be grouped into a wide range of chemical classes, and there are many 

diverse mechanisms for production and detection (1). In general, Gram-negative bacteria produce N-

acylhomoserine lactones and other fatty-acid derivatives, while Gram-positive bacteria use peptide-based 

signals, with some exceptions (1). Autoinducer-2 (AI-2) isomers are used by both Gram-positive and 

Gram-negative bacteria and have therefore garnered a lot of attention for interspecies interactions (3). 

Finally, other molecules such as antibiotics, secondary metabolites, indole, peptidoglycan, and 

bacteriocins have all been recognized as possible signals between bacterial species (3).  

 LuxS is the enzyme that produces the AI-2 molecule, and is found in the majority of bacterial 

genome sequences currently available (1). AI-2 influences biofilm formation and the expression of a 

number of virulence factors (1). Secondary metabolites can also contribute to bacterial communication. P. 

aeruginosa secretes a byproduct called 4-hydroxy-2-heptylquinolone-N-oxide (HQNO), which suppresses 
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the respiration of S. aureus and causes it to change phenotype to the highly persistent small-colony 

variant (6). Oral streptococci suppress the growth of P. aeruginosa through the production of hydrogen 

peroxide and nitrite (7). Finally, sometimes the metabolic activities of bacteria within a community 

complement each other, allowing more fastidious bacteria to survive in nutrient-limited environments (3).  

 In addition, there are previously well-understood molecules that are now being recognized as 

possible signals. Peptidoglycan can act as a carbon source for some bacteria, and can trigger P. 

aeruginosa to kill Gram-positive commensals in its environment (5). Sub-inhibitory levels of antibiotics 

can increase or decrease biofilm biomass, alter virulence factor expression, and modulate the transcription 

of 5 to 10% of bacterial genes in the cell (1). Indole alters virulence gene expression in P. aeruginosa and 

can also inhibit biofilm formation in other species (5).  

 Many of these chemical interactions are highly dependent on the close proximity of bacteria, 

which can be achieved through the formation of multispecies biofilms. Studies show that interbacterial 

communication may impact the formation of chronic polymicrobial infections and play an integral role in 

the persistence of bacteria within a certain environment (3). Interactions between bacterial species in the 

same environment that significantly contribute to disease development and response to treatment are 

referred to as indirect pathogenicity (8).  

 Both Streptococcus suis and Haemophilus parasuis possess the luxS gene for production of AI-2 

(9, 10). The molecule is involved in biofilm formation, host-cell adherence, and regulation of capsule, 

toxin, and adhesin genes in S. suis, but it has not been characterized in H. parasuis (11, 12, 10). S. suis is 

also capable of producing a number of inhibitory substances, and both species generate a variety of 

metabolic byproducts. All of these characteristics suggest that diffusible signal molecules may play a role 

in the interaction between S. suis and H. parasuis. In the following chapter we will outline preliminary 

experiments carried out to determine if the growth effects and biofilm density changes observed between 

these two species in our previous experiments (Chapters 3 and 4) could be attributable to diffusible 

molecules.  
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5.2	  Methods	  	  

5.2.1	  Preparation	  of	  supernatant	  from	  H.	  parasuis	  and	  S.	  suis	  cultures	  	  

Filtered supernatant from S. suis 735 (SS2), H. parasuis SW114 (HP3), and H. parasuis Nagasaki 

(HP5) cultures were used to investigate the effects of secreted factors. Supernatant was taken from lag 

phase bacterial cultures and therefore, many of the nutrients from the sBHI would have been consumed. 

In an attempt to replicate the nutritional levels within the spent supernatant and chieve comparable 

conditions between the test and control samples, control cultures were grown in media consisting of 10% 

sBHI diluted in PBS.  

 Supernatant for planktonic culture was taken from overnight cultures (~14 hours) of S. suis and 

H. parasuis in 50 ml of sBHI and centrifuged at 4000 rpm at 4oC for 20 minutes. The crude supernatant 

was then filtered through a 0.2 µm pore low-protein binding syringe filter (Millipore, Etobicoke, ON, 

Canada). To ensure that no cells were present, 100 µl of the supernatant was spread onto chocolate agar 

plates. The rest of the supernatant was frozen at -80oC until it was required.  

In order to obtain supernatant for biofilm experiments, the H. parasuis and S. suis strains were 

grown overnight in 5 ml sBHI broth, and then sub-cultured into 5 ml of fresh sBHI for 4 hours to reach 

the mid-exponential phase of growth. The bacteria were then centrifuged, washed with 1.0 ml PBS and 

suspended in fresh sBHI. The cultures were adjusted to 106 CFU/ml, based on OD600 measurements. H. 

parasuis and S. suis strains were inoculated individually, in triplicate, into a 24-well polystyrene plate 

(Thermo-Fisher Scientific). A final volume of 1.5 ml was placed into each well. Negative controls 

contained sterile sBHI. The plates were sealed with Parafilm® and incubated with shaking (40 rpm) at 

37oC. After 24 hours, supernatant from each well was removed into sterile 2.0 ml microtubes (Thermo-

Fisher Scientific) and centrifuged at 4000 rpm for 20 minutes. The supernatant was filter sterilized using a 

0.2 µm pore size filter. The sterile supernatant was used immediately for biofilm growth experiments.   

5.2.2	  Bactericidal	  assay	  using	  supernatant	  	  

The presence of bactericidal components in S. suis and H. parasuis supernatant was evaluated in 

soft agar experiments. A 100-µl volume of sBHI broth containing 106 CFU/ml of S. suis 735 (SS2) was 
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mixed with 3 ml of BHI soft molten agar and poured onto preheated BHI agar plates, and the plates were 

allowed to dry for 10 minutes. Ten mm filter paper discs (Whatmann [GE Life Sciences], Mississauga, 

ON, Canada) were soaked with filtered supernatant from planktonic and biofilm supernatant, placed on 

the solidified agar and incubated. Plates were examined at 24 and 48 hours for signs of inhibition, as 

indicated by clear zones around the discs. The experiment was also repeated with H. parasuis strains 

SW114 (HP3) and Nagasaki (HP5) mixed into molten agar and discs soaked with SS2 filtered 

supernatant. This experiment was performed in triplicate, three times independently  

5.2.3	  Plaque	  assay	  	  

Supernatant was collected from mono-cultures of H. parasuis and S. suis at different time points 

(1 and 6 hours) and filter-sterilized using a 0.2 µm pore size low protein-binding syringe filters 

(Millipore). A 100-µl volume of overnight H. parasuis or S. suis culture (~106 CFU/ml) was mixed with 

300 µl of supernatant from the other species supplemented with 10 µg/ml NAD and incubated for 20 

minutes at 37oC to facilitate adsorption of possible bacteriophage. Then 3 ml of molten 0.7% agar (Bacto) 

at 45oC was added and the tubes mixed gently. The soft agar was then poured directly onto pre-warmed 

BHI agar plates, allowed to solidify for 5 minutes at room temperature, and incubated at 37oC. The plates 

were examined for plaques (zones of lysis) at 24 and 48 hours. S. suis and H. parasuis without culture 

supernatant was used as a negative control.  

5.2.4	  Planktonic	  growth	  in	  filtered	  supernatant	  

Planktonic growth of S. suis 735 (SS2) was evaluated with filtered supernatant from H. parasuis 

SW114 (HP3) and Nagasaki (HP5) to investigate whether changes in growth observed in co-culture were 

mediated by diffusible, secreted factors. Planktonic growth of HP3 in the presence of SS2 supernatant 

was also assessed. Growth curves were completed as outlined in Chapter 3. Briefly, overnight cultures of 

SS2 was diluted to 107 CFU/ml based on the OD600 and 0.5 ml was inoculated into 5 ml of sBHI with 5 

ml of filter-sterilized supernatant fluid from HP3 or HP5 planktonic culture. The cultures were incubated 

at 37oC with shaking (200 rpm). As controls, pure cultures were grown in 5 ml sBHI plus 5 ml 10% sBHI 
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diluted in PBS. Growth was assessed by taking aliquots and measuring OD600 at 2, 4, 6, 8, 10, and 24 

hours. This experiment was performed three times, independently. 

5.2.5	  Biofilm	  growth	  in	  filtered	  supernatant	  	  

Filtered supernatant was also applied to mono-culture biofilms to determine whether secreted 

factors had an effect on the characteristics of sessile bacteria. Mono-culture biofilms of SS2, HP3 and 

HP5 were established in 96-well polystyrene plates as described in Chapter 4. Briefly, 0.5 ml of overnight 

(~14 hour) cultures was inoculated into fresh sBHI for 4 hours and incubated at 37oC (200 rpm) to reach 

exponential phase. Aliquots of this culture were centrifuged, washed with 1.0 ml PBS and suspended in 

1.0 ml fresh sBHI. The OD600 was adjusted to correspond with a concentration of 106 CFU/ml. Two 

hundred µl of the H. parasuis and S. suis strains were then inoculated individually into the wells of the 

96-well plate. Negative control wells were filled with sterile sBHI. The plates were sealed with Parafilm® 

and incubated with shaking (40 rpm) at 37oC. After 24 hours, the mono-culture biofilms were inverted to 

remove the spent media and 200 µl of filter-sterilized biofilm supernatant was added to the wells. The 

plates were incubated at 37oC and 40 rpm for another 24 hours. Control wells were filled with 200 µl 10% 

sBHI in PBS. Evaluation of biofilm density was performed using crystal violet as outlined in Chapter 4. 

Briefly, the attached cells were rinsed with PBS and then 1% crystal violet was applied for 20 min. The 

wells were rinsed with PBS again, before 95% ethanol was added and the OD595 was read using the 

Powerwave XS2 multiwell plate reader. This experiment was performed in triplicate and repeated 

independently three times.  

The above experiment was also performed using supernatant diluted to 70, 50 and 30% strength 

using 10% sBHI in PBS. All conditions were identical, except the spent media from the 24 hour biofilms 

was replaced with 30%, 50% or 70% supernatant from the other species and incubated at 37oC for another 

24 hours. This experiment was also performed in triplicate and repeated independently three times.  

5.2.6	  Statistical	  analysis	  	  

S. suis cell numbers at different time points in the growth curve were expressed as mean 

log(CFU/ml) ± standard deviation. Biofilm data (OD values) were also averaged and the standard 
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deviation calculated. All data were analyzed using Two-tailed Student’s t-test, and p values were 

determined using GraphPad Prism 5, considering p<0.05 the limit of statistical significance.  

5.3	  Results	  	  

	   5.3.1	  Effect	  of	  supernatant	  on	  agar	  lawn	  cultures	  	  

 To assess the role of diffusible factors in the interaction between H. parasuis and S. suis, we first 

confirmed that there were no components in either species supernatant that caused bactericidal effects on 

the other species. We soaked paper discs in filtered supernatant from both planktonic and biofilm culture 

and found that neither S. suis nor H. parasuis was affected by the other’s secreted molecules (results not 

shown). This correlates with the bactericidal assay carried out with whole bacterial cells, which also 

revealed no direct bactericidal interactions between these two species.  

	   5.3.2	  Plaque	  assay	  results	  	  

 We did not observe any plaque formation caused by supernatant of H. parasuis or S. suis on agar 

plates of the other species at 37oC (results not shown).  

5.3.3	  Planktonic	  growth	  of	  S.	  suis	  in	  the	  supernatant	  of	  H.	  parasuis	  and	  vice	  versa	  

 No growth was observed when HP3 was grown in sBHI with 50% SS2 supernatant. The HP3 

control supplemented with 10% sBHI in PBS also did not grow under the conditions of this experiment. 

This suggests that decreased BHI concentration did not provide enough nutrients for HP3 to establish a 

successful population, rather than an inhibitory affect due to the presence of SS2 supernatant.  

 SS2 could, however, grow in the presence of HP3 and HP5 supernatant as shown in Figure 5.1. 

HP3 supernatant caused an increase in growth compared to SS2 in 10% sBHI, as measured by optical 

density, but this was only significant at 8 and 14 hours (p<0.0005 and p<0.05, respectively). HP5 

supernatant had a higher impact on the growth of SS2, with significant increases in cell density being 

observed at the 6, 8, 11 and 14 hour time points (p<005, p<0.05, p<0.0001 and p<0.0001, respectively). It 

was also observed that the use of 10% sBHI for these growth curves reduced the final cell density reached 

and lengthened the time needed to reach stationary phase.  
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	   5.3.4	  Effect	  of	  H.	  parasuis	  supernatant	  on	  S.	  suis	  biofilms	  	  

 Supernatant from HP3 and HP5 was also applied to SS2 biofilms. Filtered-supernatant from HP3 

and HP5 24 hour biofilms was applied to established SS2 biofilms at a variety of concentrations and 

biofilm density was evaluated after 24 hours using the crystal violet assay.  

 When SS2 biofilms were grown in the presence of 100% HP3 supernatant, we saw a significant 

increase in their biofilm density (p<0.05) (Figure 5.2). However, there was no significant difference in 

density when 30%, 50% or 70% HP3 filtered supernatant was applied to the SS2 biofilms. An increase in 

SS2 biofilm density was still observed at 70%, but this was not significant. The opposite trend could be 

seen with the 30% supernatant, which resulted in higher biofilm density in the 10% sBHI SS2 cultures 

compared to the supernatant cultures, but again this was not significant.   

 SS2 biofilms were also cultivated with filtered supernatant from HP5 cultures. There was a 

significant increase in biofilm density of SS2 when it was grown in the presence of 100% HP5 

supernatant (p<0.05), as shown in Figure 5.3. However, there was no significant difference between SS2 

growth in 10% sBHI and supernatant at the 70% concentration. We observed a significant decrease in the 

biofilm density of SS2 in the HP5 supernatant at 50% (p<0.01) compared to 10% sBHI, and this was also 

seen at 30%, although the difference was not significant..   

	   5.3.5	  Effect	  of	  S.suis	  supernatant	  on	  H.	  parasuis	  biofilms	  	  

 The effects of SS2 biofilm supernatant on the biofilm density of both HP3 and HP5 cultures was 

also examined. Figure 5.4 shows that when HP3 biofilms were cultivated in 100% SS2 filtered 

supernatant, the density was significantly greater than biofilms grown in 10% sBHI (p<0.01). This 

increase in biofilm density was unexpected and not seen in any of the previous experiments with HP3 and 

SS2 co-cultures, which resulted in decreases in HP3 cell or biofilm density. At 70% SS2 supernatant, 

there was also an increase in biofilm density in the presence of supernatant, but the difference was not 

significant (p=0.1207). At 30 and 50% SS2 supernatant, the densities of the HP3 biofilms under the two 

conditions were almost identical.  
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  Finally, when HP5 biofilms were exposed to SS2 filtered supernatant there was a consistent trend 

at all the concentrations tested.  HP5 biofilms cultivated in 100% SS2 supernatant were significantly less 

dense than HP5 biofilms grown in 10% sBHI (p<0.05), as shown in Figure 5.5. There was also a 

significant decrease in the density of HP5 biofilms grown in both 50% (p<0.005) and 30% (p<0.05) 

supernatant. The difference between the two conditions approached significance at the 70% concentration 

(p=0.0682), and the same trend could be seen. As well, unlike SS2 or HP3 biofilms, HP5 biofilm density 

was highest in the 100% supernatant or 10%-sBHI. 

5.4	  Discussion	  	  

 Based on the results of these supernatant experiments, we have demonstrated that H. parasuis and 

S. suis are likely interacting using diffusible signals. Many bacteria are capable of producing small 

molecules that have an impact on the surrounding organisms, resulting in antagonism or symbiosis. 

Phenotypic or developmental changes in bacterial co-cultures are indicative of communication via small 

molecules (5). AI-2 is the only QS signal demonstrated to mediate interactions between Gram-negative 

and Gram-positive species so far, and is produced as a result of the LuxS enzyme (3). AI-2 may be 

relevant to interactions between H. parasuis and S. suis, considering that both these species possess the 

luxS gene. However, a number of other diffusible factors besides QS signals may also contribute to 

interspecies interactions. These include cross-feeding of important nutrients, and the production of 

exoenzymes, bacteriocins and antibiotics (3). Importantly, interactions occurring between two species can 

also be a result of secondary effects of intraspecies communication, meaning that QS might lead to the 

production of a molecule that in turn affects the other species (14). Many of the currently known 

interactions contribute to biofilm formation and it is also well established that chemical compounds 

become more concentrated when bacteria are within close proximity, suggesting that biofilms and 

interactions via diffusible signals are closely linked in terms of polymicrobial communities (14).  

 We had already observed that S. suis and H. parasuis are interacting in both planktonic and 

biofilm culture, resulting in changes in phenotype and growth. To further understand what is mediating 
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these changes, the first step is to determine whether diffusible factors are contributing. We confirmed that 

there were no direct lysis or toxic effectors being produced, capable of killing either species grown in soft 

agar, which corresponds with the inhibition assay performed with cell cultures. Many bacteria possess an 

array of phage, but we did not observe any lysis in the plaque assay, suggesting that H. parasuis growth 

inhibition is not due to lytic bacteriophage.   

 Chapter 3 demonstrated that planktonic cultures of SS2 benefited from the presence of HP3, and 

HP3 was highly inhibited by the presence of SS2. When SS2 was grown in 50% HP3 supernatant, there 

was a small increase in the overall cell density. However, SS2 received more benefit from the presence of 

HP5 supernatant, reaching a significantly higher cell density much earlier (Figure 5.1). The results of this 

experiment reflect what was observed with the SS2 and HP3 planktonic co-cultures performed previously, 

suggesting that a diffusible factor is contributing to the beneficial effects of HP3 on SS2 growth. While 

we were unable to grow HP5 and SS2 in growth curves together, the results of the supernatant experiment 

indicate HP5 possesses a diffusible factor that increases the growth of SS2. Since HP5 induced a larger 

increase in SS2 growth, it is possible that this serovar produces a higher concentration of the secreted 

factor than HP3, or a different combination of molecules.  

 We also examined changes in mono-culture biofilm density induced by supernatant. Overall, we 

observed that high concentrations of both HP5 and HP3 supernatant stimulated increased SS2 biofilm 

density (Figures 5.2 and 5.3). However, as the concentration of supernatant was lowered we observed 

either no difference or a decrease in SS2 biofilm density. This indicates that a diffusible factor likely 

contributes to these changes but it is only present at very low concentrations. SS2 supernatant had a 

negative impact on HP5 biofilm density at all concentrations tested (Figure 5.5). This was in agreement 

with the co-culture biofilm experiments, where SS2 also had a negative effect on HP5 biofilm and 

population density. However, HP3 biofilm density increased when exposed to high concentrations of SS2 

supernatant, which is the opposite of what we observed with HP3 and SS2 co-culture biofilms (Figure 

5.4).  
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 A number of studies have demonstrated that growth rate and biofilm formation are strongly 

connected to QS and other diffusible signals. However, whether they induce positive or negative 

interactions between species is highly variable, and often dependent on the specific pair of strains and 

environmental differences (1). A variety of factors could be contributing to the observed results for S. 

suis. First, although we tried to control for differences in nutrient levels between the cultures in 

supernatant and those in the 10% sBHI, this was only an approximation. It is possible that the changes in 

biofilm density and growth are a result of the disparate nutrient concentrations between the two 

conditions, especially considering that nutrients play a significant role in the development and 

maintenance of biofilms. However, if we assume that our 10% sBHI in PBS controls for at least some of 

this nutrient difference, our results indicate that diffusible factors might be involved in the interaction 

between these two species. Specifically, H. parasuis could be producing some of the essential amino 

acids for which S. suis is auxotrophic, as discussed in Chapter 3. Amino acids are essential for early 

biofilm development of Listeria monocytogenes strains, so an additional supply of this nutrient in H. 

parasuis supernatant might be contributing to the increased biofilm density seen in the SS2 biofilms (15). 

Additionally, SS2 growth in planktonic culture was more pronounced in the presence of HP5 supernatant, 

which could be due to a higher concentration of needed nutrients being supplied by this H. parasuis 

serovar.  

 Only a finite concentration of the amino acids would be present in the supernatant, so they will be 

eventually depleted. If this were the only factor contributing to enhanced SS2 cell density, the effects 

would not be seen during the later stages of bacterial growth. However, the results of this experiment 

show that the benefit SS2 receives increases as time progresses, suggesting that other factors could be 

contributing. H. parasuis possesses the luxS gene, indicating it might be able to produce AI-2, although 

this protein has not been isolated (9). However, many other members of the Pasteurellaceae family do 

secrete this QS molecule so production by H. parasuis would not be unprecedented (16). If HP3 or HP5 is 

producing AI-2, it might be detected by S. suis, a species already shown to respond to this QS signal. 

There are many examples of AI-2 contributing to biofilm formation, both in mono- and co-culture. 
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Haemophilus influenzae needs AI-2 to establish a chronic biofilm infection in vivo, while the signal also 

stimulates the formation of polymicrobial biofilms containing Streptococcus pneumoniae and Moraxella 

catarrhalis (17, 18). As well, AI-2 controls the ability of Actinomyces naeslundii and Streptococcus oralis 

to form biofilms together in saliva (19). Significantly, only very low concentrations of AI-2 are needed 

for this synergism to occur (19). This precise control of signaling has also been seen with S. suis, where 

higher levels of AI-2 led to decreased biofilm formation and attachment, but relatively low concentrations 

had the opposite effect (11). Based on this, higher levels of AI-2 resulting from the presence of H. 

parasuis might account for the results seen in the co-culture biofilm experiments in Chapter 4, where the 

overall density and populations of SS2 was decreased in biofilms with HP3 or HP5. However, it does not 

coincide with the increase in biofilm density we observed in this experiment, unless the small amount of 

AI-2 present in the supernatant was the precise concentration needed to trigger biofilm formation of SS2. 

This might be the case considering that the concentration of any secreted compound in the supernatant is 

finite and will likely be at lower levels than what would be found over time in a co-culture environment. 

It is also important to note that AI-2 is not usually associated with changes in bacterial growth, so it is 

unlikely that this molecule is contributing to the enhanced SS2 growth in planktonic culture (20).  

 In addition to AI-2, other soluble factors are important for control of biofilm formation and 

growth in other species. For example, Stenotrophomonas maltophilia produces a fatty acid molecule 

called diffusible signal factor (DSF) that causes increased biofilm formation and antibiotic resistance in P. 

aeruginosa (21). The DSF family of signals has been found in variety of bacterial species, so it is possible 

that H. parasuis is capable of producing a similar compound (22). H. influenzae is able to inhibit autolysis 

of S. pneumoniae by triggering down-regulation of the lytA gene, increasing the cell density of biofilms 

and the growth of S. pneumoniae in co-culture (23). Hong et al. (23) found that this interaction was due to 

a combination of physical contact and an unknown diffusible factor. Significantly, this inhibition in 

autolysis by H. influenzae only resulted in a significant increase in S. pneumoniae cell and biofilm density 

during the later stages of growth, which was also seen with H. parasuis and S. suis (24). S. suis has been 
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recently shown to possess the atl gene for autolysis, so it is possible that H. parasuis is interfering with 

this process through the production of an as yet unidentified molecule (24).  

 The change in biofilm density of SS2 was only observed when it was in the presence of 100% 

supernatant, suggesting that any responsible signal molecules responsible were in low concentrations or 

that a combination of physical and chemical factors is needed. Cope et al. (25) showed that the change in 

virulence gene expression observed when S. pneumoniae and H. influenzae were in co-culture was due to 

a combination of physical and chemical mediators so it seems highly likely that many species are 

interacting in this complex manner. Similarly, the concentration of the effector might be so low that close 

contact helps mediate interactions, particularly within a biofilm (26). Finally, because diffusible factors 

found in the supernatant of HP5 increased growth of SS2 in planktonic culture and increased biofilm 

density, it is possible that this strain of H. parasuis produced a higher concentration of the diffusible 

factor than did HP3 at the time we removed the supernatant. Further experiments using supernatant 

extracted at different time points would help to clarify this difference.  

 The biofilm results were of particular note because in the co-culture experiments described in 

Chapter 4 we did not see an increase in biofilm density of SS2, and there was also a relative decrease in 

SS2 cell numbers within the biofilm. We therefore propose that HP3 and HP5 might possess some of the 

diffusible factors mentioned above to promote biofilm formation, but the physical presence of these 

organisms in co-culture is also preventing biofilm formation. A mechanism behind this might be H. 

parasuis’ enhanced ability to form biofilm, allowing it to rapidly bind to the walls of the container and 

prevent attachment by S. suis (27). Without this direct competition for binding, S. suis can benefit from 

the factors within the H. parasuis supernatant that result in enhanced growth/biofilm formation. 

Enumerating the CFU within the biofilms would help support this hypothesis.  

 As mentioned above, our results showed disparate reactions for HP5 and HP3 biofilms exposed to 

SS2 supernatant. The most significant finding was that HP3 formed higher density biofilms in the 

presence of 100% SS2 supernatant, the opposite of what was seen for co-culture biofilms. This suggests 

that physical interactions play a major role in the inhibitory interaction occurring between these two 
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species. We believe that the strong competition for resources that occurs between S. suis and H. parasuis 

mentioned in Chapter 3 might contribute, as well as the fact that S. suis is a faster growing organism that 

is able to quickly use up available resources. Without S. suis, direct competition is abolished and HP3 

seems to benefit from secreted factors in the supernatant. S. suis is known to secrete AI-2, a molecule 

frequently associated with increased biofilm formation so this is a likely candidate contributing to the 

observed increase in HP3 biofilm density (11). Since the effect was not seen with the lower 

concentrations of supernatant, the signal is probably secreted at a low level.  

 HP5 behaved very differently in the presence of SS2 supernatant compared to HP3. Our 

experiments have repeatedly illustrated the major differences between these two serovars of H. parasuis 

and these results were no exception. HP5 showed decreased biofilm density at low concentrations of the 

supernatant, indicating that SS2 possesses a diffusible factor that is a potent inhibitor. There are three 

possible explanations. First, high levels of hydrogen peroxide might be contributing to the negative 

effects on biofilm formation. Hydrogen peroxide produced by S. pneumoniae is inhibitory to H. influenzae 

growth and biofilm formation, and oral streptococci also produce high levels that prevent the integration 

of P. aeruginosa into a salivary biofilms (28, 7). HP3 could be more resistant to the effects of hydrogen 

peroxide in the medium due to elevated production of catalase, similar to the increased expression of the 

enzyme by Aggregatibacter actinomycetemcomitans in the presence of Streptococcus gordonii (29).  

 As mentioned above, AI-2 signaling is very precise – concentrations that are too high or low can 

cause opposite effects on factors like biofilm formation and virulence gene expression (11). We already 

suggested that AI-2 might be causing the observed increase in HP3 biofilm density, but it is also possible 

that HP5 is more sensitive to AI-2 and the concentration present in the supernatant is causing a decrease 

in biofilm density. This concentration dependent effect has been reported for Bacillus cereus, 

Streptococcus oralis, and S. suis (11). If HP5 is already producing its own AI-2 to trigger biofilm 

formation, then any exogenous signal from SS2 could have a negative impact and result in the observed 

decrease in biofilm density. Again, this was not seen with HP3, which could be explained if HP3 had a 

higher threshold for AI-2 signaling and/or is less sensitive to AI-2 concentrations.  
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 A final factor that might be contributing to the observed decrease in HP5 biofilm density is the 

presence of extracellular enzymes produced by SS2 that are capable of degrading biofilm matrix 

components or preventing biofilm formation. Many of the potential enzymes possessed by SS2 were 

mentioned in Chapter 4, and include subtilisin-like protease, DNase, arginine deiminase, and hyaluronate 

lyase (30–34). DNAse and subtilisin-like protease have both been found in excreted S. suis outer 

membrane vesicles (OMVs) (35). Proteins found in OMVs could be causing the degradation of HP5 

observed in this experiment. Bello-Orti et al. (36) demonstrated that DNAse was capable of degrading H. 

parasuis biofilms in a strain specific manner. This difference in strain susceptibility to DNase activity 

might account for the disparate results seen for HP3 and HP5 in SS2 supernatant.  

 Overall, these supernatant experiments suggest soluble mediators are contributing to the 

interaction between S. suis and H. parasuis. The exact molecules involved have not been elucidated, 

although some possible candidates have been suggested. Treating the supernatant with heat or proteases 

might reveal whether the factors involved are proteins, which could help to determine an exact 

mechanism of S. suis and H. parasuis interactions. In addition, our results clearly demonstrate that strain 

differences play a major role in determining what interactions are taking place between these two species, 

so further experiments examining a greater variety of H. parasuis and S. suis strains would demonstrate 

whether these interactions are consistent. Finally, a major limitation to this experiment is the time when 

supernatant was taken from the bacterial cultures. Secreted molecules vary considerably depending on the 

phase of growth the bacteria are in, and while we tried to remove the supernatant during the time period in 

which we observed effects in the co-culture, it is possible that the time of sampling might lead to 

significant differences in our results (37). In the future, the supernatant should be sampled at a variety of 

time points to understand whether this factor contributed to the observed results.  
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Figure 5.1. The effect of Haemophilus parasuis strains SW114 (HP3) and Nagasaki (HP5) 

supernatant on the planktonic growth of Streptococcus suis 735 (SS2) over the course of 14 hours. 

HP5 supernatant led to a significant increase in SS2 growth from 6 hours (p<0.01). There was no 

significant difference between the growth of SS2 in minimal media and the growth of SS2 with HP3 

supernatant. Each value represents the mean CFU/ml from three separate assays, and the bars indicate 

standard deviations. * = a significant difference (at least p<0.05) assessed using the Student’s t test.  
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Figure 5.2. Effect of H. parasuis SW114 (HP3) filtered supernatant on S. suis 735 (SS2) biofilm 

density. SS2 growth was significantly enhanced in the presence of 100% HP3 supernatant (p<0.05). No 

significant differences were seen between SS2 growth in minimal media and 30, 50, or 70% HP3 

supernatant. Each value represents the mean optical density from at least three separate assays, and the 

bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the 

Student’s t test.  
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Figure 5.3. Effect of H. parasuis Nagasaki (HP5) filtered supernatant on S. suis 735 (SS2) biofilm 

density. SS2 growth was significantly enhanced in the presence of 100% HP5 supernatant (p<0.05). No 

significant differences were seen between SS2 growth in minimal media and 30, 50, or 70% HP5 

supernatant. Each value represents the mean optical density from at least three separate assays, and the 

bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the 

Student’s t test. 
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Figure 5.4. Effect of S. suis 735 (SS2) filtered supernatant on H. parasuis SW114 (HP3) biofilm 

density. HP3 growth was significantly enhanced in the presence of 100% SS2 supernatant (p<0.01). No 

significant differences were seen between HP3 growth in minimal media and 30, 50, or 70% SS2 

supernatant. Each value represents the mean optical density from at least three separate assays, and the 

bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the 

Student’s t test. 
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Figure 5.5. Effect of S. suis 735 (SS2) filtered supernatant on H. parasuis Nagasaki (HP5) biofilm 

density. HP5 growth was significantly decreased in the presence of 100, 50, and 30% SS2 supernatant 

(p<0.05). No significant differences were seen between HP5 growth in minimal media and 70% SS2 

supernatant. Each value represents the mean optical density from at least three separate assays, and the 

bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the 

Student’s t test. 
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Chapter	  6	  –	  Effect	  of	  antibiotics,	  epinephrine,	  and	  swine	  serum	  on	  the	  dynamics	  of	  H.	  
parasuis	  and	  S.	  suis	  co-‐cultures	  

	  
6.1	  Introduction	  	  

A number of other factors in the swine tonsils may also contribute to the interactions occurring 

between Streptococcus suis and Haemophilus parasuis. As noted previously, upper respiratory 

commensal and pathogenic organisms often exist within biofilm communities (1, 2). This is beneficial 

because biofilm organisms are more tolerant to antibiotics than cells in the planktonic phase (3). 

Antibiotic resistance and tolerance are different concepts. Resistance indicates an increase in the 

minimum inhibitory concentration (MIC) due to a permanent genetic change in the bacteria, usually 

through acquired resistance genes or mutations (4). Tolerance occurs when a bacteria is able to resist the 

effect of antibiotics due to a reversible phenotypic state (4). Biofilms can exhibit both antibiotic tolerance 

and resistance, but tolerance will be the focus of this study. Researchers hypothesize that bacterial 

tolerance is most likely due to delayed antibiotic penetration, slower growth, phenotype heterogeneity or 

the presence of persister cells within the biofilm (5). Since many antimicrobials are capable of fully 

penetrating a biofilm community, slow or non-growing cells are thought to be the main contributor to 

enhanced antimicrobial tolerance. This notion is supported by research that shows nutrient limited 

stationary phase cultures are also more tolerant to antibiotics (6). Overall, it is most likely that a 

combination of all of the above mentioned factors is contributing to this phenomenon (4).  

 With the knowledge that biofilms are rarely composed of a single species and complex 

interactions are occurring within them, new research is revealing that polymicrobial biofilms exhibit a 

synergistic increase in antibiotic tolerance (7). For example, researchers demonstrated that polymicrobial 

marine biofilms were more tolerant to the effects of tetracycline and hydrogen peroxide (8). Biofilms 

containing various combinations of Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella 

catarrhalis are also more protected against the effects of antibiotics than mono-cultures due to their 

polymicrobial composition (2, 5). The reasons for the enhanced antimicrobial tolerance in multispecies 
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biofilms have not been fully elucidated, but autoinducer-2 (AI-2) quorum sensing (QS) signals, shared β-

lactamases, and alterations in biofilm structure have all been examined (9, 10).  

 Host hormones can also control biofilm formation. Initially discovered in Escherichia coli 

O157:H7, the two component regulatory system QseCB responds to the bacterial QS signal AI-3, as well 

as to host catecholamines such as epinephrine and norepinephrine (11). This sensing system contributes to 

the virulence of E. coli through activation of a pathogenicity island and flagella regulon genes (12, 13). 

Epinephrine also regulates biofilm gene expression and can mediate increases in biofilm biomass of E. 

coli and Aggregatibacter actinomycetemcomitans (14). 

 QseC epinephrine sensing has been found solely in Gram-negative species but Gram-positive 

bacteria also respond to human stress hormones (13). For example, biofilm formation by Staphylococcus 

aureus increases upon exposure to dopamine and norepinephrine, leading to enhanced recovery from 

antibiotics (15). These examples demonstrate that interkingdom signaling can play an essential role in 

bacterial pathogenicity, in addition to interspecies bacterial interactions.  

 Bacteria involved in systemic disease need to be able to avoid complement proteins present in the 

bloodstream and other tissues. Bacteria have a variety of mechanisms to do this, including production of a 

capsule to hide surface lipopolysaccharides (LPS), chemical modification of LPS on the cell surface, and 

inactivation of complement components (16). Serum resistant organisms are able to survive in the 

bloodstream and reach distant sites in the host, resulting in bacteremia and septicemia. Overall, serum 

resistance can be indicative of the potential for specific bacteria to cause widespread disease within a 

host.  

 When investigating polymicrobial interactions, it is important to also consider factors in the 

environment that could be contributing. Accordingly, we examined how S. suis and H. parasuis 

responded to antibiotics, epinephrine, and swine serum and whether this response changed when the two 

species were together in co-culture.  
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6.2	  Methods	  	  

6.2.1	  Antibiotics	  	  

Antibiotics were dissolved in ultrapure MilliQ filtered water (Millipore) to prepare the stock 

solutions and stored at -20oC. Ampicillin (Sigma-Aldrich) was prepared from a 50 mg/ml stock solution 

and used at a range of concentrations from 50 to 1000 µg/ml and bacitracin (Fluka Biochemika [Sigma-

Aldrich]) was prepared from a 1.5 mg/ml stock solution and used at a range of concentrations from 1.5 to 

500 µg/ml.  

6.2.2	  Minimal	  inhibitory	  concentration	  (MIC)	  assay	  	  

Minimal inhibitory concentration assays were done to determine if S. suis 735 (SS2) and H. 

parasuis SW114 (HP3) and Nagasaki (HP5) in co-culture were more or less susceptible to commonly 

used antibiotics compared to mono-cultures. Minimum inhibitory concentrations (MICs) were determined 

using the broth microdilution method outlined by the Clinical and Laboratory Standards Institute, with a 

few modifications (17). Overnight (~14 hour) broth cultures were adjusted to an OD600 of 0.1 using fresh, 

sterile sBHI. H. parasuis and S. suis strains were then inoculated individually or at an equal ratio (1:1) 

into wells of a 96-well flat bottomed polystyrene plate in a total volume of 100 µl. One hundred µl of 

various concentrations of ampicillin or bacitracin in sBHI were added to the wells, bringing the total 

volume of each well to 200 µl, and the bacterial concentration in each well to ~106 CFU/ml. Positive 

control wells contained 100 µl of bacterial culture and 100 µl of sBHI without antibiotics, while negative 

control wells contained 200 µl of sterile media. The plates were sealed with Parafilm® and incubated at 

37oC for ~16 hours with shaking (100 rpm). The MIC was determined by plating serial dilutions for each 

antibiotic concentration, and recorded as the lowest concentration of ampicillin or bacitracin that 

completely inhibited the growth of the organism. Serial dilutions were created using sterile PBS and 

plated onto chocolate agar and BHI agar plates to distinguish between the two bacterial species. The 

plates were incubated for 24 to 48 hours and the colonies counted to determine CFU/ml. This experiment 

was performed in triplicate and repeated in three independent trials.  
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6.2.3	  Biofilm	  antibiotic	  tolerance	  studies	  

Antibiotic tolerance studies were performed to determine if S. suis 735 and H. parasuis SW114 

and Nagasaki in co-culture biofilms were more or less susceptible to commonly used antibiotics 

compared to mono-culture biofilms. Experiments were performed as outlined by Armbruster et al. (5) 

with a few modifications. Briefly, overnight broth cultures (~16 hours) of H. parasuis and S. suis strains 

were adjusted to an OD600 of 0.1 using fresh, sterile sBHI. H. parasuis and S. suis strains were then 

inoculated individually or at a 1:1 ratio into wells of a 96-well flat bottomed polystyrene plate in a final 

volume of 200 µl. Plates were sealed with Parafilm® and incubated at 37oC with shaking (40 rpm) for 4 or 

24 hours to establish biofilms. The supernatants were then carefully removed and replaced with either 

fresh sBHI or sBHI supplemented with ampicillin or bacitracin. Plates were again sealed and incubated 

for 24 hours at 37oC with agitation at 40 rpm. Following incubation, the supernatant was removed and the 

biofilms suspended in 200 µl sterile PBS as described in Chapter 4. Ten-fold serial dilutions in sterile 

PBS were plated onto BHI (which supports only S. suis growth) and chocolate agar plates (which 

supports the growth of both species) to distinguish between the two species. These plates were incubated 

for 24 to 48 hours respectively and the colonies counted to determine the number of CFU/ml. This 

experiment was performed in triplicate and repeated in three independent trials.   

6.2.4	  Minimum	  biofilm	  eradication	  concentration	  (MEBC)	  

The biofilm antibiotic protection experiment was repeated with a range of ampicillin and 

bacitracin concentrations to determine if there were changes in MBEC in co-culture biofilms compared to 

mono-culture biofilms. Overnight (~16 hours) broth cultures were adjusted to an OD600 of 0.1 using fresh, 

sterile sBHI. H. parasuis and S. suis strains were then inoculated individually or at a 1:1 ratio into wells 

of a 96-well flat bottomed polystyrene plate in a final total volume of 200 µl. Cultures were incubated at 

37oC with shaking (40 rpm) for 24 hours to establish biofilms. The supernatants were then carefully 

removed and replaced with 200 µl of sBHI with varying concentrations of ampicillin or bacitracin. The 

plates were sealed with Parafilm® and incubated at 37oC for another 24 hours with shaking (40 rpm). 

Following incubation the supernatants were removed and the biofilms suspended in 200 µl sterile PBS. 
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Ten-fold serial dilutions in sterile PBS were plated onto BHI and chocolate agar plates to distinguish 

between the two bacterial species. These plates were incubated for 24 to 48 hours and the colonies 

counted to determine the number of CFU/ml. This experiment was performed in triplicate and repeated in 

three independent trials.    

6.2.5	  Biofilm	  formation	  in	  the	  presence	  of	  epinephrine	  	  

We also examined the effects of epinephrine on the biofilm formation of both mono- and co-

cultures of S. suis 735 (SS2) and H. parasuis SW114 (HP3) and Nagasaki (HP5). The strains were grown 

overnight in sBHI and adjusted to an OD600 of 0.1. H. parasuis and S. suis strains were inoculated 

individually or at an equal ratio (1:1) into wells of a 96-well flat bottomed polystyrene plate in a total 

volume of 100 µl. One hundred µl of sBHI or sBHI with 50 µM epinephrine (Sigma-Aldrich) were added, 

bringing the bacterial concentration in each well to ~106 CFU/ml. The plates were sealed with Parafilm® 

and incubated at 37oC with shaking (40 rpm). After 24 hours, a crystal violet assay was performed on the 

wells, as outlined in Chapter 4. Briefly, the attached cells were rinsed with PBS, and 1% crystal violet 

was applied for 20 min. The wells were then rinsed with PBS again, before 95% ethanol was added and 

the OD595 was read using the Powerwave XS2 multiwell plate reader. This experiment was performed in 

triplicate and repeated independently three times.  

6.2.6	  Porcine	  serum	  preparation	  	  

Porcine serum was obtained from one healthy piglet (6-7 weeks old) from an antibiotic free farm 

with no history of disease associated with H. parasuis. The whole blood was collected in a covered test 

tube and allowed to clot for 30 minutes at room temperature. The clotted blood was then centrifuged at 

2000 xg for 10 minutes in a refrigerated (4oC) centrifuge. Following centrifugation, the serum was 

immediately transferred to a 50 ml tube (Thermo-Fisher Scientific) using a Pasteur pipette, filter sterilized 

using 1.0 µm, 0.6 µm, and 0.2 µm low protein-binding syringe filters (GE Life Sciences) and aliquoted 

into 1.5 ml microcentrifuge tubes (Thermo-Fisher Scientific). Half of the aliquots were treated at 56oC for 

30 minutes to inactivate complement (heat-inactivated serum, HS). These, and the non-heat treated 

aliquots (normal serum, NS) were stored at -80oC.  
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6.2.7	  Serum-‐resistance	  assay	  	  

To determine whether S. suis 735 (SS2) and H. parasuis SW114 (HP3) and Nagasaki (HP5) were 

more resistant to serum in co-culture with each other, a microdilution method serum-resistance assay was 

performed as outlined by Cerdà-Cuéllar and Aragon (18) with some modifications. The sensitivity of S. 

suis and H. parasuis to both 90% sera and 50% sera was tested by adding 180 µl or 100 µl of NS or HS to 

the wells of a 96-well flat-bottomed polystyrene plate. These wells were inoculated with 20 µl or 100 µl 

of overnight (~16 hours) bacterial cultures adjusted to 107 CFU/ml based on OD600 measurements. Both 

pure cultures or an equal ratio (1:1) of S. suis and H. parasuis were used in a final volume of 200 µl. The 

plates were sealed with Parafilm® and incubated at 37oC for 1 hour with gentle shaking (100 rpm). After 

incubation, ten-fold serial dilutions in sterile PBS were plated onto BHI and chocolate agar plates to 

distinguish between the two bacterial species. These plates were incubated for 24 to 48 hours respectively 

and the colonies counted to determine the number of CFU/ml.  

The counts of bacteria treated with HS or NS were compared, and the logarithmic reduction 

calculated (log[CFU/ml in HS] – log[CFU/ml in NS]). An isolate was considered serum sensitive if the 

calculated reduction was >3 logs, serum resistant if the reduction was ≤3 logs and highly serum resistant 

if the reduction was <2 logs (18). This experiment was performed in triplicate, and three independent 

trials were conducted. 

6.2.8	  Statistical	  analysis	  	  

S. suis and H. parasuis planktonic and biofilm cell numbers were expressed as mean log CFU/ml 

± standard deviation. To analyse serum resistance, the logarithmic reduction was calculated as shown 

above in section 6.2.7. Data were analyzed using Two-tailed Student’s t-test, and p values were 

determined by using GraphPad Prism 5, considering p<0.05 the limit of statistical significance.  
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6.3	  Results	  	  

6.3.1	  Antibiotic	  susceptibility	  of	  4	  and	  24	  hour	  H.	  parasuis	  SW114	  and	  S.	  suis	  735	  biofilms	  

 We initially chose two different antibiotics at a single concentration to determine whether co-

culture biofilms of S. suis and H. parasuis were more tolerant than mono-cultures to their effects. 

Ampicillin (100 µg/ml) was selected as an example of an antibiotic commonly used to treat septicemia 

caused by both S. suis and H. parasuis. Bacitracin (1.5 µg/ml) was also chosen for study as it is 

commonly used as a growth promoter in North America, although it was recently banned for this use in 

the USA.  

 Figures 6.1A and 6.1B illustrate the effects of 100 µg/ml ampicillin on the 4 hour and 24 hour 

biofilms containing S. suis 735 (SS2) and H. parasuis SW114 (HP3). When ampicillin was added to the 

biofilms after 4 hours of development, there was no difference between the number of HP3 cells in mono- 

and co-culture. However, there was a significant decrease (p<0.0005) in SS2 cell numbers in the co-

culture biofilm compared to the SS2 mono-culture (Figure 6.1A). With biofilms grown for 24 hours, there 

was no difference between the SS2 cell numbers in mono-culture compared to SS2 co-cultured with HP3, 

indicating that SS2 cells in both types of biofilms were equally protected under these conditions (Figure 

6.1B). There was also no difference in HP3 cell numbers between mono- and co-culture biofilms 

containing SS2 in the 24 hour biofilms treated with ampicillin.  

 We also looked at the effects of 1.5 µg/ml bacitracin on mono- and co-culture biofilms of SS2 

and HP3 (Figures 6.1C and 6.1D). For the biofilms allowed to develop for 4 hours before exposure to the 

antibiotic, there was no difference in the number of HP3 or SS2 cells in the mono-culture biofilms 

compared to those in co-culture (Figure 6.1C). This was also true for 24 hour HP3 biofilms. However, 

with the 24 hour SS2 biofilms, there was a significant four-log increase (p<0.005) in the number of cells 

surviving in co-culture compared to mono-culture (Figure 6.1D).  

	   6.3.2	  Antibiotic	  susceptibility	  of	  4	  and	  24	  h	  H.	  parasuis	  Nagasaki	  and	  S.	  suis	  735	  biofilms	  	  

 We also investigated whether co-culture biofilms containing H. parasuis Nagasaki (HP5) and S. 

suis 735 (SS2) were protected against the same antibiotics used in the previous section. When ampicillin 
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was applied to the 4 hour mono- and co-culture biofilms, we did not observe a significant difference in 

cell numbers of either HP5 or SS2 in mono- or co-culture (Figure 6.2A). This was also true of HP5 cell 

numbers in the 24 hour biofilm mono- and co-cultures (Figure 6.2B). However, we did see a slight, but 

significant (p<0.05) increase in SS2 cell numbers in co-culture with HP5 compared to mono-culture.  

 Figures 6.2C and 6.2D illustrate the effect of bacitracin on the HP5 and SS2 biofilms. For the 

biofilms that were only established for 4 hours before being exposed to the antibiotic, there was no 

difference between the SS2 and HP5 cell numbers counted in the mono-cultures compared to the co-

cultures. However, SS2 was protected by the presence of HP5 in the co-culture biofilm that was allowed 

to establish for 24 hours before bacitracin exposure. As was seen with HP3, there was a significant 

increase (p<0.0005) in the number of SS2 cells found in the co-culture biofilm.    

6.3.3	  Susceptibility	  of	  H.	  parasuis	  SW114	  and	  S.	  suis	  735	  biofilms	  to	  a	  range	  of	  ampicillin	  and	  
bacitracin	  concentrations	  

In order to expand on the results of the antibiotic protection study conducted using only one 

concentration each of bacitracin and ampicillin, we looked at a range of antibiotic concentrations to 

understand what happens in the co-culture biofilms at levels higher and lower than the minimal 

bactericidal concentration (MBEC). Based on the lack of significant results obtained with the 4 hour 

biofilms in the previous investigation, these experiments were done only with 24 hour biofilms.  

Figure 6.3A and 6.4A show the growth of HP3 and SS2 (respectively), in co-culture compared to 

mono-culture. There was no significant difference in HP3 survival between either biofilm at the lower 

concentrations of ampicillin. At 500 and 1000 µg/ml there were no surviving cells in the HP3 mono-

culture biofilm, but HP3 persisted within the co-culture with SS2 at levels similar to those seen at the 

lower ampicillin concentrations. When the levels of SS2 were enumerated, we observed that there was no 

consistent trend in the mono- and co-culture populations at the lower ampicillin concentrations (Figure 

6.4A). At 50 µg/ml, there was a significant increase (p<0.01) in the co-culture of SS2, whereas at 100 

µg/ml there was a significant increase (p<0.05) in the mono-culture population. However, at 500 and 
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1000 µg/ml no culturable SS2 cells were found in the mono-culture biofilms, while there was a significant 

number of live cells present in the co-culture (p<0.0001).  

Biofilms containing the same pair of species were exposed to bacitracin concentrations, ranging 

from 1.5 µg/ml to 500 µg/ml (Figure 6.3B and 6.4B). There was no difference in HP3 survival in mono-

culture biofilms compared to co-culture, except at 1.5 µg/ml, where there was a significant decrease in 

HP3 cell numbers in co-culture compared to mono-culture. The negative effect of SS2 on HP3 cell 

numbers seen with cultures exposed to 1.5 µg/ml was not seen at higher concentrations of bacitracin. We 

observed a completely different result with the SS2 cell numbers – co-cultures harboured a significantly 

higher number of live SS2 cells at every bacitracin concentration tested, compared to the mono-culture 

biofilms (Figure 6.4B). At bacitracin concentrations of 200 and 500 µg/ml, no live SS2 cells could be 

detected in the mono-culture biofilms, but a significantly higher (p<0.001) number of cells were found in 

co-culture with HP3.  

6.3.4	  Susceptibility	  of	  H.	  parasuis	  Nagasaki	  and	  S.	  suis	  735	  biofilms	  to	  a	  range	  of	  ampicillin	  and	  
bacitracin	  concentrations	  

 We did the same experiment as above with HP5 and SS2 biofilms to see if the observed 

protective effects could be found with a more virulent strain of H. parasuis. We found the same kind of 

results as seen with HP3 and SS2 after exposure to a range of ampicillin concentrations, as shown in 

Figures 6.5A and 6.6A, but more significant results were found. HP5 was also highly protected from 

ampicillin in the co-culture biofilms at 500 and 1000 µg/ml, with no viable cells found in mono-cultures 

at the same levels. In the SS2 biofilm populations, we found a significantly higher number of SS2 cells in 

the co-culture biofilms compared to mono-culture at 50 and 500 µg/ml (p<0.01 and p<0.0001, 

respectively). At the other concentrations, there was still a much greater number of SS2 cells in co-culture 

but the results were not significant. Again, at 500 and 1000 µg/ml of ampicillin there were no recoverable 

SS2 cells in the mono-culture biofilms, but SS2 was found in the co-cultures.  

 HP5 cell numbers were not significantly different between mono- and co-culture biofilms when 

exposed to increasing levels of bacitracin, as was also observed with HP3 biofilms (Figure 6.5B). As 
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well, the inhibitory effect of SS2 on HP5 found in the control was not seen at any bacitracin 

concentration. Conversely, the co-culture biofilms of SS2 and HP5 contained significantly higher 

(p<0.005) SS2 cell numbers than the mono-cultures at all bacitracin concentrations tested, as seen in 

Figure 6.6B. At bacitracin concentrations of 200 and 500 µg/ml no living SS2 cells could be detected in 

the mono-culture biofilms, but SS2 could be recovered from the co-cultures. 

6.3.5	  Susceptibility	  of	  H.	  parasuis	  and	  S.	  suis	  planktonic	  culture	  to	  a	  range	  of	  ampicillin	  and	  
bacitracin	  concentrations	  

	   The MICs of planktonic co-cultures of SS2 with HP3 and HP5 were not altered compared to the 

MICs of mono-cultures of these species (results not shown). SS2 was susceptible to 0.5 µg/ml ampicillin, 

with no viable cells present at this concentration in mono-culture or in culture with H. parasuis. Similarly, 

the bacitracin MIC for SS2 was determined to be <1.5 µg/ml when grown with or without H. parasuis. As 

well, there was no significant difference in the population of viable HP3 or HP5 cells when grown with or 

without S. suis upon exposure to increasing concentrations of ampicillin or bacitracin.  

	   6.3.6	  Effect	  of	  epinephrine	  biofilm	  formation	  of	  H.	  parasuis	  and	  S.	  suis	  	  

  As shown in Figure 6.7, HP3 biofilm formation was stimulated significantly (p<0.005) by 50 µM 

of epinephrine after 24 hours of exposure. Increased levels of biofilm formation in epinephrine were also 

seen for SS2 and HP5, although these differences were not significant. Finally, co-culture biofilms 

containing SS2 with either HP3 or HP5 were also significantly increased in the presence of epinephrine 

(p<0.05), but to a lesser extent than the increase in HP3 mono-culture biofilms.  

 H. parasuis possesses the gens for a QseB/C two-component signaling system, which has not 

been characterized but is homologous to a similar system that responds to epinephrine in E. coli, as well 

as the systems in H. influenzae and A. actinomycetemcomitans, both members of the Pasteurellaceae 

family. To determine the similarity between these known QseC sensors, the protein sequences from H. 

parasuis Nagasaki, E. coli O157:H7, H. influenzae 86-028NP, and A. actinomycetemcomitans D7S-1 

were aligned, and the functional domains predicted. Qsec from H. parasuis shared an overall 59% identity 

with H. influenzae, 65% identity with A. actinomycetemcomitans and 45% identity with E. coli. A sensor 
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kinase with a signal-sensing domain, a histidine kinase domain, and an ATPase domain could be 

identified in the QseC of H. parasuis Nagasaki (Figure 6.8).  

	   6.3.7	  Serum	  resistance	  of	  mono-‐	  and	  co-‐cultures	  of	  H.	  parasuis	  and	  S.	  suis	  	  

  Figures 6.9A and 6.9B show the effect of 50% and 90% serum, respectively, on mono- and co-

culture combinations of SS2, HP3 and HP5. All the bacteria tested were highly resistant to the effects of 

50% serum and there was no significant difference in the serum susceptibility of HP3 or HP5 in co-

culture with SS2. Overall, due to the inherent resistance of the strains to this level of serum it was difficult 

to discern any changes in susceptibility using the 50% concentration. We did, however, see some changes 

in H. parasuis complement resistance using 90% serum. Both HP3 and HP5 were more resistant to the 

effects of serum when in co-culture at this concentration (p<0.05 and p<0.01, respectively). Further, while 

HP3 and HP5 in mono-culture were sensitive to the effects of 90% serum, the presence of SS2 resulted in 

them both being classified as highly resistant. SS2 was highly resistant to this level of serum, with or 

without H. parasuis present.  

6.4	  Discussion	  	  

 We have demonstrated for the first time that biofilms containing H. parasuis and S. suis are more 

tolerant to treatment with the examined antibiotics, a highly relevant result considering the importance of 

antimicrobial use in pork production. As well, H. parasuis is capable of responding to epinephrine, 

possibly through a newly identified QseC sensor. Finally, we revealed that H. parasuis is protected from 

the effects of complement in the presence of S. suis. All of these results underline the importance of 

environmental effects on bacteria living in biofilms within an animal host. Compounds such as antibiotics 

used to treat infection or molecules produced by the host, such as catecholamines and complement 

proteins, can all contribute to the interactions within complex communities of bacteria. The preliminary 

experiments in this study examined the interactions between S. suis and H. parasuis under undemanding 

in vitro conditions that do not resemble the environment these two species likely experience in swine, so 

the experiments in this chapter attempted to mimic some of the factors that might be seen in vivo.  



	  

	   130	  

 Biofilm bacteria exhibit recalcitrance to antimicrobial compounds, which can lead to persistence 

in a host. Due to the fact that bacteria living within a biofilm community are up to 1000 times more 

tolerant to antibiotics than their planktonic counterparts, uncovering how bacteria are able to increase this 

tolerance has become an important question (20). As well, the increased development of antibiotic-

resistant pathogenic strains can be partially attributed to biofilm formation (21). This is because 

eradication of biofilms requires long-term, recurrent antibiotic therapy, leading to extended selection 

pressure (21). Finally, high cell density within this environment increases the genetic competence and 

concentration of mobile genetic elements, allowing more efficient transfer of resistance genes between 

strains and species (21). Therefore, the question of biofilm antibiotic tolerance is now a hot topic, 

particularly in terms of its medical relevance.  

 There are eight main reasons proposed to explain why biofilms are more tolerant to the effects of 

antimicrobials. The first, and most widely accepted, is that the development of biofilms leads to nutrient 

depletion and microenvironments that stress bacteria, resulting in a dormant state (3). As well, polymeric 

matrix material may slow the diffusion of antibiotics into the biofilm by binding to some cationic 

polypeptides. Dead cells within the biofilm can also bind inimical molecules and biofilms may 

concentrate degradative enzymes like β-lactamases (3, 22). Biofilms can enhance expression of multi-

drug efflux pumps, enhance the population of persister cells in a community, or contribute to QS, all of 

which might play a role in the observed enhanced tolerance to antimicrobials (22).  

 Burmølle et al. (8) showed that the protective effects of a biofilm can be enhanced synergistically 

within a multispecies biofilm. In their study, four marine isolates were found to be much more resistant to 

chemical stress from tetracycline and hydrogen peroxide when together in a biofilm, compared to when 

they were cultured alone (8). Biofilms containing a selection of drinking water bacteria have also been 

demonstrated to be more resistant to high levels of chlorine (7). The results of our experiments showed 

that S. suis 735 (SS2) is protected against high concentrations of ampicillin and all concentrations of 

bacitracin within a multispecies biofilm containing either H. parasuis SW114 (HP3) or Nagasaki (HP5), 

but not in mono-culture. The H. parasuis strains proved to be relatively tolerant to bacitracin on their 
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own, however SS2 did protect both HP3 and HP5 from levels of ampicillin that caused elimination of 

viable cells in the mono-species biofilms. Overall, these results suggest that in comparison to mono-

culture biofilms, co-culture biofilms containing S. suis and H. parasuis are more recalcitrant to inhibitory 

levels of ampicillin, with the protection extending to both species. As well, although H. parasuis was 

inherently tolerant to bacitracin, it also seemed to enhance the tolerance of S. suis to this antibiotic. This 

same type of protection was not seen when the experiment was repeated on planktonic mono- and co-

cultures, suggesting that it is a unique characteristic of the polymicrobial biofilm environment.  

 As mentioned above, there are studies demonstrating the increased tolerance of polymicrobial 

biofilms against antibiotics as observed in our study. While the exact mechanisms behind this 

phenomenon have not been fully uncovered, there are some promising theories. Most of the currently 

understood factors are related to those mentioned for mono-species biofilms. For example, sharing of 

degradative enzymes may play a major role in multispecies biofilm resistance. Biofilm communities 

composed of Pseudomonas aeruginosa, Klebsiella pneumoniae, and Pseudomonas protegens showed 

enhanced resistance to the effects of tobramaycin and sodium dodecyl sulfate (SDS), and this cross-

protection was extended to all species within the community (23). The specific mechanism was not 

elucidated but P. aeruginosa secretes an SDS hydrolase that may have been contained in the biofilm by 

the extensive matrix produced by K. pneumoniae (23). As well, P. protegens is capable of producing an 

N-acetyltransferase that interferes with the action of tobramycin, and the study authors suggested that 

these secreted enzymes might contribute to the enhanced community-resistance (23). In addition, β-

lactamases produced by Moraxella catarrhalis and H. influenzae provide considerable protection to 

susceptible organisms such as S. pneumoniae and group A streptococcus (GAS) within a multi-species 

biofilm (1, 24, 25). It is possible that cross-protection of SS2 in co-culture with H. parasuis is occurring 

using similar mechanisms. Some H. parasuis strains possess a plasmid bearing an active ROB-1 β-

lactamase encoded by the blaROB-1 gene, contributing to the growing increase in β-lactam antibiotic 

resistance (26). S. suis is generally more susceptible to the effects of β-lactams, so it is possible that H. 

parasuis is passively protecting S. suis from ampicillin killing by secreting this β-lactamase (27). H. 
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influenzae and M. catarrhalis both release outer membrane vesicles (OMVs) that contain β-lactamase 

enzymes, providing protection to other susceptible organisms (24, 25). OMVs have been isolated from 

both virulent and avirulent H. parasuis strains so β-lactamases could potentially be packaged in these 

spherical compartments and provide protection for S. suis extracellularly.  

 Changes in phenotype induced by the presence of another species are also contributed to 

increased antimicrobial tolerance in polymicrobial biofilms. Multi-species biofilms possess altered 

composition of the extracellular polymeric substance (EPS), which varies greatly depending on the 

species and environment (28). When Staphylococcus epidermidis and Candida albicans were grown 

together within a biofilm, antimicrobial agents were less able to penetrate through the EPS, leading to 

enhanced S. epidermidis tolerance to vancomycin (29). The same results were seen in an experiment by 

Harriott and Noverr (29), in which S. aureus showed tolerance to high levels of vancomycin in biofilms 

with C. albicans. These researchers hypothesized that C. albicans EPS slows penetration and this gives S. 

aureus enough time to up-regulate drug resistance genes in response (28, 29). Our previous experiments 

(Chapter 4) show that H. parasuis species are better biofilm formers than S. suis, so it is possible that S. 

suis is benefitting from the EPS of H. parasuis due to slower diffusion of the antibiotics, allowing it more 

time to alter gene expression and resist the effects of ampicillin and bacitracin.  

 Similarly, antibiotic tolerance can be mediated through QS. Streptococcus mutans is able to better 

survive exposure to chlorhexidine, hydrogen peroxide, erythromycin, and zinc chloride in multi-species 

biofilms with Veillonella parvula (30). Transcription analysis revealed that this is due to changes in gene 

expression in S. mutans caused by the presence of the other species (30). As well, Armbruster et al. (5) 

demonstrated that H. influenzae was able to enhance the persistence of M. catarrhalis in a biofilm 

exposed to clarithromycin through a mechanism dependent on the LuxS enzyme and production of the 

AI-2 QS signal. S. suis and H. parasuis both possess the luxS gene for AI-2 production, and our 

preliminary results suggest that these two species may be interacting through a QS mechanism (Chapter 

5), so it is possible that this type of signaling is contributing to the enhanced antimicrobial tolerance 

observed in this study. As well, the expression of multi-drug efflux pumps has been linked to biofilm 
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growth in P. aeruginosa and E. coli (31). H. parasuis possesses the acrAB operon, and isogenic mutants 

for these genes are more susceptible to a wide variety of antibiotics, suggesting the efflux pump AcrB 

plays a role in multidrug resistance (32). It is possible that co-culture of H. parasuis with S. suis in a 

biofilm leads to changes in signaling and increases the level of acrAB gene expression. This might 

explain the increased tolerance of H. parasuis to high concentrations of ampicillin in the presence of S. 

suis.  

 Bacterial populations within a biofilm often display reduced growth rates. Nutrient and oxygen 

depletion, along with the build-up of metabolic waste products, leads to the development of anoxic and 

acidic zones that can result in a stationary phase-like dormancy or low metabolic state (3). This kind of 

stress, which includes starvation, high cell density, and metabolic waste products, may cause biofilm 

bacteria to adjust their phenotype to enhance antimicrobial tolerance (21). Local nutrient limitation in K. 

pneumoniae biofilms induces a phenotype similar to that seen in stationary phase, leading to enhanced 

tolerance to ampicillin and ciprofloxacin (6). Oxygen limitation in P. aeruginosa biofilms, which results 

in a stationary-phase phenotype, accounts for 70% of all antibiotic tolerance of that species (4). Since 

many antibiotics target cell wall synthesis or other processes only occurring in growing bacteria like 

replication, transcription, and translation, biofilm bacteria with low metabolic activity have enhanced 

antimicrobial tolerance (4, 20). There have been no studies showing the contribution of nutrient depletion 

to the tolerance of polymicrobial biofilms, but based on our preliminary results (Chapter 3) nutrient 

depletion is likely playing a substantial role in the interactions between S. suis and H. parasuis. Nutrient 

depletion could also be contributing to the enhanced tolerance of S. suis to ampicillin and bacitracin, and 

the enhanced tolerance of H. parasuis to ampicillin in a mixed-species biofilm. As S. suis growth is 

enhanced in the presence of H. parasuis, even within a biofilm, higher cell density may give rise to 

reduced nutrient levels and greater amounts of harmful waste products. Consequently, the stress caused 

by these conditions may cause H. parasuis and S. suis to enter a less active, stationary-phase-like state 

making them more tolerant to the action of the antibiotics tested, which both target aspects of 

peptidoglycan synthesis in the cell wall (33).  
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 Nutrient depletion can account for the tolerance of bacteria within the biofilm environment, but 

bacteria in very thin biofilms are still able to resist the effects of antibiotics (4). Many bacteria are capable 

of spontaneously developing a subpopulation of dormant cells exhibiting a different phenotype that 

protects them from antibiotics. These are called persister cells and they are thought to contribute to the 

persistence of biofilm infections (4). P. aeruginosa is able to induce the small colony variant (SCV) 

phenotype of S. aureus in biofilm co-culture, causing it to be more resistant to all types of stress (28). S. 

suis is also capable of entering a persister state that is associated with enhanced tolerance to gentamicin, 

penicillin, amoxicillin, and ciprofloxacin (34). As well, some strains of S. suis can exhibit a SCV 

phenotype when exposed to antibiotics (34). In a study by Willenborg et al. (34), this type of S. suis 

persistence was suggested to contribute to its high colonization rate and the fact that antibiotic treatment 

fails to eliminate the tonsillar carrier state in swine piglets (35). The persister state of S. suis seems to be 

controlled by central carbon metabolism through the global transcriptional regulator CcpA, so it is 

possible that the higher competition for resources as a result of enhanced S. suis growth in the presence of 

H. parasuis induces a phenotypic change that leads to higher antibiotic tolerance (36, 34).  

 The sale of antibiotics for swine production amounts to 1.7 billion dollars yearly, or 35% of 

global antibiotic usage in animals (37), with antibiotics often specifically used to control both S. suis and 

H. parasuis in swine populations due to the lack of effective vaccines. Our experiments demonstrate that 

polymicrobial biofilms containing S. suis and H. parasuis promote survival of both species when exposed 

to high levels of antibiotics, most likely due to a number of mechanisms. This result is relevant 

considering the prevalence of these species and the current spread of antibiotic resistance. A better 

understanding of the dynamics between S. suis and H. parasuis within a polymicrobial biofilm will allow 

for targeting of existing treatment strategies and the development of new ways to prevent infection.  

 Microorganisms are able to detect changes in the host environment and alter gene expression for 

optimal survival; this is often achieved using QS. The QseCB QS system detects AI-3 and the receptor for 

this signal is also capable of detecting epinephrine and norepinephrine (12). These catecholamines, or 

stress hormones, can alter the immune response of a host and can also stimulate the growth and virulence 



	  

	   135	  

of a variety of bacteria (38). Epinephrine and norepinephrine increase the biofilm formation of both 

enterohemorrhagic E. coli (EHEC) and S. pneumoniae. Based on this we decided to investigate whether 

these hormones had an impact on the biofilm formation of S. suis or H. parasuis (13, 40). As well, we 

examined whether the effects of these hormones would differ for the two species grown in co-culture.  

 We found that epinephrine had no significant effect on SS2, but increased the biofilm formation 

of both HP3 and HP5. This effect was also seen when HP3 was in the presence of SS2, but to a lesser 

extent, suggesting that S. suis interfered with epinephrine signaling. The biofilm formation of HP5 with 

SS2 was also significantly enhanced in the presence of epinephrine. Increased EHEC biofilm formation, 

which is also stimulated by epinephrine mediated through the QseC sensor, is associated with greater cell 

motility (40). H. influenzae possesses a QseC sensor that controls the development of a biofilm, although 

this species is not sensitive to the effects of epinephrine (14). Unal et al. (14) hypothesized that the QseC 

sensor in H. influenzae is responsible for the switch from a non-biofilm to biofilm phenotype in response 

to an unidentified signal. The same mechanism has been suggested for A. actinomycetemcomitans, 

another member of the family Pasteurellaceae (41). As the genome of HP5 contains a QseC that is 

homologous to the proteins found in other species, this regulatory system could potentially contribute to 

biofilm formation by modulating expression of adhesins or lipooligosaccharide genes, as suggested in H. 

influenzae (14). Epinephrine might be a signal from the host that triggers the H. parasuis biofilm 

phenotype and enhances persistence within the swine tonsil and nasopharynx, although because stress is 

associated with invasion and disease, it is unknown why H. parasuis would reside in the biofilm state 

under these conditions.  

 The complement system is a first line of defense in the innate immune system of mammals. 

Consisting of a cascade of proteins, the end result is the removal of infectious, invading microbes (16). 

Complement proteins are found throughout the host, including the serum, and are constantly acting to 

protect the body (16). Activation occurs through three initiation mechanisms (classical, lectin, and 

alternative), which all result in the formation of C3, a protein that activates inflammatory processes, 

opsonization, phagocytosis, and eventually causes lysis of the invading organism (16). Pathogenic 
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microbes use numerous strategies to control and stop the complement response in order to survive in the 

host (16). There is some indication that polymicrobial infections are capable of enhanced subversion of 

complement. For example, three periodontitis associated bacteria, Porphyromonas gingivalis, Tannerella 

forsythia, and Prevotella intermedia, all express proteases capable of degrading the C3 or C4 components 

of complement (42). These proteases act synergistically with each other, and are thought to diffuse within 

a biofilm to provide protection to the entire community (42). In our experiment, we found that the 

resistance of both HP3 and HP5 to complement proteins in 90% serum was significantly enhanced by the 

presence of SS2 in co-culture. S. suis was highly resistant to serum on its own and co-culture with both H. 

parasuis strains caused no significant change.   

 The increased resistance of H. parasuis to complement in the presence of S. suis could be due to a 

number of factors. One possible explanation was first identified as an interaction between Streptococcus 

gordonii and A. actinomycetemcomitans, two residents of the oral microbiome (43). S. gordonii produces 

high levels of hydrogen peroxide and A. actinomycetemcomitans responds to this molecule through the 

OxyR oxidative stress response regulator (43). Hydrogen peroxide stimulates the production of an outer 

membrane protein called ApiA (a homologue of Yersinia spp. YadA), which binds Factor H (43). Factor 

H is a protein produced by the host that prevents deposition of complement components, so the ability to 

bind leads to enhanced protection from complement killing (44). H. parasuis also has an oxidative stress 

regulator homologous to OxyR, as well as a protein related to YadA, so it is possible that hydrogen 

peroxide production by SS2 can also lead to enhanced complement resistance through a similar 

mechanism.  

 The biofilm and capsule of S. pneumoniae protects against complement deposition of C3b by 

facilitating Factor H binding and this is due to high levels of sialic acid in the capsule (45). S. pneumoniae 

is capable of acquiring this sialic acid partially from the action of a neuraminidase enzyme, which 

desialylates the LPS of H. influenzae (46). H. parasuis also possesses a neuraminidase and is able to both 

metabolize sialic acid and incorporate it into the outer membrane lipooligosaccharide (LOS) (47, 48). 

Sialic acid within the LOS of some H. parasuis strains corresponds with increased serum resistance, most 
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likely due to Factor H binding (47). It is therefore possible that H. parasuis uses neuraminidase to remove 

sialic acid from the capsule of S. suis, which is composed of high concentrations of the molecule, and 

then incorporates this exogenous sialic acid into its own outer membrane (49). This could provide 

additional Factor H binding and contribution to the enhanced serum resistance observed in our experiment 

(49). S. suis could also be increasing expression of H. parasuis genes known to be important for 

complement resistance, including the rfaE, galU, and galE genes for LOS biosynthesis and ompP2 for an 

outer membrane protein (50–52). 

 Finally, S. suis expresses a number of enzymes that interfere with complement activation, and 

these might also be protecting H. parasuis within a co-culture environment. Fhb and SSU0186 are both 

Factor H binding proteins that are homologous to the Factor H binding protein PspC in S. pneumoniae 

(53). S. suis also possesses a homologue of phosphoglycerate kinase, which in S. pneumoniae interacts 

with the C5, C7, and C9 components of complement in order to block insertion of the membrane attack 

complex (MAC) (54). This results in a significant inhibition of the haemolytic activity of serum, and 

could be a factor that is contributing to the increased survival of H. parasuis if the S. suis enzyme plays a 

similar role (54). In addition, S. suis is capable of producing OMVs containing a variety of proteins (55). 

It is possible that these blebs are sequestering complement components via complement binding 

molecules like sialic acid or Factor H binding proteins, a mechanism that has been proven with M. 

catarrhalis OMVs (56). The diffusible nature of these membrane vesicles means that they could readily 

protect H. parasuis from the effects of complement, even in planktonic culture.  

 In summary, the results of the above experiments suggest that H. parasuis is protecting S. suis 

from the negative effects of antibiotics, whereas S. suis is protecting H. parasuis from complement 

proteins in serum. In both cases, the end result might be increased resistance to killing and persistence of 

both species within the host. There are some limitations that need to be taken into account when 

considering the results of this study. First, the selection of antibiotics needs to be expanded. While 

ampicillin and bacitracin represent antibiotics commonly used to treat infections and cause growth 

promotion (respectively) in swine, there a number of more relevant antibiotics that should be investigated 
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such as tetracycline and macrolides (33, 37). For the epinephrine assay, it was difficult to select a 

hormone concentration that might be representative of what is found in swine tissue. The concentration 

used, 50 µM, is thought to mimic the concentrations present in mammalian tissues; however intra-

synaptic concentrations of epinephrine can be as high as 10-2 mol/L (40). The concentration of 

catecholamines in the blood is reported to be much lower, in the nanomolar range, but some studies show 

that these values may underestimate local concentrations (40). The results of our study would be more 

relevant if a concentration of epinephrine mimicking that found in the swine upper respiratory tract could 

be measured and used. Finally, although serum assays are an efficient, high-throughput method to assay 

complement resistance and the response to innate immune mediators, they are a simplification of the 

immune response occurring in vivo. Complement resistance factors may be shown to contribute to 

complement resistance in vitro, but might be of little importance in an in vivo model. A swine tonsil 

model would be helpful to confirm whether the observed changes in H. parasuis serum resistance with S. 

suis are relevant to the in vivo environment of a swine host. 
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Figure 6.1. Ampicillin (100 µg/ml) tolerance of A) 4 hour and B) 24 hour biofilms and bacitracin 

(1.5 µg/ml) tolerance of C) 4 hour and D) 24 hour biofilms containing mono- and multi-species 

cultures of Haemophilus parasuis SW114 (HP3) and S. suis 735 (SS2). SS2 cells within a 4 hour 

biofilm were significantly less tolerant (p<0.005) of ampicillin compared to a mono-culture SS2 biofilm. 

No significant differences were observed between growth of HP3 in mono- or co-culture in 4 hour 

biofilms, or in either species in 24 hour biofilms exposed to ampicillin. There was a significant increase in 

the number of viable SS2 cells in the 24 hour co-culture biofilm exposed to bacitracin (p<0.005), 

compared to a mono-culture SS2 biofilm under the same conditions. No significant differences were 

observed between growth of HP3 in mono- or co-culture in 24 hour biofilms, or for either species in 4 

hour biofilms exposed to ampicillin. Each value represents the mean log(CFU/ml) value from three 

separate assays, and the bars indicate standard deviations. * = a significant difference (at least p<0.05) 

assessed using the Student’s t test. 
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. 
Figure 6.2. Ampicillin (100 µg/ml) tolerance of A) 4 hour and B) 24 hour biofilms and bacitracin 

(1.5 µg/ml) tolerance of C) 4 hour and D) 24 hour biofilms containing mono- and multi-species 

cultures of Haemophilus parasuis Nagasaki (HP5) and S. suis 735 (SS2). SS2 cells within a 24 hour 

biofilm were significantly more tolerant (p<0.05) of ampicillin compared to a mono-culture SS2 biofilm. 

No significant differences were observed between growth of HP5 in mono- or co-culture in 24 hour 

biofilms, or in either species in 4 hour biofilms exposed to ampicillin. There was a significant increase in 

the number of viable SS2 cells in the 24 hour co-culture biofilm exposed to bacitracin (p<0.005), 

compared to a mono-culture SS2 biofilms under the same conditions. No significant differences were 

observed between growth of HP5 in mono- or co-culture in 24 hour biofilms, or for either species in 4 

hour biofilms exposed to bacitracin. Each value represents the mean log(CFU/ml) value from three 

separate assays, and the bars indicate standard deviations. * = a significant difference (at least p<0.05) 

assessed using the Student’s t test. 
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Figure 6.3. The tolerance of Haemophilus parasuis SW114 (HP3) cells alone and in co-culture 

biofilms with Streptococcus suis 735 (SS2) against a range of A) ampicillin and B) bacitracin 

concentrations. There was no significant difference in survival of HP3 at low ampicillin concentrations, 

but co-culture biofilms with SS2 were significantly protective  at ampicillin concentrations equal or 

greater than 500 µg/ml (p<0.0001). There was no significant difference in the survival of HP3 in mono-

culture vs. co-culture at any of the bacitracin levels tested, with the exception of 1.5 µg/ml, where the 

mono-culture survival of HP3 was significantly greater than its survival in co-culture with SS2 (p<0.01) 

(also seen in the control). Each value represents the mean log(CFU/ml) value from three separate assays, 

and the bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed using the 

Student’s t test. 
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Figure 6.4. The tolerance of Streptococcus suis 735 (SS2) cells alone and in co-culture biofilms with 

Haemophilus parasuis SW114 (HP3) against a range of A) ampicillin and B) bacitracin 

concentrations. There was significant increase in survival of SS2 in co-culture biofilms with HP3 at 50, 

500 and 1000 µg/ml (p<0.01). There was also a significant increase in the survival of SS2 in co-culture 

with HP5 at all of the bacitracin levels tested (p<0.05). Each value represents the mean log(CFU/ml) 

value from three separate assays, and the bars indicate standard deviations. * = a significant difference (at 

least p<0.05) assessed using the Student’s t test. 
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Figure 6.5. The tolerance of Haemophilus parasuis Nagasaki (HP5) cells alone and in co-culture 

biofilms with Streptococcus suis 735 (SS2) against a range of A) ampicillin and B) bacitracin 

concentrations. There was a significant decrease in survival of HP5 at low ampicillin concentrations 

(p<0.05), but co-culture biofilms with SS2 were significantly protective at ampicillin concentrations equal 

or greater than 500 µg/ml (p<0.001). There was no significant difference in the survival of HP5 in mono-

culture vs. co-culture at any of the bacitracin levels tested. Each value represents the mean log(CFU/ml) 

value from three separate assays, and the bars indicate standard deviations. * = a significant difference (at 

least p<0.05) assessed using the Student’s t test. 
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Figure 6.6. The tolerance of Streptococcus suis 735 (SS2) cells alone and in co-culture biofilms with 

Haemophilus parasuis Nagasaki (HP5) against a range of A) ampicillin and B) bacitracin 

concentrations. There was significant increase in survival of SS2 in co-culture biofilms with HP5 at 50 

and 500 µg/ml (p<0.01). There was also a significant increase in the survival of SS2 in co-culture with 

HP5 at all of the bacitracin levels tested (p<0.005). Each value represents the mean log(CFU/ml) value 

from three separate assays, and the bars indicate standard deviations. * = a significant difference (at least 

p<0.05) assessed using the Student’s t test. 
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Figure 6.7. The effect of 50 µM epinephrine on the formation of biofilm by mono-cultures and co-

culture combinations of Streptococcus suis and Haemophilus parasuis. There was no significant 

change in S. suis 735 (SS2) biofilm formation in the presence of epinephrine. There was a significant 

increase in the formation of biofilm by H. parasuis SW114 (HP3) (p<0.005), whereas the increase in 

biofilm formation by H. parasuis Nagasaki (HP5) in the presence of epinephrine was not quite significant 

(p=0.13). There was also significant increase in the biofilm formation of the co-culture containing HP3 

and SS2 (p<0.05), as well as in the formation of biofilm by HP5 and SS2 in co-culture when exposed to 

epinephrine (p<0.05).  Each value represents the mean optical density (OD) value from three separate 

assays, and the bars indicate standard deviations. * = a significant difference (at least p<0.05) assessed 

using the Student’s t test. 
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Figure 6.8. Qsec of H. parasuis, E. coli, H. influenzae, and A. actinomycetemcomitans. A) The Qsec 
gene in H. parasuis Nagasaki encodes for a sensor kinase anchored by two bacterial inner membrane 
transmembrane domains (TM1 and TM2). The sensing domain is located between TM1 and TM2 in the 
periplasmic space. The cytoplasmic section includes a histidine kinase domain and an ATPase domain. 
There is a conserved histidine for phosphorylation on the histidine kinase domain. B) Clustal Omega 
alignment of H. parasuis, E. coli, H. influenzae, and A. actinomycetemcomitans and the functional 
domains predicted by the SMART server.  
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 Figure 6.9. Susceptibility of H. parasuis and S. suis to the effects of A) 90% and B) 50% piglet 

serum in mono- and co-culture. Logarithmic CFU reduction was plotted against the combination of 

species tested. An isolate is considered serum-sensitive if the log reduction is greater than 3, resistant if 

the log reduction is between 2 and 3, and highly resistant if the log reduction is less than or equal to 2. A) 

Both H. parasuis SW114 (HP3) and Nagasaki (HP5) were more resistant to serum in the presence of S. 

suis 735 (SS2) (p<0.05). There was no difference in SS2 serum resistance when co-cultured with HP3 or 

HP5 compared to SS2 alone. B) All bacteria were highly resistant to this concentration of serum, and 

there were no significant differences between mono- and co-culture. Each value represents the mean 

log(CFU/ml) reduction value from three separate assays, and the bars indicate standard deviations. * = a 

significant difference (at least p<0.05) assessed using the Student’s t test. 
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Chapter	  7	  –	  Conclusions	  and	  future	  directions	  	  

The purpose of this study was to investigate the relationship between Streptococcus suis and 

Haemophilus parasuis, two important prevalent pathogens in swine worldwide. These two species are 

commonly found in the tonsils of the soft palate in swine, and have been associated with both benign 

commensal carriage and/or systemic disease in this species. Based on their residence in the same niche, 

we hypothesize that these two organisms interact in a way that affects each other’s virulence. To test this 

hypothesis, changes in colony morphology, hemolysis, planktonic growth, biofilm characteristics, 

antibiotic tolerance, and serum resistance were examined. As well, diffusible factors, antimicrobials, and 

epinephrine were examined for a role in interspecies interactions.  

 In the in vitro assays used in this study, some serovars of H. parasuis affected the growth of S. 

suis and its resistance to various stressors and vice versa. When grown together on solid agar, a change in 

colony morphology occurred (Figure 3.1), suggesting that these two species are capable of affecting the 

gene expression of each other. As well, H. parasuis SW114 (HP3), an avirulent serovar 3 strain, 

promoted the growth of the virulent S. suis 735 (SS2) strain (Figure 3.3), most likely through nutrient 

cross-feeding, diffusible quorum sensing signals, or a combination of both. Conversely, HP3 was largely 

inhibited by the presence of SS2. This was probably due to a mixture of nutrient competition and the toxic 

effects of hydrogen peroxide on HP3 growth.  

 S. suis and H. parasuis also interacted in an in vitro biofilm model, which is thought to be a 

relevant growth condition found in the tonsils of the soft palate. Co-cultures of H. parasuis and S. suis 

formed biofilms with less biomass and fewer biofilm cells compared to planktonic cells (Figures 4.1 to 

4.4). This effect is likely due to a combination of alterations in biofilm gene expression (possibly through 

AI-2 quorum sensing), anti-biofilm proteins like proteases and nucleases, and physical interactions, such 

as impaired binding.   

Diffusible factors (quorum sensing signals, hydrogen peroxide, and exoenzymes) were shown to 

at least partly account for these interactions, in both biofilm and planktonic culture. However, the results 
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also suggest that diffusible signals do not account for all of the observed changes so it is likely that 

physical contact and direct competition for nutrients are also contributing factors.  

S. suis and H. parasuis were significantly more tolerant to the effects of ampicillin and bacitracin 

in multi-species biofilms (Figures 6.3 to 6.6), likely due to alterations in gene expression, changes in the 

extracellular polymeric substance (EPS) composition, reduced growth rates, and the presence of persister 

cells. As well, epinephrine was shown to increase the biofilm formation of H. parasuis, but not S. suis 

(Figure 6.7). Finally, complement resistance of H. parasuis was enhanced by the presence of S. suis 

(Figure 6.9). Again, quorum sensing and gene regulation, as well as shared S. suis complement binding 

proteins might play a role.  

In summary, this study suggests that S. suis and H. parasuis can interact with each other and elicit 

a broad range of responses. The next step is to attempt to see if the same phenomena contribute to the 

virulence of H. parasuis and S. suis in vivo. Figure 7.1 shows a model of the pathogenesis of these two 

species in co-culture. When H. parasuis or S. suis enter the swine tonsil, they could attempt to enter into 

biofilms of the other species already established on the tonsil epithelium. Our experiments may suggest 

that this type of co-culture might prevent formation, or promote dissemination, of these tonsillar biofilms. 

This could possibly lead to a higher concentration of unattached, planktonic cells in the tonsil. As well, H. 

parasuis seems to promote the growth of S. suis, so the cell density of this species may also increase in 

the tonsillar crypts. Biofilm pneumococci are less virulent and most commensals in nasopharynx biofilms 

show reduced virulence potential (1). As well, pneumococci that have been recently dispersed from 

biofilms are better able to migrate to the lungs and show increased virulence compared to planktonic and 

biofilm cells (2). Finally, biofilm Streptococcus pneumoniae cells are less capable of invasion than are 

planktonic cells (2, 3). The results of our study suggest that H. parasuis may block the formation of S. 

suis biofilms, and may also be associated with dispersal from established communities leading to a higher 

concentration of planktonic S. suis cells in the tonsil. Based on the research on S. pneumoniae, it is 

tempting to speculate that S. suis may be more capable of invasion into the bloodstream in the presence of 

H. parasuis, resulting in a greater chance of systemic disease. This is the opposite of the interaction 
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between S. pneumoniae and Haemophilus influenzae, where co-cultures result in greater biofilm 

formation and decreased progression to systemic disease (1).   

These results also suggest that although H. parasuis growth is hampered by the presence of S. 

suis, it is also displaced from biofilms and could benefit from increased invasion. Additionally, because S. 

suis could be protecting it from complement proteins in the bloodstream, H. parasuis might be better able 

to cause systemic infection.  

Finally, although co-culture led to less biomass, some biofilm formation remained. These 

biofilms were also shown to be more tolerant to the antibiotics tested. From this, it can be postulated that 

while co-culture promotes a planktonic state, the remaining co-culture biofilms may act as a bacterial 

reservoir. This might enable infections to persist even in the face of antibiotic treatment, and can allow for 

release of planktonic bacteria later –possibly explaining the high carrier rates and shedding of these 

pathogens even in antibiotic-treated pigs (4–6).  

 The results of this study clearly show that complex interactions between tonsillar bacteria in swine 

might be contributing to the development of systemic infections. However, more research needs to be 

done to better understand what factors are contributing to the model of enhanced virulence and systemic 

infection proposed here. Specifically, the relationships uncovered in our study were based on only one S. 

suis and two H. parasuis strains, but there is a large number of other serovars and strains in both species. 

Further work is needed to uncover whether the observed interactions are common to all members of the 

species or are found only in a few specific strain combinations. There are also many other organisms 

present in the swine tonsil that may also be contributing to disease so future studies could be expanded to 

include different bacteria and viruses to gain a better understanding of this. Our studies uncovered 

phenotypic changes that occur when H. parasuis and S. suis are grown together, so genetic studies, such 

as qRT-PCR or RNAseq, should be pursued next and will hopefully reveal some of the gene products 

involved. Creation of knock-out mutants could also be used to further confirm the involvement of specific 

genes. Finally, although the in vitro models provide controlled and reproducible conditions, in vivo 

conditions might significantly change the interactions between H. parasuis and S. suis (7). Therefore, the 
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development of a cell culture model, as well as an animal model, would be the optimal conditions under 

which to test the relationship between these two species. 

A better understanding of the interactions between bacteria within the swine upper respiratory 

tract may lead to better design of vaccines. For example, vaccines against the avirulent H. parasuis 

SW114 strain might be advantageous, since this strain seems to increase the virulence of S. suis 735. 

Successful elimination of avirulent H. parasuis strains could disrupt the development of disease by S. 

suis. As well, the presence of biofilms in the swine tonsil makes the careful selection and application of 

antibiotics even more important because improper use could lead to a chronic, carrier state and 

antimicrobial resistance (8, 9). Finally, novel anti-infective agents, such as anti-quorum sensing molecules 

or anti-biofilm agents might also be selected to improve the carrier and infection rates of H. parasuis and 

S. suis in swine.  

 Due to the key role of the tonsils in the overall health status of swine, understanding microbial 

interactions at this site could lead to the development of novel therapeutic approaches. The data presented 

in our study gives evidence for the influence of polymicrobial infection on the severity of disease and 

possible outcomes of antibiotic treatments in swine.  Better targeted vaccines and treatments should lead 

to decreased antibacterial usage in the pork industry, thus preventing further antimicrobial resistance 

development and economic losses due to outbreaks of serious disease.  
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Figure 7.1. Proposed influence of the interactions between S. suis and H. parasuis on their 

pathogenesis and virulence in the swine tonsil environment.  

 
 


