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ABSTRACT 

 

Indigenous communities in rural Australia have high rates of streptococcal disease including 

post-streptococcal glomerulonephritis (PSGN). The epidemiology of PSGN and 

streptococcal infection and the pathogenesis of streptococcal disease in these lower socio-

economic communities is complex and not well understood. To gain an understanding of 

some aspects of this problem, this study tested several hypotheses. The major hypothesis 

underlying this project was that streptococci isolated from these communities will produce 

particular virulence factors (proteins) that will cause PSGN and that this can be demonstrated 

both in an animal model and in individuals with end-stage renal failure (ESRF).  A second 

hypothesis was that dogs in these communities will play a role in the epidemiology of human 

streptococcal disease. These hypotheses gave rise to three objectives. Firstly; to determine if 

dogs residing in Indigenous communities carry streptococci that may be implicated in the 

high rate of streptococcal disease in the human residents of these communities.  Secondly; to 

develop a murine model of PSGN to investigate the role of streptococcal inhibitor of 

complement mediated cell lysis (SIC) and the genetics of host in the pathogenesis of PSGN.  

Thirdly; to determine the association between elevated streptococcal antibody levels in 

patients to several streptococcal virulence factors and the presence of ESRF. 

 

The first objective was achieved by sampling dogs residing in two geographically distinct 

Australian Indigenous rural communities to reduce the possibility of location bias.  Both 

pharyngeal and skin swabs were obtained from the study animals.  Utilising routine 

microbiological tests and culturing methods, presumptive streptococcal species were 

isolated.  Following this, the isolate was identified to the species level with biochemical tests 

and Lancefield serological grouping was also performed.  The study isolated streptococcal 

species of Lancefield’s group A, B, C, D, G and L from the dogs.  The specific species 

isolated were Streptococcus orisratti (Lancefield group A), Streptococcus dysgalactiae 

subsp. equisimilis (Lancefield’s group A, C, G or L), Streptococcus agalactiae (Lancefield’s 

group B), Streptococcus dysgalactiae subsp. dysgalactiae (Lancefield’s group C), 

Streptococcus equi subsp. equi (Lancefield’s group C), Streptococcus canis (Lancefield’s 

group G), Streptococcus bovis I (Lancefield’s group D), Streptococcus minor (no 

Lancefield’s group identified) and Streptococcus suis sp. (no Lancefield’s group identified) .  

In this study the fact that the two species that carried the Lancefield’s group A antigen were 

not biochemically identified as Streptococcus pyogenes highlights the need to assign species 

based on biochemical tests and not rely solely on serological grouping systems.   The overall 

prevalence of pharyngeal and skin carriage (including the following genera’s: Streptococcus, 

Enterococcus, Lactococcus and Aerococcus) was 47 and 10.8%, respectively.  
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Furthermore, in the current study, ten strains of large-colony forming beta-haemolytic 

S. dysgalactiae subsp. equisimilis were identified from the pharynx of dogs which were 

taxonomically identical to ‘human strains’.  This species of Lancefield group C and G are 

important human pathogens that share virulence factors with S. pyogenes and pharyngeal 

carriage of this bacterium in Australian Indigenous communities is high.  Therefore, 

molecular studies were undertaken on the dog isolates to determine if they share virulence 

factors with the ‘human’ strains.  Specifically, bacterial isolates of Lancefield’s group A, B, 

C, G or L were included in the molecular study and an isolate of Streptococcus minor which 

is a newly recognised species.  To determine if these bacteria possessed virulence factors 

which have been identified in S. pyogenes of pathogenic origin, the isolates were screened by 

polymerase chain reaction using oligonucleotides that were specific for S. pyogenes 

virulence genes.  The gene for the M or M-like protein was found in isolates of S. canis, 

S. dysgalactiae subsp. equisimilis and S. equi subsp. equi at a prevalence of 23.1, 90 and 

100%, respectively.  Tested isolates of S. agalactiae, S. canis, S. dysgalactiae subsp. 

equisimilis and S. orisratti harboured the streptokinase (ska) gene at prevalence rates of 62-

100%.  None of the dog isolates tested harboured a gene encoding the streptococcal C5a 

peptidase protein.  The gene encoding streptococcal pyrogenic exotoxin type G was found in 

80% of S. dysgalactiae subsp. equisimilis strains and 100% of S. minor strains. Ten percent 

of S. dysgalactiae subsp. equisimilis strains carried a gene encoding the fibronectin binding 

protein. 

 

This aspect of the study found that genes for various virulence factors considered significant 

to human health were present in the dog isolates at varying prevalence rates.  This study 

showed that dogs residing in Australian Indigenous communities, where socioeconomic 

factors such as overcrowded housing conditions and poor water quality exist, carry 

streptococci which may mediate human disease.  Furthermore, these findings suggest that in 

these populations where humans and animals live in close proximity, gene-transfers have 

occurred between traditional human and animal streptococcal populations.   

 

The findings of this study are highly significant and support the hypothesis that streptococci 

carried by dogs are important in the epidemiology of streptococcal disease in Indigenous 

residents of rural communities. This project has provided the justification for integrated 

epidemiological studies of humans and dogs in these communities to further test the 

hypothesis.  
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To investigate the pathogenesis of PSGN a murine model for PSGN was developed using the 

congenic variant (NOD.C-Hc) of the non-obese diabetic (NOD) mouse and the streptococcal 

virulence protein SIC. We found that the production of complement component 5 was a 

genetic factor that was involved in the development of PSGN.  Furthermore, using this 

murine model for PSGN, we showed that the production of SIC protein by nephritic strains 

of S. pyogenes is related to the capacity of the strain to induce nephritis.   

 

Finally, to investigate whether streptococci played a role in ESRF, ELISA tests were 

developed to detect antibodies against virulence factors in human serum and used to screen 

patients on haemodialysis. A significantly higher proportion of patients compared to controls 

were seropositive to SIC (P=0.018), CRS (P=0.0098) and DRS (P=0.0003). Regression 

analysis showed seroreactivity to DRS (R2=0.85, P=0·001) predicted the development of 

ESRF. These results suggest that these ESRF patients were exposed to strains of S. pyogenes 

that secrete SIC, CRS and DRS and may have a pathological significance. No significant 

difference was observed between Indigenous patients and the non-Indigenous patients. 

 

The studies described in this thesis have resulted in significant advances in our 

understanding of streptococcal disease, particularly as it relates to renal disease in 

Indigenous communities in rural Australia. The project has contributed significantly to 

knowledge in the three study topics. Firstly, carriage of streptococci by dogs has been 

demonstrated.  Furthermore, the horizontal transfer of genes for virulence factors present in 

human streptococcal strains to canine streptococci is a major advance. It highlights the 

necessity to consider dogs in the epidemiology of streptococcal disease in Indigenous 

communities. Secondly, the rodent model for PSGN appears to be arguably the best 

developed so far and will allow testing of more virulence factors. Finally, the demonstration 

of an association between ESRF and antibody levels to particular virulence factors supports 

the hypothesis that chronic streptococcal infection plays a role in this disease and justifies 

further studies to test the hypothesis, even antibiotic prophylaxis to prevent progression of 

PSGN. 
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CHAPTER 1 

 
General Introduction 

 

The term “indigenous peoples” has been widely used regarding any ethnic group who inhabit 

the geographical location with which they have the longest historical connection.  An 

estimate regarding the total global population of indigenous peoples is approximately 300 

million (Working Group on Indigenous Populations 2001). However, this is imprecise due to 

the variation in identification and inadequate census data.  The secretariat of the World 

Health Organization (WHO) reported in 2001 that worldwide indigenous people die younger 

and have a lower health status compared with other population groups (A54/33, WHO 2001). 

 

Indigenous Australians are comprised of two distinct ethnic groups, the Torres Strait 

Islanders and the Aboriginal people.  Indigenous Australians comprise 2.4% of the total 

population of Australia (National Aboriginal and Torres Strait Islander Survey (NATSISS) 

2002).  The health status of Indigenous Australians remains the worst of any subgroup within 

the population, and there is little evidence of any significant improvement over the past two 

decades, a situation unprecedented on a world scale.   Between 1978 and 1991 standardized 

mortality rates for Aboriginal adults from cardiovascular disease, diabetes and renal disease 

were respectively about 5, 12 and 20 times those of non-Aboriginal people (Cunningham and 

Condon 1996).  Compared with non-Indigenous Australians, adult life expectancy is reduced 

by 15-20 years (NATSISS 2002).  Areas of health with the highest disparity in prevalence  

include: circulatory system disease (5-10 fold increase in rheumatic heart disease), type 2 

diabetes (11% prevalence in Indigenous Australians compared with 3% in non-Indigenous 

Australians), chronic kidney disease (up to 30 fold increase in end-stage renal failure 

(ESRF)) and communicable diseases (Australian Bureau of Statistics (ABS) 2005).    

 

Chronic kidney disease in Indigenous Australians is a substantial problem, especially in 

Aboriginal Australians.  Rates of ESRF have been steadily growing in Aboriginal 

Australians over the last two decades (Hoy et al. 1998, Thomas 2004, 2005).  The rates of 

treated ESRF in the Top End of the Northern Territory (NT) are doubling every four years 

(Hoy et al. 1998).  The annual incidence of Indigenous people starting treatment for ESRF 

exceeds 1000 per million (Cunningham and Condon 1996, Hoy 1996).  Recent research has 

shown that the causal pathways begin early in life and the contributing factors include: low 

birth weight, recurrent skin infections, adult obesity, diabetes or its precursors, smoking, 

excessive alcohol intake, hypertension, a history of post-streptococcal glomerulonephritis 

(PSGN) and a family history of renal disease (Hoy et al. 2001b, Thomas 2005).  Specifically, 
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socioeconomic factors appear to be strongly associated with the rates of ESRF amongst 

Indigenous Australians (Cass et al. 2001).   

 

The aetiology of ESRF in Indigenous Australians is multifaceted and includes both 

infectious and non-infectious causes.  Hoy et al. (2001a) described the relationship of 

albuminuria and glomerular filtration rate in an Australian Aboriginal population.  From 

their research, they concluded that all renal failure develops out of a background of persistent 

albuminuria in this population (Hoy et al. 2001a).  Subsequently, in the same population, 

they found that albuminuria was associated with the persistence of antibodies to a 

streptococcal protein termed M protein (Goodfellow et al. 1999).  They demonstrated a clear 

association between childhood infection with Streptococcus pyogenes and the individual risk 

of development of albuminuria later in life.  Furthermore, using a retrospective cohort study, 

in a remote Aboriginal community in the Top End of the NT, White et al. (2001) found that 

a history of PSGN was a risk factor for chronic renal disease in later life.  In other 

indigenous populations, PSGN has been shown to be a contributing factor for the 

development of ESRF (Herrera and Rodriguez-Iturbe 2003). 

 

PSGN is a post-infectious form of glomerulonephritis, which results from infection with 

beta-haemolytic S. pyogenes of Lancefield serogroup A.  This disease of the kidneys is 

inflammatory in nature and is currently endemic in both the developing world and in the 

Australian Indigenous population (Gardiner and Sriprakash 1996, Thomson 1997, 

Muscatello et al. 2001).  The acute form of this disease normally affects school-aged 

children, following either a skin or throat infection (White et al. 2001).  Current theory states 

that PSGN is preceded by a previous S. pyogenes infection of either the throat or skin.  

Streptococcal throat infections are more common in temperate climates and are the leading 

cause of pharyngitis in the developed world (Nelson et al. 2001).  In tropical regions S. 

pyogenes throat carriage is much lower; however streptococcal skin carriage and pyoderma 

are widespread (McDonald et al. 2006).  These infections are linked with the incidence of 

scabies mite infection, which underlies the majority of streptococcal pyoderma cases (Currie 

and Carapetis 2000). 

 

PSGN is an immune-mediated disease in which immune complex formation in the blood 

circulation system, in-situ complex formation within the glomeruli, antibody cross-reactions 

between S. pyogenes and human kidney tissues as well as direct tissue damage independent 

of specific antibodies are amongst the processes involved in the pathophysiology of PSGN 

(Villarreal et al. 1979).  PSGN is only associated with certain ‘nephritogenic’ strains, a high 

proportion being of serotype M-1 (Spencer 1995).  Various streptococcal products from 
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these strains have been suggested to be implicated in causing the disease and are thus termed 

‘virulence factors’ (Rodriguez-Iturbe 1984, Holm 1990, Nordstrand et al. 1998).  Whilst 

certain nephritogenic strains have been implicated in causing PSGN, not all patients infected 

with nephritogenic strains of S. pyogenes develop PSGN; therefore there are significant host 

factors that may lead to the development of PSGN (Ruiz and Soares 2003).   

 

The exact pathogenic mechanism for this inflammatory kidney disease has not been 

established, but it is believed to be a combination of streptococcal virulence factors and the 

immune response.  Despite numerous studies, no single bacterial component has been clearly 

identified as the causative agent for PSGN.  Similarly, the pathophysiological processes 

which underlie the host-pathogen interactions are poorly understood. 

 

Many possible virulence factors have been described for S. pyogenes (Dale et al. 1996, 

Nordstrand et al. 1998, Parra et al. 1998, Sriprakash et al. 2002, Batsford et al. 2005).  

However, whilst S. pyogenes is the pathogen responsible for PSGN, it is also responsible for 

other invasive diseases such as rheumatic heart disease.  Therefore, while these streptococcal 

factors may confer virulence for S. pyogenes they may not be implicated in the pathogenesis 

of PSGN.  For example, only certain S. pyogenes M serotypes have been reported in causing 

PSGN, while all M serotypes express the M protein virulence factor.  Research has 

implicated certain antigens to have a role in PSGN.  These include one or more streptococcal 

extracellular products including M protein, a nephritis strain-associated protein, a 

pre-absorbing antigen, zymogen encoded by the streptococcal pyrogenic exotoxin type B 

gene, a nephritis-associated plasmin receptor (NAPlr), streptococcal inhibitor of complement 

mediated cell lysis (SIC) protein and streptokinase.  A significant reason for the chasm of 

information regarding the precise pathogenic host-bacteria interactions may be due to the 

lack of appropriate animal models of infection. 

 

The aim of the present research undertaken is to elucidate the factors responsible for the high 

rate of kidney disease in Indigenous Australians employing a multifaceted research approach 

focusing on streptococcal disease.  The first objective is to investigate the environmental 

factors of disease, specifically the possible role of zoonosis.  The purpose of this study is to 

determine if dogs residing in Indigenous communities carry streptococcal bacteria that are 

implicated in the high rate of human streptococcal disease in these communities. The second 

objective is to develop an animal model for PSGN.  This model can be used to investigate 

the role of potential streptococcal virulence factors on disease development and identify 

potential host factors which mediate susceptibility.  The third objective is to investigate the 

association of streptococcal antibody levels to specific candidate nephritic factors, with renal 
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disease in patients (Indigenous and non-Indigenous) being treated for ESRF with 

haemodialysis.  This will examine the potential nephritic capacity of candidate streptococcal 

virulence factors as well as determining any association between streptococcal exposure and 

the development of ESRF. 
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 CHAPTER 2 

 
Review of Literature 

2.1 Introduction  

Glomerulonephritis can be caused by numerous factors.  While often the exact reason for 

glomerulonephritis is unknown, glomerular disease itself is the most common source of 

chronic and end-stage renal failure (ESRF) (McCance and Huether 2002). Treatment of 

ESRF requires dialysis and ultimately renal transplantation.  Post-streptococcal 

glomerulonephritis (PSGN) is a post-infectious form of glomerulonephritis, which results 

from infection with Streptococcus pyogenes which is a group A streptococcus (GAS).  This 

inflammatory disease of the kidneys is endemic in developing countries and among the 

Australian Aboriginal population.  Whilst the prognosis of PSGN is usually good, it has been 

postulated as a risk factor for ESRF.  The pathogenesis of PSGN is complex and involves 

both host immune factors and S. pyogenes virulence factors.  Further research is required to 

elucidate the pathogenesis of the disease, focusing on host and bacterial factors that 

contribute to the disease process.   

2.1 History of Streptococcal Research  
S. pyogenes was first documented by Billroth in 1874, from a patient with 

erysipelas (Billroth 1874).  In 1879, Louis Pasteur isolated the first strain of S. pyogenes 

from a woman dying of puerperal sepsis.  Following this discovery, Brown (1919) 

introduced the terms alpha, beta and gamma when referring to the haemolytic reactions 

observed on blood agar plates inoculated with streptococci (Figure 2.1).  This led to the 

observation that most beta-haemolytic streptococci that caused pharyngitis could be 

classified as S. pyogenes (Dochez et al. 1919).   

 

  
Figure 2.1. Typical haemolysis reactions on a sheep blood agar plate, designated 

gamma – no haemolysis (A), alpha – incomplete haemolysis (B), beta – complete 

haemolysis (C) (photo by Virginia Boon). 

 
In the following period, Rebecca Lancefield developed a serological grouping system for the 

identification of streptococci based on the immunological differences in their cell wall 

A B C 
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polysaccharides or lipoteichoic acids (Lancefield 1933).  Clinically, this classification 

system allowed clarification of the relationship between S. pyogenes pharyngitis and acute 

rheumatic fever (ARF). ARF can result in permanent anatomical damage to the heart, 

resulting in rheumatic heart disease (RHD), particularly as a result of recurrent instances of 

S. pyogenes infection (Carapetis et al. 1999).  Lancefield’s work continued and she 

developed a serotyping system for the identification of M protein serotypes.  This was 

achieved by solubilizing the two antigens known as C carbohydrate and M protein using 

HCl-extraction.  The separation of these two antigens allowed each of them to be tested 

against various antisera.  The evidence showed that M protein was immunogenic and 

conferred protection from bacterial infection.  From this point, the Lancefield classification 

system was used to identify S. pyogenes that caused outbreaks of streptococcal infections.  

Griffith (1934) in the United Kingdom used another approach to classify haemolytic 

streptococci.  This approach was based on the T antigen that is also present on the surface of 

S. pyogenes along with the M protein.  Lancefield compared these two antigens and both 

methods were found to be valuable (Lancefield and Dole 1946, McCarty 1987). Both 

M typing and T typing are still used in epidemiological classification systems today.  

However, newer molecular biological classifications which identify strains based on the gene 

sequence which encodes the M protein (emm sequencing) provide superior discrimination of 

the various S. pyogenes strains and identification of links to suppurative 

infections (Kaufhold et al. 1994, Beall et al. 1996).  These molecular methods have the 

advantage of not requiring M-type antisera which is not always available and can also 

identify strains of S. pyogenes which produce little M protein (Krause 2000).  These newer 

molecular screening methods have been shown to exhibit good correlation with traditional M 

typing profiles.   

 

M typing has been used to describe the relative pathogenicity of strains of S. pyogenes.  

Epidemic characteristics of ARF and PSGN indicated that streptococcal infections could be 

associated with one of these nonsuppurative complications but not with both and it was 

hypothesised that certain streptococcal strains were capable of causing nephritis 

(Rammelkamp et al. 1952). Researchers described differences between streptococcal 

infections of the throat and skin and noted that many of the S. pyogenes M types that cause 

impetigo are less likely to cause pharyngitis (Schwentker et al. 1943, Stetson et al. 1955).  

Subsequent clinical and epidemiological studies have confirmed this early hypothesis of 

‘nephritogenic’ streptococci (Rammelkamp and Weaver 1953, Bernstein and 

Stillerman 1960, Bisno et al. 1970). 
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Sulphonamides were used in the treatment of S. pyogenes infection prior to 1945-46.  

However, treatment of streptococcal pharyngitis with sulphonamides did not prevent 

ARF (Massell 1997).  With the advent of penicillin in the Second World War, it was 

questioned whether penicillin too would be ineffective in preventing ARF.  In 1947 

penicillin was considered ineffective in the prevention of ARF (Finland 1947).  However, it 

was probably due to the use of small dosages and short courses of treatment (Krause 2002).  

While sulphonamides were unable to prevent ARF, small daily doses of sulphonamides were 

effective in the prevention of recurrent S. pyogenes pharyngitis in patients with a history of 

ARF and RHD (Rubbo et al. 1949).  Mass sulphonamide prophylaxis was introduced in 

military recruits in the United States in 1944.  This treatment method reduced the occurrence 

of pharyngitis and scarlet fever to almost zero and the incidence of ARF to below the 

expected rate (Hodges 1944).  However, in a short time resistance of M types 3 and 19 to 

sulphonamides developed in the military but not civilian populations (Hartman 1946).  In 

1948 the first clinical trial to prevent ARF found that patients with exudative pharyngitis 

treated with penicillin had a 96% reduction in the attack rate of ARF compared to those 

patients who were not treated with penicillin (Denny et al. 1950).  Following this discovery 

of penicillin to prevent ARF, secondary prevention of recurrence in patients with RHD was 

established with long-term intramuscular benzathine penicillin G (Stollerman and Rusoff 

1952). 

 

At the same time investigations were also being conducted on streptococcal infections 

concerned with streptococcal extracellular products and by 1950, the list included 

deoxyribonuclease, erythrogenic toxins, fibrinolysin, haemolysin, hyaluronidase, leucocidin, 

lipoproteinase, proteinase, ribonuclease, streptodornase and streptokinase (Krause 2002).  

Despite research efforts, none of the above-listed antigens was clearly linked to the 

pathogenesis of ARF.  However, scarlet fever is a suppurative disease in which S. pyogenes 

produce erythrogenic toxins and the toxin has a direct role in morbidity and 

mortality (Wannamaker 1983).  Similarly in several streptococcal invasive diseases, 

including toxic shock, invasion of soft tissues and skin, and necrotizing fasciitis, the 

pathogenesis is thought to be mediated by pyrogenic exotoxins and superantigens (Molick et 

al. 1993, Norrby-Teglund et al. 1994a, Norrby-Teglund et al. 1994b, Proft et al. 1999, 

Proft et al. 2003).  Numerous attempts have been made by researchers to develop a vaccine, 

but to-date none has been successful for two main reasons. Firstly, the ability of the M 

proteins to elicit potentially harmful host reactions (Kaplan 1963) and secondly, the 

numerous distinct serotypes of M proteins that exist (Hauser et al. 1991, Kaplan 1991) and 

the fact that human immunity is predominantly M serotype specific (Lancefield 1962). 
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2.2 Streptococcus  pyogenes (group A streptococcus) 

2.2.1 Microbiology 
S. pyogenes are gram-positive extracellular bacterial pathogens (Scollary 1997, Forbes et al. 

1998, Cunningham 2000)).  In culture, S. pyogenes are cocci shaped and chain 

forming (Cunningham 2000, Ingraham and Ingraham 2004).  In a positive throat culture for 

streptococcal-mediated pharyngitis, the bacteria are found amongst other normal throat flora, 

which are either alpha- or non-haemolytic on 5% sheep blood agar (Cunningham 2000).  S. 

pyogenes appear as greyish white circular colonies with a distinct zone of beta-hemolysis 

from the production of streptolysin O and/or streptolysin S (Figure 2.2) (Forbes et al. 1998, 

Ashbaugh et al. 2000).   

 
Figure 2.2. Culture of Streptococcus pyogenes on 5% blood agar plate (photo by 

Virginia Boon). 

 

2.2.2 Streptococcal disease 
Colonisation of S. pyogenes can result in acute and post-infectious pathology and is an 

important aetiological agent in ARF, RHD and PSGN (Brandt et al. 2000, Ingraham and 

Ingraham 2004).  S. pyogenes is implicated in causing several superficial infections such as 

pharyngitis and impetigo (Gardiner and Sriprakash 1996, Benfang et al. 2000).  S. pyogenes 

infections such as impetigo and pharyngitis are generally mild; however, S. pyogenes can 

also cause severe invasive infections and toxin related diseases such as streptococcal toxic 

shock syndrome and scarlet fever (Table 2.1) (Stevens et al. 1989, Bisno and Stevens 1996, 

Bisno et al. 1997, Ahmed and Ayoub 1998).  Both scarlet fever and streptococcal toxic 

shock syndrome are mediated by superantigens (exotoxins) produced by S. pyogenes.  

Invasive infections occur when the bacterium infects a normally sterile site (Steer et al. 

2007). There are also nonsuppurative complications of S. pyogenes infections which include 

the autoimmune post-infective reactions of ARF and PSGN (Cunningham 2000). 
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Table 2.1. Complications of Streptococcus pyogenes illness (Bisno and Stevens 1996, 

Bisno et al. 1997). 
Complications of Streptococcus pyogenes illness Examples 

Pharyngitis 
Impetigo 
Sinusitis 

Otitis media 

• Non-invasive 
(isolation of S. 
pyogenes from a non-
sterile site) 

Vaginitis 
Streptococcal toxic shock 

syndrome (toxin-mediated) 
Necrotizing fasciitis and 

myositis 
Pneumonia 

Cellulitis and erysipelas 
Bacteraemia 

• Suppurative 

• Invasive (isolation of 
S. pyogenes from a 
sterile site or isolated 
from a non-sterile site 
if in combination with 
appropriate clinical 
symptoms)  

Scarlet fever (toxin-
mediated) 

Rheumatic fever 
Sydenham's chorea and other 

autoimmune movement 
disorders 

Post-streptococcal 
glomerulonephritis 

Post-streptococcal reactive 
arthritis 

• Nonsuppurative (defined by specific clinical 
findings and evidence of a recent S. pyogenes 
infection) 

 

Post-streptococcal 
autoimmune dystonia 

secondary to striatal necrosis 
 

Although S. pyogenes is the primary pathogen of various skin infections such as impetigo, 

Staphylococcus aureus may also be present in the lesions (Ingraham and Ingraham 2004).  It 

must be noted that at any given time, approximately 50% of humans are asymptomatic 

carriers of S. pyogenes in their oropharynx (Nelson et al. 2001; Ingraham and Ingraham 

2004).  This source of bacteria is particularly important, since S. pyogenes is a uniquely 

human pathogen and thus the carrier state is the source of all environmental S. 

pyogenes (Nelson et al. 2001).  The illness normally results from infection at the 

nasopharyngeal mucosa or superficial layers of the skin.  Either respiratory droplets or 

exposure to a human infected with S. pyogenes usually transmits the organisms from person 

to person (Bessen et al. 2000).  However, in tropical regions S. pyogenes-colonised skin 

infections are the primary source of this bacteria and thus infections (Thomson 1997, Bessen 

et al. 2000). 

2.2.3 Classification of Streptococcus pyogenes 
There are several classification systems that are used to type S. pyogenes strains.   The 

Lancefield serological grouping system for streptococci is based on differences in the cell 
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wall polysaccharides or lipoteichoic acids (Cunningham 2000) and is used to classify 

streptococci into groups A, B, C, D, F and G streptococci.  Within S. pyogenes, M protein 

serotyping (M typing) has been used to understand the epidemiology of S. pyogenes strains.  

In this serotyping system, S. pyogenes is grown in Todd-Hewitt broth, and then boiled in the 

presence of 0.1M HCl.  This results in the extraction of the group A carbohydrate, M protein 

and cell wall.  The M protein is then used in capillary precipitin tests to determine the 

M protein serotype with standardised typing sera (Cunningham 2000).  The N-terminal 

region of the M protein has been demonstrated to contain the type-specific moiety and thus is 

recognised by the specific typing sera in the precipitin test (Cunningham 2000).  The N-

terminal sequences of the M proteins are highly variable, giving rise to the approximately 

100 existing serotypes (Kotarsky et al. 2000).  However, the usefulness of M typing has been 

limited by the high prevalence of M-nontypeable isolates (Gardiner and Sriprakash 1996).  

For example, in Thailand, Kuwait and in tropical Australia, the majority of S. pyogenes 

isolated from patients and/or carriers cannot be classified using traditional 

M serotyping (Pruksakorn et al. 2000).  Additionally, antisera for all known M serotype are 

expensive and scarce (Cunningham 2000).  An alternative to the M typing method utilises 

the T protein antigen, which is also present on the surface of the S. pyogenes.  T typing is 

performed using an agglutination test to the extracted T antigen.  The majority of S. 

pyogenes have well defined T type antigens and certain T serotypes are associated with each 

of the specific M protein serotypes (Cunningham 2000).  However, similar to M typing, 

T typing requires antiserum which is not always readily available. 

 

Currently, there are molecular classifications, which include the analysis of nucleotide 

sequences based upon the M protein gene (emm type) (Kotarsky et al. 2000).  The antigenic 

variation of this protein at the amino-terminus is the basis for variation in the nucleotide 

sequences between emm-types (Gardiner and Sriprakash 1996, Bessen et al. 2000, 

Sriprakash et al. 2002).  In general emm-typing has been shown to correlate with M-typing 

(Facklam et al. 1999).  Another molecular technique, called Vir typing is based on restriction 

fragment length polymorphism analysis of a 4- to 7-kb mga locus, which encodes the emm-

gene and other virulence genes.  Vir typing amplifies the variable vir regulon by long PCR.  

The amplified deoxyribonucleic acid (DNA)  is then cleaved with HaeIII and visualized by 

ethidium bromide fluorescence after agarose gel electrophoresis (Gardiner et al. 1995).  The 

resulting banding pattern is highly discriminatory allowing unambiguous interpretation of 

results (Gardiner et al. 1995). 
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2.3 Aetiology of Glomerulonephritis 

Glomerulonephritis is classified as a primary or secondary autoimmune disease characterised 

by inflammation in the glomerulus and subsequent damage (Table 2.2).  Primary causes are 

those that are intrinsic to the kidney, while secondary causes are associated with certain 

infections, drugs and systemic diseases. There are also inherited causes of 

glomerulonephritis.  Pathologically, glomerulonephritis can be divided into proliferative 

forms and non-proliferative forms and the treatment depends on the type of 

glomerulonephritis.  Non-proliferative types of glomerulonephritis are characterised by a 

lack of hypercellularity and normally result in the development of the nephrotic syndrome.  

These include: minimal change glomerulonephritis, focal segmental glomerulosclerosis and 

membranous glomerulonephritis.  Proliferative forms of glomerulonephritis are characterised 

by hypercellular glomeruli, patients present with the nephritic syndrome and can progress to 

ESRF.  These include: IgA disease, mesangiocapillary glomerulonephritis, rapidly 

progressive glomerulonephritis (crescentic) and post-infectious glomerulonephritis.  

 

Table 2.2. The various types of glomerulonephritis.  

 Nephritis Nephrotic Syndrome 

Post-infectious 

glomerulonephritis 

Minimal change disease 

IgA nephropathy Focal glomerular sclerosis 

Primary glomerular 

disease 

RPGN 

-Anti-GBM 

-ANCA-positive 

Membranous nephropathy 

Membranoproliferative 

glomerulonephritis 

-Type I 

-Type II 

Systemic Lupus 

Erythematosus 

Diabetes 

Schonlein-Henoch purpura 

Microscopic polyangiitis 

Wegener granulomatosis 

Secondary glomerular 

disease 

Essential mixed 

cryoglobulinemia 

Amyloid 

 

Autoimmune mechanisms underlie the majority of cases of glomerular injury and the lesions 

result from the glomerular binding of antibodies directed specifically against normal 

glomerular structures at different locations or activation of antibodies against local immune 
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complexes planted at the same sites (Couser 1998).  There are six main pathways of immune 

deposit formation and glomerular damage (Figure 2.3). 

Figure 2.3. Schematic diagram depicting the pathways by which immune deposits 

mediate glomerular injury (adapted from Couser et al. 1998). 

 
The immune response predominantly responsible for glomerulonephritis is the IgG antibody 

response; these IgG antibodies form immune complexes and activate complement.  

Complement activation can occur via the alternative pathway; however, the damage 

mediated via the antibody response is usually non-inflammatory.  Sensitized cells have a role 

in the cellular immune response and are primarily involved in the formation of crescents 

(Couser 1999).  The cellular response is primarily involved in proliferative forms of 

glomerulonephritis which exhibit marked hypercellularity which is due to infiltrating 

circulating inflammatory cells (neutrophils, monocytes, platelets) and proliferation of 

resident glomerular cells, particularly mesangial cells (Couser 1998).  These cells can 

mediate glomerular injury acutely via the release of oxidants, proteases, chemoattractants 

and other substances which degrade the glomerular basement membrane (GBM).  These 

cellular responses are found in postinfectious glomerulonephritis, IgA nephropathy, rapidly 
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progressive glomerulonephritis, lupus nephritis and membranoproliferative 

glomerulonephritis (Couser 1998). 

 

In minimal change glomerulonephritis and focal sclerosis, the nephrotic syndrome, with 

marked proteinuria, results from a T-cell driven, non-immunoglobulin permeability factor 

that directly alters the permeability of the GBM. The permeability factor, acts on the 

glomerular epithelial cell to induce the release of oxidants and proteases and/or focal 

detachment from the GBM (Koyama et al. 1991, Sharma et al. 1999).   

 

In membranous nephropathy, the initial glomerular lesion is non-inflammatory in the same 

way as minimal change glomerulonephritis and focal sclerosis.  However, in membranous 

nephropathy, the glomerular injury is induced by complement fixing antibodies and C5b-9.  

The subepithelial deposits found in idiopathic membranous nephropathy are thought to be a 

consequence of an autoantibody reacting with an antigenic constituent of the glomerular 

epithelial cellular foot process in a similar way to that observed in Heymann nephritis model 

in rats (Cavallo 1994).  The resultant proteinuria is very complement-dependent and appears 

to be mediated by the C5b-9 membrane attack complex (Couser et al. 1985, Baker et al. 

1989, Couser et al. 1992).  

 

In rapidly progressive glomerulonephritis complement activation resulting in neutrophil 

infiltration (via C5a) and macrophage localisation occurs, as well as cell-mediated immunity 

to glomerular basement antigens resulting in the formation of crescents (Couser 1988).  

Rapidly progressive glomerulonephritis is an immune complex disease in which there is 

direct binding of IgG antibody to glomerular basement antigen (“Goodpasture’s antigen”) to 

form linear deposits (Couser 1988).  In IgA nephropathy, immune deposits occur in the 

mesangium and there is mesangial cell proliferation, mesangial matrix expansion and 

eventual sclerosis.  Mesangial cells and components are activated via complement fixing IgG 

or IgA autoantibodies (O’Donoghue et al. 1991, Feehally and Allen 1999). 

 

Postinfectious glomerulonephritis is an immune complex-mediated disease that usually 

follows infection with S. pyogenes, and thus is termed PSGN (West and McAdams 1998, 

Haas 2003).  In PSGN, there is complement activation leading to attraction of neutrophils 

and proliferation of mesangial and endothelial cells.  Additionally, there is evidence to 

suggest that ‘nephritic’ streptococcal antigens may activate complement directly without 

antibody (Peake et al. 1991).  This review will focus primarily on streptococcal induced 

glomerulonephritis, which is the commonest cause of glomerulonephritis in the developing 



  14 

world (Thomson 1997).  PSGN accounts for between 69 and 91% of all admitted cases for 

acute glomerulonephritis in children (Muscatello et al. 2001). 

 

2.4 Post-streptococcal Glomerulonephritis  

2.4.1 Clinical Presentation and Diagnosis 
The acute form of this disease normally affects children, following either a skin or throat 

infection (White et al. 2001).  Unlike ARF, PSGN generally occurs in summer outbreaks 

associated with virulent skin strains of S. pyogenes mediating pyoderma (Bisno et al. 1970).  

Generally PSGN has a good prognosis.  Patients typically present 1-4 weeks after the 

infection with facial and/or lower extremity oedema and oliguria.  The patient may also 

present with headaches and/or central nervous system disturbances such as convulsions and 

visual changes, which are signs of clinical hypertension.  Upon further clinical investigation, 

macroscopic haematuria and/or proteinuria may be found (White et al. 2001, Haas 2003).  

PSGN can occur as early as 10 days after pharyngitis or as late as three weeks after skin 

infections (Koneman et al. 1994).  A severe complication can be acute heart failure.  Cases 

of PSGN can be classified as being either ‘clinical’ or ‘subclinical’ and can be differentiated 

by the presence of oedema, dark urine (macroscopic haematuria) or hypertension in clinical 

cases (Table 2.3).   

 

Table 2.3. Case definition for acute post-streptococcal glomerulonephritis (Streeton et 

al. 1995, Muscatello et al. 2001). 
Criteria  Description Clinical/Laboratory Findings 
1 Clinically compatible illness  One of the following: 

• Oedema (swelling of the face or limb) 
• Macroscopic haematuria (visibly dark urine) 
• High blood pressure (diastolic > 80 mmHg if 

13 years of age or younger, or > 90 mmHg if 
older than 13 years) 

2 Microscopic glomerular haematuria • If urine sent to a laboratory for microscopy: red 
blood cells > 10/ml 

• If urine tested using dipstick urinalysis: 
haematuria of 2+ or more 

3 Evidence of recent streptococcal 
infection 

• Positive group A streptococcal culture from 
skin or throat, or elevated serum antibodies to 
group A streptococci; antistreptolysin O (ASO) 
or anti-deoxyribonuclease B (anti-DNase B) 

4 Reduced serum complement (C3) 
level  

• Reduced to less than 50% of normal levels  

Note: All four of the criteria are required for a clinical case. For a sub-clinical case, only 
criteria 2, 3 and 4 are required. 
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Laboratory criteria are used to confirm the diagnosis of PSGN and can be used to 

characterise the renal pathology. However, since PSGN is typically a self-limiting disease, 

few cases require renal biopsy. Significant invasive procedures such as renal biopsy with risk 

to the patient are undertaken only when the result will influence therapy. The usual tests for a 

patient with suspect PSGN include urinalysis, blood electrolytes and renal function tests, 

serum complement, streptococcal serology and attempts to isolate streptococci from throat 

and skin.  The criteria used for diagnosis is transient C3 hypocomplementaemia (Tasic and 

Polenakovic 2003).  Another common serological finding is a mild transient increase in urea 

or creatinine, and elevated electrolytes such as potassium.  Detection of streptococcal 

antibodies against streptolysin O (ASO titre) is evidence for a previous throat infection, 

while an increased anti-DNAse B or anti-hyaluronidase level indicates a causative skin 

infection.  Urinalysis often shows the presence of blood and protein.  Albumin is the main 

protein found in the urine since it is the smallest sized protein and therefore it is the first to 

leak through the glomerular filtering system.  Haematuria is a clinical feature caused by the 

damage to the glomerulus which makes it unable to successfully filter the blood of 

impurities.  Clinically, microscopic haematuria is usually found.   

 

If a renal biopsy is performed, the renal histology shows glomerular hypercellularity, diffuse 

endocapillary proliferation, often with polymorphonuclear lymphocytes (Figure 2.4) (Rincon 

et al. 2003). 

 

 
Figure 2.4. Comparison of a healthy glomerulus (left) with the glomerulus in PSGN 

(right).  The healthy glomerulus has thin and delicate capillary loops and normal tubules 

whilst the diseased glomerulus is hypercellular, with occluded and lobulated 

capillaries (Churg and Sobin 1982). 

 

Immune-mediated granular deposits of both IgG and C3 can be detected by 

immunohistology and are commonly found in glomerular capillary loops and mesangial 

areas (Figure 2.5) (Okada et al. 1996, Haas 2003). 
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Figure 2.5.  Immunofluorescence staining showing deposits of complement 3 in the 

capillary loops.  The deposits are granular and bumpy due to the focal nature of the 

deposition (Churg and Sobin 1982). 

 

Electron microscopy typically finds characteristic large subepithelial electron-dense deposits 

or ‘humps’ with associated irregularities of the GBM (Figure 2.6) (Haas 2003).   

 

 

 

Figure 2.6. Immune deposits seen as subepithelial ‘electron humps’ above the basement 

membrane and below the epithelial cell (Churg and Sobin 1982). Note: The yellow arrow 

denotes the subepithelial electron dense deposits or ‘humps’, the pink arrow denotes the 

cytoplasm of an endothelial cell and the orange arrow denotes the basement membrane. 
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2.4.2 Treatment and Prognosis  
There is no universal treatment protocol for patients with PSGN to modify pathology.  

Hospital admission or bed rest may be required if the patient is acutely ill with oliguria, fluid 

overload or hypertension.  Antihypertensive agents are used to reduce blood pressure (Butani 

2001).  Diuretic agents such as frusemide have been used to reduce oedema.  Antibiotic 

treatment may be initiated if cultures show evidence of a bacterial infection.  The patient’s 

blood pressure, urinalysis, fluid intake and output are monitored (Beers and Berkow 2003). 

 

Clinical recovery occurs over several days to weeks and is excellent in the majority of cases 

(>95%) with limited long-term consequences (Cleper et al. 1997, Butani 2001, White et al. 

2001, Tasic and Polenakovic 2003).  However, with PSGN, the case fatality rate can be up to 

1% and a similar percentage of patients continue to exhibit symptoms of urinary 

abnormalities. These patients may progress to the nephritic syndrome, chronic renal failure 

and ESRF (Rovang et al. 1997, Muguruma et al. 2000, White et al. 2001, Haas 2003).  For 

example, Cleper et al. (1997) examined the renal functional reserve (RFR) of 36 patients 

who had recovered (between 1 and 16 years since recovery) from an acute episode of PSGN.  

The RFR is the increase in renal function following ingestion of a protein meal; i.e., the 

difference between stimulated glomerular filtration rate (GFR) and baseline GFR.  These 

patients were compared against children with recurrent urinary tract infections or nocturnal 

enuresis.  The authors found that RFR was significantly reduced in the PSGN group 

compared to the control group and postulate that any loss in renal tissue imposes a burden on 

remaining nephrons.  The long-term implications of reduced RFR require further 

investigation.  In a study of the Australian Aboriginal population, it was found that PSGN in 

childhood was a risk factor for albuminuria and haematuria in later life.  Given the incidence 

of PSGN in this community, this finding emphasises the importance of preventative 

strategies (White et al. 2001).   

 

2.5 Epidemiology of Post-Streptococcal Glomerulonephritis  

The incidence and prevalence of PSGN is decreasing in developed countries, but is still 

relatively common in developing countries.  Carapetis et al. (2005) estimated that worldwide 

approximately 470,000 cases of PSGN occur annually.  Within developed countries, ethnic 

minority groups such as the Aboriginal Australians have higher incidence rates (Muscatello 

et al. 2001).  Notwithstanding the fact that the incidence in developed countries has dropped, 

there is reported evidence of an increase in streptococcal infections and its 

sequelae (Muscatello et al. 2001).  It is important to remember when considering the 

epidemiological data on PSGN that the reported number of cases may be considerably 

underestimated, particularly in developing countries.  This is in part due to the fact that 
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streptococcal pharyngitis and impetigo are not notifiable diseases and hence official figures 

are gross underestimates.  In addition, subclinical cases of PSGN have been identified both 

retrospectively and incidentally in numerous studies (Jennette and Falk 1990, Klouche et al. 

1995, Muscatello et al. 2001, Nelson et al. 2001, Haas 2003).   Tasic and Polenakovic (2003) 

evaluated the occurrence of subclinical PSGN in family contacts of index cases and found 

that the incidence of nephritis in siblings was 9.4%.  However, the subclinical/clinical ratio 

in studies differs markedly ranging from 1.28 (Tasic and Polenakovic 2003) up to 

19 (Sagel et al. 1973).  The high variability in clinical/subclinical ratios of PSGN reported 

could be due to the fact that diagnostic methods have improved, thus Sagel et al. (1973) had 

a higher incidence of subclinical undiagnosed cases in 1973 than Tasic and Polenakovic in 

2003.  Both studies indicate that in clinical practice not all cases of PSGN are detected.  

Therefore, the prognosis for the subclinical and missed cases is unknown.  The epidemiology 

of S. pyogenes infections that cause PSGN is not clear and no exact data are 

available (Muscatello et al. 2001).  Therefore, this review will also include the incidence and 

prevalence of pharyngitis, impetigo and ESRF in an attempt to elucidate the epidemiology 

for PSGN, as these diseases are linked (Figure 2.7).  

 
Figure 2.7. Schematic diagram relating group A streptococcal infection with post-

infection sequelae. 

 

It is well established that colonisation of either the throat or skin with S. pyogenes is 

necessary for the development of PSGN; therefore, it is important to examine the 

epidemiology of both these infections when discussing streptococcal-induced 
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glomerulonephritis (Ashbaugh et al. 2000).  As the leading cause of pharyngitis, the 

prevalence of streptococcal throat infections remains high even in the developed world.  It 

constitutes a significant health problem as was found in The National Ambulatory Medical 

Care Survey undertaken in the United States (US) in 1996 (Schappert 1998).  This survey 

found that in 1996, 18 million patients sought care for a sore throat, making it the sixth 

leading cause of visits to the physician.  It is believed that the actual affected population is as 

much as four to six times greater.  It has been estimated that 15% of pharyngitis cases in the 

US are attributable to S. pyogenes infection (Nelson et al. 2001).  Therefore, S. pyogenes 

infection accounts for at least 2.5 million cases of pharyngitis annually.   

 

Interestingly, Australian Aboriginal communities have a much lower rate of S. pyogenes 

throat carriage between 0 and 14%, yet streptococcal skin carriage and pyoderma are 

widespread (Currie and Carapetis 2000).  The two most important skin infections in 

Aboriginal communities are scabies infection and streptococcal pyoderma (Currie and 

Carapetis 2000).  Scabies infestation is endemic with up to 50% of children in these 

communities being infected and this scabies infestation underlies many cases of 

streptococcal pyoderma (Currie and Carapetis 2000)..  Pyoderma in these remote 

communities in central and northern Australia has an estimated point prevalence of between 

10 and 70% in children (Nimmo et al. 1992, Van Buynder et al. 1992, Carapetis et al. 1997).  

Furthermore, it has been shown that in these communities haematuria was associated with 

having streptococcal impetigo, positive streptococcal skin cultures and a history of PSGN 

(Van Buynder et al. 1992).  Subsequent studies have shown a clear association with elevated 

antibodies to streptococcal M protein (evidence of recurrent streptococcal infections) and 

persistent albuminuria (Goodfellow et al. 1999).  Furthermore, the presence of 

microalbuminuria and macroalbuminuria has been shown to predict diabetes independent of 

other known risk markers of development of type 2 diabetes in Aboriginal people (Wang and 

Hoy 2006).  Thus, these findings provide a rationale for the effective control of streptococcal 

skin infections in childhood including possible prophylactic antibiotic therapy to prevent 

renal disease alongside other measures to control renal disease (i.e. obesity prevention). 

 

In these communities infection with the mite Sarcoptes scabiei, is endemic and affects up to 

50% of children (Currie and Carapetis 2000).  Skin infection with the scabies mite is 

subsequently colonised by S. pyogenes and results in pyoderma.  Scabies underlies 50 to 

70% of cases of streptococcal pyoderma in NT aboriginal communities (Currie and Carapetis 

2000).  This outlines the critical importance for control of scabies in these remote 

communities (Figure 2.8). 
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Figure 2.8. Factors affecting skin disease in Aboriginal communities (adapted from 

Currie and Carapetis 2000). Note: GAS = Streptococcus pyogenes, group A streptococcus; 

APSGN = acute post-streptococcal glomerulonephritis; ARF = acute rheumatic fever. 

 

In the NT of Australia, PSGN is a reportable disease; therefore the records for epidemics are 

fairly reliable.  PSGN epidemics occur frequently throughout Aboriginal communities in NT 

(Johnston et al. 1999).  In one such epidemic 10% of the children in the community were 

diagnosed with PSGN (Gardiner and Sriprakash 1996).  However, outbreaks of PSGN are 

not only confined to Aboriginal communities in rural Australia. Muscatello et al. (2001) 

reported several recent clusters of PSGN in New South Wales (NSW), Australia.  Two 

clusters of this inflammatory kidney condition occurred in NSW, one in a rural town in 

December 1999.  The other reported cases occurred in a Sydney suburb in January 2000.  In 

both of these cases the incidence was highest in children aged 5-9 years, boys and Aboriginal 

children.  While in both cases there were only 7 children involved, this study highlights the 

need for continued vigilance regarding symptomatic streptococcal pharyngitis.   

 

A 16-year retrospective review conducted in Sydney found that significant differences were 

seen in low-incidence urban Australian populations with PSGN compared with endemic or 

epidemic disease in high-risk populations, such as developing countries or Aboriginal 

communities (Blyth et al. 2007).  Specifically, they did not identify significant seasonal 

differences with a constant rate across all seasons, whereas seasonal differences have been 

identified in high-incidence settings (Mimouni et al.2003, Buczek et al. 2006). PSGN 
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following pharyngitis was most frequently observed whereas in endemic or epidemic settings 

PSGN skin infection is most likely responsible, and a higher rate of complications was 

found, however this may reflect referral bias given that the study was conducted in a tertiary 

paediatric hospital.   

 

Thomson (1997) analysed the renal disorders in South African children of Negroid origin.  

He found these children had an increased prevalence of PSGN, compared to South African 

children of Caucasian origin.  When comparing the differing spectrum of renal problems for 

paediatric admissions, he found that PSGN formed 10.7 per 1000 of the paediatric 

admissions at the hospital treating Negroid patients, while it formed 2.5 per 1000 of the 

admissions in a hospital treating Caucasian patients (Thomson 1997).  It must be noted that 

Thomson did not include the racial ethnicity of the individual admissions for PSGN but 

made a generalisation that since the hospital’s patients were predominantly white, the 

majority of admissions for PSGN must also be white patients.  This may not be a complete 

representation.  However, this ratio is observed in the overall Johannesburg data of both 

Negroid and Caucasian children requiring renal transplantation following PSGN.  

Interestingly, there was a association between impetigo and PSGN in the black patients 

which is also found in Australian Aboriginals (Thomson 1997).  This is reflected in the fact 

that both groups are high-risk with similar socioeconomic factors and in these high-risk 

groups skin infection with S. pyogenes is most frequently responsible for PSGN (Potter et al. 

1971, Carapetis et al. 1999, Berrios et al. 2004). 

 

Many of the primary glomerular diseases such as PSGN and IgA nephritis can progress to 

chronic renal failure. However, the long latency period between the initial trigger and the 

subsequent sequelae make it difficult to discern the initial causative mechanism.  Therefore, 

when investigating PSGN, it is necessary to extrapolate the incidence of PSGN from the 

prevalence of ESRF, obtained from dialysis and renal transplantation rates.  For instance, 

Thomson (1997) found that PSGN was the second commonest reason for renal failure in 

South African children.  It accounted for approximately 35% of cases of renal failure in 

Johannesburg from 1984 to 1996 in all children regardless of ethnicity (Thomson 1997).  In 

an overview, Barsoum (2002a) suggested that in the developing world, which included 10 

representative countries, glomerulonephritis, not diabetes, was the main cause of ESRF.  

This is particularly important since at least 85% of patients with ESRF reside in the 

developing world (Barsoum 2002a). 

 

As an estimated figure, the incidence for new cases of ESRF (based on 8 reporting 

countries), varied from 40 patients per million population (pmp) in Pakistan to 340 pmp in 
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Mexico.  Since this data was collected from nephrologists by a questionnaire and not from 

reliable registries it may contain some inaccuracies.  However, it eliminates much of the 

selection bias (namely geographical) involved in the very few international registries and 

allows identification of important international trends.  Another study by Dyck and 

Tan (1998) examined the causes of non-diabetic ESRF in indigenous people residing in the 

Saskatchewan province of Canada.  Canadian indigenous people were 2.5 times more likely 

to develop ESRF compared to the people in the general Canadian population (Figure 2.9) 

(Dyck and Tan 1998).  

 

 
Figure 2.9. Rates of non-diabetic ESRF in Saskatchewan, 1981 to 1990, among 

registered indigenous and non-indigenous people by age group (Dyck and Tan 1998). 

Note: Shaded boxes represent the indigenous population while the non-shaded boxes 

represent the non-indigenous population. 

 

In this population, diabetes is the most common cause of ESRF.  However, in one-third of 

diabetics with ESRF, a form of primary or secondary glomerulonephritis was also diagnosed.  

Therefore, glomerulonephritis may be a compounding factor in the development of ESRF by 

diabetics. 

 

This study did not specify the type of glomerulonephritis.  However, the study emphasized 

the high prevalence and incidence of non-diabetic ESRF in this group especially when 

compared to the non-indigenous population.  Schaubel et al. (1999) found that ESRF in 

Canada in the province of Saskatchewan had a similar incidence of ESRF in 1981 and 1996 

as other Canadian provinces.  Therefore, the results of Dyck and Tan (1998) could be 

extrapolated to other populations of Canadian indigenous people.  Schaubel et al. (1999) 

projected the incidence rates of ESRF to 2005 among both diabetic and non-diabetics in 

Canada (Figure 2.10).  It can be seen that the incidence of non-diabetic ESRF is predicted to 
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almost double the incidence of diabetic ESRF, on a nationwide scale.  This projected 

increase is supported by the fact that other countries such as the United States, Germany and 

Japan have much higher incidence rates and the trends observed in these countries match 

those projected for Canada (Schaubel et al. 1999).  The increase in ESRF incidence may in 

part be attributable to higher survival rates for people with acute renal failure and with 

chronic diseases.  For example, patients with risk factors such as hypertension, are surviving 

longer and therefore at a higher risk for the development of ESRF. 

 

 

Figure 2.10. Incidence rates (per million population) of end-stage renal failure in 

Canada during 1981-1996 (observed) and 1997-2005 (projected) among people without 

diabetes mellitus (left) and those with diabetes (right) (Schaubel et al. 1999). 

 

An epidemiological study of ESRF in the European Union, found that the incidence of new 

cases of ESRF was 120 pmp (Berthoux et al. 1999).  This is a higher rate than in Canada for 

1995, which was 104 pmp.  However, this study did not analyse the aetiology for the ESRF.  

Another European study (Vendemia et al. 2001) assessed the aetiology for ESRF in elderly 

patients through the histological analyses of biopsies.  This study on ESRF analysed data 

from the Italian Registry of Renal Biopsies and found the incidence of primary glomerular 

diseases to be 30.8 pmp in the elderly.  Approximately 2% of these cases could be attributed 

to PSGN (Vendemia et al. 2001).   

 

There is some data regarding the incidence and prevalence of S. pyogenes throat and skin 

infections and ESRF; however literature on the epidemiology for PSGN is sparse 

(Brahmadathan and Koshi 1988, White et al. 2001).  The majority of the studies are from 

individual geographical areas or population groups but all literature supports the significance 

of PSGN in both the developed and developing world.   
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2.6 Prevention of Post-streptococcal Glomerulonephritis 

Although prophylactic antibiotic therapy for RHD is used widely (Feinstein et al. 1964) 

there is no evidence to suggest that administration of primary prophylactic antibiotic therapy 

to those infected with a nephritic strain of S. pyogenes will prevent the development of 

PSGN (Bisno 1990).  Bergholm and Holm (1983) showed benefits of penicillin prophylaxis 

in an animal model of PSGN.  In the model, administration of intra-muscular therapy with 

penicillin within the first three days of infection prevented the nephritic process. However, as 

PSGN and ARF often occur in geographic regions where ongoing antibiotic treatment is 

difficult (as in resource poor developing countries), or patients’ comply poorly with 

antibiotic regimes, a range of preventative strategies should be developed.  Some of the 

strategies currently being investigated include the development of vaccines that protect the 

host against colonisation and invasion by S. pyogenes, the development of adhesin or 

receptor analogs that block adhesion of S. pyogenes, replacement therapy using a commensal 

organism that competes with S. pyogenes for available sites in the host, the control of 

infectious diseases and potentially, the use of bacteriophages as an alternative to antibiotic 

treatment. 

 

2.6.1 Prophylactic Antibiotic Therapy 
Treatment of pharyngitis and school sores often terminates with prescribing an antibiotic.  In 

this review the shortfall of empirically based antibiotic treatment has been discussed.  

However, antibiotic therapy plays an important role in the prevention of PSGN outbreaks.  

Johnston et al. (1999) evaluated the use of penicillin in controlling outbreaks of PSGN in 

remote Australian Aboriginal communities.  By evaluating nine recent outbreaks in the NT 

of Australia and comparing them with outbreaks reported in the literature, they found that 

community-wide administration of penicillin can halt continuing transmission of ‘nephritic’ 

strains of S. pyogenes and therefore end outbreaks of PSGN (Johnston et al. 1999).  They 

also postulated that treatment of children with skin sores and household contacts of clinical 

cases rather than attempted treatment of all children in the community may be an effective 

method.  However, this was only assessed in one of the communities studied.  Current 

evidence shows that skin sores are the primary source of S. pyogenes responsible for 

outbreaks of PSGN further adding credence to their hypothesis (Johnston et al. 1999).  If 

targeted intervention were to occur it would have to be done with stringent screening 

programs to monitor for further PSGN outbreaks transmitted to other children.  

Johnston et al. (1999) were only able to compare their intervention against three published 

reports in the literature, thus limiting their analysis.  There are other reports that were 

conducted in northern Australia that have documented the success of mass benzathine 
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penicillin administration in epidemics (Streeton et al. 1995).  Johnston et al. (1999) did not 

report the duration of penicillin treatment that was used in their intervention. However, 

Dieter et al. (2000) compared the effectiveness of a five-day course of cephalosporin or 

macrolide with a ten-day course of penicillin in treating S. pyogenes pharyngitis and 

preventing PSGN.  They found that the rate of recurrence, post-inflammatory sequelae and 

clinical response rates were similar between the different treatment groups (Dieter et al. 

2000).  However, they did find resistance to the macrolides had a prevalence of 6%, 

renewing concern that the use of broad-spectrum antibiotics for a common infection may 

select for resistance.   

 

2.6.2 Scabies Treatment 
There is a well documented linked between PSGN and scabies infestation (Svartman et al. 

1973, Charmes et al. 1978).  In PSGN outbreaks, including those in Far North Queensland, 

infected scabies is a main preceding finding in the children (Jerath et al. 1979, Scrace and 

Koko 2006).  Furthermore, when comparing patients with ARF to those with PSGN, children 

with ARF have markedly fewer skin infections (Potter et al. 1978).  In Indigenous Australian 

communities, scabies is endemic.  Scabetic sores often become colonised by S. pyogenes in 

this geographic location (Currie and Carapetis 2000).  Therefore, treatment of scabies is 

critical in the prevention of PSGN and other post-S. pyogenes infection sequelae.  Individual 

communities have adopted treatment programmes using 5% permethrin cream.  These 

programs have been successful in some individual communities without the use of specific 

antibiotic interventions.  In one community the prevalence of scabies decreased from 29% to 

under 10% in a two year period (Currie and Carapetis 2000).  In addition, the rate of 

pyoderma in children decreased from 69% to approximately half that rate.  However, the 

movement of people between communities has limited the success of such programs, and 

improvements are only sustained in the short-term.   

It has been shown that in developing countries with populations that have high rates of 

scabies-related pyoderma, community treatment with scabicides alone reduces rates of 

pyoderma (Lawrence et al. 2005).  Specifically, Lawrence et al. (2005), administered 

ivermectin (160-250 µg/kg) once or twice weekly for two weeks to adults residing on small 

islands in the Solomons to control scabies, as part of a three year programme.  Children 

(≤15kg) and pregnant women were treated with 5% permethrin cream.  They found a 

significant decease in the prevalence of scabies and sores, a decrease in both streptococcal 

contamination of the fingers and anti-DNase B levels.  Furthermore, in children, the 

proportion of children with haematuria, as well as the mean level of haematuria decreased 

significantly.  No adverse effects from the treatment method were observed.  These results 
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showed that ivermectin is a safe agent for the control of scabies and that intervention 

programmes can reduce the occurrence of streptococcal pyoderma and possible signs of 

renal damage in children. 

 

For effective preventive strategies, there must be a co-ordinated approach between 

communities.  There is also a need for improvement in housing and living conditions in these 

communities where the current health status is unacceptably poor (Currie and Carapetis 

2000). 

 

2.6.3 Development of a Streptococcus pyogenes Vaccine Candidate 
The majority of the population suffering from post-infectious pathology to S. pyogenes 

infection reside in developing communities where poverty, remoteness and limited health 

expertise makes large-scale vaccination a possible option.  Multivalent vaccinations against 

Streptococcus pneumoniae have been successful in reducing the incidence of invasive 

disease due to that organism (Grijalva et al. 2007). Antibodies against the M protein mediate 

immunity to S. pyogenes.  However, there are two major impediments to the development of 

a M-protein based vaccine.  Firstly, the fact that more than 100 M serotypes exist.  Secondly, 

ARF is an autoimmune disease, and it is believed components of the M-protein are involved 

in the autoimmune response (Olive et al. 2002b). 

 

To develop a safe and broad-spectrum vaccine, Pruksakorn et al. (1994) focused on the S. 

pyogenes M protein C-region which is conserved in many S. pyogenes strains.  They 

identified a series of 15 overlapping peptides, which span the entire length of this region on 

the M protein, a peptide p145 (Pruksakorn et al. 1994).  Additionally, p145 is recognised 

antigenically by the majority of adults residing in the areas of high S. pyogenes exposure.  

Furthermore, Brandt et al. (1996) found that the acquisition of S. pyogenes immunity 

occurred at the same chronological age as acquisition of antibodies to p145; therefore, it 

showed potential as a vaccine candidate.  Human sera with antibodies to p145 have been 

shown to be opsonic against heterologous S. pyogenes strains (Brandt et al. 1996).  However, 

it was identified that p145 shared T cell autoepitopes that cross-react with human cardiac 

myosin (Pruksakorn et al. 1994) and keratin in a murine model (Hayman et al. 1997).  

Therefore, Hayman et al. (1997) identified two peptides, J8 and J14 (closely related to J8), 

which may be important in conferring immunity to S. pyogenes.  These peptides were 

designed so that they would not contain cross-reactive T cell autoepitopes, which are 

involved in the pathogenesis of RHD, but did contain an opsonic B cell epitope.   Olive 

et al. (2002a) found that S. pyogenes colonisation of the throat was significantly reduced 
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following intranasal immunisation of mice with the vaccine candidate J8 or J14 conjugated 

to the diphtheria toxoid carrier when administered with cholera toxin B subunit.  Moreover, 

these mice had significantly higher survival rates compared with the control groups that were 

either immunised with cholera toxin B subunit or phosphate buffered saline (PBS).  This 

vaccine contains a protective B cell epitope and lacks a T cell autoepitope (Olive et al. 

2002b). 

 

Olive et al. (2002a) have also used the J8 peptide in a lipid core peptide construct to induce 

protective immune responses as a S. pyogenes vaccine.  Parenteral administration of mice 

with the lipidic polylysine core (LPC) induced high-titre serum immunoglobulin G 

J8-specific antibodies when it was administered both with and without complete Freund’s 

adjuvant.  Specifically, when J8 was administered with LPC it had significantly enhanced 

immunogenicity compared with the monomeric peptide J8 given with complete Freund’s 

adjuvant.  The antisera obtained from the J8-LPC construct (either with or without Freund’s 

adjuvant) opsonised four different S. pyogenes strains.  These findings suggest that a LPC 

based M protein conserved region S. pyogenes vaccine may have potential in the induction of 

broadly protective immune responses (Olive et al. 2002a). 

 

Brandt et al. (2000) utilised a novel multi-determinant approach for the development of a S. 

pyogenes vaccine specifically designed for the Australian Aboriginal population.  They 

delivered a vaccine with combined epitopes from conserved and serotypic regions on the 

M protein, from strains of S. pyogenes which cause RHD in Australian Aboriginals.  The 

conserved region, J14, was added to form the basis of a broad-spectrum vaccine whilst they 

derived the N-terminal epitopes from S. pyogenes isolates common to the endemic region.  

Using this approach, they showed that it induced strong antibody responses to all peptides in 

outbred mice. The induced antibodies opsonised the S. pyogenes strains 88/30 and 2040 

in vitro (Brandt et al. 2000).  This approach demonstrates that multi-epitope vaccines 

(referred to as a heteropolymers) may be an effective way to prevent streptococcal infection.  

A shortfall of this design is that the conserved peptide is only completely conserved in 70% 

of S. pyogenes isolates; therefore, a slight change in sequence diversity at this J14 level may 

affect the vaccines’ efficacy.  Dunn et al. (2002) further evaluated delivery of the 

heteropolymer both parenterally and intra-nasally in a murine model.  They assessed the 

heteropolymer S. pyogenes vaccine construct with respect to the induction of S. pyogenes 

-specific secretory IgA and serum IgG antibody responses.  The vaccine was delivered with 

cholera toxin B subunit (adjuvant) which is required to induce effective antibody 

responses (Dunn et al. 2002).  They elicited high titre serum IgG responses to the 

heteropolymer following all forms of administration with the adjuvant.  The serum IgG 
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antibodies were detected to the individual heteropolymer peptides following intra-nasal 

delivery (as with parenteral delivery) but not oral delivery.  These results support further 

research for mucosal delivery of a S. pyogenes-based vaccine, since a primary route of S. 

pyogenes infection is via the upper respiratory tract.   

 

Hu et al. (2002) utilised a different approach in the development of a streptococcal vaccine, 

based on the amino-terminal region of M protein.  They combined small amino-terminal 

M protein peptides to make a 26-valent M protein based vaccine with recombinant 

technology.  The vaccine is constructed from four different fusion proteins that contain six or 

seven M protein fragments, linked in tandem.  The amino-terminal region of M protein is 

least likely to cross-react with human tissue and yet has been shown to evoke antibodies with 

bactericidal activity (Hu et al. 2002).  The authors administered the vaccine intramuscularly 

in a formulation with alum to rabbits.  The vaccine was highly immunogenic and induced 

broadly protective antibody, in the opsonisation and indirect bactericidal activity assays.   

The results utilising this technology suggest that protective antibodies can be induced while 

limiting the potential cross-reactions; however, these trials require similar results to be 

obtained in humans.  

 

2.6.4 Phage Therapy  
Resistance of microorganisms to antibiotic treatment is an emerging trend.  Despite the fact 

that S. pyogenes remains susceptible to penicillin, treatment failure occurs in up to 20% of 

patients (Brook 2007).  The mechanisms behind this failure are unknown but hypotheses 

include: i) beta-lactamase producing bacteria shield S. pyogenes from penicillin and are often 

recovered from patients with recurrent S. pyogenes pharyngitis, ii) non-compliance with a 

ten-day course, iii) carrier state, iv) re-infection, v) S. pyogenes intracellular internalisation 

and thus avoiding phagocytosis and vi) penicillin tolerance.  This treatment failure results in 

a high carriage rate of the bacteria, which is the source for outbreaks of both PSGN and 

RHD.  A novel approach to reduce carriage would be the use of bacteriophage or ‘phage’ 

therapy.  Phage therapy could utilise the virulent C1 bacteriophage that specifically infects 

Group C Streptococci and produces a lysin.  This lysin can cause lysis of Groups A, C and E 

streptococci in vitro.  Nelson et al. (2001) purified lysin in vivo and examined its killing 

ability on S. pyogenes mediated pharyngitis in a mouse model.  They found that lysin has a 

rapid lethal effect both in vitro and in vivo on S. pyogenes, without affecting other oral 

microflora.  This general approach could be used to either eliminate or reduce S. pyogenes 

from the carrier state of humans and thereby reducing streptococcal disease   
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2.6.5 Replacement Therapy  
The importance of the human reservoir of S. pyogenes in the pharynx with regard to 

outbreaks has previously been discussed (Section 2.2.2).  The carriage of pathogens, 

including S. pyogenes, in the flora of the nasopharynx is related to other diseases, such as 

acute otitis media, and therefore research has been conducted to modulate the microflora.  

Bacteriocins are proteinaceous antimicrobials produced by bacteria which kill closely related 

bacteria but not the producer strain itself, which exhibits some degree of immunity to that 

bacteriocin (Walls et al. 2003).  Bacteriocin-like inhibitory substance (BLIS) has been used 

to describe bacterial products that have inhibitory actions like those of bacteriocins prior to 

the isolation and characterisation of the active agent.  In the oral cavity, the presence of 

Streptococcus salivarius producing the lantibiotic, salivaricin A (SalA), has been shown to 

reduce the frequency of acquisition of S. pyogenes in school children (Dierksen and Tagg 

2000).  S. salivarius is a primary coloniser of neonatal oral mucosal surfaces and a 

predominant component of the human adult oral microflora and is not associated with 

disease in healthy individuals (Upton et al. 2001).  S. salivarius inhabits the human oral 

microflora in large numbers and there are no reports of it causing infections and only rare 

reports of bacteraemia or meningitis in immune-compromised patients (Tagg and Dierksen 

2003).  To date, all S. pyogenes strains tested have been found to be susceptible to growth 

inhibition by SalA.  The potential benefits of replacement therapy, such as BLIS, are 

numerous.  Their narrow-spectrum of activity allows a targeted solution to pathogen control 

by modulating the microflora composition with specific introduction of strains of naturally 

occurring species (Tagg and Dierksen 2003).  Therefore, BLIS therapy may be utilised to 

reduce or eradicate S. pyogenes carriage in humans and thus decrease S. pyogenes outbreaks 

with accompanying reductions in mortality and morbidity. 

 

2.6.6 Host Immunomodulation  
Current anti-inflammatory and immunosuppressive treatments are non-specific.  Whilst 

treatments such as corticosteroids do probably exert some anti-complement effects, they are 

not selective. With the role of complement in renal disease becoming clearer, anti-

complement therapies may have some worth (Mathieson 1998).  Bao et al. (2003) 

administered a soluble recombinant complement C3 inhibitor to MRL/lpr lupus mice.  They 

found that there were significant reductions in glomerulosclerosis, C3d, IgG, IgG3 and IgA 

in treated mice compared to controls.  This finding, whilst specific to lupus nephritis in mice, 

indicates that the strategy of using recombinant complement C3 inhibitors to reduce 

complement mediated renal damage is worthy of further study.  Similar strategies have not 

been done for PSGN.   
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2.7 Economic Burden of Post-streptococcal Glomerulonephritis 
S. pyogenes infection accounts for between three and 30% of patients presenting with a sore 

throat, depending upon the reporting country, season of the year, and other confounding 

factors (Wong and Chung 2002, Neuner et al. 2003).  The diagnosis and management of 

pharyngitis is a significant healthcare burden.  Many studies have analysed the most 

cost-effective method to treat pharyngitis.  There is much emphasis regarding the most 

cost-effective treatment, since untreated pharyngitis may progress to S. pyogenes-mediated 

sequelae.  This in part explains why despite the low incidence of S. pyogenes-mediated 

pharyngitis, 75% of adults presenting with a sore throat are given antibiotics (Neuner et al. 

2003).  In a study by Neuner et al. (2003), it was found that the most effective and least 

expensive strategy, at a baseline S. pyogenes pharyngitis prevalence of 9.7%, was to base 

treatment on culture of S. pyogenes.  This costs approximately $US6.66 per person treated, 

without including the cost of the healthcare professional, or loss of income.  However, this is 

not the strategy of treatment that is carried out in the majority of cases.  Empirical antibiotic 

treatment is prescribed, thus costing an estimated $US17.86 per person treated, not including 

the cost of adverse effects and allergic reactions (Neuner et al. 2003). 

 

A much higher financial healthcare burden occurs when a streptococcal skin or throat 

infection proceeds to PSGN, and results in ESRF.  The treatment of ESRF is either renal 

dialysis or renal transplantation.  Both treatment methods are expensive.  The number of 

patients being treated for ESRF varies between countries.  The prevalence in Latin America 

is 189.8 patients pmp, in the US is 1131 pmp, in Japan is 1397 pmp and in the European 

Union 644 pmp (Bellorin-Font et al. 2002).  In Australian Aboriginals, the average 

prevalence of treated ESRF in the NT is approaching 1000 pmp.  More specifically, the 

prevalence of treated ESRF in some of these communities is as high as 2607 pmp (Hoy et al. 

2001a).  The annual medical cost in Australia of ESRF, incorporating the hospital 

admissions, is approximately AUD$100,000 per person treated (Hoy et al. 2001a). 

 

In the US the cost of keeping a single patient with ESRF alive for one year is estimated to be 

US$47,400 (Hutchinson 1999).  In a study conducted in Egypt, the cost of annual direct 

dialysis per capita was found to be US$11,000 for haemodialysis and US$15,000 for chronic 

ambulatory peritoneal dialysis (Barsoum 2002b).  Barsoum (2002b) then extrapolates that 

figure to the other 10 countries studied, regarding any differences to be due to factors such as 

salaries of the professionals and quality of materials used. This, therefore, must be treated as 

an estimate only if extrapolated to countries other than Eygpt.  In conclusion, this study 

reiterates that the cost of dialysis is high.  It is especially high when considering that the 
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quality of dialysis treatment is poor as reflected in the low frequency of dialysis treatments 

per patient and the high infection rate (Barsoum 2002b).   

 

The poor quality of dialysis treatment can be assessed in terms of mortality and morbidity 

rates.  For instance, in Venezuela, the gross mortality of patients on haemodialysis is around 

20%. This has an economic impact from the resulting hospital admissions and a social 

impact due to the resulting lack of a labour force (Bellorin-Font et al. 2002).  Blood borne 

infection due mainly to hepatitis B and C viruses is the leading cause of morbidity (Bellorin-

Font et al. 2002).  In an economic evaluation of ESRF treatment, in the Netherlands, it was 

found that the cost of dialysis was found to be approximately AUD$133,000 for every life 

year gained (de Wit et al. 1998). 

 

Renal transplantation is another treatment option for patients with ESRF. Approximately two 

to six individuals pmp receive a transplant in developing  nations every year (Barsoum 

2002b).  In the Netherlands, the cost of renal transplantation was estimated as AUD$25,000 

per life year gained (de Wit et al. 1998).  In the Netherlands, the total expenditure of the 

ESRF treatment program was AUD$650 million per annum.  On a national scale this 

accounts for 1.1% of the health care budget, being spent on just 0.0006% of the 

population (de Wit et al. 1998).  The incidence and prevalence of ESRF in Canada has 

already been mentioned.  Schaubel et al. (1999) reported that 17,807 patients across Canada 

required renal dialysis and/or transplantation in 1997.  It is important when analysing and 

comparing figures for the cost of ESRF to also incorporate hidden or indirect costs, such as 

outpatient service, drug treatment, social support and lack of workforce.  Klefter and 

Nielsen (2002) calculated that in addition to the US direct cost of approximately US$50,000 

for haemodialysis per patient per year of treatment, between US$10,000–15,000 should be 

added for loss of income, state tax, and sick leave pensions.  The inclusion of costs borne by 

the family (indirect costs) will further increase this sum (Klefter and Nielsen 2002). 

 

The treatment of chronic renal failure and ESRF results in a significant healthcare burden, 

with economic and political consequences.  With continued research into the predisposing 

medical conditions, such as PSGN, it is hoped that the incidence and prevalence of ESRF 

will decline.  This will result in a cost reduction. 

2.8 Pathogenesis of Post-streptococcal Glomerulonephritis 
S. pyogenes is an unusual bacterial pathogen because it has an ability to invade the human 

host through mucosal membranes as well as the skin.  While the initial focus of infection, 

pharyngitis and impetigo, are usually mild, occasionally invasive strains can disseminate 
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from the primary site of infection.  The bacteria express a number of surface proteins which 

allow adherence to numerous tissue sites and mediate interactions with the host 

molecules (Frick et al. 2003b).  The characteristics of the bacteria to attach to host cells and 

survive once it has invaded deeper tissues are strongly linked with its virulence. 

 

PSGN is an immune-mediated disease in which an immune complex containing 

streptococcal antigen is deposited into glomeruli.  PSGN is only associated with certain 

‘nephritic’ strains.  Various antigens from these strains have been implicated in causing the 

disease.  However, it may also depend on a variety of host and environmental factors.  The 

exact pathogenic mechanism for this inflammatory kidney disease remains virtually 

unknown, but it is believed to be a combination of S. pyogenes virulence factors and the 

immune response.  As yet, amongst numerous studies, no single bacterial component has 

been clearly identified as the causative agent for PSGN.  Similarly, the pathophysiological 

processes, which underlie the host-pathogen interactions, are poorly understood.  However, it 

has been postulated that the presence of streptococcal proteins in the renal microenvironment 

creates interactions with intrinsic glomerular cells and thus this interaction may lead to 

increased glomerular cellularity and the histological features observed in PSGN (Rincon et 

al. 2003).  Therefore, the pathology of PSGN is a complex interplay between characteristics 

of both host and pathogen.   

2.8.1 Host Factors 
Determination of the pathogenesis of PSGN is complicated by its auto-immune component.  

For example, whilst certain nephritic strains have been implicated in causing PSGN, not all 

patients infected with nephritic strains of S. pyogenes develop PSGN.  This suggests that 

there is some degree of host susceptibility (Ruiz and Soares 2003).  Recent research in 

genetics suggests that some patients may have ‘susceptibility genes’ which causes them to 

react in a specific way to proteins which they produce (Rutter 2002).  As has been previously 

mentioned (Section 2.4.1), PSGN exhibits characteristic histological changes.  Briefly, there 

is glomerular hypercellularity principally due to a proliferation of endogenous mesangial and 

endocapillary cells.  There is significant infiltration by immune response cells such as 

polymorphonuclear leucocytes, monocytes, neutrophils, CD4+ T lymphocytes and 

occasionally B lymphocytes or platelets.  Crescent formation and tubulo-intestinal 

inflammation may be present.  Studies with immunofluorescence microscopy have shown 

prominent capillary loop and mesangial deposition of IgG (mainly IgG3) and C3b with their 

presence diminishing with clinical improvement (Bannister et al. 1983, Peake et al. 1991, 

Pan et al. 1993).  Upon ultra-structural examination, there is characteristic epithelial 
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electron-dense deposits on the basement membrane corresponding to these immune 

complexes (Robson and Leung 1995). 

 

PSGN models involve both humoral and cell-mediated immunity.  A role for delayed-type 

hypersensitivity mediated by CD4+ cells has been implicated due to some of the disease 

manifestations, particularly the glomerular hypercellularity (Oda et al. 1997, Yamakami et 

al. 2000).  However, the complement pathway and action of anaphylatoxins results in the 

observed renal tissue inflammation (Rincon et al. 2003).  Initially in the infiltration process, 

resident endothelial and mesangial cells proliferate.  This is accompanied by infiltration with 

polymorphonuclear leukocytes and macrophages (Ferrario et al. 1985, Rincon et al. 2003).  

The presence of these inflammatory cells causes resident cells to proliferate (Masaki et al. 

2003).  The infiltration of macrophages is mediated by the complement-induced chemotaxis.  

This may be an antigen-mediated event.  Additionally, macrophages are a source of host 

plasminogen activators at the sites of infection and are implicated in glomerular injury and 

crescent formation (Masaki et al. 2003). Immunohistological studies have shown that 

resident glomerular cells (especially endothelial cells, followed by mesangial cells) comprise 

the majority of glomerular cell proliferation; possible following locally secreted growth 

factors.  The hypercellular glomeruli observed in PSGN are due to both inflammatory cells 

and glomerular resident cells (Oda et al. 1997). 

 

It is hypothesised that in-situ formation of nephritic streptococcal antigen-antibody 

complexes and immune complexes mediates the immune responses that occur in PSGN.  It is 

on this hypothesis that numerous researches have been conducted to determine ‘nephritic’ 

bacterial antigens and virulence factors.  These nephritic proteins would possess affinity for 

various parts of the glomerulus for them to mediate the pathogenic effects in PSGN 

(Yamakami et al. 2000).  It is postulated that the formation of  ‘immune complexes’ occurs 

when cryoglobulins such as IgG are modified by streptococcus (McIntosh et al. 1978).  Once 

both the antigen-antibody and immune complexes are released into the circulation, they 

lodge in the glomerulus and activate complement.  This occurs by attracting properdin and 

stimulates the alternate complement pathway.  Once glomerular bound, these antigens also 

assist subsequent immune complex formation with antibodies (Yamakami et al. 2000).  

Consequently, the classical complement pathway is activated, leading to the generation of 

further inflammatory mediators that will recruit inflammatory cells (Oda et al. 1997).  

Rincon et al. (2003) showed an example of this when they cultured rat mesangial cells with 

streptococcal erythrogenic toxin type B (speB).  They found that speB cultured cells had 

increased production of intercellular adhesion molecule-1, an inflammatory mediator which 

may promote the recruitment of leukocytes.   
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The activation and function of both the complement and plasmin-fibrinogen systems cannot 

be disregarded.  Antigen-antibody complexes mainly activate the classical pathway.  It is 

responsible for the augmentation of the effector functions of antibodies and concerned with 

the handling of immune complexes by maintaining their solubility.  This allows their safe 

disposal by the reticulo-endothelial system (Mathieson 1998).  The alternative pathway is 

directly relevant to facilitating the elimination of the bacteria.  It is activated through bacteria 

such as S. pyogenes.  Thus, it is antibody-independent and has a low level of 

activation (Mathieson 1998).  The entire complement system is tightly controlled to prevent 

excessive activation.  For example, Factor H is secreted by endothelial cells and regulates the 

alternative complement pathway (Mathieson 1998).  Similarly, clusterin is a plasma protein, 

which inhibits reactive complement haemolysis and is a component of the fluid phase 

SC5b-9 terminal complement complexes (Saunders et al. 1994).  Once either pathway is 

activated it leads to a final common pathway that culminates in the formation of the 

membrane attack complex (MAC or C5b-C9).  When the MAC is inserted in sufficient 

quantity into the plasma membrane of target cells it leads to the formation of pores, entry of 

water and extracellular ions, followed by cell swelling and ultimately cell lysis (Mathieson 

1998).  The complement pathway is involved with the recruitment and activation of 

leukocytes, the release of procoagulant heparan sulphate from endothelial cells and the 

activation of platelets.  This could directly influence resident kidney cells, by up-regulating 

transcription factors (Mathieson 1998).  These processes involving the complement pathway 

are implicated in causing renal injury.  This results from a disruption in the body’s tight 

regulation of complement pathway as shown in Figure 2.11 and this mechanism is 

implicated in the kidney damage found in PSGN.   
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Figure 2.11. Different activation pathways of the complement system that converge on 

a common terminal pathway (Mathieson 1998). Note: (MAC: membrane attack complex) 

 
Plasmin is known to interact primarily with C1 and mediate complement activation through 

the classical pathway.  In PSGN biopsies there is often evidence of the alternative pathway 

convertase, C3 and B synthesised in the proximal tubular epithelium (Welch et al. 2000, 

Welch et al. 2002).  This local synthesis relates to a role in glomerular inflammation and 

interstitial injury.   

 

Deposition of complement occurs before IgG in the disease process due to 

complement-mediated glomerular injury (Nordstrand et al. 1997).  The cytokines expressed 

in the mesangium can either be synthesised by resident mesangial cells or infiltrating 

inflammatory cells (Welch et al. 2002).  Several of these cytokines, such as interleukin-1, 

can up-regulate C3 transcription.  If these cytokines can gain access to either the Bowman’s 

capsule or proximal tubular epithelium, they could increase C3 expression in these areas.  

Once C3 is expressed in the interstitium, it can be activated further.  Local cell injury by 

nephritic S. pyogenes antigens can trigger the alternative pathway.  Another possible 

mechanism is that nonlytic insertion of the MAC into the resident epithelial cell causes an 
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expression of proteins, resulting in inflammation and cellular damage or death.  Cleavage of 

C5 by the classical or alternative pathway, C5 convertases, is the first step in generating a 

MAC.  This cleavage generates the small peptide, C5a, which is a potent chemo attractant, 

mediating the ingress of inflammatory mediators of both neutrophilic and lymphocytic 

lineages.  On other cell types, it can lead to signal transduction, causing apoptosis (Welch et 

al. 2000, Welch et al. 2002).   

 

Endothelin is a potent vasconstrictor protein which is known for its role in arterial 

hypertension.  Specific work has been conducted to evaluate the possible role of an 

endothelin in the pathology of PSGN.  Nicolaidou et al. (2003) examined the association 

between levels of endothelin-1 (ET-1), a potent vasoconstrictor peptide that can be produced 

by renal cells, and elevated diastolic and systolic blood pressure in children with PSGN.  

They found that plasma ET-1 levels were elevated compared to control children and a 

significant positive correlation was found between ET-1 plasma concentration and the level 

of both systolic and diastolic blood pressure.  It has been suspected that ET-1 is elevated in 

PSGN due to the findings of damaged endothelium, platelet activation and increased 

thrombin production in the glomeruli (Nicolaidou et al. 2003).  These findings indicate that 

ET-1 has a role in the hypertension of PSGN. However, the mechanism that results in ET-1 

overproduction has not yet been elucidated. 

 

2.8.2 Streptococcus pyogenes Virulence Factors 
Numerous bacterial surface factors are associated with S. pyogenes virulence.  The genes that 

encode these proteins are clustered on the chromosome, and the mga gene positively controls 

the expression of some of these virulence factors (Yinguo et al. 1996).  The M protein is a 

major virulence factor for S. pyogenes primarily through its ability to provide S. pyogenes 

with phagocytosis resistance (Frick et al. 2003b, Medina et al. 2003). Additionally, there is 

evidence for the involvement of M protein in bacterial adhesion to host tissue (Frick et al. 

2003b).  S. pyogenes can be classified into certain M serotypes based on the N-terminal 

sequences or nucleotide sequence analysis of the M protein gene (emm type).  Using 

epidemiological typing schemes, it has been demonstrated that most M types associated with 

pharyngitis (M1, M3, M5, M6, M12, M18, M19 and M24) are rarely found in impetiginous 

lesions (Bessen et al. 2000).  Numerous studies have since shown that the nephritogenic 

properties may also be ‘M-type’ dependent (Nordstrand et al. 1998).  The M types 

historically associated with PSGN are M1, M12, M49, M57 and M55 (Sriprakash et al. 

2002). Additionally it has been suggested that only certain sub-types within particular M-

types are nephritogenic (Bessen et al. 2000).  
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S. pyogenes has evolved several multi-gene regulons that respond to changing host 

environments through ‘stand-alone’ transcriptional regulator proteins.  Three of these 

regulons have been characterised with regard to their role in the virulence of S. pyogenes 

(Kreikemeyer et al. 2003).  Firstly, Mga (multiple gene regulator) is a transcriptional 

activator found in all serotypes of S. pyogenes and it regulates the expression of 

surface-associated and secreted molecules, which are essential in the colonisation of host 

tissues and overcoming the host immune response.  Mga-regulated genes encode: adhesins 

and invasins such as M protein (emm), streptococcal collagen-like protein (Scl1/sclA) and 

serum opacity factor (Sof); immune evasion factors, such as M protein and M-like Ig binding 

proteins (emm, mrp, arp and enn), C5a peptidase (scpA) and streptococcal inhibitor of 

complement (sic); as well as other putative virulence factors and proteins located outside of 

the core Mga operon (Kreikemeyer et al. 2003).  The expression of this Mga regulon is 

maximal during exponential growth, which suggests the secretion of these virulence factors 

may be required during the rapid growth associated with entry of S. pyogenes into tissue 

sites.  Secondly, the RofA-like protein (RALP) transcriptional family is involved during the 

stationary growth phase of S. pyogenes.  It is concerned with the control of S. pyogenes host-

cell interactions, avoidance of host-cell damage and balanced virulence factor 

expression (Kreikemeyer et al. 2003).  Genes encoded include microbial surface components 

that recognise adhesive matrix molecules such as fibronectin-binding proteins, 

collagen-binding proteins, hemolysins such as those encoding streptolysin S, 

proteases (SpeB), superantigens (SpeA) and other virulence regulators (Mga) (Kreikemeyer 

et al. 2003).  Thirdly, Rgg/RopB is a transcriptional regulator that is expressed during the 

stationary phase of growth and is homologous to other Gram-positive organism 

transcriptional regulators.  The expression of extracellular SpeB cysteine protease is 

dependent upon this regulator (Kreikemeyer et al. 2003).  Figure 2.12 shows the S. pyogenes 

response regulator-controlled growth-phase orientated regulatory network, which includes 

RALPs, Mga and Rgg/RopB.   
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Figure 2.12. Growth phase dependent transcription of mga, RofA-like 

proteins (RALPs) and rgg/ropB and their influence on Streptococcus pyogenes virulence 

factor expression (Kreikemeyer et al. 2003) Note: Boxes contain virulence genes either 

upregulated (up arrow) or downregulated (down arrow) by Mga (red), Nra/RofA (blue) and 

Rgg/RopB (green).  Autoregulated regulons are identified by an asterix.  MSCRAMMs refer 

to microbial surface components recognizing adhesive matrix molecules. 

 

M Protein 

There are many properties of the M protein that confer resistance to phagocytosis.  These 

include the ability of M proteins to bind plasma fibrinogen that subsequently coats the 

bacterial surface and blocks the activation of the alternative complement pathway (Medina et 

al. 2003).  The M protein and fibrinogen also bind factor H, a potent regulator of the 

complement cascade, which prevents the generation of C3b (Hartas and Sriprakash 1999, 

McLellan et al. 2001).  The generation of C3b is required for target-marking.  However, 

research conducted indicates that the ability of M proteins to confer protection against 

phagocytosis is limited by the genetic background of the bacterial strain.  Furthermore, it has 

been postulated that M proteins require additional factors to exert this protective 
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mechanism (Kotarsky et al. 2000).  Kotarsky et al. (2000) examined the ability of the two 

proteins, Emm5 and Emm22, to provide resistance against phagocytosis in heterologous 

S. pyogenes strains.  They found that the genetic background of the strain restricted the 

anti-phagocytic ability of the two proteins.  These results can lead to numerous postulations.  

Firstly, it is possible that certain lineage specific systems are required to correctly process the 

expression of these proteins.  Supporting this theory, there is evidence that streptococcal 

cysteine proteinase cleaves proteins belonging to the M protein family, possibly modulating 

the expression of these proteins (Berge and Bjorck 1995).  Secondly, the results of 

Kotarsky et al. (2000) could be explained by a requirement for additional factors before M-

protein can exert their antiphagocytic effect.  The authors investigated the opacity 

factor (OF).  However, OF+ backgrounds did not confer resistance to phagocytosis with the 

M5 and M6 proteins which suggests other factors may be required.  Courtney et al. (1997) 

investigated the ability of the M5 and M18 proteins to mediate streptococcal adhesion to host 

cells and confer resistance to phagocytosis in the presence and absence of fibrinogen.  They 

found that these two proteins confer resistance to phagocytosis when expressed on the 

surface of an M-negative strain (type 24).  In a similar strain (87-282), the authors found the 

inactivation of the emm18 gene had little to no effect on growth in blood (Courtney et al. 

1997).  The different genetic background of the strains may result in the expression of 

additional virulence factors required for antiphagocytic activity and explain the variable 

results of these two studies.  With specific regard to PSGN, only certain M protein serotypes 

of S. pyogenes are associated with this disease.  Whilst current research suggests that 

M protein is required for colonisation of S. pyogenes, it is not a putative nephritogenic factor 

in PSGN. 

 

C5a Peptidase 

S. pyogenes’ interferences with the host’s defences are highly significant.  With the 

discovery of new chemokines, it is becoming evident that the bacterium’s responses to early 

inflammatory events are also critical to the outcome of the infection.  As previously 

discussed, the role of the complement peptide, C5a, is critical in the inflammatory defences.  

Cleary et al. (1992) demonstrated that S. pyogenes C5a peptidase (SCPA) is highly specific 

for the complement peptide C5a.  The gene encoding SCPA (scpA) is found in all screened 

S. pyogenes serotypes though the expression of scpA is limited to specific S. pyogenes 

strains.  Recently, Yinguo et al. (1996) showed that SCPA negative bacteria were 

transported to lymph nodes primarily by polymorphonuclear leukocytes, whilst wild-type 

streptococci (SCPA positive) avoided this transportation to the lymph nodes and rapidly 

spread to the spleen.  It must be noted that whilst some of the wild-type streptococci strains 

were found in the spleen, this result was not consistent.  Of particular significance, was the 
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finding that “air sacs” infected in a murine model, with the SCPA negative mutant contained 

twice as many inflammatory cells as those inoculated with SCPA+ (wild-type) 

streptococci (Yinguo et al. 1996).  These results suggest that SCPA plays an important role 

in the elimination of the C5a chemotactic gradient and thus delays the influx of granulocytes 

and subsequent clearing of streptococci.  The significance of this observation to specific 

virulent or nephritogenic strains is limited by the fact that all serotypes of S. pyogenes 

screened to date either carry the gene or express the protein.  Further work is required to 

assess whether particular nephritogenic strains produce SCPA over other strains.  

Alternatively, it is not known whether specific host factors trigger the release of this 

virulence factor, thus resulting in nephritogenic sequelae. 

 

Streptococcal Inhibitor of Complement 

Another potential virulence factor encoded by the Mga regulon is the streptococcal inhibitor 

of complement mediated cell lysis (SIC).  This protein has been found only amongst M1 

strains (Fernie-King et al. 2001).  This M type is historically associated with PSGN.  

Moreover, the sic gene has been shown to exhibit a level of polymorphism which far exceeds 

that of other genes in these organism and it has been demonstrated that natural selection has 

contributed to sic variation (Hoe et al. 1999, Ma et al. 2002).  Matsumoto et al. (2003) 

determined that in some pharyngitis patients, SIC variants arise very rapidly in vivo.  In their 

analysis of 2000 organisms from 20 patients, 5 patients had M1 S. pyogenes subclones 

containing multiple distinct sic variants in the posterior pharynx (Matsumoto et al. 2003).  

This indicates that an individual can have a heterogenous M1 population characterised by sic 

variants.  Therefore it can be postulated that human mucosal surfaces confer natural selection 

for variants of sic gene (Hoe et al. 1999, Brandt et al. 2001).  SIC is a 31,000 molecular 

weight extracellular protein which is secreted in large amounts and inhibits cell lysis by the 

MAC in vitro (Fernie-King et al. 2001).  It has been shown using strain AP1 (an M1 strain) 

that SIC binds to clusterin (another putative fluid phase inhibitor) and thus is incorporated 

into the MAC (Sriprakash et al. 2002).  SIC has also been shown to bind to 

histidine-rich-glycoprotein, which is reported to interact with complement function (Fernie-

King et al. 2001).   

 

Fernie-King et al. (2001) demonstrated in a reactive lysis experiment using guinea pig 

erythrocytes that recombinant SIC (rSIC) prevented MAC prior to C3b67 complexes binding 

to the cell membranes.  They compared the ability of SIC and clusterin to inhibit 

complement lysis and found them to be equally efficient.  Thirdly, in ELISAs both SIC and 

rSIC bound strongly to C5b67 and C5b678 complexes and to a lesser degree C5b-9, but they 

bound only weakly to individual complement components.  They propose that since 
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S. pyogenes are inherently resistant to complement lysis due to the peptidoglycan wall 

making their cell membranes inaccessible to MAC, the ability of SIC to inhibit the MAC 

may not be its only function.  Frick et al. (2003) have demonstrated that SIC protein 

inactivates human neutrophil α-defensin and LL-37, two antibacterial peptides involved in 

clearance of S. pyogenes.  This inactivation protected S. pyogenes against this antibacterial 

effect.  Furthermore, the SIC they isolated from the M1 serotype (the frequent cause of 

severe invasive S. pyogenes infections) was more powerful in this inactivation than SIC 

variants from strains of M serotypes 12 and 55.  These latter serotypes are rarely associated 

with invasive infections (Frick et al. 2003a).  Lukomski et al. (2000) showed that SIC 

mediates enhanced mucosal colonisation ability in a murine model.  In their study 

inactivation of sic decreased colonisation of the host mucosal surface by S. pyogenes. 

However, the molecular mechanisms for this finding were not elucidated (Lukomski et al. 

2000).  The authors also showed that 82% of the persistently colonised mice raised specific 

serum IgGs directed against the SIC protein and these antibodies have also been identified in 

the serum of human subjects.  The authors propose these observations suggest a host 

antibody may select new SIC variants.  With regard to the molecular basis of this interaction, 

Hoe et al. (2002) showed that SIC binds to ezrin and moesin, two human proteins that 

functionally link the actin cytoskeleton to the host-cell surface, thus altering cellular 

processes critical for the efficient S. pyogenes contact, internalisation and killing.  The 

isogenic sic-negative mutant adhered to human epithelial cells significantly better than the 

wild-type parental strains.  Hence, SIC is rapidly internalised by host cells, which suggests it 

may interact with intra-cellular proteins to alter cell morphology.  Purified SIC inhibited the 

adherence of both the sic-negative M1 mutant and non-SIC producing S. pyogenes strains.  

SIC binds to the actin-binding domain located at the carboxyterminal of ezrin and moesin, 

resulting in paralysis of the cytoskeleton.  The authors demonstrated that SIC co-localised 

with ezrin in discrete regions of polymorphonuclear leukocytes, in an intracellular 

interaction, to avoid phagocytosis and death (Hoe et al. 2002).  In human epithelial cells, this 

interaction results in decreased in vitro internalisation of S. pyogenes.   

 

Two variants of SIC protein have been described, those closely related to SIC from 

M57 (CRS) and those distantly related to SIC from M12 and M55 (DRS).  

Sriprakash et al. (2002) collected sera from Australian Aboriginal patients on a small island 

where streptococcal infection and PSGN are endemic.  They found that both CRS and DRS 

are immunogenic in natural infection and >70% of the sera from this population had 

antibodies to either antigen.  Additionally, a positive correlation was found between the 

presence of antibodies to CRS and antibodies to DRS. However, a significant positive 

association was only established between DRS seropositivity and a history of PSGN, there 
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was no association found between CRS seropositivity and previous PSGN (Figure 2.13).  

These results suggest that either due to undiagnosed subclinical cases, the relationship of 

serology with recorded history for PSGN may be underestimated or that DRS is of 

pathological significance.  Further research is required in a non-endemic population to test 

this association and explore its role in pathogenesis.  Brandt et al. (2003) investigated the 

genetic polymorphism of drs genes among invasive and non-invasive M12 S. pyogenes 

isolates and evaluated the potential of drs as an epidemiological marker for S. pyogenes 

outbreaks.  They found no association between individual drs alleles and the different 

restriction patterns of the vir (mga) regulon of the isolates studied.  Except for the allele 

drs12.04, all drs alleles were found among both invasive and non-invasive isolates or 

carriers (Brandt et al. 2003).  This supports the hypothesis that the mucosal surfaces are the 

principal reservoir from which organisms causing disease disseminates.  However, the fact 

that drs polymorphism and the vir (mga) regulon polymorphism show no association suggest 

that drs may be a valuable target in epidemiological investigations of S. pyogenes with 

emm12 and identical vir (mga) regulons (Brandt et al. 2003).   

 
Figure 2.13. Proportion of the population with a history of PSGN and the presence or 

absence of antibodies to CRS and DRS (Sriprakash et al. 2002). The data represent sera 

from 112 subjects with recorded PSGN history and 86 subjects who had no recorded history 

of PSGN; +ve and -ve represent sera with and without reactions to the antigens, CRS or 

DRS. *, Statistically significant (P= 0. 009). Note: SIC – streptococcal inhibitor of 
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complement mediated cell lysis, CRS – closely related to SIC, or DRS – distantly related to 

SIC 

 

Streptokinase 

Streptokinase (Ska) is an extracellular protein secreted by the majority of Group A, C, and G 

streptococci.  It is polymorphic and the gene is termed ska.  It binds to human plasminogen 

to form ska-plasmin complexes (Okada et al. 1995). These complexes have been considered 

as a major spreading factor in focal infection.  Analysis of these complexes from different 

streptococcal groups and strains has found them to be quite heterogenous (Okada et al. 

1995).  Okada et al. (1995) examined the major variable region of Ska genes of S. pyogenes 

isolated from patients with and without PSGN.  They found that unique classes of 

streptococcal ska do not play a causal role in PSGN; this work was conducted using both 

polymerase chain reaction and monoclonal antibodies.  Furthermore, the authors also 

investigated ska classes with respect to T-types of the streptococci and found no relationship.  

These findings, however, may be limited by the current six-class classification used for ska 

variants.   

 

In contrast, Nordstrand et al. (1998) demonstrated that ska production was required for the 

nephritic S. pyogenes isolate, NZ131, genotype ska1, to induce PSGN using a tissue cage 

model in mice.  PSGN was defined as a concentration of proteinuria of at least 0.1 mg/l, 

haematuria as a haemoglobin concentration corresponding to at least 10 erythrocytes/μl, 

glomerular C3 and IgG deposition, occlusion of capillaries and lobulation of the tuft of 

glomeruli and diffuse hypercellularity.  NZ131 has been shown to be nephritogenic and 

therefore this strain was used, and compared against the isogenic derivative of NZ131 with 

the ska gene deleted in their capacity to induce nephritis.  The NZ131 wild-type strain was 

shown to be nephritogenic with regard to hypercellularity capillary occlusion, proteinuria 

and C3 deposition. However, no significant differences were found with haematuria, IgG 

deposition or lobulation of the glomeruli tuft.  These results suggest that ska has a role in the 

early phase of the disease process and the authors propose the protein may actually be an 

initiator of the disease processes.  The finding that the occurrence of ska deposition increased 

with the degree of hypercellularity supports this proposition, indicating that ska deposits may 

hasten the pathological progression.  It must be borne in mind that whilst ska was 

demonstrated to induce significant nephritogenic changes in a mouse model, the clinical 

manifestations of PSGN were not fully induced.  Thus, it is plausible that factors additional 

to ska may be required in the pathogenesis.  The finding of Nordstrand et al. (1998) that the 

ska2 genotype was non-nephritogenic in the same mouse model supports this presumption.  
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Therefore, it is anticipated that ska has a role in PSGN; however, other putative virulence 

factors may be associated with this effect.   

 

Hyaluronate Capsule 

Dale et al. (1996) investigated the role of the hyaluronate capsule that is expressed in some 

streptococcal strains in resistance to opsonisation.  The authors used encapsulated parent 

strains and un-encapsulated transposon mutants of type 18 and type 24 S. pyogenes, in the 

presence or absence of fibrinogen. They showed that the two strains use different 

mechanisms to avoid phagocytic ingestion and killing.  In another example, of two strains 

having differing virulence mechanisms, McLellan et al. (2001) showed that a virulence 

factor, Spa, was expressed in M18 streptococci in addition to both hyaluronate capsule and 

M protein, unlike in M24 organisms.  They found that the presence of Spa and/or M protein 

was associated with antiphagocytic phenotypes, and they both prevented deposition of C3 on 

the mature cell wall in both non-immune human plasma and serum.  Spa is a virulence 

determinant and protective antigen, which shares some structural similarities with M proteins 

except that it does not contain a proline rich C terminus of internal tandem repeats.  In 

addition, to the phagocytosis findings, the authors also detected Spa antibodies in human sera 

of patients with a documented history of ARF (McLellan et al. 2001).  These results indicate 

that the protein is expressed during infection and is immunogenic.  However, this factor may 

not be responsible or implicated in the sequelae of PSGN.  A study of pharyngeal 

colonisation in baboons investigated the role of both M protein and the hyaluronic acid 

capsule on the ability of S. pyogenes to colonise the throat and induce humoral immunity 

(Ashbaugh et al. 2000).  They found that baboons challenged with the M protein-deficient 

strain, compared to the wild-type S. pyogenes, cleared the organism quickly without 

producing antibodies or developing specific immunity.  On the other hand, the acapsular S. 

pyogenes strain initially colonised the pharynx (for 2-3 weeks) but were subsequently 

cleared.  These results suggest both factors critically influence the ability of S. pyogenes to 

colonise the throat and induce immunity in baboons.  The authors propose that M protein 

may be acting as i) an anti-phagocytic molecule ii) an adhesin or iii) a combined effect.  The 

capsule, on the other hand, prolongs colonisation either through internalisation by epithelial 

cells, thus escaping the phagocytic defences, or by a direct protective effect of the capsular 

polysaccharide against opsonophagocytosis.  The hyaluronic capsule has been implicated in 

enhancing the ability of S. pyogenes to colonise the pharynx, improved internalisation by 

epithelial cells and avoidance of phagocytosis. However, its role in the pathology of PSGN 

remains unknown.   
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Streptococcal Pyrogenic Exotoxin Type B 

Streptococcal pyrogenic exotoxin type B (SpeB) is associated with S. pyogenes strains 

causing severe invasive diseases and thus is implicated as a virulence factor.  This protein, 

SpeB is an active streptococcal proteinase (Cu et al. 1998, Parra et al. 1998) encoded by 

speB.  Clinically, humans infected with pharyngitis and invasive infections caused by certain 

M protein serotypes seroconvert to cysteine protease, indicating that this virulence factor is 

expressed during the host-pathogen interactions (Lukomski et al. 1999). It has been 

postulated that SpeB contributes to virulence by direct and indirect mechanisms.  Directly it 

contributes to tissue damage through the cleavage of human extracellular matrix components 

and its cytopathic effect on human endothelial cells, both of which are involved in 

maintaining cell morphology and tissue integrity.  This may contribute to the histopathologic 

changes found in patients with severe invasive infections.  Indirectly, cysteine protease 

activates human endothelial cell matrix metalloprotease that is involved in tissue structure 

and function. Over-activation of human endothelial cell matrix metalloproteases can result in 

tissue destruction.  Similarly, cysteine protease cleaves plasma kininogen, resulting in kinin 

release. The subsequent increased vascular permeability may facilitate bacterial 

dissemination.  Using a mouse model, Lukomski et al. (1999) found that SpeB participates in 

the molecular pathogenesis of soft tissue disease and is required for efficient systemic spread 

from the subcutaneous inoculation site.  However, histopathologic studies showed no 

significant infection-related microscopic lesions in the heart, lung or kidney in any of the 

animals.  This could indicate that whilst cysteine protease may be required for bacterial 

dissemination, it is not clearly implicated in post-infectious autoimmune pathogenesis.  This 

is of particular interest since the dermatopathology shown in mice is representative of school 

sores in humans, which can precede PSGN (Lukomski et al. 1999).   

 

Alternative research suggests that this extracellular S. pyogenes plasmin-binding protein 

preferentially secreted by nephritis-associated S. pyogenes is associated with nephritis.   

Parra et al. (1998) examined the sera of patients with PSGN, patients with streptococcal 

infection not associated with PSGN and healthy volunteers.  They found that elevated 

anti-SpeB zymogen antibody serum titers were the best available marker for streptococcal 

infection associated with PSGN.  They tested anti-SpeB zymogen titers against ASO titers 

and found that ASO titers did not differentiate between streptococcal infection with and 

without nephritis.  It must be noted that anti-zymogen titers were superior to anti-peptidase 

titers due to the fact that SpeB zymogen is antigenically superior to SpeB (Parra et al. 1998).  

In a similar study, Cu et al. (1998) examined the anti-SpeB antibodies in the sera of patients 

with PSGN, ARF, scarlet fever and normal healthy children whilst also performing 

immunofluorescence studies on PSGN and non-PSGN kidney biopsies.  They found unique 
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reactivity to SpeB in both human sera and kidney biopsies of PSGN suggesting a significant 

role of this protein in PSGN pathogenesis (Cu et al. 1998).  In both these studies the direct 

enzyme-linked immunosorbent assay (ELISA), not a capture ELISA, was used.  The method 

of coating wells with antigen and incubating them is not the ‘gold-standard’ and thus it is not 

known what percentage of antigen coats the well.  In this situation, however, it is assumed 

that the binding would be similar across all wells but has not been validated.  The finding of 

SpeB, a cationic protein, in the glomeruli of PSGN by Cu et al. (1998) suggests that the 

antigen penetrates the negatively-charged basement membrane and attaches itself in the 

subepithelial area where it activates the complement system alone or as an antibody-antigen 

complex.  Furthermore, the authors also found that SpeB activated the alternate complement 

pathway that could explain the observation of complement and antigen deposition prior to 

antibodies.  Alternatively, SpeB binds plasmin, which is then not inactivated by 

α-antiplasmin and thus excess plasmin may activate complement and inflammation.  

Rincon et al. (2003) investigated SpeB’s role in inducing chemotactic molecules as well as 

the proliferation and expression of adhesion molecules, thus describing a potential 

pathogenic mechanism for the protein.  This is an additional possible mechanism for SpeB in 

the pathogenesis of PSGN. 

 

Nephritis-Associated Plasmin Receptor 

The nephritis-associated plasmin receptor (NAPlr) was found in the glomeruli of patients in 

early stage PSGN (Yamakami et al. 2000).  Antibodies to NAPlr were also found in the sera 

of patients within three months of PSGN onset.  These results suggest that NAPlr bound to 

the glomeruli may contribute to the pathogenesis of PSGN.  Furthermore, it was found to be 

extensively homologous in amino acid sequence to the plasmin receptor of S. pyogenes strain 

64/14 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Yamakami et al. 2000).  It 

has subsequently been shown to have both GAPDH activity and plasminogen-binding 

activity.  GAPDH is a key glycolytic enzyme recently found to be present on the surface of 

all M serotypes of S. pyogenes analysed.  It can bind to both fibronectin and lysozyme and 

the cytoskeletal proteins actin and myosin and therefore is thought to participate in 

colonisation of the host by the bacteria (Masuda et al. 2003).  Released soluble NAPlr would 

also be expected to bind to glomeruli and capture plasmin activated by ska.  The activated 

plasmin bound to NAPlr associates with the GBM and the mesangium (Masuda et al. 2003).  

Host inhibitors cannot regulate this and thus the bound-plasmin can cause tissue damage on 

the basement membranes or by activating procollagenases.  NAPlr can also participate in 

complement activation by the alternative pathway (Yamakami et al. 2000).  A proposed 

mechanism for PSGN is shown in Figure 2.14.  
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Figure 2.14. Schematic representation of proposed mechanism for PSGN (Yamakami et 

al. 2000). Note: C, complement; , activated complement; CIC, circulating immune 

complex; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GAP-Ab, anti-GAPDH 

antibody; Pl, plasmin; Plr, nephritis-associated plasmin receptor; Plr-Ab, anti-Plr antibody; 

SK, streptokinase. 

  

Pre-absorbing Antigen 

A unique pre-absorbing streptococcal antigen has also been implicated in the pathogenesis of 

PSGN.  This pre-absorbing antigen, PA-Ag was found by Yoshizawa et al. (1997) using 

immunofluorescence and labelled rabbit anti PA-Ag in the glomeruli of kidney biopsy 

specimens from patients in the early PSGN disease course.  Furthermore, Ouchterlony 

immunodiffusion analysis demonstrated antibodies to PA-Ag in the serum of patients with 

PSGN, but not in the serum of patients with uncomplicated streptococcal infections.  

In-vitro studies showed that PA-Ag activates the alternative pathway of complement.  This 

finding, combined with its presence in the glomeruli suggests it has a role in the 

pathogenesis of PSGN.  Yoshizawa et al. (1997) confirmed the nephritogenic role of PA-Ag 

in a rabbit model of PSGN.  Immunohistological analysis showed diffuse and global 
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glomerular staining for C3 without notable staining for gamma globulin.  Light microscopic 

examinations revealed slight to moderate proliferative glomerulonephritis with exudative 

change.  Control rabbits, however, did not show significant staining for C3.  The 

experimental model showed a resemblance to immunological and immunohistological 

features of PSGN in humans. 

2.8.3 Prophage Encoded Virulence Factors 
Previously in this review, chromosomally encoded virulence factors have been discussed. 

However, prophage encoded proteins also contribute to the pathogenesis of S. pyogenes 

infections.  Recent research has found that the majority of variation in S. pyogenes strain 

genomes responsible for disease is due to phages or phage-like elements.  These prophages 

play a fundamental role in the evolution and diversification of S. pyogenes strains and, more 

importantly, they account for a group of virulence factors.  Although these phage-encoded 

virulence factors only make up less than 13% of the S. pyogenes genome, they explain on 

average 56.2% of the difference in gene content between strains (Figure 2.15) 

(Banks et al. 2002, Boyd and Brussow 2002).  

 

Figure 2.15. The prophage content of Streptococcus pyogenes strains belonging to 

serotypes M1 and M18 (Boyd and Brussow 2002) Note: A. The insert in the center shows a 

dot-plot of the M1 vs. M18 DNA sequence.  The prophages causing interruptions were 

numbered one to five and this numbering was also used in the outer circle.   
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These virulence factors can further be broken down in two groups: pyrogenic toxin 

superantigens (PTSAgs) and non-PTSAgs.  The PTSAgs have been called streptococcal 

pyrogenic exotoxins. They bind major histocompatibility complex class II molecules and T 

cells bearing specific Vβ receptors, which results in activation of up to 20% of T cells.  This 

subsequent activation results in massive, non-specific release of cytokines, and thus 

contributes to the dysregulation of the immune response that is manifest in many systemic 

features of S. pyogenes-induced diseases such as PSGN.   Alternatively, the non-PTSAg 

proteins also secreted by S. pyogenes are believed to influence host-pathogen reactions.  

These proteins produced include DNases and a phospholipase A2.  These proteins have been 

referred to as mitogenic factors, and although a causal link between these proteins and S. 

pyogenes survival has not been established, these proteins induce antibodies in patients with 

various streptococcal infections. It is speculated that these proteins contribute to 

inflammation and coagulopathy (Banks et al. 2002, Boyd and Brussow 2002).   

 

S. pyogenes is a pathogen responsible for many invasive diseases that includes PSGN.  In 

this review, a few of these virulence factors have been described. It must be emphasised that 

whilst these factors may have a potential role in conferring virulence for S. pyogenes, they 

may not be implicated in the pathogenesis of PSGN.  It is proposed that a nephritogenic 

antigen fulfils three criteria (Rodriguez Iturbe 1984): 

1. Secretion by nephritis-associated S. pyogenes strains 

2. Presence in glomeruli of PSGN patients 

3. Presence of antibodies to nephritogenic antigens in convalescent sera from PSGN 

patients. 

 

Research to date has implicated several antigens in the pathogenesis of PSGN.  These 

include M protein, a nephritis strain-associated protein, PA-Ag, zymogen encoded by the 

SpeB gene, a NAPlr, SIC protein and its variants, CRS and DRS, and ska.  Further research 

is required to clearly elucidate the role of each of these antigens in the pathogenesis of PSGN 

and the combined effect of these antigens in the pathology.  

 

2.8.4 Animal Models of Acute Post-streptococcal Glomerulonephritis 
A significant factor inhibiting elucidation of the precise pathogenic host-bacteria interactions 

in PSGN is the lack of appropriate animal models of infection.  As has been previously 

mentioned (Section 2.2.2), S. pyogenes is exclusively a human pathogen with no known 

animal reservoirs.  Mouse models of infection (intranasal and intraperitoneal) are being 

developed (Chapter 6, Section 6.1).  However, only a few strains can establish infection in 
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mice, and intranasal infections are rarely maintained (Medina et al. 2003).  Currently, there 

also exists a lack of animal models for PSGN.  This may result from the fact that while 

PSGN is induced by a local skin or throat streptococcal infection, it does not spread into the 

circulation and therefore the kidneys and other organs should be free of streptococci.  

Nordstrand et al. (1997) developed an experimental model for PSGN in mice.  This research 

was based on earlier work which utilised a rabbit tissue cage model, filled with S.  pyogenes 

(Bergholm and Holm 1983).  The authors induced kidney lesions resembling those found 

clinically in humans with PSGN (Nordstrand et al. 1997).  Furthermore, only the clinical 

S. pyogenes isolates from PSGN patients were nephritogenic in the mice; the rheumatic fever 

isolate S84 did not show nephritogenic capacity.  This indicates that the tissue cage model 

reflects the nephritogenic capacity of a S. pyogenes in humans.  This tissue cage model is 

currently the only PSGN model and may be adapted to determine the nephritogenic potential 

of S. pyogenes strains and further elucidate the pathology of PSGN. 

 

2.9 Future Research 

S. pyogenes infections continue to be prevalent globally.  PSGN, however, is endemic in 

populations of low socioeconomic status.  The economic implications, which arise from 

PSGN and the possible long-term complications, such as ESRF are significant.  Current 

research needs to focus on specific nephritogenic strains and the identification of possible 

virulence factors and their involvement in the pathogenesis of PSGN.  With a greater 

knowledge regarding the host-pathogen interplay preventative and treatment strategies 

should be forthcoming.  Such preventative strategies need to be cost effective on a global 

scale, and applicable to the general population.  New approaches are required to halt the 

initial spread of S. pyogenes infections and to prevent long-term complications from PSGN.   
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CHAPTER 3  
 

General Materials and Methods 
 

3.1 Introduction 

This chapter will outline the materials and methods used which are common to experimental 

chapters.  All other materials and methods will be outlined in the following experimental 

chapters that it pertains to. 

 

3.2 Microbiological Methods 

3.2.1 Origin of Bacterial Strains 
Streptococcus pyogenes M1 (excluding AP1), M5, M55 and M57 strains and the 

Escherichia coli DH5α, BL21 and JM109 strains were obtained from the Queensland 

Institute of Medical Research, Brisbane.  S. pyogenes AP1 strains were kindly provided by 

Dr Rasmussen, at Lund University in Sweden.  E. coli NM522 strains were obtained from 

Professor Jim Burnell, James Cook University, Townsville. The Streptococcus dysgalactiae 

subspecies equisimilis (American Type Culture Collection (ATCC), 35666) strain was 

obtained from the Department of Primary Industries and Fisheries, Oonoonba Veterinary 

laboratories, Townsville. Table 3.1 below outlines the specific strains and their origins.   

 

Table 3.1. The strain number, study number and source of isolation of Streptococcus 

pyogenes isolates used in this study. 

M type 
 

Strain Number Origin of isolate 

M1 2031 World Health Organization (WHO) Centre for 
Reference and Research on Streptococci, Prague, 
Czech Republic 

M1 AP1 WHO Centre, Prague, Czech Republic 
M1 AP1-sic- Genetically Engineered Mutant, Lund University 

Sweden 
M5 2035 Northern Territory (NT), Rheumatic Heart Disease 

patient 
M55 Dorothy NT, clinical PSGN  
M57 2077 WHO Centre, Prague, Czech Republic 
M57 NS488 NT 
M57 NS38 NT 
M57 BSA5 NT 
M57 BSA16 NT 
M57 NS1015 (VT101) NT 
M57 NS1140 (VT101) NT 
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3.2.2 Storage and Propagation of Bacterial Strains 
Unless otherwise stated, sheep blood agar (SBA) (Appendix 1) was used throughout this 

study for the culture of streptococcal species and Luria Burtani (LB) agar (Appendix 1) was 

used for the culture of E. coli.  A stab of frozen culture (working stocks) was used to 

inoculate the appropriate agar plates.  After overnight incubation at 37 °C, the culture was 

examined for purity, and if a single isolate was observed (i.e., no contaminating bacteria) it 

was used for experimental purposes.   

 

S. pyogenes and E. coli isolates were stored in a glycerol preparation at -80°C until further 

use.  For the S. pyogenes bacterial stocks, single colonies from SBA were inoculated into 

1 millilitre (ml) of Todd Hewitt Yeast (THY) broth (Appendix 1).  The isolates were 

prepared for storage by the addition of 10% glycerol (v/v) (Appendix 1) to a late exponential 

phase broth culture.  The bacterial suspension was then dispensed in 1 ml aliquots into 

cryotubes (Nunc, Sydney, Australia).  Both a working stock and a long-term storage stock 

were prepared.  The E. coli isolates were prepared for storage by culturing E. coli overnight 

on LB agar and inoculating a single colony into 1 ml of LB broth (Appendix 1).  The isolates 

were grown overnight at 37°C to a late exponential phase culture.  One ml of bacterial 

suspension was then dispensed in 1 ml aliquots into cryotubes with 10% glycerol (v/v), for 

either working stocks or long term storage.  All bacterial working stocks were stored at 

-20°C and the long-term storage stocks were stored at -80°C.   

 

To estimate the viable population of a sample the spread plate count method was utilised 

(Reasoner 2003).  Briefly, the suspension of bacteria (in appropriate broth) was serially 

diluted with sterile water to give a range of concentrations from 1x104 to 1x108.  The 

dilutions were thoroughly mixed to ensure that bacterial clumps were dispersed.  Different 

pipettes were used for each dilution.  A sample of each dilution (100-500 μl) was then 

transferred to an agar dish.  A sterile bent glass rod was used to distribute the inoculum over 

the surface of the agar and then incubated at 37°C overnight.  Plates containing between 30 

and 300 colonies were selected and the number of colonies present counted. From this count 

the viable population of the original sample was calculated. 

 

3.2.3 Spectrophotometric Analysis and Estimation of Escherichia coli Cell Density 
Cell density of E. coli in broth culture was estimated by spectrophotometric means.  One ml 

of bacterial suspension was dispensed into a 2 ml plastic cuvette (Sarstedt, Numbrecht, 

Germany) and the absorbance at 600 nm (A600) was measured against sterile LB broth 
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(blank), using a spectrophotometer with a 1 cm path length (DU-650, Beckman Coulter, 

Sydney, Australia).   

3.2.4 Preparation of Competent Escherichia coli Cells 
3.2.4.1 Chemically Competent Escherichia coli Cells 

Glycerol stocks of E. coli DH5α were grown on L9 Minimal Agar (Appendix 1) overnight 

with incubation at 37˚C.  Two and a half litres of pre warmed LB broth was then inoculated 

with a single colony and incubated at 37˚C with shaking at 180 revolutions per minute (rpm) 

to mid log phase, or until the A600 was approximately 0.4-0.6.  The cells were pelleted by 

centrifugation at 4,500 x g for ten minutes at 4˚C (Avanti Centrifuge J-20XP, Beckman 

Coulter).  The supernatant was discarded and the pellet was resuspended in 75 ml of ice cold 

0.1 M CaCl2 (Appendix 1) and incubated on ice for 30 minutes.  The cells were then pelleted 

by centrifugation at 4,000 x g for five minutes at 4˚C.  The supernatant was discarded and 

the pellet was resuspended in 2.5 ml of ice cold 0.1 M CaCl2 and 375 µl of 50% glycerol 

(Appendix 1).  The cells were then gently mixed with the pipette tip and dispensed into 

200 µl aliquots using cryovials (Nunc, In-vitro technologies, Victoria, Australia).  The cells 

were then frozen using liquid nitrogen and stored at –80˚C until required. 

 

3.2.4.2 Electrocompetent Escherichia coli Cells 

Glycerol stocks of E. coli were grown on LB Agar overnight with incubation at 37˚C.  A 

single colony of E. coli was then inoculated into a flask containing 50 ml of pre warmed LB 

broth and cultured overnight at 37˚C with shaking at 250 rpm.  Two aliquots of 500 ml of pre 

warmed LB broth were each inoculated with 25 ml of overnight culture in separate two litre 

flasks.  The bacteria were incubated at 37˚C with 225 rpm of shaking until the absorbance 

reached 0.35-0.4.  The cell suspension was then transferred to an ice water bath for 15 30 

minutes with occasional swirling.  The bacterial suspension was transferred to ice cold 

centrifuge bottles and the cells were harvested by centrifugation at 1000 x g for 15 minutes 

at 4˚C (Eppendorf, Crown Scientific, Townsville, Australia).  The supernatant was discarded 

and the cell pellet was resuspended in 500 ml of ice cold deionised water.  The cells were 

then harvested by centrifugation at 1,000 x g for 20 minutes at 4˚C.  The cell pellet was 

resuspended in 250 ml of 10% ice cold glycerol and the cells were harvested by 

centrifugation at 1,000 x g for 20 minutes at 4˚C.  The supernatant was carefully decanted 

and the cell pellet was resuspended in 1 ml of ice cold 10% glycerol by swirling.  The 

conductivity of the bacterial suspension was checked by transferring 40 μl of the suspension 

to an 1 mm-gap electrocuvette (Bio-rad laboratories, Australia) and testing if arcing occurred 

when the electrical current was applied (Bio-rad Gene Pulser, Bio-rad Laboratories, 

instrument parameters: 24 μF, 2.5 KV, <6 ms, 12.5 KV/cm). The bacterial suspension was 
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dispensed into 40 μl aliquots in sterile, ice cold microfuge tubes, frozen using liquid nitrogen 

and stored at –80˚C.   

3.2.5 Transformation of Competent Escherichia coli Cells 
3.2.5.1 Chemically Competent Cells 

The desired numbers of vials of competent cells were thawed on ice for ten minutes.  To 

each vial of competent cells 2 μl of whole plasmid or the desired volume of ligation reaction 

was added.  The cell suspension was mixed by flicking the tube and incubating on ice for 

one hour.  The tube was then transferred to a water bath and heat shocked at 42˚C for 90 

seconds.  The tube was then placed back on ice for a further two minutes.  Eight hundred 

microliters of pre warmed SOC (Appendix 1) was added to the tube and incubated at 37˚C 

with 225 rpm for one hour on ice.  The cell suspension was then plated onto LB agar with 

selective antibiotics in aliquots of 50 μl, 100 μl, 150 μl, 200 μl and 500 μl and incubated at 

37˚C overnight. 

 

3.2.5.2 Electrocompetent Cells 

The desired number of aliquots of bacterial cells were thawed at room temperature and 

placed on ice.  To 40 μl of bacterial cells, 1 2 μl of Deoxyribonucleic Acid (DNA) was 

added, to obtain a final DNA concentration of 10 pg/ml-10 μg/ml.  The DNA was in a low 

ionic strength buffer (i.e., distilled water) at a concentration of 200 pg/ml–400 pg/ml.  The 

suspension of cells and DNA was mixed by gently flicking the tube.  The cell suspension 

was placed in an ice cold electrocuvette of 2 mm path length (Bio-rad Laboratories, 

Australia), in the position inside the safety chamber of the electroporator.  The sliding 

cuvette holder was also pre chilled.  Using 2.5 KV, 24 μF and 20 Ohms in series and 200 

Ohms in parallel, the machine was pulsed once.  The resulting pulse was 12.5KV/cm with a 

time constant of slightly less than 5 msec.  Immediately following the pulse, the cells were 

removed from the cuvette and mixed into 1-2 ml of SOC medium. The samples were 

incubated with shaking at 225 rpm for one hour at 37ºC. The cell suspension was then placed 

onto LB agar with selective antibiotics in aliquots of 50 μl, 100 μl, 150 μl, 200 μl and 500 μl 

and incubated at 37˚C overnight. 

3.3 Deoxyribonucleic Acid Methods 
3.3.1 Genomic Deoxyribonucleic Acid  

Genomic DNA was either extracted using alkali lysis (Hartas et al. 1998) or for bacterial 

strains of streptococcal genus, genomic DNA was extracted according to the Centers for 

Disease Control and Prevention (CDC) guidelines from the Division of Bacterial and 

Mycotic Diseases.  For the sodium lysis method, a loopful of bacteria (approximately 1-4 

colonies depending on the bacterial species) were suspended in 30 µl of 50 mM NaOH 
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(Appendix 2) and heated at 95°C for 5 minutes.  The bacterial suspension was then cooled to 

4°C and the sodium hydroxide was neutralised with 5 µl of 1M TrisHCl/7mM EDTA pH=8 

(Appendix 2).  The cellular material was pelleted by centrifugation at 16,000 x g for 1 

minute (Eppendorf).  One microliter of the supernatant was immediately used in downstream 

applications (Polymerase Chain Reaction (PCR) or restriction enzyme analysis).  For the 

streptococcal bacterial strains, CDC guidelines for genomic DNA extraction were 

performed.  Briefly, using a sterile loop, approximately half a standard loop-full of fresh 

growth was suspended in 300 µl of 0.85% sodium chloride (Appendix 2).  The suspension 

was then heated at 70°C for 15 minutes.  The samples were centrifuged at 16,000 x g for 2 

minutes (Eppendorf Centrifuge) and the supernatant aspirated using a pipette.  The pellet 

was resuspended in 50 μl of TE buffer (Appendix 2), 10 µl of mutanolysin (Appendix 2) and 

2 µl of hyaluronidase (Appendix 2).  The suspension was incubated at 37°C for 30 minutes 

and then heated at 100°C for 10 minutes.  The lysates were then either used immediately in 

downstream applications or stored at -20°C until required. 

3.3.2 Plasmid Propagation and Extraction 
Plasmid DNA was harvested from the appropriate E. coli bacteria using the GenElute 

Plasmid Miniprep Kit (Sigma, Sydney, Australia), according to the method of Sambrook et 

al. (1989).  Analysis of the product was performed using agarose gel electrophoresis (see 

Section 3.2.4). 

3.3.3 Polymerase Chain Reaction  
The PCR (Mullis and Faloona 1987) was used to amplify various DNA fragments using the 

appropriate templates and oligonucleotide primers in a thermocycler (Eppendorf). Reactions 

were carried out in the buffer system specified by the manufacturer.  For all new reactions 

and unpublished reactions, the optimal annealing temperature was determined by performing 

a gradient PCR (Eppendorf Gradient Thermocycler). 

3.3.4 Agarose Gel Electrophoresis  
Analysis and isolation of plasmid DNA, DNA fragments and PCR products was performed 

following the methods of Sambrook et al. (1989). Agarose (0.7-1.5% w/v) was dissolved in 

TAE buffer (Appendix 2) with microwaves and allowed to cool to 60°C, before the 

intercalating agent: ethidium bromide (0.16 μgmL-1) was added. The gel was cast into a tray 

(MiniSub DNA electrophoresis unit, BioRad) and allowed to set at room temperature for 

approximately 20 mins.  DNA was added to agarose gel loading buffer (Appendix 2) at an 

appropriate volume.  This mixture was then loaded onto the gel and run for 30-40 min at 

100 volts (V) in TAE buffer to separate the DNA. The individual DNA bands were 
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visualised with ultraviolet (UV) light using a 312 nm transilluminator and the image 

recorded by the Gel Cam Documentation system (Bresatec).   

3.3.5 Molecular Weight Markers 
A 1 kilobase (kb) ladder (Promega, Australia) was used to determine size of DNA in agarose 

gel electrophoresis.  A DNA Mass Ladder (Promega, Australia) was used in various volumes 

to determine the total amount of DNA present. 

3.3.6 Deoxyribonucleic Acid Digestion with Restriction Enzymes 
Restriction digests were performed utilising the appropriate ten times reaction buffer as 

specified by the manufacturer (New England Biolabs).  The components of a 20 μl digest 

were DNA (1 μg), enzyme (1 unit), bovine serum albumin 100 μg/ml and reaction buffer. 

The reaction was incubated for one hour at the temperature recommended by the 

manufacturer for the specific enzyme using a thermocycler heating block (Eppendorf).  The 

enzyme was not heat inactivated as this was deemed unacceptable, but the enzyme was 

inactivated by utilisation of the QIA Minelute Clean up Kit (Qiagen, Victoria, Australia).  

The product was always eluted in water to ensure further enzymatic reactions were not 

inhibited.  Analysis of the product was performed using agarose gel electrophoresis (see 

Section 3.3.4). 

3.3.7 Deoxyribonucleic Acid Ligations 
The ligation reaction used T4 DNA ligase (Promega) and the ten times reaction buffer 

supplied by the manufacturer. Numerous molar ratios of vector DNA to insert DNA were 

used and included 3:1, 1:3, 1:5 and 1:10 each in a 20 μl reaction. The ligation mixture was 

incubated overnight at 16°C; heat inactivated at 70˚C for 20 minutes and transformed the 

next day into competent E. coli cells. 

3.3.8 Determination of Deoxyribonucleic Acid Concentration 
Fifty microlitres of double stranded DNA sample was dispensed into sterile 50 μl cuvettes 

(Uvette, Eppendorf).  The concentration of DNA in this solution was determined by 

obtaining absorbance readings for the sample at A260 and A280 according to the following 

equation: 

Concentration at 260 nm (μg/ml)= A260 x 50 x Dilution Factor 

 

The purity of the DNA sample was determined by the ratio of A260/A280.  If this ratio was 

approximately 1.8, then the sample was pure DNA and was utilised in subsequent 

downstream applications. The absorbance readings were corrected against molecular grade 

water as the blank.   
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3.3.9 Ethanol Precipitation 
Following PCR, DNA was purified and concentrated using ethanol precipitation.  Briefly, for 

every 1 volume of DNA, half a volume of cold sodium acetate (Appendix 2) were added to 

the sample and mixed.  Two and a half volumes of cold absolute molecular grade ethanol 

(Sigma) were added (based on the combined volume after addition of sodium acetate) and 

the mixture was placed at -20°C for half an hour to allow a precipitate to form.  The mixture 

was then centrifuged at 16,000 x g for 20 minutes at 4°C.  The supernatant was carefully 

aspirated and discarded.  The pellet was then washed with the addition of 200-500 μl of 70% 

molecular grade ethanol and centrifuged at 16,000 x g for 10 minutes at 4°C.  The 

supernatant was carefully aspirated and discarded.  Following ethanol precipitation, all 

volumes of ethanol were evaporated under vacuum centrifugation (Savant Speed Vac 

SC100). 

3.3.10 Automated Sequencing 
All vectors used in this thesis were sequenced prior to utilisation in experiments which 

included protein purification.  All sequencing reactions were performed by Macrogen Inc, 

Korea.  Samples were sent to Macrogen as pelleted dried DNA.  The concentration of DNA 

was determined spectrophotometrically.  Depending on the situation, internal or external 

primers were used.  Plasmid concentration and purity of DNA were determined 

spectrophotometrically.  

 

3.4 Protein Methods 

3.4.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis  
3.4.1.1 Gel Preparation 

Samples were run on a one dimensional polyacrylamide gel of 7.5 cm length using 0.75 mm 

spacers, with a 12% separating gel (Appendix 3).  The glass plates were assembled in a plate 

clasp and the two spacers were inserted between the plates.  It was ensured that all 

equipment was even at the bottom to prevent leakage.   

 

Solutions for a 12% separating gel were combined and swirled gently.  The mixture was 

quickly transferred to the cavity between the glass plates to approximately 2 cm below the 

top of the front plate.  The gel solution was overlayed with 100% butanol (Sigma) and left to 

set for 45 minutes.  The butanol was then tipped off and the separating gel was gently rinsed 

with distilled water.  Solutions for a 4% stacking gel (Appendix 3) were mixed together and 

the solution was swirled and gently overlayed onto the polymerised separating gel.  A 2, 10 

or 15 well plastic comb was inserted into the stacking gel and the gel was left to set for 45 
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minutes.  The comb was then removed and the wells were rinsed out with distilled water and 

the gels were stored in sealed bags at 4°C until used. 

 

3.4.1.2 Sample Preparation and Gel Electrophoresis 

A mini Protean II apparatus (Bio Rad) was used to electrophorese the gels.  Sodium dodecyl 

sulphate (SDS) running buffer, pH 8.3 (Appendix 3) was poured into the buffer tank 

containing the gels.  Protein samples to be analysed were diluted in a 1:1 ratio with SDS 

sample buffer (Appendix 3).  The samples were then heated to 95°C for four minutes and 

allowed to cool to room temperature prior to sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS PAGE) analysis.  Depending upon the analysis ten to twenty 

microliters of each sample was loaded into the wells.  Five microlitres of broad range SDS 

PAGE molecular weight marker standards (SM0431, Fermentas, Australia) were used as 

markers and prepared according to the manufacturer’s instructions.  Electrophoresis was 

performed at 200 V until the tracking dye left the bottom of the gel.  Protein bands were 

visualised with Coomassie blue stain (Appendix 3).  The gels were then destained in 

destaining solution (Appendix 3).  The destaining solution was changed every two hours 

until the protein bands were visible.   

 

3.4.1.3 Drying of Protein Gels 

The stained PAGE gel (see Section 3.3.1.2) was soaked in gel drying solution (Appendix 3) 

for 30 min at room temperature to minimise cracking in the drying process. The gel was then 

placed between 2 sheets of cellulose acetate film (Promega, Australia) that had been pre-

soaked in gel drying solution, and supported in a drying frame. The gels were placed in a 

fume hood to air dry overnight. 

 

3.4.2 Induction of Protein Expression 
Bacterial stocks of E. coli encoding recombinant proteins were inoculated onto selective LB 

agar plates and incubated at 37°C overnight.  A single colony of the bacteria was then 

inoculated into 10 ml of LB broth containing the appropriate antibiotics, and incubated at 

37°C overnight, with shaking.  This overnight culture was then diluted at 1:100 in fresh LB 

broth containing antibiotics, in a 2 litre conical flask.  The flask was incubated at 37°C at 200 

rpm for approximately 4 hours, or until the A600 was 0.4-0.6.  At this point, a one ml sample 

of bacteria was withdrawn and placed into a 1 ml microcentrifuge tube (Eppendorf) and 

centrifuged at 16,000 x g for 2 minutes.  The supernatant was discarded and the resulting 

pellet was resuspended in 50 μl of SDS sample buffer and stored at -20°C until SDS-PAGE 

analysis.  This sample was the ‘uninduced control’.  Once the bacterial broth had reached the 
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desired optical density, the cells were induced accordingly, to turn off the lac repressor 

protein and thus allow maximum protein production.  For the pQE30 vectors, isopropyl-β-D-

thiogalactoside (IPTG) (Appendix 3) was added to a desired concentration of 1M.  For the 

pBAD-TOPO-thio vectors (Invitrogen, Australia), L-arabinose (Sigma) was added to a final 

concentration of 0.002%.  The broth was again incubated for a further 4 hours.  After 4 

hours, a 1 ml sample of bacterial suspension was withdrawn and processed as previously 

mentioned for SDS-PAGE analysis and this served as the ‘induced control’.  The bacteria 

were pelleted by centrifugation at 12,000 x g for 20 minutes (Avanti centrifuge) and the 

bacterial pellet was stored at -80°C until required for purification. 

3.4.3 Native Protein Purification 
When proteins were subjected to purification under native conditions, in the absence of a 

strong denaturing agent, such as urea, work was conducted at 4°C to minimise degradation 

of unstable proteins by proteases.  The bacterial pellet from Section 3.4.2 was thawed on ice 

for 15 minutes.  For each gram of wet weight of the bacterial pellet, 4 ml of lysis buffer 

(Appendix 3) was added and the bacterial pellet was resuspended.  Lysozyme (Sigma) 

(Appendix 3) was added at 1 mg/ml and the suspension was left on ice for 30 minutes.  

Using a sonicator, bacteria were lysed using six 10-second bursts at output of 80%. If the 

bacterial lysate was very viscous, it was drawn several times through a narrow-gauge blunt-

ended syringe needle.  The lysate was centrifuged at 10,000 x g for 20 minutes at 4°C to 

pellet the cellular debris.  A 5 μl sample of the supernatant was added to 5 μl of SDS-PAGE 

sample buffer and stored at -20°C for SDS-PAGE analysis.  One ml of a 50% Ni-NTA slurry 

(Qiagen) was added to 4 ml of cleared lysate (supernatant) and mixed by gently shaking (200 

rpm) on a rotary shaker for 1 hour at 4°C.  The lysate-Ni-NTA mixture was then loaded onto 

a 30 ml sepharose column (Bio-rad) with the bottom outlet capped.  The bottom cap was 

removed and the column flow-through collected and saved for SDS-PAGE analysis.  The 

column bed was washed twice with 4 ml of wash buffer (Appendix 3) and fractions were 

collected for SDS-PAGE analysis.  The protein was eluted 4 times with 0.5 ml of elution 

buffer (Appendix 3).  Each eluate was collected in a falcon tube and analysed by SDS-

PAGE.  

3.4.4 Denatured Protein Purification 
The bacterial cell pellet previously prepared (see Section 3.3.2) was thawed on ice for 15 

minutes and resuspended in Buffer B (Appendix 3) at 5 ml per gram of wet weight.  Cells 

were stirred for approximately 60 minutes at room temperature until the solution became 

translucent.  The lysate was subject to centrifugation at 10,000 x g for 20 minutes at room 

temperature to pellet the cellular debris.  A 5 μl aliquot of the cleared lysate was added to 

5 μl of SDS-PAGE sample buffer and stored at -20°C until SDS-PAGE analysis.  One ml of 
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a 50% Ni-NTA slurry was added to 4 ml of cleared lysate and mixed gently by shaking on a 

rotary shaker at 200 rpm for 60 minutes at room temperature.  The lysate-resin mixture was 

loaded carefully into an empty 30 ml column with the bottom cap still attached.  The bottom 

cap was removed and the flow-through collected and saved for SDS-PAGE analysis.  The 

resin pellet was washed twice with 4 ml of Buffer C (Appendix 3) and each wash fraction 

was collected for SDS-PAGE analysis.  The recombinant protein was then eluted 4 times 

with 0.5 ml of Buffer D (Appendix 3), followed by 4 times with 0.5 ml of Buffer E 

(Appendix 3).  The eluates were then analysed by SDS-PAGE.   

3.4.5 Production of Antibodies 
Antibodies to SIC or DRS were raised in rabbits by immunising (IMVS, Gilles Plains, 

Australia) with recombinant M1 SIC from 2031 or recombinant DRS from NS488, 

respectively.  These recombinant proteins were produced as reported by Binks et al. (2000).  

Polyclonal antibodies reacted specifically with targets though some cross-reactivity with SIC 

and DRS antibodies and vice versa was observed on Coomassie stained gels. 

3.4.6 Western Blot Analysis of Polyacrylamide Gels 
Western blot analysis was performed following the methods of Towbin et al. (1979). 

Polyvinyl polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore, Australia) 

was activated by soaking in methanol for 5 minutes, distilled water for 2 minutes and 

allowed to equilibrate in transfer buffer (Appendix 3) for 5 minutes.  The equilibrated gel 

was then placed in a Mini Trans-Blot module (BioRad) with the electrophoresed gel (see 

Section 3.4.1.2). The separated proteins were transferred from the gel to the membrane for 

2 hours at 50 V in transfer buffer.  The membrane was then removed from the transfer tank 

and allowed to air-dry overnight at room temperature, thus preventing the requirement for a 

blocking step. 

3.4.7 Determination of Protein Concentration  
The concentration of proteins in solution was measured utilising bicinchoninic acid (BCA).  

Protein reacts with Cu2+ ions in an alkaline medium to produce Cu1+.  This production is 

detected by BCA which is a water soluble sodium salt.  A purple reaction product is formed 

by the interaction of BCA with one cuprous ion and this is detected by reading absorbance at 

A540.  A series of standards (50, 100, 150, 200 and 250 μg of bovine serum albumin) were 

added at 10-25 μl per well and various dilutions of the unknown sample were also diluted 

this way. Two hundred microliters of dye reagent (50 parts Reagent A with 1 part Reagent 

B) was added to each protein dilution and the reaction was incubated at 37°C for 30 min and 

transferred to a 96 well “U” bottom plate (Sarstedt). The absorbance was measured at 

540 nm. The OD540 values (“y” axis) were plotted against the amount of protein standard 
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(“x” axis). A standard curve was generated by linear regression using Microsoft Excel. The 

unknown sample concentration was determined by substituting the measured A540 for the “y” 

value in the equation for the standard curve. 

3.5 Animal Experimentation 

3.5.1 Experimental Animals 
All mice were obtained from the breeding colonies at James Cook University (JCU), 

Townsville.  The animals were maintained in JCU’s animal research facility, in accordance 

with the National Health and Medical Research Council guidelines.  They were housed in 

plastic boxes with wire lids and paper shavings as bedding and changed weekly.  The mice 

were fed commercial protein enriched pellets and water was available ad libitum.  All study 

animals were female and aged approximately 8 weeks at the time of experimentation. 

3.5.2 Histology 
Kidneys were collected from experimental animals following euthanasia.  The kidneys were 

then transversely dissected into two lateral halves (Jung (Leica) Histocut 820-II, GMI Inc., 

United States).  One half of each kidney was embedded in Optimal Cutting Temperature 

(ProSciTech, Townsville, Australia), immediately frozen using liquid nitrogen and stored at -

80°C.  The other half of each kidney was fixed in 4% paraformaldehyde (Appendix 4) at 4˚C 

for 16 hours.  Following successful fixation, the kidney was submitted for processing over 

six hours.  The kidney was embedded in paraffin and serial sections were taken at a thickness 

of 3 μm.  The slides were then stained by standard techniques using haematoxylin and eosin, 

perchloric acid schiff and methenamine silver stains (Culling 1963). 

 

3.5.2.1 Immunopathological Staining 

All frozen tissues were placed at -20°C for one hour prior to sectioning the specimen.  Using 

a temperature-controlled cryotome (Shandon AS620, GMI Inc., United States), sections were 

cut to a thickness of 4 μm.  The section was placed onto positively charged (Appendix 4) 

frosted glass microscope slides.  After allowing the slide to air dry, sections were fixed using 

cold absolute acetone for a period of 15 minutes.  The slides were then immediately used in 

immunohistological or immunofluorescence staining or stored at -80°C.   

 

Immunofluorescent staining was performed for deposition of IgG and complement 3 (C3) on 

frozen sections. Deposition of complement C3 was visualised with a FITC-conjugated goat 

F(ab’)2 fragment against mouse complement C3 (4 mg/ml) (Cedarlane, Bio-scientific, 

Sydney) at a dilution of 1:300.  Staining of glomerular IgG deposition was performed using 

FITC-conjugated goat F(ab’)2 fragment anti-mouse IgG (Fc) at a dilution of 1:200 (6 mg/ml) 

(Cappell Laboratories, MP biomedicals, Sydney). Briefly, sections were rehydrated in 
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phosphate buffered saline (PBS), (Appendix 4) for 30 minutes at room temperature.  

Sections were blocked with 10% goat (IgG staining) or rat (C3 staining) serum (Pierce 

Australia) for 20 minutes at room temperature.  Following incubation, excess serum was 

blotted from around the section.  The appropriate FITC-labelled antibody was added to the 

section at the above-mentioned dilutions and incubated in a humidified chamber at room 

temperature for 30 minutes.  The slides were washed three times for five minutes each wash 

using PBS.  Slides were coverslipped using an anti-fading aqueous mounting media (PVA-

DABCO, Fluka, Switzerland) and stored in the dark.   

 

For the primary detection of SIC protein, a polyclonal monospecific rabbit sera, produced by 

repeated immunisation with recombinant proteins expressed using pQE30 in an E. coli 

expression system, by Freund’s adjuvant (Section 3.4.3) was used.  Four μm frozen sections 

were rehydrated with PBS at room temperature for 30 minutes.  Endogenous peroxidase was 

blocked by immersing slides in 0.3% H2O2 in 70% methanol/tris buffered saline (TBS) 

(Appendix 4) for 20 minutes at room temperature.  Slides were then washed once in TBS 

(Appendix 4).  Sections were incubated with the primary antibody at 1:50 dilution, for 1 hour 

in a humidified chamber at room temperature.  The section was washed three times in TBS 

for five minutes, each wash.  The secondary antibody, horseradish peroxidase-conjugated 

affinity-purified goat anti-rabbit IgG (Pierce Biotechnology, Rockford USA) was added at 

1:500 dilution and incubated for 30 minutes at room temperature.  The section was washed 

three times in TBS for five minutes, each wash.  Proteins were visualised using the 3,3’-

diaminobenzidine tetrahydrochloride (DAB) chromogenic technique (Appendix 4) by 

incubating Sections for 10 minutes.  Sections were washed once in water.  Haematoxylin 

(ProSciTech) was used as a counterstain by incubating sections for 10 minutes at room 

temperature.  Following incubation, sections were ‘blued’ in running tap water for 5 minutes.  

Samples were dehydrated by passing through graded alcohols.  Briefly, slides were 

incubated twice for 3 minutes each in 75% ethanol, followed by two incubation in 95% 

ethanol for 3 minutes each and twice for three minutes each in absolute ethanol.  A small 

drop of di-n-butylphethalate polystyrene xylene (DPX) (ProSciTech) was then added to the 

specimen and the sample was coverslipped.  Samples were stored in the dark. 

 

3.5.3 Animal Ethics 
The JCU Experimental Ethics Review Committee provided ethics approval for all animal 

experimentation carried out in this project (Approval numbers: A847-03, A1017, A1035, 

A1037, A1038). 
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3.6 Human Experimentation 

3.6.1 Patients 
Serological studies were conducted with patients at The Townsville Hospital renal unit, 

currently being treated for end-stage renal failure (ESRF) with renal dialysis, following 

informed voluntary written consent.  Control serum was obtained from healthy blood donors, 

with no known history of kidney disease.   

3.6.2 Human Ethics 
The Townsville Hospital and Townsville Health Service District Institutional Ethics 

Committee provided ethics approval for the human experimentation conducted in this project 

with reference number 03/04.  JCU’s Human Ethics Committee reviewed this project and 

provided ethics approval for the human experimentation (H2394). 

3.7 Statistical Analysis of Data 
Data was analysed using multivariate analysis of variance (Statistical Package for the Social 

Sciences version 10.0, Chicago, USA).  Significance levels for all differences in proportions 

were calculated according to a normal approximation of binominal distribution. The criterion 

for significant differences throughout the material was that the probability of random 

occurrence was less than 0.05.  Parametric tests were utilised if the sample satisfied the 

normality requirements, otherwise, nonparametric statistical tests were utilised. 

 



  64 

CHAPTER 4 

 

The Carriage of Streptococci by Dogs in Indigenous Communities 

 

4.1 Introduction 

In the Aboriginal population of the Northern Territory (NT) Australia, some of the highest 

rates of post-streptococcal glomerulonephritis (PSGN) in the world have been reported.  In 

these communities, children have a high rate of streptococcal pyoderma and in 70% of these 

cases scabies precedes the pyoderma (Currie and Carapetis 2000).  At the same time, scabies 

infection in dogs in these communities is endemic (Speare and McConnell 1996).  A 

significant factor contributing to the high prevalence of infection with S. scabiei in both the 

human and animal populations of Australian Aboriginal communities is overcrowding.  In 

these communities, dogs with scabies and people live in close proximity.  Therefore, it was 

unknown whether dogs act as a reservoir for scabies infestation or the reverse.  Walton et al. 

(1999) investigated whether scabies mites of dog and human origin in overlapping and 

geographically isolated populations were genetically different, using micro-satellite 

genotyping.  The results showed that dog-derived and human-derived mites were genetically 

distinct.  

 

However, when mites were sampled from within the same host species in the same 

community, there was also clear differentiation.  Mites with similar genotypes were more 

often found within the same host.  While the significance (P values) associated with the 

analysis between-species were larger than those observed within-species, this is reflected in 

the fact that a greater number of samples were used in this analysis and thus producing 

greater degrees of freedom and consequently larger confidence (F statistics) and significance 

(P values). These data were used to argue that dogs played no role in the epidemiology of 

scabies in remote Indigenous communities (Walton et al. 1999, Kemp et al. 2002, Walton et 

al. 2004). However, in communities where scabies has a low prevalence such as urban 

communities in developed countries, a dog with scabies is typically associated with 

symptoms of scabies in 25% of the humans that have close contact. Usually, these symptoms 

disappear when the animal is treated indicating that the mite from the dog is not well adapted 

to human hosts and only induces transient scabies (Estes et al. 1983).  Hence, Walton et al. 

(1999, 2004), did not assess clinical signs and used molecular evidence only. If Walton’s 

molecular data and the epidemiological data from elsewhere is synthesised and applied to 

Indigenous communities, human to human transmission of scabies mites is the major mode 

of transmission, but dog to human transmission of dog-derived mites will occur, but the 
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transient nature of the disease will be masked by the overwhelming human derived mites 

(Speare and McConnell 1996).     

 

Svartman et al. (1972) found that during a large outbreak of glomerulonephritis in Trinidad, 

patients being admitted with PSGN were noted to have skin lesions characteristic of scabies 

and concomitantly, many dogs in nephritic households, as well as other wild dogs, were 

observed to have lesions compatible with scabies from which beta-haemolytic streptococci 

and morphologically identical scabies mites were also isolated.  Therefore, it is possible in 

Australian Indigenous communities, where S. scabiei infestation is endemic in the human 

and canine populations that zoonotic disease due to streptococci is occurring in a situation 

similar to that observed in Trinidad.   

 

There are limited studies on the isolation of beta-haemolytic streptococci from dogs.  One 

study of haemolytic streptococci from clinical infections in dogs showed the presence of four 

serogroups: A, C, G and E (Biberstein et al. 1980).  This study showed that any beta-

haemolytic Streptococcus of canine origin has an 80% chance of belonging to Lancefield’s 

group G streptococci.  Additionally, recurrent pharyngitis in a family of four was reported in 

a case report, with the family dog discovered to be the reservoir of group A streptococci 

(GAS) (Mayer and Van Ore 1983).  However, a survey of households with children that had 

acute pharyngitis found that while 26 out of 42 households surveyed had children with 

culture-proven GAS, no GAS were recovered from any of the body sites (including 

oropharynx, axilla and vagina) of their pets (dogs and cats) (Wilson et al. 1995).  

Nonetheless, other Lancefield types of beta-haemolytic bacteria were isolated from the 

animals.  Therefore, it is possible that some of the 16 children in whom no GAS was 

cultured, another beta-haemolytic Lancefield group streptococci may have caused the 

pharyngitis in the child and the family dog may have carried these bacteria. 

 

Palmer and Presson (1990) sampled the skin and eyes of dogs residing in 39 Indigenous 

communities in the NT to determine the prevalence of streptococcal carriage.  This research 

found the overall prevalence of streptococcal carriage in the skin to be 25% and 

streptococcal carriage in the eyes to be 35%.  The isolates were grouped according to their 

Lancefield serology, and they found 18% of isolates reacted with Group A antisera and thus 

were designated GAS.  These data substantiate the hypothesis that dogs residing in 

Indigenous communities are capable of carrying streptococcal bacteria. However, the 

methodology was not sufficient to determine if dogs could act as a reservoir for the high 

incidence of streptococcal disease in these communities because they did not conduct 

biochemical tests for species assignment. Therefore, the aims of this study was to establish if 
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dogs residing in Indigenous communities 1) carry streptococcal bacteria and 2) if so, whether 

these strains could be of significance to the epidemiology of human streptococcal disease.  

 

For the purpose of this chapter, the investigation will focus on the genus Streptococcus and 

also closely related facultative anaerobic gram-positive cocci that are catalase negative; thus 

including the four genera Enterococcus, Lactococcus, Aerococcus and Streptococcus 

(Facklam 2002).   

 

4.2 Materials and Methods 

4.2.1 Positive Control 

An American Type Culture Collection (ATCC) reference strain, Streptococcus dysgalactiae 

subsp. equisimilis, Group G streptococci (see Chapter 3, Section 3.2.1) was used as a 

positive control to ensure the performance of all test components. 

4.2.2 Sampling Procedures 

In July 2005, a veterinarian, Professor Rick Speare, visited an Aboriginal and Torres Strait 

Islander community in Cape York Peninsula (this will be referred to as community 1) to 

obtain samples for a pilot study in this project.  The veterinarian was performing routine 

health checks, which included scabies treatment, sterilisation, euthanasia and veterinary 

procedures as indicated. Throat and skin swabs were collected from a random subset of the 

group of animals seen by the veterinarian including both diseased and healthy dogs.  In this 

population, 23 dogs were screened for the carriage of streptococci.  Several parameters were 

obtained from dogs in this community and included: approximate age, presence of mange 

and/or skin sores and the clinical treatment given by the veterinarian.  

 

Based on the results from this initial study, another community was screened for the carriage 

of streptococci by Dr Ted Donelan. This was a geographically distinct location from 

community 1, being the upper geographical area of the NT and termed community 2.  In this 

community, 60 dogs were screened which was previously calculated to be able to detect 1 

positive result at a likelihood of 0.95, if the prevalence level was 5% (DiGiacomo and 

Koepsell 1986).  Swabs were obtained from the pharynx, hindquarters, flank and any site of 

skin infection.  Several demographic parameters were recorded for each canine.  These 

included: electronic tag number, sex, age, skin condition, body weight condition and clinical 

treatment (if any).   

 

The approximate geographical location for each community is shown in Figure 4.1.   
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Figure 4.1. Map of Australia showing location of community 1 (pink star) and 

community 2 (yellow star). 

4.2.3 Bacterial Isolation 

Sterile cotton-tipped swabs were used to obtain samples from each animal, placed into 

Amie’s Transport Media (Transwab, Medical Wire and Equipment Co. Ltd., Corsham, 

England) and kept out of the heat and sun until refrigerated at 4°C.  Subsequently, each 

sample was then transported at ambient temperature to the laboratory for culture.  Each 

sample was inoculated onto three separate culture media: i) Columbia horse blood agar 

(HBA) which is a non-selective culture medium, ii) a selective medium of HBA containing 

colistin and nalidixic acid used primarily for the differentiation between staphylococcal and 

streptococcal species and iii) a selective medium of Negram used primarily to inhibit the 

growth of Gram negative bacteria (Biomerieux Pty Ltd, Brisbane, Australia).  All culture 

plates were sealed and incubated at 37°C.  The plates were examined for colony growth after 

24 hours and again at 48 hours, and colonies that had morphology resembling streptococci 

were subcultured onto HBA plates until a pure culture was obtained. The morphological 

features of the colony were then described: including the size of the colony and the type of 

haemolysis: alpha, beta or gamma.  The bacteria were then subjected to routine microbiology 

tests (catalase test and Gram stain) to determine if they were Streptococcus.  All bacteria that 

were catalase negative and Gram positive were maintained as frozen stocks using 

microscopic beads (Biomerieux Pty Ltd) and stored at -80°C. 

4.2.4 Species Identification 

All streptococcal bacteria were identified to the species level using biochemical tests with 

the API 20 Strep system (Biomerieux Pty Ltd), according to the manufacturer’s instructions.  

Briefly, each isolate was inoculated onto HBA plates and cultured anaerobically at 37°C 

overnight.  Using a sterile cotton tip, the isolate was dissolved in 2 ml of sterile water until a 

MacFarlane Standard of 2 was obtained.  Approximately 100 μl of this solution was added to 
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each of the following tests: Voges-Proskauer reaction (production of acetoin), hydrolysis of 

hippurate, hydrolysis of esculin, pyrrolidonylarylamidase, α-galactosidase, β-galactosidase, 

alkaline phosphatase and leucine aminopeptidase.  Each of these tests was overlaid with 

sterile mineral oil.  One ml of remaining bacterial suspension was added to diluent and 

200 μl of this mix was added to each of the following tests: arginine dihydrolase, ribose, 

arabinose, mannitol, sorbitol, lactose, trehalose, inulin, raffinose, amygdalin and glycogen.  

An aliquot of this final suspension was also inoculated onto HBA plates and incubated at 

37°C overnight to ensure that there was no contamination.  The test strip was incubated at 

37°C in a humidified chamber, anaerobically.  The test results were read at 4 and 24 hours 

and interpreted using the API website (http://apiweb.biomerieux.com). The API 

classification system differentiates between Group L Streptococcus and 

S. dysgalactiae subsp. equisimilis. However, a taxonomic study of Lancefield beta-

haemolytic streptococcal groups C, G and L indicates that they are one species (Vieira 

et al. 1998).  Therefore, in this study they were grouped into one category, the subspecies 

S. dysgalactiae subsp. equisimilis.  In terms of reporting, the API identification score will be 

calculated as the score given for the group L streptococcus combined with the score given 

for S. dysgalactiae subsp. equisimilis. 

4.2.5 Lancefield Serology 

Streptococcal isolates were classified according to their Lancefield serogroup (see Chapter 2, 

Section 2.2.2), using the Prolex Streptococcal Grouping Latex Kit (Biomerieux Pty Ltd) and 

the test was performed according to the manufacturer’s instructions.  Briefly, four colonies 

were picked up using a disposable sterile loop and resuspended in 1 drop of extraction 

reagent 1.  After mixing, one drop of extraction reagent 2 was added to the tubes and mixed 

for 30 seconds.  Finally, five drops of extraction reagent 3 were added and mixed as before.  

A drop of the final suspension was dispensed onto one of six circles on a cardboard, where it 

was mixed with one drop of blue latex suspension A, B, C, D, F or G.  Test results were read 

after one minute and a rapid agglutination of the antisera was recorded as a positive result.   

 

The strains of bacteria, which coded as S. dysgalactiae subsp. equisimilis via biochemical 

tests (i.e. API classification system) but did not express either serogroup A, C or G, were 

thus reported as exhibiting group L antigen. 

4.2.6 16S rRNA Sequence Analysis 

Sequencing of the entire 16S ribosomal RNA (rRNA) region was performed by Macrogen 

Inc. (http://���Hwww.macrogen.com).  This was conducted on all streptococcal isolates which 

encoded as Lancefield’s serogroup A, B, C, G or L and on isolates with an API profile which 
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was dubious (identification below 99%) and required additional classification.  The 

16S rRNA gene is highly conserved within a single streptococcal species and can be used as 

the ‘gold standard’ for identification of the bacterial species (Gurtler and Stanisich 1996, 

Woo et al. 2001).  

 

The 16S rRNA gene sequences were assembled by Macrogen Inc., using the ABI Prism 

Sequencing 2.1.1 Inherit auto-assembler program (Applied Biosystems) and the consensus 

sequence was compared with the sequences in the GenBank databases using the Basic Local 

Alignment Search Tool (BLAST) algorithm (Altschul et al. 1990) 

(���Hhttp://www.ncbi.nlm.nih.gov/BLAST/).  To identify the species of Streptococcus of each 

isolate the sequence corresponding to the vast majority of the 16S rRNA gene was compared 

with the corresponding extant sequences in GenBank and the Ribosomal Database Project II 

(���Hhttp://rdp.cme.msu.edu) from other streptococcal species.   

 

The sequence data obtained from the study was submitted to the GenBank database 

(EU075032-EU075082). Multiple alignments and a phylogenetic tree of nucleotide 

sequences of the 16S rRNA of all canine strains was generated using the CLUSTAL W 

algorithm within the Biology WorkBench 3.2 web-based platform 

(http://workbench.sdsc.edu). The parameters used to generate the multiple alignments and 

subsequent phylogenetic tree were gap penalty 5, gap length penalty 6.66, k-tuple 2 and 

window 4. Other sequences used in this study (with accession numbers) were: Enterococcus 

gallinaceus (type strain CCUG 42692T), Enterococcus gallinarum (isolate LMG 13129, 

accession no. AJ301833), Enterococcus casseliflavus (accession no. AF039899, 

Patel et al. 1998), Streptococcus gallolyticus subsp. gallolyticus (accession no. DQ232525), 

Streptococcus porcinus (ATCC 43138, accession no. AB002523), Streptococcus sinensis 

(accession no. EF371928), Streptococcus mitis (ATCC 903, accession no. AY281078), 

Streptococcus  iniae (accession no. DQ985468), Streptococcus dysgalactiae (Streptococcus 

sp. ‘group G’, ATCC 27961, accession no. AB002517), Streptococcus sanguinis (isolate 

SK36, accession no. CP000387, Xu et al. 2007), Streptococcus suis (accession no. 

AF009509, Chattellier et al.1998), Streptococcus orisratti (accession no. AF124350, 

Zhu et al. 2000), Streptococcus dysgalactiae subsp. equisimilis, (ATCC 35666, accession no. 

AB096755, Pinho et al. 2006), Streptococcus anginosus (isolate ChDC YA4, accession no. 

AY691536), Streptococcus oral (Streptococcus sp. oral clone, accession no. AF432136, 

Kazor et al. 2003), Streptococcus pyogenes (MGAS 6180, accession no. CP000056, 

Green et al. 2005), Streptococcus minor (accession no. AY232833, accession no. 

AY232832; Vancanneyt et al. 2004), Streptococcus canis (NCTC 12191, accession no. 

AJ413203, Whatmore et al. 2001; ATCC 43496, accession no. DQ303184, 
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Bekal et al. 2006; isolate CG40, accession no. AJ413205, Whatmore et al. 2001), 

Streptococcus dysgalactiae (accession no. AB102730, accession no. AB002497), 

Streptococcus macedonicus (accession no. AF459431, Herrero et al. 2002), Streptococcus 

agalactiae (accession no. AE014210, Tettelin et al. 2002), Streptococcus ratti (ATCC 

19645, accession no. AJ420201, Whatmore and Whiley 2002), Streptococcus uberis (strain 

HN1, accession no. AB023576), Streptococcus equinus (strain SeR3, accession no. 

DQ148956), accession no. AJ307888, Collins et al. 2002) and Streptococcus bovis 

(accession no. AF429760, Schlegel et al. 2003). 

4.2.7 Determination of Animal Health 

For community 1, the skin condition of the animals was classified as being either healthy or 

unhealthy either with or without mange and/or skin sores.  In community 2, animals were 

examined and graded with regard to body and skin condition utilising the Purina Body 

Condition Score (BCS) (Laflamme 1993, Laflamme et al. 1994) and the skin score as shown 

in Table 4.1. 
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Table 4.1. Grading systems used to classify canine populations in community 2. 

 

4.3 Results 

4.3.1 Sample Demographics 

In community 1, 48% (11/23) of the dogs examined were male.  The age of dogs ranged 

from a few weeks to a couple of years.  Fifty six point five % (13/23) of dogs did not have 

skin sores or mange and therefore, were classified as having a healthy skin condition.  For 

the remaining dogs, 26% (6/23) had skin mange, without sores being present, 4.3% (1/23) 

skin mange and skin sores and 13% (3) skin sores but no mange.  Therefore, 43.5% of 

sampled dogs were classified as not having a healthy skin condition.  Twenty six % (6/23) of 

dogs were euthanized and 65% (15/23) of dogs were surgically sterilised (Table 4.2).  

Purina Body Condition Grade 
Assigned 

Skin Condition Score 

Emaciated (Ribs, lumbar vertebrae, pelvic bones 
and all bony prominences evident from a distance. 
No discernible body fat. Obvious loss of muscle 
mass.). 

1 No visible lesions 

Very Thin (Ribs, lumbar vertebrae, pelvic bones 
and all bony prominences easily visible. No 
palpable fat. Minimal loss of muscle mass.). 

2 25% body surface area 
involved 

Thin (Ribs easily palpable, with minimal fat 
covering. Waist easily noted, abdomen tucked up 
when viewed from the side.). 

3 50% body surface area 
involved 

Underweight (Ribs easily palpable, with minimal 
fat covering, waist easily noted, abdomen tucked up 
when viewed from the side.). 

4 75% of body surface area 
involved 

Ideal Body Condition (Ribs palpable without excess 
fat covering. Waist observed behind ribs when 
viewed from above. Abdominal tuck evident.). 

5 100% of body 
surface area involved in 
hair loss and/or scabs, 
sores, chronic 
thickening etc. 
 

Overweight (Ribs palpable with slight excess fat 
covering. Waist is discernible viewed from above 
but is not prominent. Abdominal tuck apparent.). 

6 Not applicable 

Heavy (Ribs palpable with difficulty, heavy fat 
cover. Noticeable fat deposits over lumbar area and 
base of tail. Was it absent or barely visible? 
Abdominal tuck may be present.). 

7 Not applicable 

Obese (Ribs not palpable under very heavy fat 
cover, or palpable only with significant pressure. 
Heavy fat deposits over lumbar area and base of 
tail. Waist absent. No abdominal tuck. Obvious 
abdominal distension may be present.). 

8 Not applicable 

Grossly Obese (Massive far deposits over thorax, 
spine and base of tail. Waist and abdominal tuck 
absent. Fat deposits on neck and limbs. Obvious 
abdominal distension.). 

9 Not applicable 



  72 

 

Table 4.2. Demographic parameters of dogs examined in the Cape York Peninsula 

(community 1 - pilot study).   

Species Isolated Treatment ID Sex 
(M/F) 

Age Healthy 
Skin 
(yes/no) 

Skin 
Mange 
(yes/no) 

Skin 
Sores 
(yes/no) 

Pharynx Skin  

1 M Adult No Yes No Nil Nil Sterilised 
2 F Young 

Adult 
Yes No No Lactococcus 

lactis subsp. 
lactis 

Nil Sterilised 

3 F Adult No No Yes Enterococcus 
faecium (D) 

Nil Sterilised 

4 M Young 
Adult 

No Yes No Nil Nil Euthanized 

5 F 4 
months 

No Yes No S. equisimilis 
(L) 

Nil Sterilised 

6 F Adult No No Yes Nil Nil Euthanized 
7 M Young 

Adult 
No Yes No Nil Nil Euthanized 

8 F Adult Yes No No Nil Nil Sterilised 
9 F Adult Yes No No Nil Lactococcus 

lactis subsp. 
lactis 

Sterilised 

10 F Old  Yes No No Nil Nil Sterilised 
11 M 8 

months 
Yes No No Lactococcus 

lactis subsp. 
lactis 

Nil Sterilised 

12 M 4 
months 

Yes No No Nil Nil Sterilised 

13 M 4 
months 

Yes No No Nil Nil Sterilised 

14 M Adult No Yes No Nil Nil Euthanized 
15 F Old Yes No No Nil Nil Sterilised 
16 F Adult Yes No No Nil Nil Sterilised 
17 F Adult Yes No No Nil Nil Sterilised 
18 F Old No Yes No Nil Nil Sterilised 
19 M Adult Yes No  No Nil E. 

gallinarum 
(D) 

Health 
Check 

20 M Adult Yes No No Nil Nil Euthanized 
21 F 4 

months 
No Yes Yes Nil Nil Worming 

22 M Adult Yes No No Nil Nil Sterilised 
23 M 4 

months 
No No Yes Nil Nil Euthanized 

Note: M=male, F=female, S. equisimilis = Streptococcus dysgalactiae subsp. equisimilis: 
Lancefield serological group is annotated next to the species assignment in parentheses. 
 

In community 2, 70% of dogs were classified as adult (42/60). Approximately 47% (28/60) 

of the dogs were male, and 85% (24/28) of the dogs were castrated.  For the 32 bitches, 

78.1% (25/32) were spayed and 3.1% of bitches (1/32) were euthanized.  In this community, 
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8.3% of dogs had owners who were non-Indigenous.  The condition of the dogs varied with 

some animals being classified as having severe skin mange and underweight, while other 

animals had acceptable skin condition and were of a healthy weight.  Twenty-five % of dogs 

(15/60) were considered to be of healthy weight, 1.7% of dogs (1/60) were classified as 

being overweight and the rest of the population (73.3%) were considered to be underweight 

(Tables 4.2, 4.3). 

 
Table 4.3. Demographic parameters of dogs examined in the Northern Territory 

(community 2) and bacterial isolation.   
Species Isolated Dog ID Sex Age BCS SCS 
Pharynx Skin 

Treatment Notes 

82974 F Adult 5 1 
Streptococcus 
canis (G) 

Nil 
Sterilized  

79600 F Adult 4 1 Nil Nil Sterilized  

121788 F Adult 4 4 

Streptococcus 
minor 
 

Nil 

Sterilized 

Replace 
luxated 
hip 

82889 F Adult 5 1 Nil Nil Sterilized  
82319 M Adult 4 3 Nil Nil Sterilized  

79715 F 
Young 
adult 5 1 

S. canis (G) Nil 
Dental * 

114960 F Adult 5 1 

S. equisimilis 
(C), 
Enterococcus 
faecium (D) 

Nil 

Suture 
wounds * 

122298 M Adult 4 2 Nil Nil Sterilized Fleas 3+ 

77168 F Adult 4 4 

Nil Enterococcus 
durans (D), 
E. faecium 
(D) 

Sterilized 

Scabs & 
sores 

79264 M Adult 4 3 S. minor Nil Sterilized  
117225 M Old 4 2 Nil Nil Sterilized  

120877 M 
Young 
adult 3 3 

Nil Nil Sterilized 
 

124690 M Old 4 4 

Streptococcus 
suis II, E. 
durans (D) 

 

Nil 

Drain 
haematoma  

118812 F 4 mths 4 1 
S. suis II, S. 
canis (G) 

Nil Sterilized 
* 

118379 M 
Young 
adult 4 1 

 Nil Sterilized 
 

122946 F Adult 5 3 
S. minor, S. 
canis (G) 

Nil Sterilized 
 

116866 F Adult 4 3 

Nil E. faecium 
(D), S. equi 
(C) 

Sterilized 

 

80049 M Adult 5 1 

Nil S. equisimilis 
(1 of A, 1 of 
C), S. 

Sterilized 
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dysgalactiae 
(C) 

82712 F Adult 4 1 E. faecium (D) Nil Sterilized  

123154 M Adult 3 5 
Nil Nil Sterilized Scabs, 

wounds 

327445 F Adult 3 5 
Nil E. faecium 

(D) 
Sterilized Scabs & 

sores 

330827 M Adult 3 5 
Nil Aerococcus. 

viridans II 
Sterilized 

Fleas 3+ 
325067 M Adult 3 4 Nil Nil Sterilized Scabby 

329487 F 
Young 
adult 4 1 

Streptococcus 
bovis I (D) 

Nil Sterilized 
 

331163 M Adult 3 4 
S. minor, S. 
canis (G) 

Nil Sterilized 
Fleas 3+ 

334663 F Adult 4 2 Nil Nil Sterilized  

334396 F Adult 3 2 
S. canis (G), S. 
minor 

Nil Sterilized 
 

324911 M Adult 4 2 
S. canis (G), E. 
faecium (D) 

Nil Sterilized 
 

326862 F 
Young 
adult 4 3 

S. canis (G) Nil Sterilized 
Scabby 

326958 F 
Young 
adult 4 3 

E. faecium, S. 
suis II  

Nil Sterilized 
Scabby 

327148 M Adult 3 3 
S. minor, S. 
bovis I 

Nil Sterilized 
 

329771 M Old 5 3 
S. equisimilis 
(L) 

Nil Sterilized 
Scabby 

333758 F Adult 3 2 
Nil Nil Sterilized Endo-

metritis 

333633 M 
Young 
adult 4 1 

S. minor, S. 
equisimilis (C), 
S. canis (G) 

Nil Sterilized 

 

120489 F Adult 5 1 
Nil Nil 

Euthanized 
Vaginal 
TVG 

75940 F Adult 4 1 
S. minor, S. 
equisimilis (C) 

Nil Sterilized 
 

325077 M 
Young 
adult 4 1 

S. minor Nil Sterilized 
 

332482 F 
Young 
adult 4 1 

S.minor, S. 
canis (G), 
Enterococcus 
casseliflavus 
(D) 

Nil Sterilized 

 
330073 M Adult 4 1 E. faecium (D) Nil Sterilized  

330196 F 
Young 
adult 4 1 

S. canis (G) Nil Sterilized 
 

333937 M Adult 4 1 

S. minor Enterococcus 
gallinarum 
(D) 

Sterilized 

 
330135 M Adult 4 1 Nil Nil Sterilized  

334112 M Adult 5 1 
S. minor Nil Suture 

removal *# 

325713 F Adult 5 1 
S. equisimilis 
(C) 

E. faecium 
(D) 

Sterilized 
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326102 F Adult 5 1 
S. minor, S. 
equisimilis (C) 

Nil Sterilized 
 

75133 F Adult 6 1 

S. minor Nil 
Bone pin 
removal 

Dischar-
ging 
sinus 

329745 M Adult 5 1 
Nil Nil 

Sterilized 
Burn 
scars 

330899 M Adult 5 1 S. bovis I (D) Nil Sterilized  

327095 M Old 4 5 

Nil Nil Sterilized General-
ised 
alopecia; 
healing 
leather-
back 

331481 M Adult 4 3 

S. agalactiae 
(B), S. 
equisimilis (C) 

Nil Sterilized 

 
325571 M Adult 4 1 S. suis I Nil Sterilized  
333465 F Adult 4 1 Nil Nil Sterilized  
326239 F Adult 4 1 S. canis (G) Nil Sterilized  

332742 F Adult 5 4 
S. orisratti (A), 
S. canis (G) 

Nil Sterilized Vaginal 
TVG 

331043 F Adult 5 3 Nil Nil Sterilized  

117983 F Adult 4 1 

E. gallinarum 
(D) 

Nil 

Hip 
luxation 

Replace 
dis-
located 
hip 

Samso
n M 

4 
months 4 1 

S. minor Nil 
Vaccine * 

Tess F Adult 4 3 

Nil Nil 

Vaccine 

Flea 
allergy 
derm-
atitis 

Note: *Non-Indigenous owner, #Non-permanent dog (resides elsewhere), M=male, 
F=female, S. equisimilis =Streptococcus dysgalactiae subsp. equisimilis, S. equi = 
Streptococcus equi subsp. equi, S. dysgalactiae = Streptococcus dysgalactiae subsp. 
dysgalactiae, PCS=body condition score, SCS=skin condition score, TVG=canine 
transmissible venereal granuloma, Lancefield serological group is annotated next to the 
species assignment in parentheses. 

4.3.2 Bacterial Species and Lancefield Serogroup 

Streptococci were isolated from dogs in community 1, at a total of 7 isolates (Figure 4.2).  

The bacterium isolated at the highest rate in this community, was L. lactis subsp. lactis, 

which was isolated from the skin of three animals.  An isolate of each, E. durans and 

E. gallinarum were isolated from the skin and one isolate of E. faecium was isolated from 

the throat.  All isolates of Enterococci exhibited serogroup D.  The single isolate of 

S. dysgalactiae subsp. equisimilis exhibited the serotype L, and was isolated from the throat 

of a female puppy (approximately 4 months) with mange but no skin sores (Figure 4.2). 
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In community 1, the sampling size (n=23) was too low to accurately detect prevalence for 

the carriage of streptococcal bacteria by dogs. However, this pilot study showed that dogs in 

remote Indigenous communities do carry streptococcal bacteria.  Therefore, further 

investigation was warranted to determine if the carriage of these bacteria included species 

that may be linked to the high rates of human streptococcal diseases in Aboriginal and Torres 

Strait Islander peoples.  

0 0.5 1 1.5 2 2.5 3

Number of Isolates

Streptococcus dysgalactiae
subsp. equisimilis

Enterococcus durans

Enterococcus faecium

Enterococcus gallinarum

Lactococcus lactis subsp.
lactis

Serogroup D Serogroup L No Serogroup Identified

13%

4.3%

4.3%

4.3%

4.3%

 

Figure 4.2. Isolates of streptococcal bacteria from dogs in Cape York Aboriginal and 

Torres Strait Islander community 1 (n=23). Note: Percentage is prevalence of the 

bacterium in the sample. 

 

The prevalence of isolated bacteria from community 2 is shown in Figure 4.3. 
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Figure 4.3. Isolation of streptococcal bacteria from dogs in Northern Territory 

Aboriginal Community 2 (n=60).  Note: Percentage is prevalence of the bacterium in the 

sample. 
 

In community 2, two species of streptococci, S. dysgalactiae subsp. equisimilis and 

S. orisratti, exhibited the Lancefield group A antigen (two isolates).  A single isolate 

of S. agalactiae, exhibiting the Lancefield group B antigen, was recovered from the 

pharynx of an adult male dog.  Additionally, 3 different bacterial species were 

recovered that exhibited Lancefield’s group C antigen: 

S. dysgalactiae subsp. equisimilis, Streptococcus dysgalactiae subsp. dysgalactiae and 

Streptococcus equi subsp. equi.  All 7 of the S. dysgalactiae subsp. equisimilis strains 

that exhibited serogroup C were isolated from the pharynx of dogs; two 

S. dysgalactiae subsp. equisimilis strains exhibited Lancefield’s serogroup L and were 

isolated from the pharynx.  The other 2 Lancefield group C species, 

S. subsp. dysgalactiae and S. subsp. equi strains were isolated from the skin of the 

dogs.  In the present study, all 13 S. canis strains isolated exhibited serogroup G 

antigen and all isolates were retrieved from the pharynx of the animals. 
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There was a high prevalence (23.3%) of enterococci in community 2.  These 

serogroup D bacteria were approximately isolated equally between the skin and throat 

of sampled dogs.  In addition to these enterococcal bacteria, which expressed the 

serogroup D antigen, three isolates of Streptococcal bovis I were isolated from the 

pharynx of dogs and possessed Lancefield’s group D antigen. 

 

In total, 19 bacterial isolates from the pharynx of dogs could not be confidently 

identified with biochemical tests.  These isolates were alpha haemolytic and 

phenotypically similar to Streptococcal suis sp., however, further 16S rRNA studies 

identified these strains as Streptococcus minor (see Section 4.3.4).   

 

One isolate from the pharynx was identified as Streptococcus suis I.  A further three 

pharyngeal isolates were identified as Streptococcus suis II.  The results for each 

bacterial species isolated from individual dogs are shown in Appendix 5, Table A5.1.  

The overall isolation rates of bacterial species are shown in Table 4.4. 
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Table 4.4. Bacterial isolates according to species identification and Lancefield’s 

serogroup. 

Species Assignment  
Lancefield Group 
(A, B, C, D, F, G or L) Number of Isolates Prevalence

Community 1 (n=23) Pilot Study 
Streptococcus dysgalactiae subsp. 
equisimilis L 1 4.3%
Enterococcus faecium D 1 4.3%
Enterococcus  durans D 1 4.3%
Enterococcus gallinarum D 1 4.3%
Lactococcus lactis subsp. lactis Lactococcus 3 13%
Community 2 (n=60) 
Streptococcus agalactiae B 1 1.70%
Streptococcus canis G 13 22%
Streptococcus equi subsp. equi C 1 1.70%
S. dysgalactiae subsp. equisimilis C 7 11.7%
S. dysgalactiae subsp. equisimilis A 1 1.70%
S. dysgalactiae subsp. equisimilis L 1 1.70%
Streptococcus dysgalactiae subsp. 
dysgalactiae C 1 1.70%
E. faecium D 10 16.70%
E. durans D 2 3.30%
E. gallinarum D 2 3.30%
Enterococcus casseliflavus D 1 1.70%
Streptococcus suis I None Identified 1 1.70%
Streptococcus suis II  None Identified 3 5%
Streptococcus orisratti Viridians (A) 1 1.70%
Streptococcus bovis I D 3 5%
Streptococcus minor Viridans 19 31.2%
Aerococcus viridans II Aerococcus 1 1.70%
 
The prevalence of carriage by dogs in Indigenous communities can be analysed according to 

pharyngeal or skin carriage (Table 4.5). 
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Table 4.5. A summary of the prevalence of bacterial carriage by dogs residing in each 

community. 

Community No. of 
animals 

No. of 
animals 
with 
Bacteria* 

Carriage 
Prevalence

No. of 
animals with 
skin carriage 

Skin 
carriage 
Prevalence 

No. of animals 
with 
pharyngeal 
carriage 

Pharyngeal 
Carriage 
Prevalence 

1 23 6 26% 2 8.7% 4 17.4% 
2 60 40 66.6% 7 11.7% 35 58.3% 
1+2 83 46 55.4% 9 10.8% 39 47% 

Note: includes the following genera: Streptococcus, Enterococcus , Lactococcus and 
Aerococcus.  

4.3.3 Lancefield Serology 

Twenty-nine percent of bacteria isolated from the two communities exhibited the Lancefield 

serogroup D.  Lancefield groups B, G and L were only isolated from the pharynx and were 

not recovered from the skin of dogs in these populations.  No bacteria exhibiting Lancefield 

serogroup F were isolated from the canine population tested (Figure 4.4). 
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Figure 4.4. Number of isolates of streptococci from dogs residing in two Aboriginal and 

Torres Strait Islander communities in geographically distinct areas (n=83) grouped 

using Lancefield serology. Note: This does not include bacterial species identified in either 

the Aerococcus or Lactococcus genus. 

4.3.4 Results of 16S rRNA Sequencing 

The results from this 16S rRNA gene sequence analysis have been incorporated in the 

species determination presented in Section 4.3.2.  
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The results of the 16S rRNA sequence analysis further confirmed the presence of a new 

species, first proposed by Vancanneyt et al. (2004).  This species, S. minor was first isolated 

from the tonsils, anal swabs and faeces of dogs and from the tonsils of a cat and a calf.  

Using the API Strep 20 system, it is identified as S. suis. However, it can be differentiated by 

the production of acid from mannitol and β-gentiobiose.  For the 19 isolates identified in the 

current study from the pharynx of dogs, the sequence homology obtained for the 16S rRNA 

region for S. minor was 100%.   

 

A distance matrix tree showing the phylogenetic relationships of the canine isolates is shown 

in Figure 4.5. This figure compares the isolates obtained in this study with previously 

published sequences accessible in GenBank. 
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Figure 4.5. Phylogenetic tree (phylogram) showing the distance matrix of canine 

isolates 16S sequences compared with published streptococcal species 16S sequences 

constructed using the neighbour-joining method with the ClustalW program.  Note: 
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distance is shown after the name of isolate.  Isolates from this study are coded in Appendix 

5. The following species are not from this study: Streptococcus porcinus (ATCC 43138, 

accession no. AB002523). Enterococcus casseliflavus (accession no. AF039899), 

Streptococcus gallolyticus (accession no. DQ232525), Streptococcus sinensis (accession no. 

EF371928), Streptococcus  mitis (ATCC 903, accession no. AY281078), Streptococcus iniae 

(accession no. AQ985468), GGS (Streptococcus dysgalactiae, streptococcus sp. ‘group G’, 

ATCC 27961, accession no. AB002517), Streptococcus sanguinis (accession no. 

CP000387), Streptococcus suis (accession no. AF009509), Streptococcus orisratti (accession 

no. AF124350), Streptococcus dysgalactiae* (Streptococcus dysgalactiae subsp. equisimilis, 

ATCC 35666, accession no. AB096755), Streptococcus anginosus (accession no. 

AY691536), Streptococcus oral (Streptococcus sp. oral clone, accession no. AF432136), 

Streptococcus pyogenes (MGAS 6180, accession no. CP000056), Streptococcus minor 

(accession no. AY232833), S. minor2 (accession no. AY232832), Streptococcus canis 

(accession no. AJ413203), S. canis2 (accession no. DQ303184), S. dysgalactiae (accession 

no. AB102730), Streptococcus macedonicus (accession no. AF459431), S. dysgalactiae2 

(accession no. AB002497), Streptococcus agalactiae (accession no. AE014210), S. canis3 

(accession no.AJ413205), Streptococcus ratti (ATCC 19645, accession no. AJ42020), 

Enterococcus gallinarum (accession no. AJ301833), Streptococcus  uberis (accession no. 

AB023576), Streptococcus equinus (accession no. DQ148956), Enterococcus gallinaceus 

(accession no. AJ307888), Streptococcus  bovis (accession no. AF429762).  

 

4.3.5 Association between Animal Health and the Carriage of Streptococci 

In community 2 a significant association (Ρ<0.0001) was found between the animal’s Skin 

Condition Score and Body Condition Score assigned using linear regression analysis (Figure 

4.6).  However, this interaction only partly explains the relationship, as the R-squared value 

of 21% is low and thus, other factors must be present in the model.   
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Figure 4.6. Skin Condition Score versus Purina Body Condition Score for dogs in 

community 2. 
 

Using a general linear model for multiple comparisons, no significant difference (P>0.05) 

was observed for skin condition or body condition with regard to isolation of streptococcal 

species from community 2.   

 

4.4 Discussion 

This cross-sectional survey has demonstrated that dogs from remote Indigenous communities 

in tropical Australia carry streptococci that are potentially involved in the epidemiology of 

human streptococcal disease in these communities.   

 

In a similar study of dogs in tropical Indigenous communities, Palmer and Presson (1990) 

found that dogs carried streptococci at a prevalence of up to 35% in the eyes, and up to 25% 

on the skin.  Specifically, they found that 18% of isolates were GAS.  However, the study 

did not identify bacteria to the species level and therefore interpretation of their results must 

be done cautiously.  The term group A streptococcus or GAS, has generally been used as a 

synonym for S.  pyogenes.  However, in the current study, the two species that expressed the 

serogroup A antigen, were S. orisratti, isolated from the pharynx and S. dysgalactiae subsp. 

equisimilis, isolated from the skin.  Both of these beta haemolytic streptococci have 

previously been reported as possessing Lancefield’s group A antigen (Brandt et al. 1999, 
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Zhu et al. 2000, Facklam 2002).  This result suggests that the prevalence of GAS, assumed 

to be S. pyogenes, estimated by Palmer and Presson (1990) may in fact have overestimated 

the true prevalence of S. pyogenes. Our failure to find S. pyogenes and the assignment of all 

group A streptococci to S. orisratti and S. dysgalactiae subsp. equisimilis clearly 

demonstrates that species assignment should not be based on the results of serogrouping 

alone. 

 

Current interest in human streptococcal laboratories is focused on infections caused by S. 

dysgalactiae subsp. equisimilis.  These beta-haemolytic, large-colony forming (diameter, 

>0.5 mm) Lancefield group G and group C streptococci (GGS and GCS, respectively) are 

recognised as important human pathogens.  In humans, S. dysgalactiae subsp. equisimilis 

may colonise the skin, throat and genital tract and it has been isolated with an increased 

frequency as the cause of various human infections, such as cellulitis, pharyngitis, 

bacteremia’s, sepsis, meningitis and endocarditis.  Patients presenting with these infections 

appear to have an underlying predisposing factor such as malignancy, vascular disease or 

diabetes (Skogberg et al 1988, Bradley et al. 1991).  In the Australian Indigenous 

population, the GAS throat isolation rate is not commensurate with the incidence and 

prevalence of acute rheumatic fever (ARF) and rheumatic heart disease (RHD), and there 

exists serological evidence for past GGS/GCS infection, thus providing epidemiological 

evidence for a possible association between GGS/GCS and ARF (Haidan et al. 2000).  

GGS/GCS from human infections and GAS are closely related genetically and share several 

virulence factors that may play a role in GGS and GCS pathogenesis (Pinho et al. 2006).  

S. dysgalactiae subsp. equisimilis may also express Lancefield group antigens, A and L.  

When this bacterium exhibits serogroups C or G, it is classified taxonomically as a “human” 

strain.  However, in this research we isolated ten strains of S. dysgalactiae subsp. equisimilis 

from the pharynx of dogs.  Detailed genetic and biochemical analyses were conducted on 

these strains which indicated that they belonged to the “human” species, S. dysgalactiae 

subsp. equisimilis.  These strains exhibited phenotypic characteristics typical of this species 

classification, such as large beta-haemolytic colonies.  Additionally, using 16S rRNA 

studies, these strains had 100% sequence homology to other “human” strains.  Either this is 

an example of “reverse-zoonosis” or, dogs represent an important link in the transmission of 

streptococcal disease in these communities.  Further molecular studies are required to 

determine if the animal GGS and GCS strains share similar virulence factors to the human 

strains or if they are genetically distinct populations. 

 

While interest has focused specifically on S. dysgalactiae subsp. equisimilis as the 

etiological agent behind human diseases, there are four other streptococcal species that also 
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express serogroups C and G (Facklam 2002). These four species are Streptococcus equi 

subsp. zooepidemicus, S. equi subsp. equi, S. dysgalactiae subsp. dysgalactiae (does not 

exhibit beta hemolysis) and S. canis (Facklam 2002).  Typically, S. dysgalactiae subsp. 

equisimilis is associated with humans and the other four species are animal-associated GCS 

and GGS.  However, research in Hong Kong has demonstrated while 

S. dysgalactiae subsp. equisimilis is the only GGS associated with humans, S. zooepidemicus 

is the only species identified in human GCS bacteraemia (Yuen et al. 1990, 

Woo et al. 2001).  Therefore, indicating that the occurrence of group C and G organisms, 

other than S. dysgalactiae subsp. equisimilis mediating human infections is higher than 

reported.  In diagnostic medical laboratories, beta-haemolytic streptococci are routinely 

identified based on Lancefield serological grouping alone and classified at GGS or GCS and 

thus attributed to the human species, S. dysgalactiae subsp equisimilis (Lun et al. 2007).  

This practice may be masking the pathogenic potential of other streptococcal organisms that 

are classified as “animal” strains.   

 

Whatmore et al. (2001) surveyed 200 Group G and C streptococcal infections of humans and 

were unable to amplify the emm gene encoding the M protein in two GGS isolates and 

therefore subjected them to further analysis.  Utilising biochemical tests, they identified the 

two isolates as S. canis and with further molecular analysis they demonstrated that these 

strains were epidemiologically unrelated, and represented two distinct cases of S. canis 

pathogenesis.  In this study, the true presence of “animal” strains of GCS and GGS such as 

S. canis may also have been underestimated (Whatmore et al. 2001).  These two isolates 

were identified on the lack of an M protein-encoding gene and therefore subjected to further 

biochemical tests.  Whether the emm gene is present in “animal” strains of GCS and GGS is 

controversial.  However, if some strains do possess the gene, these isolates would not have 

been identified by Whatmore et al. (2001) and other GCS and GGS strains may have been 

classified as species other than S. dysgalactiae subsp. equisimilis if subjected to biochemical 

tests.  The pathogenic potential of “animal” strains remains unclear. However, the 

colonisation of humans by these bacteria seems more common than currently recognised.  

These results indicate that human infections mediated by Lancefield group A, C, G and L 

bacteria should be classified to the species level to identify the species causing disease. 

 

In the current survey, 11 isolates of S. canis were identified from the pharynx of dogs and all 

isolates possessed the Lancefield group G antigen.  S. canis may often represent commensal 

flora of the canine skin and mucosa (Whatmore et al. 2001).  In animal hosts, it has been 

recognized as the cause of bovine mastitis, genital and wound infections in dogs and 

epizootics in cats.  In humans, infection with S. canis is rare and represents approximately 
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1% of all streptococcal infections (Galpérine et al. 2007).  In the literature there is a single 

confirmed report of septicaemia in an elderly man with leg ulcers and two other unconfirmed 

reports (Bert and Lambert-Zechovsky 1997).  However, the occurrence of these organisms in 

humans may be masked by the fact that in medical diagnostic laboratories, beta-haemolytic 

streptococci are routinely identified based on Lancefield serological grouping alone.  A 

recent retrospective study over 5 years included 54 patients with proven S. canis growth in 

one or several biological samples (Galpérine et al 2006).  Their results confirmed that such 

infections are rare; however, the majority of these infections were community-based with 

only one case having a confirmed exposure to an animal.  In the review, the infections had a 

wide range of clinical manifestations including invasive disease thus highlighting the 

possible severe course that infections with this bacterium can take.   

 

In addition to S. canis, both S. dysgalactiae subsp. dysgalactiae and S. equi subsp. equi, 

encoding Lancefield’s group C were isolated from the skin of dogs.  S. dysgalactiae subsp. 

dysgalactiae is an alpha-haemolytic GCS which can cause bovis mastitis 

(Vandamme et al. 1996).  It has similar virulence factors to S. pyogenes including the M-like 

protein, suggesting a possible public health as a zoonotic agent.  S. equi subsp. equi is not a 

known cause of human infections, however, in horses it causes strangles and our finding of 

this bacterium in dogs supports a previous case reported by Ladlow et al. (2006).  Ladlow et 

al. (2006) reported the first documented cases of canine strangles due to infection with 

S. equi subsp. equi in a canine with enlarged lymph nodes.  While the animal lived in 

premises where horses were kept and stabled, the owners had never had a case of equine 

strangles on their premises.  Therefore, the colonisation of the oropharyngeal tracts of dogs 

may provide a reservoir for infection.  The finding of these Lancefield group C and G 

isolates at a high prevalence rate in dogs, suggests a possibility that the high rate of GCS and 

GGS infections in Aboriginal and Torres Strait Islander people may be partly attributed to 

these “animal” pathogens and the result of zoonotic transmission.  Detailed molecular 

epidemiological analysis is required to test this hypothesis. 

 

S. agalactiae or Lancefield’s group B streptococcus (GBS) is the most common cause of 

neonatal sepsis, particularly affecting Aboriginal and Torres Strait Islander neonates 

(Zangwill et al. 1992).  In humans, carriage of the bacteria can either be anal, cervical or 

vaginal yet mechanisms by which GBS colonise the female genital tract and proceed to 

infect neonates during birth are poorly understood (Cleary et al. 1992, Motlova et al. 2004).  

In the present study, one isolate of S. agalactiae was recovered from the pharynx of an adult 

male dog in the NT community.  This isolate was haemolytic, pigment producing and did not 

utilise lactose, thus exhibiting cultural and biochemical features of human isolates of GBS 
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(Yildirim et al. 2002).  The calculated prevalence in this community from the sampling was 

1.7%.  However, due to the sampling size (n=60), the true prevalence rate ranges between 

0.04% and 8.94% at the 95% confidence level.  Secondly, despite the fact that dogs self-

groom the anal and vaginal areas and thus, it is predicted that GBS could therefore cross-

infect the mouth, it is not known how effectively GBS can colonise the oropharynx.  

Therefore, in this study by only sampling the skin and oral routes, and not the anal or vaginal 

surfaces, we may not have detected all the carriers of GBS.  This result confirms that dogs in 

Indigenous communities can carry strains of GBS which exhibit features of ‘human’ GBS. 

However, the true rate of carriage by dogs in these communities is unknown.  Further studies 

are required in Indigenous and Torres Strait Islander communities to screen dogs as potential 

vaginal and/or faecal carriers of GBS because previous research has identified dogs carry 

GBS that has similar properties to GBS of human origin (Lammler et al. 1998).  

 

S. suis are streptococci which exhibit Lancefield groups R, S and T.  These bacteria are 

alpha-haemolytic when grown on SBA (Facklam 2002).  S. suis are an important cause of a 

variety of infections in pigs, including meningitis, pneumonia, septicaemia and 

arthritis (Chateillier et al. 1998).  They are a zoonotic agent and there are numerous reports 

in the literature of human infections being caused by this organism, including meningitis, 

septicaemia and a case of endocarditis. There have been repeated intensive outbreaks of 

human S. suis infection which have raised great public concern worldwide regarding S. suis 

as an emerging zoonotic agent (Lun et al. 2007). All of these reported cases involve the 

patient having worked with raw pork meat or having had contact with pigs 

(Lűtticken et al. 1986, Trottier et al. 1991, Segura et al. 1999, Lun et al. 2007).  A random 

amplification polymorphic DNA (RAPD) analysis of 88 strains of S. suis II, including 8 

isolates of human analysis found that the strains from humans may be identical to those 

causing infections in pigs (Chateillier et al. 1998).  There is scientific speculation that the 

actual documentation of S. suis infections may be underreported, due to the fact that this 

organism resembles the viridans streptococci.  In the current study, dogs carried S. suis at a 

prevalence of up to 9% in community 2.  This carriage rate may reflect the presence of both 

wild and domestic pigs in these communities and the fact that dogs are often used for pig 

hunting and fed on wild pig meat 

(http://www.nt.gov.au/nreta/wildlife/science/conservationissues/huntingharvesting/).   

 

S. orisratti is a member of the Mitis group of viridians streptococci.  It can be distinguished 

from Streptococcus mitis in that it possesses the Lancefield group A antigen.  This organism 

has previously only been reported from laboratory rats (Zhu et al. 2000).  The Mitis group of 

viridians streptococci have a clinical significance in cancer patients, presenting as an 
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opportunistic infection in blood cultures.  They are also a public health concern, due to the 

fact that they are commonly resistant to beta-lactam antibiotics (Facklam 2000). Therefore, 

this isolate of S. orisratti found in the pharynx of a dog in a remote Indigenous community 

may have implications for the humans living in close proximity.  Due to the fact that 

Indigenous Australians have an increased susceptibility to infectious diseases, further 

investigation is required to determine the true prevalence of the Mitis group of viridians 

streptococci and their susceptibility profile to antibiotics which are commonly administered 

to control disease. 

 

The current classification of streptococcal species in the S. bovis group is in a state of debate 

(Falkham 2002).  The members of this group exhibit the Lancefield group D antigen and 

have been frequently found in blood cultures of patients with bacteremia, sepsis and 

endocarditis.  In this survey, S. bovis I was found in dogs at a prevalence of 5% in 

community 2.   

 

Enterococcal bacteria were isolated at a high prevalence (23%) from dogs in this survey.  

These bacteria exhibit Lancefield’s group D antigen.  E. faecium was found at a high 

prevalence in both community 1 (4.3%) and community 2 (16.7%).  Emergence of 

enterococci with multi-drug resistance particularly to vancomycin is predominantly seen in 

E. faecium.  Patients colonised with vancomycin-resistant enterococci (VRE) contaminate 

both themselves and their environment; thereby having the potential to transfer VRE from 

the environment to patients (Morris et al. 1995, DeLisle and Perl 2003).  Furthermore, the 

ability of enterococci to acquire and disseminate resistance genes is high.  Reducing 

environmental contamination is recommended to reduce cross contamination by VRE.  The 

recovery of isolates of enterococci at a high prevalence rate from dogs in these rural and 

remote communities may present a threat to public health control programs.  

Rice et al. (2003) detected enterococci which exhibited intrinsic intermediate resistance to 

vancomycin in canine faeces.  Further research is required to determine if the E. faecium 

carried by dogs in Indigenous communities from this study are resistant to vancomycin and 

therefore pose a public health risk. 

 

The members of the Lactococcus genus are facultative anaerobic, catalase-negative, gram-

positive cocci that occur singly, in pairs or in chains. Prior to 1985, these catalase-negative, 

facultative anaerobic, serogroup N cocci that produced lactic acid were included in the 

Streptococcus genus.  These bacteria are physiologically similar to the serogroup D faecal 

streptococci. However, genetic evidence indicated that the lactic acid streptococci were a 

separate species and they were placed in the Lactococcus genus.  There are several reports of 
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Lactococcus strains involved in clinically important infections, including endocarditis 

(Vinh et al. 2006, Zechini et al. 2006), septicaemia (Durand et al. 1995), arthritis 

(Campbell et al. 1993), brain abscess (Akhaddar et al. 2002) and liver abscess (Nakarai et 

al. 2000).  However, lactococci are probably opportunistic pathogens of debilitated persons 

(Facklam 2000).  In the current survey, in community 1, Lactococcus lactis subsp. lactis was 

found at a high prevalence rate of 13%.   

 

Similarly, human cases of aerococcal infection probably represent an opportunistic infection.  

These bacteria have previously been isolated from the air, soil and human infections.  In the 

current study, one isolate of Aerococcus viridians II was found in community 2.  A. viridans 

has been isolated from blood cultures of patients with endocarditis (Janosek et al. 1980), 

urine cultures of patients with urinary tract infections (Colman 1967), synovial fluid of septic 

arthritis patients (Taylor and Trueblood 1985), and cultures of cerebral spinal fluid from 

patients with meningitis (Nathavitharana et al. 1983).  These findings further emphasise the 

need for accurate determination of the pathological agent in human infections by culturing of 

infected fluids.  The pathogenic bacteria should be identified to the species level.  Otherwise, 

the true profile of human diseases is unknown and the role of zoonosis cannot be properly 

investigated. 

 

4.5 Conclusion 

This study has identified that dogs residing in remote Australian Aboriginal and Torres Strait 

Islander communities carry streptococcal bacteria of human pathogenic potential.  Currently, 

human streptococcal infections are classified according to their Lancefield serogroup and 

assumed to be the predominant human species in that group.  This has resulted in strains 

being classified as either “human” or “animal” dependent upon the major host.  However, 

our research has demonstrated that dogs are a possible reservoir in the epidemiology of 

human streptococcal disease.  These findings should result in the implementations of policies 

to minimise the spread of streptococcal disease and control disease in Aboriginal and Torres 

Strait Islander communities.  These results have widespread impact for other communities in 

the world where similar socio-economic factors are present, such as poor housing conditions 

and low sanitation, which are implicated in the spread of zoonosis.  These results require 

further research to specifically identify areas for healthcare expenditure.  This study was 

conducted from a microbiological perspective and further research requires molecular 

studies for the determination of the presence of identified ‘virulence’ factors, as well as 

comparison to invasive strains isolated from humans with methods such as 

pulsed-field gel electrophoresis and RAPD.  Finally, investigation of these strains in animal 
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models of human disease, such as PSGN and RHD would ultimately demonstrate their 

potential to elicit disease. 
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CHAPTER 5 
 

The Molecular Epidemiology of Lancefield Strains A, B, C, G and L from Dogs 
 
5.1 Introduction 

Acute rheumatic fever (ARF), rheumatic heart disease (RHD) and post-streptococcal 

glomerulonephritis (PSGN) represent autoimmune responses to Streptococcus pyogenes 

(group A streptococcal (GAS)) infections.  Contemporary theory holds that ARF and RHD 

occur following a pharyngeal infection, while PSGN occurs subsequent to a skin infection.  

In the Aboriginal population of the Northern Territory (NT) of Australia, some of the highest 

rates of ARF in the world have been reported, although pharyngeal carriage rates of S. 

pyogenes in this population are extremely low and symptomatic S. pyogenes pharyngitis is 

uncommon.  In these populations, pharyngeal carriage of Lancefield groups C and G is 

common, up to 20% in some communities (Haidan et al. 2000).  In comparison, S. pyogenes 

pyoderma rates in Aboriginal children are high and associated with scabies infestation 

(Currie and Carapetis 2000).  Therefore, it has been hypothesised, that in these Aboriginal 

populations, either the high incidence of RHD and ARF can be caused by GAS skin 

infection or non-GAS isolates of streptococci (McDonald et al. 2004).   

 

S. pyogenes causes about 90% of streptococcal human infections while group C streptococci 

(GCS) and group G streptococci (GGS) can be pathogenic for different mammals with 

different species of streptococci found in distinct hosts.  In humans, the pathogenic variant, 

Streptococcus dysgalactiae subsp. equisimilis has been associated with infections of clinical 

importance (Bradley et al. 1991).  These diseases include pharyngitis and impetigo, 

including invasive streptococcal syndromes typically caused by S. pyogenes (GAS) such as 

streptococcal toxic shock syndrome. 

 

Recently, Haidan et al. (2000) demonstrated that GCS and GGS have the potential to elicit 

an autoimmune response, which may trigger ARF.  Their findings suggest that pharyngeal 

carriage of GCS/GGS may be capable of causing rheumatic fever.  They hypothesised that 

GCS and GGS may have acquired rheumatogenic factors from GAS by horizontal transfer of 

genetic material.  Numerous studies have demonstrated ongoing genetic transfer of virulence 

factors from GAS to GCS and GGS including the M or M-like protein 

(Schnitzler et al. 1995, Sriprakash and Hartas 1996), hyaluronidase (Clark et al. 1984), 

streptococcal pyrogenic exotoxin types A, C and G (Sachse et al. 2002, Kalia and Bessen 

2003), C5a Peptidase (Cleary et al. 1992, Sriprakash and Hartas 1996), fibronectin-binding 

protein I (Kline et al. 1996, Towers et al. 2003, Towers et al. 2004) and Streptolysin S 

(Humar et al. 2002).  Furthermore, cross-species genetic transfers between 
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Streptococcus dysgalactiae subsp. equisimilis (human GGS) and GAS and the group B 

streptococcus (GBS) are ongoing (Davies et al. 2005).  These lateral gene transfers are 

facilitated in part by phages and transposons, and may occur more frequently in areas with 

high GAS endemicity.   

The majority of studies on GCS and GGS have focused primarily on bacterial isolates from 

humans with invasive disease.  Simpson et al. (1987) noted a clear taxonomic distinction 

between animal and human isolates, with the latter found to express M or M-like proteins, 

using deoxyribonucleic acid (DNA) hybridisation studies, while animal strains did not.  

Further studies with polymerase chain reaction (PCR) found all GGS from human infections 

showed DNA homology to oligonucleotide probes designed to specifically detect GAS M 

class I (emm) genes, whereas no hybridisation was found with DNA from any of the animal-

associated strains for either class I or class II (emm) genes (Schnitzler et al. 1995).  However, 

these studies in animal isolates were limited to the M protein, a major surface antigen, which 

exhibits marked variability between GAS isolates (Gardiner and Sriprakash 1996).  There 

has been a recent recognition that animals can suffer from streptococcal invasive diseases 

such as streptococcal toxic shock syndrome and necrotizing fasciitis (Corning et al. 1991, 

Iglauer et al. 1991, Prescott et al. 1995, DeWinter et al. 1999).  Research has been conducted 

on these so-called invasive animal strains of streptococci (groups C and G) and found that 

they harbour S. pyogenes-associated virulence genes (DeWinter et al. 1999).  

Therefore, the aim of this study was to determine if any of the ‘animal’ isolates of group A, 

B, C, G or L streptococci (described in Chapter 4) contained genetic information encoding 

known GAS virulence factors.  This was considered a highly plausible hypothesis given the 

fact that in Australian Indigenous communities GAS is endemic and thus gene transfer may 

occur more frequently and secondly, given the fact that due to poor infrastructure, including 

housing and water conditions, animals and humans live in close proximity 

(McDonald et al. 2006). 

 

5.2 Materials and Methods 

5.2.1 Positive Controls 
An American Type Culture Collection (ATCC) reference strain, Streptococcus dysgalactiae 

subsp. equisimilis; group G streptococci and a World Health Organization 

Streptococcus pyogenes M1; 2031, GAS (see Chapter 3, Section 3.2.1) were used as positive 

controls. 
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5.2.2 Bacterial Strains 
In this study we investigated canine isolates of S. dysgalactiae subsp equisimilis, of which 

one strain belonged to GAS, seven strains belonged to GCS and two strains belonged to 

group L streptococcus (GLS).  All of these strains were isolated from the pharynx (see 

Chapter 4 sections 4.3.2, 4.3.3).  We also investigated one skin strain of 

Streptococcus dysgalactiae subsp. dysgalactiae (GGS), one skin isolate of 

Streptococcus equi subsp. equi (GGS) and thirteen pharyngeal strains of Streptococcus canis 

(GGS).  One strain of Streptococcus agalactiae (GBS) isolated from the pharynx, one 

pharyngeal strain of Streptococcus orisratti (GAS) and one pharyngeal strain of 

Streptococcus minor without a detected streptococcal antigen. The isolate of S. minor was 

included in this study due to the fact that phenotypically it is unusual and the role of this 

bacteria has not been well characterised.  These isolates are described in detail in Chapter 4.   

5.2.3 DNA Extraction 
Template DNA for all PCRs was prepared according to the method recommended for emm 

typing (���Hhttp://www.cdc.gov/ncidod/biotech/strep/protocols.htm).  A detailed description of 

this method is given in Chapter 3.3.1. 

5.2.4 Emm Sequence Typing 

The emm sequence type was determined for the canine isolates in accordance with methods 

used for GAS with the same universal oligonucleotide primers as used for GAS by the 

Centres for Disease Control and Prevention (CDC) 

(���Hhttp://www.cdc.gov/ncidod/biotech/strep/protocols.html) as previously described by Beall 

et al. (1996). The emm type, which closely corresponds to M serotype, is ascertained by 

nucleotide sequence determination.  Briefly, emm genes from the bacterial species were 

amplified with primer 1 and primer 2 and sequenced with emmseq2 (Table 5.1).  The first 

240 bases of sequence were used to query the CDC GAS emm sequence database.  Sequence 

types and subtypes were assigned through direct matches to entries in the CDC GAS emm 

sequence database (http://www.cdc.gov/ncidod/biotech/strep/emmtypes.html). Sequences 

with ≥95% identity (within bases 1 to 160), obtained with primer emmseq2 and containing 

no more than one alteration of the reading frame within this sequence affecting seven or 

fewer codons, were assigned the same emm type.  Subtypes were assigned on the basis of 

any amino acid sequence alterations within the predicted 50 N terminal residues of the M 

protein. When a type assignment was not obtained, the full sequence was used to query 

GenBank.  Sequences that did not show an identity to previously described sequences 

sufficient for emm type assignment were submitted to Bernard Beall at the CDC and were 

assigned an emm type designation.  Due to the fact that emm-like (emmL) genes have also 
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been discovered, and that the nomenclature of these emm and emmL genes is currently a 

subject of debate, all genes discovered in this investigation that did not match existing emm 

types will be referred to as emmL. 

 

Table 5.1. The primer sequences used to detect virulence factors 

Virulence 
Factor 

Sequence Program Product 
Size 
(Base 
pairs, 
bp) 

Reference 

M protein Primer 1: 
5’ TATTCGCTTAGAAAATT
AA 
Primer 2: 
5’ GCAAGTTCTTCAGCTTG
TTT 
emmseq2 (Sequencing Primer):  
5’ TATTCGCTTAGAAAATT
AAAAACAGG 

94°C for 1 minute then 
10 cycles of 94°C for 
15 seconds, 46.5°C: for 
30 seconds, 72°C for 75 
seconds, 20 cycles of 
94°C for 15 seconds, 
46.5°C for 30 seconds, 
72°C for 7 seconds 
with a 10 second 
increment for each of 
the subsequent 19 
cycles and a final 
extension step of 72°C 
10 minutes 

Variable 
 

Centres for 
Disease 
Control and 
Prevention 
(CDC) (1st 
January 
2006) 

Streptokinase Forward Primer: 
5’ CGCAATGCCACATAAAC
TTG 
Reverse Primer: 
5’ GCTACCCTTTGCCCCTTT
AG 

35 cycles: 95°C for 30 
seconds, 56°C for 45 
seconds and 72°C for 1 
minute 

500 bp This study 

C5a 
Peptidase 

Forward Primer: 
5’ CATCAGGAAAGGACGA
CACATTGCGTA-3’ 
Reverse Primer: 
5’ 
CTTGTTGATGCTTTTGTAG
CTAAAGCAC-3’ 

94°C for 30 seconds, 
then 25 cycles: 94°C 
for 10 seconds, 60°C 
for 2 minutes and 68°C 
for 6 minutes 

2000-
4000 bp 

Sriprakash 
and Hartas 
(1996) 

Streptococcal 
pyrogenic 
exotoxin type 
G 

Forward Primer: 
5’ CCATGGGTTTTAAATGA
AAAACAAACATTTTGAC-3’ 
Reverse Primer: 
5’ AGATCTGTGCGTTTTTA
AGTAGATATCAAAATGAC-
3’ 

35 cycles: 95°C for 30 
seconds, 62°C for 45 
seconds and 72°C for 1 
minute 

500 bp Sachse et al. 
(2002) 

Fibronectin 
Binding 
Protein 

Forward Primer: 
5’ 
GTCTTTCTTGACAATAACG
TGGTAAGCTC- 3’ 
Reverse Primer: 
5’ 
CAGTTATCCACTATTCAGC
ATATTTGCGC-3’ 

94°C for 2 minutes, 25 
cycles: 94°C for 1 
minute, 49°C for 1 
minute and 72°C for 
2.5 minutes. A final 
extension step of 72°C 
for 5 minutes after the 
last cycle 

300 bp Towers et al. 
(2003) 



  96 

5.2.5 Polymerase Chain Reaction 

PCR assays were performed in an Eppendorf Gradient thermocycler (Crown Scientific, 

Townsville, Qld).  Reaction volumes of 100 μl contained 15 mM MgCl, 200 μM each 

deoxynucleoside triphosphates, 1 μM of each oligonucleotide (primer) and 2.5 U of Taq 

polymerase (Promega, Australia).  Two microliters of template were added to each reaction.  

Amplifications were performed in the buffer provided by the manufacturer.  The sequences 

for each primer set, the corresponding annealing temperatures, the extension program and 

the relevant references are shown in Table 5.1.  Primers and oligonucleotides were 

synthesised by the Sigma Genosys Laboratories (Sigma, Brisbane, Australia). 

5.2.6 Determination of Deoxyribonucleic Acid Sequence 

The PCR product was used as the template for sequencing reactions.  A total of 5 μl of the 

PCR product was visualised in a 0.05% ethidium bromide-stained 1% agarose gel under 

ultraviolet light to determine its purity and relative concentration, comparing it to a ladder of 

known molecular weight (Promega).  The remainder was purified with QIA minelute 

columns (Qiagen), eluted in 10 μl of sterile molecular grade water and evaporated under 

vacuum centrifugation.  The DNA template was then sent to Macrogen Inc. 

(http://www.macrogen.com) for sequencing analysis using the PCR primers (see Chapter 3, 

Section 3.3.10). 

5.2.6 Database Searches and Sequence Analysis 

Sequences were compared against their extant sequences on Basic Local Alignment Search 

Tool (BLAST).  Multiple alignments and a phylogenetic tree of nucleotide sequences was 

generated using the CLUSTAL W algorithm within the Biology WorkBench 3.2 web-based 

platform (http://workbench.sdsc.edu). The parameters used to generate the multiple 

alignment and subsequent phylogenetic tree were gap penalty 5, gap length penalty 6.66, k-

tuple 2 and window 4. Predicted protein sequences were deduced with Sixframe and Signal 

IP was used to deduce the protein parameters.   

5.2.7 Nucleotide Sequence Accession Numbers 

All newly determined nucleotide sequences were deposited in GenBank.  The accession 

numbers for the nucleotide sequences are: EU195115-EU195141. 
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5.3 Results 

5.3.1 Prevalence of Virulence Factors amongst Isolates 

The first objective of this study was to determine the frequency of emm and emmL sequence 

types and the rate of carriage of several virulence genes among the collection of canine 

isolates.  The overall results for the identification of various virulence factors in these animal 

isolates of groups A, B, C, G and L are shown in Table 5.2.   

 

Table 5.2. The overall prevalence rate for group A streptococcal virulence factors in 

dogs strains. 

 Species S. 

agalactiae 

S. 

canis 

S. 

dysgalactiae 

subsp. 

dysgalactiae 

S. 

dysgalactiae 

subsp. 

equisimilis 

S. equi 

subsp. 

equi 

S. minor S. 

orisratti 

Lancefield 

Group 

B G C A, C or L C Not A, B, 

C, D, F 

or G 

A 

Number of 

Isolates 

1 13 1 10 1 1 1 

Virulence Factor 

M or M-like 

protein 

0% (0) 23.1% 0% (0) 90% (9) 100% (1) 0% (0) 0% (0) 

Streptokinase 100% (1) 62% 

(8) 

0% (0) 80% (8) 0% (0) 0% (0) 100% (1) 

C5a 

Peptidase 

100% (1) 0% (0) 0% (0) 0% (0) 0% (0) 0% (0) 0% (0) 

Streptococcal 

pyrogenic 

exotoxin type 

G 

0% (0) 0% (0) 0% (0) 80% (8) 0% (0) 100% (1) 0% (0) 

Fibronectin 

Binding 

Protein 

0% (0) 0% (0) 0% (0) 10% (1) 0% (0) 0% (0) 0% (0) 

Note: Abbreviated species: Streptococcus agalactiae = S. agalactiae, Streptococcus canis 

= S. canis, Streptococcus dysgalactiae subsp. dysgalactiae = S. dysgalactiae subsp. 

dysgalactiae, Streptococcus dysgalactiae subsp. equisimilis = S. dysgalactiae subsp. 
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equisimilis, Streptococcus equi subsp. equi = S. equi subsp. equi, Streptococcus minor = S. 

minor, Streptococcus orisratti = S. orisratti, prevalence rate is given in percentage and 

absolute number (in parenthesis).  

 

The specific findings of virulence genes for each isolate included in this study are shown in 

Table 5.3.  The majority of these isolates (except 1) were from a single community in the 

Top End of the NT.   

 

Table 5.3. Epidemiological properties and molecular analysis of canine isolates.   
Genes Isolate Species Tissue Location emm type Group 

Ska SpeG SCPA Sfb1 

92MP Streptococcus 

agalactiae 

Pharynx Maningrida - B + - + - 

33MP Streptococcus 

canis 

Pharynx Maningrida - G - - - - 

88MP S. canis Pharynx Maningrida - G - - - - 

89MPN S. canis Pharynx Maningrida - G - - - - 

97MP S. canis Pharynx Maningrida stG663.0 G + - - + 

14MP S. canis Pharynx Maningrida stG663.0 G - - - - 

30MP S. canis Pharynx Maningrida - G + - - - 

34MP S. canis Pharynx Maningrida - G + + - - 

35MP S. canis Pharynx Maningrida - G + - - - 

69MP S. canis Pharynx Maningrida - G + - - - 

71MP S. canis Pharynx Maningrida stG1389.0 G + - - - 

87MP S. canis Pharynx Maningrida - G + - - - 

90MP S. canis Pharynx Maningrida - G + - - - 

82MP S. canis Pharynx Maningrida - G + - - - 

36MS-2 S. 

dysgalactiae 

Skin Maningrida - C - - - - 

93MP S. equisimilis Pharynx Maningrida emm1.23 C + + - + 

36MS S. equisimilis Skin Maningrida - A - + - + 

11MP S. equisimilis Pharynx Maningrida stL1929.1 C + + - - 

5D S. equisimilis Pharynx Bamaga stC2764.0 L - - - - 

37MS S. equisimilis Skin Maningrida stC37.0 C + + - - 

54MP S. equisimilis Pharynx Maningrida stC1929.1 C + - - - 

74MPβ S. equisimilis Pharynx Maningrida stL2764.0 C + + - - 
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61MP S. equisimilis Pharynx Maningrida stL1929.0 C + + - - 

74MPL S. equisimilis Pharynx Maningrida stL2764.0 C + - - - 

39MP S. equisimilis Pharynx Maningrida stC46.0 L + - - + 

54MS 

(34MS) 

S. equi Skin Maningrida stL1929.0 C - - - - 

74MPα Streptococcus 

minor 

Pharynx Maningrida - None  - + - - 

70MP Streptococcus 

orisratti 

Pharynx Maningrida - A + - - - 

Note: The species Streptococcus dysgalactiae subsp. equisimilis has been abbreviated to 
S. equisimilis, Streptococcus dysgalactiae subsp. dysgalactiae has been abbreviated to 
S. dysgalactiae and Streptococcus equi subsp. equi has been abbreviated to S. equi.  The 
genes have been abbreviated as follows: Ska=streptokinase, SpeG=streptococcal pyrogenic 
exotoxin type G, SCPA=C5a peptidase and Sfb1=fibronectin binding protein 1.  (-) denotes 
not-detected, (+) denotes present on an agarose gel. 

5.3.2 emm and emm-like Types among Canine Isolates Recovered from Dogs in 
Australian Aboriginal and Torres Strait Islander Communities 

All of the emm/emmL genes found in this study revealed a high degree of similarity to those 

emm/emmL genes previously isolated from human group C, G or L beta-haemolytic 

streptococci.  Overall, 13 of the 25 canine strains included in our study had 5’emm sequences 

that were ≥95% identical to the first 150 bases of one of the emm/emmL genes deposited in 

GenBank.  For most of these sequences, this high degree of homology extended up to 450 

bases, without considerable diversion.  For some of the sequences, more than one emm or 

emm-like gene in the GenBank gave a homology of between 95 and 100% in the 5’emm 

region.  In this case, the sequence exhibiting the highest homology was assigned as the emm 

designation. We found 8 distinct emm/emmL types (Table 5.4), including 1 with novel emmL 

sequence: stC37.0.  The new emmL sequence found in this study was from a S. dysgalactiae 

subsp. equisimilis skin isolate that expressed the group C carbohydrate. Most emm/emmL 

types were found exclusively among either group C, G or L.  Exceptions occurred with 

stL2764.0 (two group C isolates and one group L isolate).   
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Table 5.4. emm and emm-like types distributed among canine strains.  
Lancefield Group emm or 

emmL type A B C G L 

stL2764.0   2  1 

stG663.0    2  

stL1389.0    1  

stL1929.0   2   

stL1929.1   2   

stC46.0     1 

stC37.0   1   

emm1.23   1   

Note: Types are designated with either the prefix emm (accepted as an M protein gene by an 
international panel (Facklam et al. 2002) or st (recently discovered sequence types with 
limited known global distributions). 
 

While the canine isolates were obtained from just two populations, when the emmL gene 

sequences were compared both against each other and with published GAS emm or emmL 

sequences, the 5’emmL sequences exhibited considerable sequence variability similar to that 

found by Schnitzler et al. (1995) for human-GGS isolates.  The sequence data showed N-

terminal emmL gene polymorphisms in animal isolates similar to that known for GAS and 

also human-group C/G isolates.   

 

We were not able to amplify the emm or emmL gene from 15 (54%) isolates (nontypeable 

isolates) with primer pairs from the CDC.  Specifically, for the 10 S. dysgalactiae subsp. 

equisimilis strains, one was nontypeable, for the 13 S. canis (GGS) strains, ten were 

nontypeable and the only isolates of S. agalactiae (GBS), 

S. dysgalactiae subsp. dysgalactiae (GCS), S. orisratti (GAS) and S. minor included in this 

study were also nontypeable. 

 

5.3.3 Nucleotide Sequence of the emm-like Gene from Strain 37MSβ (stC37.0) 
The assembled sequenced of the emmL gene from a skin isolate of S. dysgalactiae subsp. 

equisimilis which expressed the group C carbohydrate was sequenced.  Upon analysis of the 

assembled sequence, an open reading frame of 774 bp encoding a deduced mature 

polypeptide of 258 amino acids was identified.  We termed the gene stC37.0 and the deduced 

protein stC37 (Figure 5.1).   
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Figure 5.1. The DNA sequence of stC37.0 and the corresponding deduced amino acid 
sequence.  Note: >>>=start codon, SP= signal peptide, repeat regions are designated by B1, 
B2 and B3, and conserved C repeat regions are designated by C1, C2 and C3. 
 

Upon analysis, the stC37.0 sequence had a mature C terminal.  The residues of the mature 

peptide showed some sequence identity with the published M protein sequences of GAS M1 

(accession no. CP000017, Sumby et al. 2005), M protein of GAS M3 (accession no. 

CAA56449.1, Reichardt et al. 1995), M protein of GAS M23 (accession no. BAA36703.2, 

Hong 2000), precursor M protein of GAS M57 (accession no. A44643, Manjula et al. 1991), 

M protein of S. dysgalactiae subsp. equisimilis (accession no. ABF82018.1), and the 

multiple ligand-binding protein 1 of GCS (accession no. CAA59349.1, Talay et al. 1996) 

(Figure 5.2). 
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Figure 5.2. Amino acid sequence alignment comparing emm and emmL genes from 
several streptococcal strains. Note: A= M protein of GAS M1 strain (CP000017, 
Sumby et al. 2005), B=M protein of GAS M3 strain (accession no. CAA56449.1, 
Reichardt et al. 1995), C=M protein of GAS M23 strain (accession no. BAA36703.2, 
Hong 2000), D=Precursor M protein of GAS M57 strain (accession no. A44643, 
Manjula et al. 1991 ), E=M protein of S. dysgalactiae subsp. equisimilis (accession no. 
ABF82018.1), F=stC37.0 and G=multiple ligand-binding protein 1 of GCS (accession no. 
CAA59349.1, Talay et al. 1996). 
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5.3.4 Canine Strains of Streptococci have Deoxyribonucleic Acid Homologous to 
Several Group A Streptococcal Virulence Factors  

It was found that animal strains carry the gene encoding the fibronectin-binding protein 

(Figure 5.3).  Using PCR we found that 5 isolates showed a positive result.  Two different 

sized products were visualised: 750 bp (four isolates) and approximately 1500 bp (one 

isolate and positive control).  For the smaller sized product, three of the isolates were 

S. dysgalactiae subsp. equisimilis and one isolate was S. canis.  The other product produced 

at 1500 bp was amplified from a S. dysgalactiae subsp. equisimilis pharyngeal strain 

exhibiting the group L carbohydrate.  Upon sequencing the amplified PCR product, only the 

1500 bp product had a gene matching a fibronectin binding protein.  The other isolates had 

sequences which corresponded to the multidrug resistance protein B in S. pyogenes 

(accession no. CP000056.1, Green et al. 2005), indicating that the primers are not specific to 

the fibronectin-binding protein gene when S. dysgalactiae subsp. equisimilis is being studied.   

 

 
Figure 5.3. Agarose gel (1%) showing the amplified PCR products for fibronectin-
binding protein. Note: Lane M=1 kb DNA ladder (Promega, Australia), 2, 7 and 12 show 
amplified product of approximately 750 bp encoding a multi-drug resistance protein and lane 
16 shows an amplified product of approximately 1500 bp encoding a fibronectin-binding 
protein from S. dysgalactiae subsp. equisimilis. The other lanes show negative reactions. 
 

The entire fibronectin-binding protein gene which was amplified from S. dysgalactiae subsp. 

equisimilis was aligned against the previously described GAS fibronectin binding protein 

(sfbI) sequences and GGS fibronectin binding protein (gfbA) sequences.  The amplified 

nucleotide sequence from the GLS pharyngeal isolate, designated 39MP and the deduced 

amino acid sequence is shown in Figure 5.4.    
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Figure 5.4. The nucleotide sequence encoding a fibronectin-binding protein from a 
canine isolate of S. dysgalactiae subsp. equisimilis and the deduced amino acid 
sequence.  Note: The amino acid sequence highlighted in blue depicts the signal sequence of 
the propeptide, and the two fibronectin-binding repeat domains are highlighted in yellow. 
 

The amino acid sequence encoded a propeptide with a signal sequence at the amino terminus 

of the protein.  Toward the carboxyl terminus were two fibronectin-binding repeats, which 

were highly conserved with published sfbI and gfbA sequences (Figure 5.5). 



  106 

 

 
Figure 5.5. Alignment of the amino acid sequences corresponding to fibronectin-
binding protein.  Note: A=Fibronectin-binding protein from streptococcus group G 
(accession no. U31115, Kline et al. 1996), B=Fibronectin-binding protein F from 
Streptococcus group G (accession no. AAB06623, Kline et al. 1996), C=Fibronectin-binding 
protein 1 from S. pyogenes NS1042 (accession no. CAC87682.1, Towers et al. 2003), 
D=Fibronectin-binding protein from S. pyogenes DSM207 (accession no. CAA48133, 
Talay et al. 1996), E=Fibronectin-binding protein from S. dysgalactiae subsp. equisimilis 
39MP (this study). 
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In the family of highly mitogenic proteins, we chose to screen the canine isolates for the 

gene sequence of streptococcal pyrogenic exotoxin type G (SpeG), which has previously 

been found in human GCS and GGS.  The speG gene was found in one isolate of S. canis 

(GGS), and seven isolates of S. dysgalactiae subsp. equisimilis.  The seven 

S. dysgalactiae subsp. equisimilis were of Lancefield’s group A (1 isolate) and C (6 isolates).  

Alignment with nucleotide sequences deposited in the GenBank database unambiguously 

revealed a similarity of greater than 97% with SpeGdys (accession no. AJ294849, Sachse et 

al. 2002) and over 90% with SpeG (accession no. AE004092, Ferretti et al. 2001) for the 

amplified sequences of the eight isolates (Figure 5.6). 
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Figure 5.6. Alignment of the encoding amino acid sequence of several strains.  Note: 
A=SPEG of S. dysgalactiae subsp. equisimilis (accession no. AJ294849, Sachse et al. 2002), 
B=SPEG of 74MPαMIN, C= SPEG of GAS strain M1 SF370 (accession number AE004092, 
Ferretti et al. 2001), D=SPEG of Streptococcus dysgalactiae subsp. dysgalactiae spegg7 
(accession number AB105086), E=SPEG of 36MSEQU, F=SPEG of 37MSβEQU, G= SPEG of 
74MPβEQU, H= SPEG of 11MPEQU, I= SPEG of 61MPEQU

, J= SPEG of 34MPβEQU and K= 
SPEG of 93MPEQU 
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None of the canine strains with Lancefield’s group A, C, G or L harboured a gene encoding 

the group A C5a peptidase (scpA).  However, the S. agalactiae isolate (Group B 

Streptococci, GBS), was found to contain a gene, scpB, which is very similar to that 

harboured by group A streptococci.  When the nucleotide sequence was compared to the 

published GAS scpA or human-GBS scpB sequences in GenBank, it showed 98% homology 

to the GAS scpA (Chen and Cleary 1990, accession no. J05229) and GBS scpB 

(Tettelin et al. 2005, accession no. CP000114) sequences.  The sequence was amplified with 

the primer 5’scp which targets a region just upstream from the mature C5a-peptidase gene 

and not the region coding for the mature C5a peptidase. This amplified sequence was aligned 

for maximum homology (99%) with the published sequence of human GBS isolate 

(coordinates 1302361 to 1301521 in accession no. CP000114) (Figure 5.7). 
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Figure 5.7. Comparison of nucleotide sequence corresponding to the scpB gene from a 
canine and human (accession no. CP000114, Tettelin et al. 2005) S. agalactiae isolate.  
Note: nucleotide changes are shown in red. 
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5.3.5 Animal strains of Streptococci Carry the Streptokinase Gene 
The majority (68%) of the isolates tested in this study for the presence of the ska gene were 

determined to be positive using PCR and the primers given in Table 5.1.  All of these animal 

strains showed a positive reaction at approximately 500 bp.  The region of the gene that 

corresponds to the β-domain of the secreted protein was amplified using PCR and subject to 

phylogenetic analysis.  A positive amplification product from each of the strains, 

S. agalactiae, S. canis and S. dysgalactiae subsp. equisimilis was used in the analysis.  At the 

nucleotide level, these skas were found to be remarkably similar to one another with greater 

than 93% homology.  When the nucleotide sequences were compared against the published 

sequences in Genbank, they showed greatest homology to S. pyogenes strain D306 ska gene 

(Kalia and Bessen 2004, accession no. AY234136.1) with 92% homology for the 

S. agalactiae strain, 91% homology observed for the S. canis strain and 93% homology for 

the S. dysgalactiae subsp. equisimilis streptokinase gene, skcg.  A phylogenetic tree was 

constructed based on the β-domain-encoding region of ska and skcg (Figure 5.8).  Amongst 

the three canine isolates, the highest degree of homology was observed with ska37 which is a 

subcluster 2a ska allele.  Additionally, these canine isolates exhibited a high degree of 

homology to skc16, which has previously been shown to be closely related to cluster 2a ska 

alleles (Kalia and Bessen 2004).  

.  

Figure 5.8. Rooted phylogenetic tree based on the β-domain-encoding region of skc, 
skcg and ska. Note: *=isolates derived from this study, ska21 (accession no. AY234261, 
Kalia and Bessen 2004), ska38 (accession no. AY234262, Kalia and Bessen 2004), skcg09 
from S. dysgalactiae subsp. equisimilis strain 4951G (accession no. AY234242, Kalia and 
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Bessen 2004), skc from S. dysgalactiae subsp. equisimilis H46A (accession no. K02986.1, 
Malke et al. 1985), skg from group G streptococcus (accession no. X13400, Walter et al. 
1989), ska54 (accession no. AY234273, Kalia and Bessen 2004), ska37 (accession no. 
AY234300, Kalia and Bessen 2004), skc from S. dysgalactiae subsp. equisimilis 89-272 
(accession no. AF104300, Caballero et al. 1999), skc from S. uberis (accession no. 
AJ006413, Johnsen 1998). 
 

When comparing the deduced ska amino acid sequence for the β-domain of the isolates in 

the study, they exhibited the highest degree of homology to streptokinase allele ska37 

(AY234300), which ranged from 64% homology for S. canis, 71% homology for 

S. agalactiae and 75% homology for S. dysgalactiae subsp. equisimilis (Figure 5.9).  

 
Figure 5.9. Alignment of the amino acid sequence of the β-domain of streptokinase 
from several streptococcal strains. Note: A=Streptococcus agalactiae (this study), 
B=Streptococcus canis (this study), C=Streptococcus dysgalactiae subsp. equisimilis skcg16 
allele (accession no. AY234249), D=Streptococcus pyogenes ska37 (accession no. 
AY234300), E=S. pyogenes ska54 (accession no. AY234273), F=S. pyogenes ska21 
(accession no. AY234261), G=S. equisimilis (this study), H=S. equisimilis, group C 
streptococci, equine isolate ESk (accession no. AF104301), I=Streptococcus uberis NCTC 
3858, group C streptococci, bovine isolate (accession no. AJ006413). 
 

The fact that all of the amplified products were of the same size, minimises the chance that a 

mispriming event occurred.  However, given the results for fibronectin-binding protein, it 
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cannot be assumed that the amplified sequence is ska without conducting sequencing 

analysis on all amplified PCR products.   

 
5.4 Discussion 

In this study we used oligonucleotide primers designed specifically for several putative 

virulence factors in chromosomal DNA of GAS to screen canine isolates possessing 

Lancefield’s group A, B, C, G or L.  The isolates screened in this study are ‘animal’ strains 

of several streptococcal species being identified at the biochemical level as S. orisratti, 

S. agalactiae, S. dysgalactiae subsp. equisimilis, S. dysgalactiae subsp. dysgalactiae, 

S. equi subsp. equi, S. canis and S. minor.  All of the isolates used in this study were from 

dogs in Aboriginal and Torres Strait Islander communities.   

 

The majority of strains investigated in this study were GCS/GGS, which have recently been 

the subject of much investigation in human health research.  These beta-haemolytic 

streptococci have been reported with increased frequency as the etiological agent of various 

human diseases.  These bacteria have long been accepted as both commensals and pathogens 

in humans and animals.  In the literature, there is a clear distinction made between animal 

and human strains, despite the fact that there is no clear taxonomy behind this classification 

system.  Certainly, S. dysgalactiae subsp. equisimilis has a preference for human hosts while, 

S. dysgalactiae subsp. dysgalactiae, S. equi subsp. equi and S. canis are more commonly 

isolated from animals.  However, in practice isolates are rarely classified with biochemical 

tests and are merely classified using serological grouping systems and thus, it is assumed that 

if a GGS is isolated from a human it is S. dysgalactiae subsp. equisimilis.  Previous studies 

(Simpson et al. 1987, Cleary et al. 1991, Schnitzler et al. 1995) have endeavoured to show 

that there is a molecular or genetic basis behind this host-preference. However, each of these 

studies has used the same collection of animal-strains and it is not clear where they came 

from (i.e. invasive isolates or non-invasive isolates).  Schnitzler et al. (1995) investigated 

human- and animal- associated large-colony forming beta-haemolytic streptococci with the 

group G carbohydrate antigen.  Species-level classification was not performed on the 

isolates.  They found that the majority of the human GGS strains were capable of 

multiplying in heparinised blood (M protein is the factor mainly responsible for the ability of 

streptococci to resist phagocytosis (Perez-Casal et al. 1992)) while animal-strains were not, 

and similarly, these human strains also had the presence of emm or emm-like genes.  The 

detection of emm or emm-like genes was conducted with probes designed specifically to the 

human type-GGS genome.  This difference was surmised to be due to the difference in host.  

However, the findings of Schnitzler et al. (1995) are in contrast with the findings of this 

study and that of DeWinter et al. (1999).  In the present study, we detected the presence of 
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emm or emm-like genes in S. canis, S. dysgalactiae subsp. equisimilis and S. equi subsp. equi 

at various prevalence rates.  We used the universal primers that were designed for the GAS 

genome to detect the presence of these genes and therefore, due to the high heterogeneity 

observed between the strains at the 5’end of the gene, it is possible that some of the 

nontypeable strains actually harboured another variant of the gene and the universal primers 

annealing regions were not conserved in the nontypeable isolates.  Our results are in 

agreement with the findings of DeWinter et al. (1999) who found that 100% of the S. canis 

isolates tested hybridised with an M protein gene probe.  Additionally, they reported that 12 

out of the 15 isolates tested resisted phagocytosis in whole canine blood, a property 

conferred on streptococci by the emm gene.  The studies of DeWinter et al. (1999) were 

conducted on invasive isolates of S. canis, which were responsible for cases of streptococcal 

toxic shock syndrome and necrotising fasciitis in dogs, while it is unknown whether the 

collection of strains used by others (Simpson et al. 1987, Cleary et al. 1991, 

Schnitzler et al. 1995) were commensals or pathogenic isolates.  In the present study, the 

canine population were underweight, with patterns of hair loss consistent with mange and/or 

scabies. However, the isolates were not reportedly causing disease in the host and were 

therefore classified as commensals.  The finding of commensal animal strains carrying the 

emm or emm-like gene is supported by Reitmeyer et al. (1990) who demonstrated that 42% 

of S. canis isolates from healthy cats resisted phagocytosis in human blood, indicating that 

these ‘commensal’ strains possessed a gene encoding the M protein.  It was beyond the 

scope of this work to determine if the presence of an emm or emm-like gene conferred a 

resistance to phagocytosis for the bacteria. However, if the results did correlate, then it 

would be beneficial to subject any other strains resistant to phagocytosis to further molecular 

analyses, to determine the presence of an emm or emm-like gene. 

 

In the current study, the strains that were found to harbour the emm or emm-like gene were 

predominantly isolated from the pharynx.  The M protein is a critical virulence factor in 

mediating pharyngitis in the host and in resisting phagocytosis.  The other strains that were 

found to reside on the skin of the animals may have developed other virulence mechanisms 

specifically for that site.  Alternatively, the other skin isolates may harbour an emm-like gene 

which is a sufficiently different variant to produce a false negative result when employing 

the universal primers.  The only novel emm-like gene discovered in this study was from a 

skin isolate and therefore this sequence could be the basis for designing oligonucleotides to 

detect an emm-like gene in other skin isolates. 

 

We also investigated the presence of four other potential virulence factors, which have 

previously been identified in the GAS genome.  We found that for each of the investigated 
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virulence factors, at least one of the animal strains carried the gene encoding the protein.  

However, the C5a peptidase encoding gene was only isolated from the S. agalactiae strain, 

which has previously been reported in animal strains of GBS (Yildirim et al. 2002, Broker 

and Spellerberg 2004).  The finding of an animal strain of S. dysgalactiae subsp. equisimilis 

carrying the gene encoding the fibronectin binding protein requires further investigation to 

determine the evolutionary mechanisms involved (Kline et al. 1996, Towers et al. 2004).   

 

The finding of two other genes for the virulence factors, streptokinase and streptococcal 

pyrogenic exotoxin type G is further evidence that these animal strains have similar potential 

to S. pyogenes to resist host defence mechanisms and may be potential producers of some 

superantigens.  The finding of a streptokinase gene in several isolates of S. canis is contrary 

to that reported by DeWinter et al. (1999). They demonstrated with the use of Southern 

hybridization that certain S. canis strains lacked genes homologous to streptokinase.  

However, in the current study we sequenced the amplified product from a S. canis, 

S. agalactiae and S. dysgalactiae subsp. equisimilis strain.  Upon determination of the 

nucleotide sequences of the region encoding the β-domain of streptokinase, the strains 

exhibited a high degree of homogeneity.  The β-domain of streptokinase is responsible for 

plasminogen activation and therefore is species-specific (Caballero et al. 1999).  

Furthermore, the alleles of the amplified product were more closely related to cluster 2a 

alleles of ska from S. pyogenes than to published alleles from other strains isolated from 

animals, such as S. uberis.  Previously, it has been shown that several subcluster 2a alleles of 

ska were more closely related to skcg (from human isolates of S. dysgalactiae subsp. 

equisimilis) than to known cluster 1 or subcluster 2b ska alleles from S. pyogenes (Kalia and 

Bessen 2004).  Specifically, the ska37 subcluster 2a allele was more closely related to 

skcg16 (98.8% nucleotide identity) than to other known ska alleles (Kalia and Bessen 2004).  

In the current study, the amplified products exhibited closest similarity to ska37 than to any 

other published nucleotide sequence.  This suggests that animal isolates of S. agalactiae 

(GBS), S. canis (GGS) and S. dysgalactiae subsp. equisimilis (GCS, GGS, GLS) have 

streptokinase alleles that are highly homologous to subcluster 2a ska alleles in the same way 

that the skcg alleles from human isolates of GCS and GGS are homologous.  This finding is 

indicative of a recent common ancestor between all these strains.  The subcluster 2a form of 

ska is present in throat-tropic strains of S. pyogenes (emm pattern A-C), and therefore it is 

potentially significant that it evolved from S. dysgalactiae subsp. equisimilis which primarily 

inhibits the upper respiratory tract in humans (Kalia and Bessen 2004).  Similarly, in the 

current study, all bacterial strains from which the β-domain was sequenced were pharyngeal 

isolates and therefore potentially similar evolution via a common ancestor has occurred.  It is 

particularly significant that the nucleotide sequence encoding the β-domain represented a 
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human-specific allele, since this region of streptokinase is engaged in direct molecular 

contact with kringle 5 of human-derived plasminogen and activation of plasminogen is 

species specific and would be less effective on nonhuman plasminogen (Tewodros et al. 

1995, Schroeder et al. 1999). Thus, indicating that these strains have evolved to facilitate 

interaction with a human host and not a canine host.  Further studies are required to sequence 

all amplified products of streptokinase from these animal strains, in particularly, the 

streptokinase from the skin isolate of S. dysgalactiae subsp. equisimilis to determine the 

homology of the sequences. 

 

It has previously been shown that human isolates of S. dysgalactiae subsp. equisimilis 

harbour a gene that encodes SpeG (Sachse et al. 2002), a member of the mitogenic family.  

In their study, Sachse et al. (2002) also identified two new open-reading frames (ORF) that 

flanked the gene.  From these results they proposed that a gene transfer from GGS to GAS 

has preceded a deletion of the two ORF in GAS.  In the current study, we found that animal 

isolates of S. dysgalactiae subsp. equisimilis carry the gene that encodes SpeG and we also 

report that an isolate of S. minor also harbours an identical allele of SpeG.  Further 

sequencing analysis of the genome upstream and downstream to the gene is required to 

elucidate the possible mechanisms behind the gene transfer.  Additionally, reverse 

transcription PCR could be conducted on the SpeG positive isolates to determine the 

expression of mRNA and the corresponding mitogenic activity.  It has been demonstrated 

that SpeG positive human isolates of S. dysgalactiae subsp. equisimilis from patients with 

invasive infections lack mitogenic activity and therefore it has been proposed that their 

pathogenicity was not mediated by superantigen-induced mitogenicity (Brandt et al. 2005).  

Unlike streptococcal pyrogenic exotoxin type A, the role of SpeG in pathogenicity is 

unknown.  Proft et al. (1999) characterised a recombinant SpeG from S. pyogenes and 

showed it to be a potent superantigen in humans.  The fact that the SpeG gene of S. 

dysgalactiae subsp. equisimilis exhibits a high degree of homology to the SpeG in S. 

pyogenes and is located in a similar region suggests that it would function similarly.  

Therefore the difference in findings for mitogenic activity between the two bacteria could be 

attributed to gene regulation mechanisms or research methodology and requires further 

investigation. 

 
5.5 Conclusion 

This is the first systematic study to determine the presence of genes associated with 

conferring virulence in S. pyogenes in bacteria isolated from animals residing in a population 

where streptococcal-diseases and their sequelae are endemic.  It is not possible from these 

data to determine whether horizontal gene transfer is occurring. However, in light of the fact 
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that ongoing lateral transfer has been demonstrated in human GGS and GCS strains, it is 

likely that a similar situation is present in these animal strains.  Therefore, these results 

indicate that a reservoir of virulent pathogenic streptococcal strains of Lancefield group C, G 

and L may exist in animals.  Whether this is due to reverse-zoonosis occurring in an area 

where people have poor housing conditions and live in close proximity to animals, or the fact 

that phage or plasmid mediated exchange of genetic material is occurring in the animal 

population in a similar manner to that found in humans, is unknown.  Given the increased 

incidence of human invasive diseases being attributed to previously ‘commensal’ strains and 

the finding of human streptococcal invasive disease being diagnosed in animals, it is possible 

that our current classification of human or animal specific streptococcal pathogens needs 

revision.  Diagnosis of human infections merely using Lancefield serology studies must be 

obsolete given our knowledge of multiple species carrying the Lancefield carbohydrate 

groups.  The specific etiological agent must be identified to a species level with biochemical 

testing and this classification should be included in all research papers.  Future studies are 

required to determine the DNA sequences of adjacent genes to the virulence factors in these 

animal strains and compare them to human GGS/GCS and GAS and thus, elucidate if gene 

transfer between different host specific streptococcal species is occurring.  Additionally, 

phenotypic studies should be conducted to determine a correlation between the presence of a 

gene and production of the corresponding protein.  Furthermore, the pathogenic ability of 

such strains must be investigated in animal models of human disease, such as RHD and 

PSGN. 
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CHAPTER 6 

 
The Development of a Murine Model for Post-Streptococcal Glomerulonephritis 

 

6.1 Introduction 

Glomerulonephritis is a kidney disease in which there is inflammation in the glomerulus and 

subsequent glomerular damage.  Immune mechanisms underlie the majority of cases of 

primary glomerulonephritis and many of the developments in secondary glomerulonephritis 

cases, such as systemic lupus erythematosus (SLE) (Cotran et al. 1999).  Antibody mediated 

glomerular injury usually occurs through the interaction of antibodies with either the 

intrinsic components of the glomerular basement membrane (GBM), antigens on glomerular 

cells, exogenous antigens deposited within the glomerulus or the deposition of circulating 

immune complexes in the glomerulus (Cotran et al. 1999). Post-streptococcal 

glomerulonephritis (PSGN) is a post-infectious form of glomerulonephritis. Certain strains 

of Streptococcus pyogenes, a group A streptococcus, have been implicated in causing this 

disease (Nordstrand et al. 1998). 

 

The aetiology of PSGN has been well described. However, its pathogenesis is not fully 

understood.  PSGN is most often observed following nasopharyngeal infections in temperate 

areas and after skin infections in tropical and subtropical areas. PSGN can occur as early as 

10 days after pharyngitis or as late as three weeks after impetigo (Koneman et al. 1994).  The 

clinical symptoms of PSGN include proteinuria, haematuria, oliguria, oedema, fever and 

hypertension (White et al. 2001, Haas 2003).  Characteristic histopathological findings of 

PSGN are hypercellular glomeruli (due to the proliferation of mesangial and endothelial cells 

in the capillary space) with occlusion of capillaries and sometimes lobulation of the 

glomerular tuft, as well as early granular deposition of complement (C3b), later followed by 

IgG deposition (mainly IgG3) along the glomerular capillary walls, the GBM and in the 

mesangium (Okada et al. 1996, Haas 2003).  Subepithelial deposits are often seen as 

“humps” in electron microscopic analyses of the GBM (Haas 2003).  Laboratory 

investigations show complement factors such as C3b and complement component 5 (C5) are 

diminished in serum during the acute phase and antibodies to streptococcal factors are 

present in high titres in convalescent serum (Tasic and Polenakovic 2003).  Owing to these 

findings the pathogenesis of PSGN is believed to involve in situ formed or circulating 

immune complexes deposited in the glomeruli, which initiate humoral and cellular 

inflammatory responses and subsequent damage to the glomerulus.  There also exists an 

alternate hypothesis, which attributes the direct toxic effect of deposited streptococcal 

antigens as the pathogenic mechanism.   
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Some cases of PSGN also progress to the nephrotic syndrome, where the already damaged 

glomeruli, allow albumin, immunoglobulins and anti-thrombin to pass through the kidneys 

into the urine (Raff et al. 2005).  The loss of albumin from the blood starts a rapid drop in 

colloid osmotic pressure, leading to oedema.  However, the oedema is also partially due to 

micro-vascular renal damage and salt and water retention. 

 

It is not currently possible to discriminate S. pyogenes strains with nephritogenic capacity 

from others, due to the lack of consensus concerning the identity of nephritic factors.  To 

date, several M-serotypes of S. pyogenes, particularly types 1, 12, 49, 55, and 57, have been 

implicated in various PSGN outbreaks and thus termed ‘nephritogenic’ 

strains (Kaplan et al. 1970, Sriprakash et al. 2002).  However, the nephritogenic capacity 

varies even between the M-serotypes and may be strain dependent (Bessen et al. 2000).  The 

fact that a lag time of up to several weeks can occur between the infection and onset of 

symptoms makes it difficult to study the pathogenic process in humans since the original 

initiating infection is often gone.  In some cases S. pyogenes cannot be isolated from the 

PSGN patient.  Candidate nephritogenic factors include the streptococcal inhibitor of 

complement mediated cell lysis (SIC) protein and streptokinase (ska). 

 

The lack of a reliable animal model has also made it difficult to study the pathogenesis of 

PSGN (see Chapter 2, Section 2.8.4).  Nordstrand et al. (1996) subcutaneously implanted 

tissue cages filled with live nephritic bacteria into BALB/c mice.  Bacterial products such as 

ska were then secreted into the dermal space of the animals.  Kidney lesions that resemble 

those of PSGN in human clinical cases were induced.  The aim of this chapter is to optimise 

an animal model for the induction of PSGN that incorporates genetic factors and mimics 

natural infection. 

 

The major histocompatibility complex (MHC) or the leucocyte antigen system in humans is 

a collection of genes on the short arm of the human chromosome 6, found at 6p21.3 (MHC 

sequencing consortium 1999).  Greater than 10% of the genes on this locus have been 

identified as important for the functioning of the immune system.  Specifically, antibody (B 

cell humoral) and T cell mediated immune responses are initiated by genes contained in the 

MHC.  The MHC is associated with the majority of autoimmune diseases, including insulin-

dependent diabetes mellitus (IDDM), muscular sclerosis, SLE, rheumatoid arthritis and 

coeliac disease (Sloan 1997, Thorsby 1999).  Genetic studies have found that other non-

MHC loci are also involved.   
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The non-obese diabetic (NOD) mouse has a unique MHC, termed H2.  They are currently 

the best animal model of IDDM, exhibiting the disease characteristics seen in humans even 

at the genetic level (Acha-Orbea and McDevitt 1987).  NOD mice are also prone to an 

autoimmune syndrome resembling SLE (Baxter and Mandel 1991, Humphreys-Beher et al. 

1993).  The most significant consistent association for susceptibility to autoimmune disease 

is associated with the MHC class II region complex.  NOD mice are homozygous for the H-

2g7 haplotype (Kd, I-Ag7, I-Enull, Db), that encodes an I-Aαd/I-Aβg7 heterodimer. The 

MHC Class II molecule, I-Ag7, is essential to the development of IDDM in the NOD mouse 

and is the strongest genetic contributor to the disease (McDevitt et al. 1996).  The MHC 

class II region molecules function by shaping the T cell receptor repertoire in the thymus and 

by selection of antigenic peptides to present to T cells in the periphery.  

 

NOD mice are also naturally deficient in C5 activity, due to a two base pair deletion in a 5’-

exon of the Hc gene, which causes premature termination of transcription (Wetsel et al. 

1990, Baxter and Cooke 1993).  This prevents formation of the C5b-9 membrane attack 

complex.  NOD mice, H2 congenic NOD mice where the I-Ag7 haplotype had been 

exchanged for H2b (C57BL/6.NODc6) and H2d (C57BL/6.NODc6), and NOD.C-Hc mice 

which express C5, were characterised regarding the development and severity of 

glomerulonephritis.   

 

6.2 Materials and Methods 

6.2.1 Bacterial Strains and Growth 
S. pyogenes group A strain 2031 (serotype M1, sic) used in this experiment was isolated 

from the skin lesions in a patient with PSGN (see Chapter 3, Section 3.2.1). Bacteria were 

grown on sheep blood agar (SBA) plates at 37°C overnight, from a cryopreserved sample. 

6.2.2 Preparation of Antigen  
Cultures were pelleted by centrifugation at 12 000 x g for 20 minutes at 4°C, and washed 

twice in phosphate buffered saline (PBS, Appendix 4).  The supernatant was aspirated using 

a pipette and the bacterial pellet was resuspended in the remaining PBS.  The concentration 

of bacteria in the suspension was determined to be 1x1012 cfu/ml by the spread plate count 

method (see Chapter 3, Section 3.2.2)  The bacteria were heat-killed at 65°C for 45 minutes.  

To ensure that bacteria were killed, a swab of cell suspension was streaked onto SBA plates, 

incubated at 37°C overnight and checked for growth.  Bacteria were then stored in 500 μl 

aliquots in screw-capped cryovials (Nunc, Australia) at –80°C until further use.   
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Prior to use, the bacterial aliquots were thawed on ice and sonicated for 5x 30 seconds using 

80% output on a Branson Sonifier sonicator.  The cells were kept on ice and brought back to 

4°C.  The bacterial suspension was then mixed in a 1:1 ratio with either complete Freund’s 

adjuvant (CFA) or incomplete Freund’s adjuvant (IFA) and sonicated as previously 

described. 

6.2.3 Injection with Killed Streptococcus pyogenes 
All mice were injected subcutaneously with a total volume of 200 μl in the abdomen wall 

using a 26-gauge needle. 

 

6.2.3.1 Experiment 1 – Duration Experiment in NOD/Lt Mice 

NOD/Lt mice were allocated to three groups: Group 1 (Gp1) = injected with sonicated 

bacteria and CFA on day 0 and with sonicated bacteria and IFA on day 7 (n=4): Group 2 

(Gp2) = injected with an emulsion of PBS and CFA on day 0 and PBS and IFA on day 7 

(n=4); Group 3 (Gp3) = control group not injected (n=2).   

 

6.2.3.2 Experiment 2 – PSGN induction with Different Genetic Backgrounds 

Eight female mice were used for each congenic utilised (Table 6.1).  Each congenic strain 

was divided into two groups: Group 1 (Gp1) = injected with an emulsion of PBS and IFA on 

days 0 and 7 and Group 2 (Gp 2) = injected with an emulsion of sonicated bacteria and IFA 

on days 0 and 7.   

Table 6.1. Experimental groups in congenic strain experiment 

Subcutaneous injection at days 0 and 7 (200 µl) 

Group 1 Group 2 

NOD Congenic  

Sonicated emulsion of PBS 

and IFA (1:1) 

Sonicated emulsion of S. 

pyogenes and IFA (1:1) 

NOD/Lt 4 4 

NOD.H2d 4 4 

NOD.H2b 4 4 

NOD.C-Hc 4 4 

 

6.2.3.3 Experiment 3 – Dose Optimisation of Streptococcus pyogenes in NOD.C-Hc Mice 

Fifteen NOD.C-Hc mice were equally divided into 5 groups (n=3) and injected on days 0 

and 7.  Group 1 (Gp1) = an emulsion of PBS (0% dose) and IFA, Group 2 (Gp2) = a 1:4 

mixture of bacteria and PBS (25% dose) which was added to IFA, Group 3 (Gp3) = a 1:2 

mixture of bacteria and PBS (50% dose) which was added to IFA, Group 4 (Gp4) = a 3:1 
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mixture of bacteria and PBS (75% dose) which was added to IFA, and Group 5 (Gp5) = 

sonicated bacteria (100% dose) and IFA. 

6.2.4 Plasma and Tissue Collection 
At days 0, 7 and at sacrifice all animals were bled via retrobulbar puncture using heparinized 

capillary tubes.  Plasma was separated from the whole blood via centrifugation at 2500 x g 

for 5 minutes, and stored in aliquots at - 80°C until subsequent use.  After the animals were 

sacrificed using CO2 asphyxiation, the kidneys, spleen, heart, liver and lungs were 

immediately removed and prepared for morphometric and immunofluorescence studies. 

6.2.5 Morphometry and Histopathology 
Following routine histological fixation and processing (Chapter 3, Section 3.5.2) of the 

kidneys, the glomerular cellularity was estimated by counting the number of nuclei per 

glomeruli and determination of the diameter with an eyepiece graticule.  Glomeruli with a 

diameter below 0.5 times that of the largest glomerular profile were excluded from the 

calculations, as were glomeruli close to the edge of the section.  All determinations were 

performed ‘blinded’ to ensure that the observer was not aware of the origin of the 

microscopic sections, and by a single investigator to ensure uniformity of scoring.  The 

sections were coded by accession number with no group identifier to ensure blinding.  

Additionally, the spleen, liver, heart and lungs were evaluated for pathological changes using 

haematoxylin and eosin prepared slides. 

 

6.2.5.1 Experiment 1 

The calculations were performed on 10 glomeruli per mouse.  A kidney was designated as 

hypercellular when more than 60% of the counted glomeruli in the individual displayed cell 

numbers above the 80th percentile of the calculated glomerular cell numbers in the entire 

group of uninfected mice from the same experiment.  Additional morphological changes 

were registered such as occlusion of capillaries and lobulation of the glomerular tuft, i.e. 

condensation of parts of the glomerulus, sometimes resulting in a finger-like morphological 

appearance.  A mouse was designated as exhibiting lobulation or occluded capillaries when 

at least 50% of its evaluated glomeruli fulfilled these criteria.   

 

6.2.5.2 Experiments 2 and 3 

The calculations were performed on 50 glomeruli per mouse.  Hypercellularity was 

determined as previously described in experiment 1. Glomerular histology was graded as 

follows: grade 0, normal; grade I, segmental hypercellularity in 10-25% of the glomeruli; 

grade II, hypercellularity involving >50% of the glomerular tuft in 25-50% of glomeruli; 

grade III, hypercellularity involving >50% of the glomerular tuft in 50-75% of glomeruli; 
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grade IV, glomerular hypercellularity in >75% of glomeruli or crescents in >25% of 

glomeruli.  Specific pathological changes of PSGN, such as the lobulation of the glomerular 

tuft, occlusion and obliteration of the lumen of capillaries and obliteration of the Bowman’s 

capsule, were graded as follows: grade 0, normal; grade I, pathological changes in 10-25% of 

the glomeruli; grade II, pathological changes in 25-50% of glomeruli; grade III, pathological 

changes in 50-75% of glomeruli and grade IV, pathological changes in >75% of glomeruli.   

6.2.6 Immunohistopathology 
Slides were prepared for immunohistopathology as previously described (Chapter 3, Section 

3.5.2.1). Immunohistochemistry was evaluated using light microscopy.  The fluorescence 

was detected using a Leitz DMR fluorescence microscope (Leica, Heerbrugg, Switzerland).  

The intensity of fluorescence was graded in a semi-quantitative manner (experiments 2 and 

3, only), - (no fluorescence), +/- (weak fluorescence), + (moderate fluorescence), ++ (strong 

fluorescence) or +++ (very strong fluorescence). 

6.2.8 Plasma Protein Levels 
In experiments 2 and 3, levels of total plasma proteins were determined using the 

Bicinchoninic acid (BCA) assay (Pierce Biotechnologies, Townsville QLD) see Chapter 3, 

Section 3.4.5. This was done to detect proteinuria (low serum protein levels) because in mice 

it is difficult to collect sufficient urine to conduct accurate urinalysis to determine proteinuria 

and/or haematuria. 

6.2.9 Plasma Antibodies 
Recombinant ska and SIC proteins were produced in Eschericia coli expression systems (see 

Chapter 3, Section 3.5.2.1).  An immunoblot analysis was performed to detect the presence 

of antibodies to both proteins (Chapter 3, Section 3.4.6).  In a total volume of 20 μl, 7 μg of 

antigen was electrophoresed on 0.75 mm thick SDS-PAGE gels (12%).  Plasma from the 

mice was added in 10-fold dilutions with PBS and horseradish peroxidase-conjugated 

affinity-purified goat anti-mouse IgG (Pierce Biotechnology) at a dilution of 1:2000 was 

used as a secondary antibody.   
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6.3 Results   

6.3.1 Experiment 1- Duration Experiment in NOD/Lt Mice 
6.3.1.1 Complications 

Two mice in Gp1 developed a severe local reaction at the inoculation site which developed 

into an abscess that drained through the skin. These mice were sacrificed at day 24 on 

humane grounds.  

 

6.3.1.2 Morphological Findings 

Following immunisations with S. pyogenes, the numbers of mice with diffuse glomerular 

hypercellularity, given at different percentile cut-off limits, are shown in Table 6.2.  Mice 

from all groups had hypercellular glomeruli, but at the 80th percentile the occurrence of 

hypercellular mice in the two control groups (1 and 2) was 0 at this level, compared with 3 

mice in each control group designated hypercellular when using the 60th percentile cut-off. 

 

Table 6.2.  Glomerular reactivity after immunisation schedule 

Number of animals with diffuse hypercellularity at a given percentile Group 

50th 60th 70th 80th 90th 

Group 1 (injected 

with bacteria) 

4 4 4 4 4 

Group 2 (injected 

controls) 

4 2 0 0 0 

Group 3 (control) 2 1 0 0 0 

 

The results for individual mice with regards to clinically significant pathological changes in 

the glomerulus; hypercellularity, occlusion of capillaries and lobulation of the glomerular 

tuft, as well as the deposition of immune complexes (SIC protein, C3 and IgG) are shown in 

Table 6.3.  
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Table 6.3. Immunohistochemical and histopathological findings in kidneys of mice. 

Glomerulus Group Mouse 

Number: 

Day 

Sacrificed SIC1 %Hyp2 IgG C3 Occl  Lob 

3596 73 + 100 + + + + 

3597 24 + 80 + + + + 

3598 73 + 90 + + - + 

Group 1 (injected with 

bacteria) 

3599 24 + 90 + + + + 

3609 73 - 20 + - - - 

3610 73 - 10 - - - - 

3611 73 - 10 - - - - 

Group 2 (injected 

controls) 

3612 73 - 20 + - - - 

3601 73 - 50 - - - - Group 3 (control) 

3613 73 - 10 + - - - 
1The presence of antibodies to SIC protein in serum when conducted using a Western blot 
analysis. Abbreviations: Hyp, hypercellularity; SIC, streptococcal inhibitor of complement 
mediated cell lysis protein; Occl, occluded capillaries in at least 50% of the examined 
glomeruli; Lob, lobulation of the glomerular tuft in at least 50% of the examined glomeruli. 
2Percentage of counted glomeruli displaying hypercellularity, with the 80th percentile based 
on the 6 control mice (Groups 1 and 2) of the same experiment as the limit for 
hypercellularity. A mouse was defined as positive for hypercellularity when the criterion, 
diffuse was fulfilled i.e. when at least 60% of the calculated glomeruli were hypercellular. 
 
No significant difference (P>0.05) was observed between Gp 2 and Gp 3 with regard to 

glomerular hypercellularity, lobulation of the glomerular tuft, occlusion of capillaries, 

thickening of the basement membrane, deposition of C3, IgG and SIC; therefore these 

groups were treated as one group.  A significant difference (P<0.0001) was observed 

between the Gp 1 and Gps 2 and 3 with regards to glomerular hypercellularity, lobulation of 

glomerular tuft, occlusion of capillaries and thickening of the basement membrane (Figures 

6.1 and 6.2). 
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Figure 6. 1. Kidney sections of glomeruli, stained with hematoxylin-eosin. A) Group 3 
(control) mouse, B) Group 2 (injected control) mouse.  C & D) Group 1 (Streptococcus 
pyogenes injected) mouse.  Note: the increased cellularity, and occlusion of capillaries in C, 
The occlusion of capillaries and extracapillary cellular proliferation in D. Original 
magnification x1000. 

A B

C D
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Figure 6. 2.  Kidney sections of glomeruli, stained with hematoxylin-eosin and periodic 
acid Schiff. A) Group 3 (control) mouse, B) Group 2 (injected control) mouse.  C, D, E 
and F) Group 1 (Streptococcus pyogenes injected) mouse.  Note: The thickening of the 
basement membrane in C, the lobulation in D, and the increased cellularity, the occlusion of 
capillaries and lobulation of the glomerular tuft in E and F. In E and F there is also slight 
extracapillary proliferation (crescent formation). Original magnification x1000. 
 

Deposition of C3, predominantly on capillary walls and in the mesangium, was seen in mice 

from Gp 1, but not Gp 2 and Gp 3 (Table 6.2, Figure 6.3).  Differences were observed 

regarding IgG deposition between the two groups (Figure 6.4).  Deposition of IgG was 

observed in all animals in Gp 1 as well as 50% of mice in Gp2 and Gp 3 (Table 6.2). 

 

A B

C D

E F
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Figure 6.3.  Immunofluorescent staining for C3 in kidney sections of glomeruli.  A) 
Group 2 (injected control) mouse, B) Group 1 (Streptococcus pyogenes injected) mouse.  
This glomerulus was regarded as positive for C3 deposition since an arrangement of fine and 
coarse granular deposits could be detected in the mesangium equivalent to the so-called 
‘mesangial pattern. Original magnification x1000. 
 

 
Figure 6.4. Immunofluorescent staining for IgG in kidney sections of glomeruli.  A) 
Group 2 (injected control) mouse, B) Group 1 (Streptococcus pyogenes injected) mouse. 
Original magnification x1000. 
 

Immunohistological examination of renal sections from control and immunised mice showed 

a significant difference in the deposition of SIC protein as shown in Figure 6.5.  Glomerular 

deposits that stained positive for SIC protein, were observed in Gp 1 mice.  In addition, 

deposition of SIC protein was observed in the muscular arteries and the tubules of these 

mice. 

A B

BA
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Figure 6.5.  Immunoperoxidase staining for SIC in kidney sections of glomeruli. A) 
Group 2 (injected control) mouse, B, C & D) Group 1 (Streptococcus pyogenes injected) 
mouse  Note the deposition of SIC protein in the mesangium, basement membrane and the 
presence of glomerular deposits of SIC protein which appear to distort configuration of the 
capillary loop in B.  Deposition of SIC protein in the walls of an arteriole muscular artery.  D 
shows deposition of SIC protein in tubules of the renal cortex. Original magnification x1000 
(A-C), x100 (D). 
 
6.3.1.3 Immunological Response 

Antibodies to ska and SIC proteins were detected in the plasma of all Gp 1 mice, but in none 

of Gp 2 or Gp 3. Antibody response was detected in serum diluted to a maximum of 1:100. 

 

6.3.1.4 Progress of Disease 

Two of the mice in Gp 1 developed open lesions at the site of injection and thus were 

sacrificed at day 24.  The remaining mice were sacrificed at day 73 (approximately 10 

weeks).  One of the unoperated controls (2601) had spontaneously developed diabetes.   The 

two mice that were sacrificed at day 24 had developed more severe glomerulonephritis, as 

determined by analysis of the renal biopsies.  These mice exhibited consistent lobulation of 

the glomerular tuft, occlusion of capillaries and deposition of C3 and IgG. 

 

A B

C D
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6.4.1 Experiment 2 - PSGN Induction with Different Genetic Backgrounds 
6.4.1.1 Complications 

In the NOD.C-Hc congenic mice group 2 (treated with S. pyogenes), one animal 

spontaneously died on day 10.  The reason for the animal’s death was unknown.  However, 

on day 11, another animal in the same group, was found to be anuric with peripheral oedema 

and exhibiting general malaise.  This animal was euthanized. 

 

6.4.1.2 Morphological Findings 

None of the mice in any of the control groups exhibited signs of PSGN and there was no 

statistically significant difference between any of the groups (P=0.5, KW=2.1) for 

glomerular hypercellularity, lobulation of glomerular tuft, occlusion of capillaries, 

thickening of the basement membrane, deposition of C3, IgG and SIC, therefore these mice 

were combined and treated as one group. 

 

For the mice treated with S. pyogenes, the total number of cells per glomeruli was used to 

compare the congenic stains.  No significant difference was found for the overall glomeruli 

cell counts between the NOD/Lt, NOD.H2d and NOD.H2b congenic strains.  However a 

significant difference was observed for the NOD.C-Hc group using the least significant 

difference test (Table 6.4). Animals in the NOD.C-Hc groups exhibited the highest number 

of cells in the counted glomeruli across all congenic strains (Figure 6.6). 

 
Figure 6.6.  Diffuse glomerular hypercellularity in NOD.C-Hc animal injected with 

killed Streptococcus pyogenes. Note: Periodic Acid Schiff stain, 100X magnification. 
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Table 6.4. P values between congenic strains for glomerular cell numbers of animals 

injected with Streptococcus pyogenes.  

J Congenic Strain, P value 

(mean difference I-J) NOD/Lt NOD.H2b NOD.H2d NOD.C-Hc 

NOD/Lt     

NOD.H2b 0.787 

(-0.5667) 

   

NOD.H2d 0.987 

(0.0333) 

0.774 

(0.6) 

  

I 

NOD.C-Hc 0.03 

(5.0500) 

0.018 

(5.6167) 

0.034 

(5.0167) 

 

Note: grey shaded boxes denotes a statistical significant difference exists (P<0.05) 
determined by the Least significant difference post-hoc test, boxes show P value and mean 
difference in brackets. 
 
The number of mice in each group injected with S. pyogenes that developed proliferative 

(lobular) glomerulonephritis exhibiting signs of PSGN including hypercellularity, occlusion 

of capillaries, proliferation and swelling of the glomerular tuft leading to lobulation and 

obliteration of the Bowman’s space are shown in Table 6.5. 

 

Table 6.5. Post-streptococcal glomerulonephritis in NOD congenic mice. Note: grading 

criteria provided in Section 6.2.5.2. 

Grade of glomerulonephritis Grade of pathological features NOD strain n Mort 

0 I II III IV 0 I II III IV 

Group 1: controls  

NOD/Lt 4 0 3 1    3 1    

NOD.C-Hc 4 0 3 1    3 1    

NOD.H2d 4 0 4     4     

NOD.H2b 4 0 4     4     

Group 2: (Streptococcus pyogenes injected) 

NOD/Lt 4 0    4     4  

NOD.C-Hc 4 1     3    2 1 

NOD.H2d 4 0    4    3 1  

NOD.H2b 4 0    4    4   

 

B
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A significant difference was found between the congenic strains injected S. pyogenes for the 

grade of glomerulonephritis (Chi=14.0, P=0.003) and the grade of pathological features 

(Chi=11, P=0.01) using the Kruskal-Wallis nonparametric test (Tables 6.6 and 6.7). 

 

Table 6.6. Statistical significance between congenic strains for grade of 

glomerulonephritis using the Mann-Whitney U test.  

Congenic Strain, P value 

(Mann-Whitney U value) 

NOD/Lt NOD.H2b NOD.H2d NOD.C-Hc 

NOD/Lt     

NOD.H2b 1 

(8.0) 

   

NOD.H2d 1 

(8.0) 

1 

(8.0) 

  

NOD.C-Hc 0.057 

(0) 

0.057 

(0) 

0.057 

(0) 

 

 



  133 

 
Table 6.7.  Statistical significance (mean difference) between congenic strains for grade 

of pathological changes using the Mann-Whitney U test.   

Congenic Strain, P value 

(Mann-Whitney U value) 

NOD/Lt NOD.H2b NOD.H2d NOD.C-Hc 

NOD/Lt     

NOD.H2b 0.029 

(0) 

   

NOD.H2d 0.11 

(2) 

0.67 

(6) 

  

NOD.C-Hc 0.63 

(4) 

0.057 

(0) 

0.11 

(1) 

 

Note: shaded cell denotes a statistically significant difference exists (P<0.05). 
 
In each congenic strain injected with S. pyogenes, immunofluorescence studies showed 

deposition of C3 and IgG in at least 50% of glomeruli, whereas none of the control mice 

exhibited any immune deposits (Table 6.8, Figure 6.7).   

 

     
 

   
Figure 6.7.  Illustrative examples of immunofluorescence grading scores (IgG staining) 
from animals injected with PBS (A, -), Streptococcus pyogenes (B, +/-; C, +; D, ++; E, 
+++). 

A B C

D E
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Table 6.8. Immunofluorescence results for each congenic strain 

IgG C3 NOD strain N 

- -/+ + ++ +++ - -/+ + ++ +++ 

Group 1:Controls  

NOD/Lt 4 4     4     

NOD.C-Hc 4 3 1    3 1    

NOD.H2d 4 4     4     

C57BL/6.NODc6 4 4     4     

Group 2: Streptococcus pyogenes injected 

NOD/Lt 4   3 1   1 2 1  

NOD.C-Hc 4 

(3) 

   3     2 1 

NOD.H2d 4  1 2 1   2 2   

NOD.H2b 4   3 1     2 2 

 
No significant difference exists between the S. pyogenes injected congenic strains for IgG 

deposition (P=0.17, KW=5), however a significant difference was found for C3 deposition 

between the S. pyogenes injected congenic strains (P=0.017, KW=10, Table 6.9). 

 

Table 6.9.  P values and mean difference for C3 immunofluorescence between congenic 

strains injected with Streptococcus pyogenes. 

Congenic Strain, P value 

(Mann-Whitney U value) 

NOD/Lt NOD.H2b NOD.H2d NOD.C-Hc 

NOD/Lt     

NOD.H2b 0.057 

(1) 

   

NOD.H2d 0.486 

(5) 

0.029 

(0) 

  

NOD.C-Hc 0.114 

(1) 

0.857 

(5) 

0.057 

(0) 

 

Note: Shaded cell denotes a significant difference (P<0.05). 
 
Using immunohistochemistry techniques, SIC protein was deposited in the glomeruli of all 

mice injected with S. pyogenes of each congenic strain, and SIC protein was not detected in 

the glomeruli of any of the control mice. 
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6.4.1.3 Plasma Protein Levels 

In control congenic mice, plasma protein levels remained constant throughout the 

experiment (P>0.05).  However in S. pyogenes injected mice plasma proteins significantly 

decreased over the experimental period (Figure 6.8). 

 
Figure 6.8. Plasma protein levels of mice injected with Streptococcus pyogenes for each 

congenic strain (n=4).  Note: The final experimental point was day 21 or the day of 

sacrifice for the animal, for the NOD.C-Hc strain, the final data point is n=3. A statistically 

significant difference exists between day 0 and 21 for NOD/Lt (P<0.05, q=4.5), for NOD.C-

Hc between day 0 and 21 (P<0.01, q=9.3), day 7 and 21 (P<0.001, q=10.2), for NOD.H2d 

between days 0 and 7 (P<0.05, q=5.2), 0 and 21 (P<0.001, q=20), 7 and 21 (P<0.001, q=15) 

and for NOD.H2b between day 7 and 21 (P<0.05, q=4.6).  No significant difference was 

found for any of the control congenic strains over the experimental period. 

 
6.4.1.4 Immunological Response 

Antibodies to ska and SIC proteins were detected in the plasma of all mice treated with 

S. pyogenes, but in none of the control mice for any other congenic strains. Antibody 

response was detected in serum diluted to a maximum of 1:100 concentration of serum. 

NOD/Lt (S. pyogenes) 
NOD.C-Hc (S. pyogenes) 
NOD.H2d (S. pyogenes) 
NOD.H2b (S. pyogenes) 
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6.4.1.5 Progression of Disease 

All mice in experiment 2 that survived the experimental procedure without suffering any 

clinical complications were sacrificed on day 21.   

 

6.4.2 Experiment 3 - Dose Optimisation of Streptococcus pyogenes in NOD.C-Hc Mice 
6.4.2.1 Complications 

On day 18, a mouse in group 3, treated with a 50% dose, spontaneously developed peripheral 

oedema and ascites.  This mouse was euthanized.  

 

6.4.2.2 Morphological findings 

Mice in each group were evaluated according to hypercellularity and the exhibition of 

morphological changes consistent with PSGN (Table 6.10).   

 

Table 6.10. Post-streptococcal glomerulonephritis in NOD.C-Hc congenic mice utilising 

differing dosages of Streptococcus pyogenes. Note: Grading criteria is given in Section 

6.2.5.2. 

Grade of glomerulonephritis Grade of pathological features Dose No Mortality 

0 I II III IV 0 I II III IV 

0%  3 0 2 1    2 1    

25% 3 0 1  1 1   1 2   

50% 3 1  1 1     2   

75% 3 0  1  2     1 2 

100% 3 0    2 1    1 2 

 

All mice injected with a dose of S. pyogenes, exhibited deposition of C3 and IgG using 

immunofluorescence studies (Table 6.11).  None of the mice with 0% dose showed any 

immune deposits under immunofluorescence microscopy.   
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Table 6.11. Immunofluorescence studies for the deposition of C3 and IgG at different 

dosages. 

IgG C3 Dose n 

- -/+ + ++ +++ - -/+ + ++ +++ 

0% 3 3     3     

25% 3    2 1 2 1    

50% 2    2  1  1   

75% 3   1 1 1  1 1 1  

100% 3   1 2     1 2 

 

The deposition of SIC protein was detected in the glomeruli of the mice injected with 50% 

and greater doses of S. pyogenes and was not detected in the glomeruli of any of mice from 

the other groups. 

 

6.4.2.3 Plasma Protein Levels 

A significant difference was found using Tukey-Kramer’s test, between the 0% group and 

25% (P<0.05, q=4.9), 75% (P<0.001, q=8.5) and 100% (P<0.01, q=6.2) for plasma protein 

levels at the time of sacrifice, while no difference (P>0.05) was observed between groups at 

the commencement of the experiment. 

 

6.4.2.4 Progression of Disease 

All mice in experiment 3 that survived the experimental procedure without suffering any 

clinical complications were sacrificed on day 21. 

 

6.5 Discussion 

The experimental induction of glomerulonephritis with renal products, streptococci or their 

by-products has been attempted with many different animal models including rabbits 

(Becker and Murphy 1967), sheep (Steblay 1962), rats (Cavelti and Cavelti 1945) and mice 

(Nordstrand et al. 1996).  The methods employed include inoculation with live streptococci, 

implantation of osmotic pumps to slowly release streptococcal products, injection of killed 

streptococci and injection of toxic filtrates.  These efforts have produced renal alterations 

that are similar to those observed in humans; however, the models did not attempt to dissect 

the host factors involved in the pathology.  Several lines of evidence have suggested that 

host factors may contribute to the severity of S. pyogenes infection (Davies et al. 1996, 

Norrby-Teglund et al. 2000).  Medina et al. (2001) demonstrated that genetic background 

influenced the ability to control infection with S. pyogenes using different inbred strains of 
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mice; thus it is hypothesised that the occurrence of autoimmune sequelae, such as PSGN, is 

also linked to genetic susceptibility. 

 

PSGN is a form of glomerulonephritis which has histological changes of 

membranoproliferative glomerulonephritis, such as enlarged glomeruli showing a diffuse 

proliferative change, with an increase in the numbers and size of the endothelial and 

mesangial cells (Curran and Crocker 2000).  The lobular structure of the glomerulus is more 

obvious and a granular deposition of the component of complement 3 (C3) and IgG along the 

basement membrane is commonly found.  In severe cases, epithelial cells and macrophages 

accumulate in Bowman’s space and form crescents, a hallmark of rapidly progressive 

glomerulonephritis (crescentic glomerulonephritis).  The aetiology is considered to be 

initiated by the formation of antigen-induced immune complexes, with the nephritogenic 

antigens being either endogenous (in situ) or exogenous.  The pathological process involves 

immune complex formation with antibodies and the activation of the classical complement 

cascade.  However, the alternative complement pathway is also involved in the pathogenesis 

of PSGN.  Recent evidence suggests that certain streptococcal antigens can localise 

independently of antibody in the glomerulus and may activate complement via the 

alternative pathway directly without immunoglobulin involvement (Peake et al. 1991, 

Yoshizawa et al. 1992).   

 

In the current experiments, NOD mice genetically selected for an autoimmune response were 

utilised.  In these mouse strains, renal changes induced after injection with S. pyogenes were 

consistent with membranoproliferative glomerulonephritis as observed in humans following 

streptococcal infection.  The disease induction was related to the bacterial dose and host 

genetics.  The strain of S. pyogenes which was utilised here is a known nephritic strain of M1 

serotype, being an M serotype historically associated with epidemics of glomerulonephritis 

(Sriprakash et al. 2002).  The animals developed glomerulonephritis three weeks following 

the initial inoculation with S. pyogenes, a timeframe consistent with that seen clinically in 

human PSGN following streptococcal infection.  The precise pathology of PSGN is 

unknown.  However, it is hypothesised that cationic moieties with high affinity for the 

glomerular basement membrane and specific antibodies to certain streptococcal products 

initiate PSGN via in-situ immune complex formation (Vogt et al. 1983).  Subsequently, 

glomerular damage is mediated via anaphylatoxins generated by the classical complement 

pathway.  In this mouse model the development of glomerulonephritis two-weeks after the 

second injection reflects a period when the production of antibodies would be expected to 

have reached its peak (Bergner-Rabinowitz et al. 1979). 
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Initially, S. pyogenes were injected with FCA, which is known to disseminate within the 

body and form lesions in various organs (Steiner et al. 1960).  It is possible, that adjuvant 

alone may have produced some glomerular injury observed in experiment 1 and therefore, in 

all further experiments, IFA without the mycobacterium was utilised. The two mice in 

experiment 1, which were sacrificed at day 24, exhibited more diffuse glomerular changes, 

including the deposition of C3 and SIC.  Therefore, in all subsequent experiments the mice 

were sacrificed after a period of 3 weeks to represent the clinical acute phase of PSGN. 

 

In experiment 2, the role of C3 in glomerulonephritis was investigated.  NOD.C-Hc mice 

developed a severe glomerulonephritis, characterised by marked hypercellularity and 

lobulation, crescent formation and clinical features of the nephrotic syndrome including 

ascites production.  Cell proliferation was common to the glomeruli of all strains of mice 

injected with S. pyogenes.  However, the development of epithelial crescents was only 

consistently observed in the kidneys of mice with severe glomerulonephritis in the 

NOD.C-Hc mice, a strain that produces C5.  Our results are consistent with the findings of 

Pickering et al. (2006), who demonstrated that prevention of C5 activation ameliorated 

spontaneous and experimental membranoproliferative glomerulonephritis in factor H-

deficient mice.  In their study, mice that were deficient in C5 still developed 

glomerulonephritis, but with reduced cellularity and mortality.  In the current experiment, we 

induced glomerulonephritis in all congenic strains tested by injection of heat-killed nephritic 

S. pyogenes.  However, the most severe glomerulonephritis was found in the NOD.C-Hc 

mice that can produce C5.  In these experiments, three mice of NOD.C-Hc (two in 

experiment 2 and one in experiment 3) developed ascites and symptoms of the nephrotic 

syndrome, including low serum albumin levels.  These results, along with information 

regarding the synthesis and localisation of complement components in the glomerulus, as 

well as hypocomplementaemia in PSGN patients, indicate that C5 has a role in the 

development of PSGN and also the nephrotic syndrome. 

 

Additionally, the experiments with the NOD.H2d and NOD.H2b strains showed a difference 

in the severity of disease.  The NOD.H2d animals developed a more severe 

glomerulonephritis, with greater hypercellularity than the NOD.H2b animals although due to 

the small sample size (n=4), this difference was not significant.  The NOD.H2b group, 

however, exhibited significantly greater C3 deposition compared to the NOD.H2d group 

(P<0.05).  When compared to the two groups, the NOD mouse (H2g7) exhibited the most 

severe glomerulonephritis but the NOD.H2d exhibited the greatest hypercellularity.  The 

difference we observed in the severity of glomerulonephritis is most likely related to the 

differences in self-peptide binding by the MHC class II haplotypes. 
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While the component of the immune system which is thought to be primarily responsible for 

glomerulonephritis is antibody mediated (IgG) through the formation of immune-complexes, 

the cellular immune response accompanies the humoral response and it is hypothesised that 

this response underlies the proliferative changes observed in PSGN, including 

hypercellularity, crescent formation and primary damage (Couser 2002). Furthermore, Yan 

et al. (1996) found that the peripheral T cells of PSGN patients had a regulatory role in C3 

production via interferon gamma.  The significant deposition of C3 in the glomerulus of 

NOD.H2b mice is an expected finding given that deposited antibody-antigen complexes 

activate complement (antibody-dependent activation) (Berge et al. 1997).  In these mice, IgG 

deposition was also seen in the glomerulus and therefore it is unknown whether the 

complement deposition was mediated by IgG deposition or direct streptococcal antigens.  In 

humans, C3 deposition precedes that of IgG in the disease process and the initial activation 

of complement does not appear to be due to IgG deposition or the presence of immune 

complexes within the glomeruli but is hypothesised to be due to direct streptococcal antigen 

activation (Michael et al. 1969, Tauber et al. 1976, Nordstrand et al. 1998).  However, 

Sheerin et al. (2006) showed that the local synthesis of C3 does not play a contributing role 

to the pathogenesis of glomerular dysfunction or immune complex formation, despite being 

upregulated in immune-complex glomerulonephritis. Further investigation is required to 

elucidate the host-pathogen interactions occurring in PSGN and could incorporate the use of 

the NOD/LtSz-scid/scid (NOD/SCID) mouse.  The NOD/SCID mouse has multiple defects 

in its adaptive and non-adaptive immune function, lacking functional lymphoid cells and 

with little to no serum IgG with age (Shultz et al. 1995) 

 

PSGN in humans is induced by a local streptococcal infection in either the throat or the skin.  

This infection does not progress to the kidneys but is localised in the affected organ.  In 

humans, the kidneys are free from streptococci; thus the immune reaction that occurs in the 

kidneys is not caused by circulating bacteria.  A successful animal model for PSGN would 

invoke a localised infection, without allowing the infection to become systemic.  However, 

the model would also be required to allow the production of ‘nephritogenic’ factors over 

time.  The animal model in this chapter used killed bacteria which are lysed to release 

various potentially ‘nephritogenic’ factors into the circulation.  The use of killed bacteria 

allows consistent numbers of bacteria to be used and thus, eliminate possible differences in 

growth characteristics.  However, a number of potential ‘nephritic’ candidates are proteins 

that are primarily secreted by streptococci during the exponential growth phase.  Since the 

bacteria used in this experiment are pelleted following exponential growth, the majority of 

secreted protein products would be lost in the supernatant.  SIC protein is a secreted 
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streptococcal protein and thus the concentration of SIC protein which was administered to 

the mice in the injections would be lower than that expressed by the bacteria during growth 

in natural infections. However, the mice injected with the nephritic isolate had detectable 

antibodies against SIC protein and therefore, some levels of SIC protein must have remained 

in the cell prior to lysis. 

 

Additionally, the immunohistology shows the presence of streptococcal antigen, SIC, in the 

glomerulus, arterioles and the renal tubules.  It has been shown via transmission electron 

microscopy that SIC binds to the human cytostructural proteins, ezrin and myosin 

(Hoe et al. 2002, Binks et al. 2005).  Therefore, in future studies, the incorporation of 

transmission electron microscopy, particularly immune-electron microscopy, would allow 

greater insight into the potential pathogenic mechanisms of SIC protein. 

 

6.6 Conclusion  

In conclusion, these studies have identified a genetic factor involved in the development of 

PSGN, the complement component 5.  This experiment has induced pathological changes in 

the kidney of mice characteristic of PSGN, using a known nephritic strain of S. pyogenes that 

has been isolated in outbreaks of PSGN.  The chief histological feature was cellular 

proliferation resulting in a lobular appearance of the glomeruli and occasionally crescent 

formation, with the deposition of immunoglobulin and C3.  This model can be used to 

evaluate the role of SIC protein in the pathogenesis of PSGN by using mutant strains of S. 

pyogenes that produce and do not produce SIC and thus determining the nephritogenic 

capacity.  Additionally, this model can be used to evaluate the pathogenic capacity of 

streptococcal strains of Lancefield Groups G and C, which are commonly isolated from 

Indigenous communities during outbreaks of streptococcal immune sequelae and were 

isolated from dogs in these communities (see Chapter 4).  This model has promise as a 

model for the nephrotic syndrome.  However, further experimentation is required to optimise 

it, including monitoring for the development of hypercholesterolemia, anaemia and 

abnormalities of electrolytes, urea and creatinine levels.   
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CHAPTER 7 

 
Investigation into the Role of SIC Protein in a Murine Model of Post-Streptococcal 

Glomerulonephritis 

 

7.1 Introduction 

Post-streptococcal glomerulonephritis (PSGN) is an inflammatory disease of the kidneys, 

which occurs following infection with Streptococcus pyogenes.  Certain M types of this 

bacteria have been associated with epidemics of PSGN, specifically M1, M12, M49, M55 

and M57.  The pathogenesis of the disease has not been completely elucidated; and there are 

roles for humoral and cell-mediated immunity.  Initially in the disease process, it is proposed 

that proliferation of resident cells and infiltration of polymorphonuclear leukocytes occurs in 

response to complement-induced chemotaxis, which is likely to be antigen-specific (via 

delayed-type hypersensitivity mediated by helper/inducer T cells).  Subsequently, it is 

hypothesised that in-situ formation of streptococcal antigen-antibody complexes and 

circulating immune complexes mediates humoral immunity.   

 

It is proposed that ‘nephritic’ streptococci produce antigens which have a particular affinity 

for sites within the normal glomerulus.  Once they are released into the circulation, they 

encounter and lodge within the glomerulus.  Once they are glomerular-bound, they activate 

complement directly by attracting properdin and stimulate the alternative pathway.  Once 

glomerular bound, these streptococcal antigens also act as fixed antigens for subsequent 

immune complex formation with circulating antistreptococcal antibodies and classical 

complement fixation.   

 

The apparent ‘randomness’ of the occurrence of glomerulonephritis following streptococcal 

infection has in part being explained by the presence of ‘nephritic’ strains of the bacterium.  

It is based on the knowledge that there are ‘nephritic’ strains of streptococci and the finding 

of immune complex deposits in the glomeruli of PSGN patients, upon which criteria for a 

‘nephritic’ antigen has been developed.  Rodriguez-Iturbe (1984) proposed that a candidate 

nephritic factor would i) be expressed only by strains of streptococci associated with PSGN, 

ii) would be immunogenic in sera from patients with PSGN and iii) would be deposited in 

the glomeruli of PSGN patients.   

 

Serotype M1 strains of S. pyogenes express an extracellular protein that together with 

vitronectin, clusterin and histidine-rich glycoprotein binds to the C5b-C9 complex in serum 

and thereby inhibits the membrane attack complex (MAC) and complement mediated cell 
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lysis (Akesson et al. 1996).  This protein, streptococcal inhibitor of complement mediated 

cell lysis (SIC), is a putative nephritic antigen because it is secreted by M types associated 

with PSGN and antibodies to a variant, distantly related to SIC (DRS), correlated with a 

recorded history of PSGN (Sriprakash et al. 2002).  It was initially proposed that SIC was 

associated with glomerulonephritis due to the fact that the MAC mediates glomerular injury 

and that clusterin (which binds in a manner similar to SIC) was found to be co-localised with 

MAC in biopsies from patients with PSGN (Couser et al. 1985, French et al. 1992).  

Therefore, it was hypothesised that SIC may form immune-complexes in a similar manner, 

as observed in PSGN patients.  However, as a Gram-positive pathogen, S. pyogenes are 

inherently resistant to complement lysis and virulent (M protein positive) strains do not 

activate the alternative complement pathway (Peterson et al. 1979).  Therefore, SIC’s 

interaction with the host complement system may predispose patients to PSGN. However, 

SIC must confer other benefits to S. pyogenes as a virulence factor. 

 

Recent studies (Fernie-King et al. 2002, 2007, Hoe et al. 2002, Frick et al. 2003a, Binks 

et al. 2005) have provided further insight into the role of SIC in pathogenic bacteria.  The 

findings suggest that SIC enhances bacterial survival by inactivating antibacterial peptides to 

establish colonisation of mucosal surfaces (Fernie-King et al. 2002, Frick et al. 2003a). SIC 

also enables S. pyogenes to avoid the intracellular environment including phagocytosis by 

co-localising with ezrin in human polymorphonuclear leukocytes (Hoe et al. 2002, Binks 

et al. 2005).  Specifically, SIC protein binds to two human proteins, ezrin and moesin, which 

functionally link the cytoskeleton to the plasma membrane (Hoe et al. 2002).  Ezrin and 

moesin are members of the ezrin/radixin/moesin family of proteins which are present in 

increased amounts in specialised plasma membrane structures such as 

microvilli (Bretscher 1999). The SIC-ezrin binding may alter the ultra-structure of host cells 

and in turn change the host-pathogen interaction (Binks et al. 2005).  By avoiding intrinsic 

interaction with the host early in infection, SIC may delay the trigger of the inflammatory 

response and thus allow infection establishment (Hoe et al. 2002). 

 

In the kidney, ezrin is specifically and exclusively modulated during podocyte injury and 

regeneration (Hugo et al. 1998) while moesin is predominantly expressed in glomerular 

endothelial and mesangial areas.  The podocyte is a highly differentiated and specialized 

glomerular cell covering the outer surface of the glomerular basement membrane and forms 

interdigitating foot processes with slit diaphragms as the last layer of the glomerular 

filtration barrier. Podocytes are thought to contribute to the initiation and propagation of 

glomerular damage, proteinuria, and sclerosis in PSGN (Kerjaschki 1994, Kriz et al. 1994, 

Rennke 1994). The specialized features of podocytes require a specific cytoskeletal 
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organization; therefore, it is hypothesized that SIC protein may modulate PSGN through 

interaction with the cytoskeleton.   

 

In this chapter, utilising the animal model developed previously (Chapter 6), the role of SIC 

in PSGN was investigated, utilising an isogenic sic- mutant generated by allelic mutagenesis 

strategy (Frick et al. 2003a). 

 

7.2 Materials and Methods 

Methods used in this chapter are given in Chapter 6, Section 6.2.  Any differences are given 

below. 

 

7.2.1 Bacterial Strains and Growth 
S. pyogenes group A strain AP1 (serotype M1, sic+) used in these experiments was isolated 

from a patient with PSGN (see Chapter 3, Section 3.2.1). The mutant strain was S. pyogenes 

group A strain AP1 (serotype M1, sic-). The AP1 sic- mutant was maintained on SBA plates 

containing kanamycin at 150 µg/ml. 

 

7.2.2 Preparation of Antigen 
The bacterial antigen was prepared as previously described (Chapter 6, Section 6.2.2).  The 

concentration of bacteria in the suspension was determined to be 1x1012 cfu/ml.   

 

7.2.3 Injections with Killed Streptococcus pyogenes 
Animals were randomised into experimental groups. Female NOD.C-Hc mice were 

subcutaneously injected with 200 μl of bacterial:adjuvant mixture using incomplete Freund’s 

adjuvant at a ratio of 1:1 on days 0 and 7.  Animals were sacrificed on day 21 unless required 

earlier under humane grounds. The experimental groups are outlined in Table 7.1. 
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Table 7.1. Experimental design and groups utilised.  

No of Animals Controls 
(uninjected) 
(Group 1) 

PBS Injected 
Controls 
(Group 2) 

AP1 Injected 
(sic+)  
(Group 3) 

Isogenic Mutant 
Injected (sic-) 
(Group 4) 

Initially  10 10 11 11 

Day 21 (end of 
experiment) 

10 10 9 7 

Spontaneous 
mortality 
(excluded from 
analysis) 

0 0 1 1 

Euthanized 
(included in 
analysis) 

0 0 1 3 

Analysed 10 10 10 10 

 

7.3 Results 

7.3.1 Complications 
On day 2, one animal in group 3 was found dead and on day 9, one animal in group 4 was 

found dead.  The reasons for the animals’ deaths were not determined and these animals 

were excluded from the study.  In group 4, one animal was euthanized on each of days 2, 3 

and 10 due to the animal being noted to be generally unwell (i.e. symptoms of malaise, 

anorexia).  In group 3 an animal on day 7 was euthanized due to the animal being noted to be 

unwell.  These animals were included in the analysis because the results were not 

significantly different from the remaining animals. 

 

7.3.2 Morphological Findings 
7.3.2.1 Grade of glomerulonephritis 

Animals from group 1 and group 2 showed no evidence of hypercellularity and thus were all 

assigned grade 0 with no significant difference found between the groups, P value <0.05 

(Figure 7.1, Table 7.2). 
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Figure 7.1. Glomeruli from a mouse in group 2 (PBS injected) showing healthy 

glomeruli with no evidence of hypercellularity (Periodic acid Schiff and haematoxylin 

stain, 40x). 

 
Mice in groups 3 and 4 exhibited hypercellularity (Figure 7.2) in some of the glomeruli 

evaluated and were assigned a grade accordingly. A statistical difference was found between 

all groups for glomerular hypercellularity (P<0.0001, KW=34.9603). 

 

Table 7.2. Assignment of scores for glomerulonephritis in experimental groups. 

Grade of glomerulonephritis Group No 
0 I II III IV 

Group 1 10 10 0 0 0 0 

Group 2 10 10 0 0 0 0 
Group 3***,a 
(sic+) 

10 0 0 1 5 4 

Group 4*,a 
(sic-) 

10 1 4 3 2 0 

Note: *, P<0.05; **, P<0.01; ***, P<0.001; degree of significance compared to the control 
mice (group 1 and 2) for hypercellularity, amice injected with the AP1 wild type strain (sic+) 
had a higher occurrence of glomerular hypercellularity (P<0.0001) compared to those 
injected with the AP1 mutant strain (sic-). 
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Figure 7.2. Kidney section from mouse in A) group 2, negative for hypercellularity 

(PBS injected), B) group 3, positive for diffuse hypercellularity (grade IV) (sic+) and C) 

group 4, positive for diffuse hypercellularity (grade III) (sic-). (Haematoxylin and eosin 

stain, 20x objective). 

A 

B 

C 
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7.3.2.2 Grade of pathology 

Animals in groups 1 and 2 showed no pathological changes in the kidneys and thus were all 

classified as grade 0, with no significant difference found between the two groups, P>0.05 

(Table 7.3). A statistical significant difference was found between experimental groups for 

grade of pathology (P<0.0001, KW=37.762).  Mice in group 3 exhibited significantly higher 

(P<0.001) occurrence of pathological changes compared to mice in group 4 (Figure 7.3). 

 

Table 7.3. Assignment of scores for pathological changes in experimental groups 

Grade of pathology Group No 
0 I II III IV 

Group 1 10 10 0 0 0 0 
Group 2 10 10 0 0 0 0 
Group 3***,b 
(sic+) 

10 0 0 0 3 7 

Group 4*,b 
(sic-) 

10 0 4 5 1 0 

Note: *, P<0.05; **, P<0.01; ***, P<0.001; degree of significance compared to the control 
mice (group 1 and 2) for pathological changes, bmice injected with the AP1 wild type strain 
(sic+) had a higher occurrence of pathological changes (P<0.001) compared to those injected 
with the AP1 mutant strain (sic-). 
 

  
Figure 7.3. A) Glomerulus from mouse in group 4 (sic-) exhibiting lobulation and 

occlusion, B) glomerulus from mouse in group 3 (sic+) exhibiting crescent formation 

and occlusion of capillaries. 

 
7.3.2.3 Deposition of IgG, C3 and Streptococcal inhibitor of Complement Mediated Cell 

Lysis Protein 

Immunofluorescence studies showed the deposition of C3 and IgG in examined glomeruli of 

experimental mice (Table 7.4).  A significant difference was found between groups for the 

deposition of IgG (P<0.0001, 24.884) and C3 (P<0.0001, 27.953). 

A B 
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Table 7.4. Immunofluorescence results for each experimental group. 

Grade of IgG Deposition Grade of C3 Deposition Group No 
- -/+ + ++ +++ - -/+ + ++ +++ 

Group 1 10 7 2 1 0 0 9 1 0 0 0 
Group 2 10 5 4 1 0 0 9 1 0 0 0 
Group 3 
(sic+)***c 

10 0 0 3 4 3 0 0 2 6 2 

Group 4 
(sic-)*c 

10 2 2 5 1 0 5 2 2 1 0 

Note: *, P<0.05, **, P<0.01, ***, P<0.001, degree of significance compared to the control 
mice (group 1 and 2) for immunofluorescence, cmice injected with the AP1 wild type strain 
(SIC+) had a higher occurrence of IgG deposition (P=0.003) and C3 (P=0.001) compared to 
those injected with the AP1 mutant strain (SIC-). 
 
Using a polyclonal anti-SIC antibody (from strain 2031; M1 type (see Chapter 3, Section 

3.4.5), SIC was detected in all of the animals in group 3 (AP1 sic+) that completed the 

experiment (n=9).  However, the presence of SIC protein was not detected in any animals 

from the other groups (Figure 7.4). 

     
Figure 7.4. Immunohistochemistry result for anti-SIC staining. Note: A) glomerulus 

from group 3 animal (injected with wild type AP1 strain, sic+); showing positive staining for 

SIC protein deposition, B) glomerulus from group 4 animal (injected with isogenic mutant 

strain, sic-; showing no staining for the SIC protein.  

 

7.3.3 Immunological Response 
All animals in group 3 (sic+) developed antibodies to recombinant SIC (rSIC) from the M1, 

2031 strain, to a dilution of serum of 1:100.  No animals in any of the other groups 

developed any detectable antibodies to rSIC.  Detectable antibodies to ska were found in 

animals in group 3 (sic+) and 4 (sic-), to a dilution of 1:100 via Western blot analysis. 

 

7.3.4 Progression of Disease 
Apart from the animals noted in section 7.3.1, all other animals survived to day 21 with no 

known complications.  No sign of the nephrotic syndrome or diabetes was noted in any of 

the animals. 

 

A B
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7.3.5 Plasma Protein Levels 
The level of plasma proteins in groups 1, 2 and 4 remained approximately constant over the 

experimental period (P>0.05, Table 7.5).  The level of plasma proteins decreased 

significantly over the experimental period for the mice in group 3 (sic+) between all 

experimental days (P<0.0001) and for mice in group 4 (sic-) a significant decrease in plasma 

protein level was found at day 21 (P<0.0001) but not at day 7 (P=0.15). 

 

Table 7.5. Plasma protein levels ± standard deviation (mg/ml) over the experimental 

period.  

Experimental Group  

Experimental Day 1 (n=10) 2 (n=10) 3 (n=9) 4 (n=8) 

0 37.3 (±3.6) 38.6 (±2.5) 39.3 (±2.0) 39.6 (±1.7) 

7 38 (±2.4) 39.6 (±2) 28.7 (±2.2) 37.8 (±2.0) 

21* 38.3 (±2.7) 39.4 (±3.1) 15.9 (±3.9) 30.3 (±3.9) 

Note: Animals that did not reach day 7 were excluded from the data analysis. * Animals that 

did not reach day 21 were excluded from that data point, therefore: group 3, n=8, and group 

4; n=7. Shading denotes a significant difference exists for that experimental day compared 

with day 0, for the specific experimental group P<0.0001. 

 

7.1 Discussion 

In this study, we show that using a mutant strain of S. pyogenes which did not produce SIC 

protein, resulted in a reduced capacity to elicit glomerulonephritis in a mouse model of 

PSGN.  These findings indicate that the capacity of the strain to induce nephritis is partly 

attributed to the production of SIC protein.   

 

Injection of NOD.C-Hc mice with heat-killed lysates of AP1 (sic+) resulted in induction of 

glomerulonephritis, including deposition of SIC protein, IgG and C3, diffuse hypercellularity 

and pathological changes of PSGN including lobulation of the glomerular tuft and occlusion 

of capillaries.  Additionally, mice injected with the wild type AP1 strain (sic+) developed 

decreased serum albumin levels over the experimental period, indicating proteinuria was 

occurring.  Similarly, immunisation of these mice with the mutant strain (sic-) resulted in 

glomerular deposits of IgG and C3, diffuse hypercellularity and pathological changes of 

PSGN. However, a significant difference in the severity of disease was observed between the 

two groups.  Comparison between the two strains confirmed that the induction of 

hypercellularity (P<0.0001), pathological features of PSGN (P<0.001) C3 deposition 

(P=0.001) and IgG deposition (P=0.003) were higher in mice immunised with the wild type 

strain (sic+) compared to the mice immunised with the mutant strain (sic-).   
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Previously, Nordstrand et al. (1998) showed that the streptokinase allele influenced the 

capacity of a S. pyogenes strain to induce nephritis, using a tissue cage model in mice.  They 

proposed that the severity of the pathological process is related to the lower affinity of the 

non-nephritis associated streptokinase to glomeruli.  This was observed as a correlation of 

detected streptokinase in the glomeruli with hypercellularity in the tissue cage model.   

 

The SIC protein is highly immunogenic (Hoe et al. 2000). It is incorporated into C5b-C9 

(MAC) (Fernie-King et al. 2001) and it inhibits components of the mucosal innate 

response (Fernie-King et al. 2002, Frick et al. 2003a).  In previous animal models it has been 

shown that mice inoculated intranasally with the sic-positive wild type M1 strain had 

significantly higher incidence of throat colonisation within four days postinfection compared 

to those inoculated with a sic-negative M1 mutant strain (Lukomski et al. 2000).  

Subsequently, using the same strains it was shown that the sic-negative M1 mutant strain 

adhered to and was phagocytosed and killed more effectively by human epithelial cells than 

the wild type M1 strain (Hoe et al. 2002).  These results show that by avoiding the host’s 

defences the SIC protein acts as a virulence factor to aid the survival and pathogenic 

potential of some strains of S. pyogenes.  The present study used heat-killed lysates of 

bacteria to induce glomerulonephritis in mice.  It is possible that under the experimental 

conditions used, the SIC protein was denatured into a form that is not functional, is presented 

to the immune system with different antigenic sites and thus has different interactions with 

the glomeruli.  However, previous findings by Skattum et al. (2006) found a strong 

association between PSGN and SIC.  In the same study a strong association was found 

between PSGN and hypocomplementaemia with deposition of immunoglobulins and 

complement proteins in the glomeruli.  This suggests a role for complement activation in the 

pathogenesis of PSGN. 

 

The results presented here provide more substantial support for a pathogenic role of SIC 

protein in experimental PSGN.  The high levels of anti-SIC antibodies detected in the mice 

as well as the finding of renal deposits of SIC, IgG and C3 suggest that SIC may have a role 

in PSGN via deposition in the kidneys and subsequent complement activation (alternative 

pathway) as well as antibody-mediated complement activation (classical pathway).  Future 

studies are required that utilise electron microscopy techniques to determine if the SIC 

detected via immunohistochemistry is co-localised to ezrin and/or moesin and thus mediates 

damage via disruption of the cytoskeleton.  Alternatively, such studies may show that SIC 

has unique antigenic determinants which have particular affinity for sites within the 

glomerulus, thus lodging in the glomerulus and activating complement via the alternative 

pathway.  It is also possible that the polyclonal antibody employed in this study cross-reacted 
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with other SIC-related or similar proteins in the immunohistochemistry studies.  

Furthermore, experiments with live bacteria (sic- mutants) would be of interest in order to 

determine detailed knowledge of triggers of glomerulonephritis. 

 

7.2 Conclusion  

This study demonstrates that SIC production is a critical factor in the development of PSGN, 

but the fact that mice injected with the mutant strain (sic-) still developed PSGN shows that 

the mere production of the SIC protein by a nephritic isolate is not sufficient to cause disease 

and there are other factors involved in the pathogenesis.  This is an anticipated finding 

because other virulence factors such as streptokinase (Nordstrand et al. 1998), streptococcal 

pyrogenic exotoxin type B (Cu et al. 1998), and streptococcal IgG binding proteins 

(Burora et al. 2003), have all been shown to be involved in the pathogenesis of PSGN. 
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 CHAPTER 8 

 
Antibodies against Streptococcal Virulence Factors in Patients with End-Stage Renal 

Failure 

 

8.1 Introduction  

Post-streptococcal glomerulonephritis (PSGN) is an autoimmune sequel following infection 

with Streptococcus pyogenes (Lancefield group A streptococcus, GAS).  Certain serotypes of 

S. pyogenes are associated with outbreaks of PSGN and a criterion for a ‘nephritogenic’ 

antigen was proposed by Rodriguez-Iturbe (1984).  These criteria are that they i) are secreted 

only by nephritis associated strains of S. pyogenes, ii) present in glomeruli of PSGN patients 

and iii) induce antibodies in convalescent sera from PSGN patients.   

 

There has been much research conducted to identify the streptococcal antigens responsible 

for PSGN. Several preliminary experiments have identified that patients with PSGN have 

elevated levels of serum antibodies to numerous streptococcal putative ‘nephritogenic’ 

antigens.  The following antigens have been reported to have a role in the pathogenesis of 

PSGN: streptococcal inhibitor of complement mediated cell lysis (SIC) and its variants 

distantly related to SIC (DRS) and closely related to SIC (CRS) (Sriprakash et al. 2002), 

extracellular products including M protein (Goodfellow et al. 1999), nephritis-strain 

associated protein (Peake et al. 1991), pre-absorbing antigen (Yoshizawa et al. 1997), 

nephritis-associated plasmin receptor (Yamakami et al. 2000) and a zymogen encoded by 

streptococcal pyrogenic exotoxin type B (SpeB) gene (Parra et al. 1998).  Yamakami et al. 

(2000) showed that titres to the nephritis-associated plasmin receptor were higher in PSGN 

patients than in controls.  In a multi-centred study Parra et al. (1998) showed that increased 

anti-zymogen titres were the best available marker for streptococcal infection associated with 

glomerulonephritis.   Sriprakash et al. (2002) showed that in an area of PSGN endemicity, a 

significantly higher proportion of people who were seropositive to DRS had a recorded 

history of PSGN then seronegative people.  This suggests that DRS may have a role in 

PSGN diagnosis or pathogenesis.  Furthermore, Skattum et al. (2006) studied humoral 

responses against several antigens from S. pyogenes in PSGN patients and found exposure to 

SIC and protein H (an M-like protein) occurred in conjunction with PSGN.  These results 

suggest a possible association between antibodies against several streptococcal antigens and 

PSGN.  However, further large-scale epidemiological research is required to clearly establish 

causal relationships for candidate nephritic antigens, in populations with great genetic 

diversity.   
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PSGN has been shown to be associated with long-term renal complications 

(White et al. 2001) and is a risk factor for end-stage renal failure (ESRF).  However, the 

exact number of cases of ESRF that can be attributed to post-infective glomerulonephritis is 

unknown, because in most countries PSGN is not a notifiable or reportable disease.  It is 

estimated that in the developing world, glomerulonephritis is the main cause of ESRF, with a 

certain percentage of cases being post-infectious (Barsoum 2002).  To date, all of the 

research conducted on streptococcal nephritic antigens has focused on either animal models 

or studies in children exhibiting acute PSGN. Therefore, in this study we investigated 

responses against several putative ‘nephritogenic’ antigens secreted by S. pyogenes in 

patients being treated with haemodialysis for ESRF, to determine if there is any association 

between ESRF and these proteins.  The streptococcal antigens which were investigated in 

this study include, streptokinase (ska) which is produced by all strains of S. pyogenes and yet 

was shown by Nordstrand et al. (1998) to be involved in mediation of PSGN in an animal 

model.  Ska is immunogenic in natural infection and is expressed by all strains of 

Lancefield’s group A, C and G.  Immune reactivity is not confined to PSGN patients and 

both PSGN and non-PSGN sera have been shown to react with ska from group C 

streptococci and a nephritic strain (Mezzano et al. 1992, Tewodros et al. 1995).  It is, 

however, possible that different antibody activity exists towards variable epitopes of ska.  

Additionally, the zymogen encoded by the SpeB gene already discussed was investigated and 

will be referred to as SpeB.  The SIC protein and two variants of SIC (CRS and DRS) were 

also used in the comparison of immune response.  Given that there is a known link between 

PSGN and renal failure, we hypothesised that Indigenous patients being treated for ESRF, 

residing in a tropical area where streptococcal infections are widespread, would have 

elevated titres of specific anti-streptococcal antibodies compared to non-Indigenous patients 

and healthy controls. 

 

8.2 Materials and Methods 

8.2.1 Patients and Controls 

Patients currently being treated for ESRF with haemodialysis at The Townsville Hospital 

were recruited for participation in the trial over a 1 week period.  Participation in the trial 

was 100%.  Sera from 69 patients (>18 years of age) being treated with haemodialysis for 

renal failure were investigated with a male (39 participants)/female (30 participants) ratio of 

1.28 and 56% (39) of patients identifying as being of Aboriginal and/or Torres Strait Islander 

descent. Age-matched controls were recruited from the general population for participation 

in the trial over a one month period.  During the recruitment phase, the approximate ratio of 

Indigenous to non-Indigenous healthy controls was maintained by targeting the Indigenous 
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population.  Antibodies against streptococcal proteins were also measured in sera collected 

from 28 age-matched (based on mean and standard deviation) healthy controls (>18 years of 

age) with no known history of kidney disease: male/female ratio=1, and 46% (13) identified 

as being of Aboriginal and/or Torres Strait Islander descent. This study was based on 

informed written consent and received ethical approval (see Chapter 3, Section 3.5.6). 

 

Data were collected on the diabetic status of the study participants.  Overall 37 (38%) study 

participants were diagnosed diabetics; four of the Indigenous controls were diabetic, 27 

(28%) of the Indigenous ESRF patients were diabetic and six (6.2%) non-Indigenous ESRF 

patients were diabetic.   

8.2.2 Streptococcal Strains  

S. pyogenes M type 1 strain 2031 was obtained from the Group A Streptococcus Reference 

Laboratory in Prague, Czech Republic.  NS488 and BSA5 were obtained from the 

Queensland Institute of Medical Research.  NS488 and BSA5 are Northern Territory isolates 

of emm12 and emm57 sequence type, respectively  

8.2.3 Deoxyribonucleic Acid Isolation 

 Polymerase chain reaction (PCR) was used to amplify the sic1, ska1 and SpeB genes from 

strain 2031, the drs12 gene was amplified from NS488 and the crs57 gene was amplified 

from strain BSA5 using specific primers (Table 8.1).  The primers employed for ska and 

speB were designed using Primer 3, a web-based primer design program 

(���Hhttp://www.primer3.org). 
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Table 8.1. Primers used in this study to amplify streptococcal genes. 

Gene Template Primers Reference 
sic1 2031 Forward: 

5’ CTACTAGGAGCTACACAACC 
Reverse: 
5’ CATGTAACCTTTTTTATATTCG 

Binks et al. 2005 

drs12 NS488 Forward: 
5’ CTACTAGGAGCTACACAACC 
Reverse: 
5’TTTAATACCTTCAAAATAACCTCT 

Binks and 
Sriprakash 2004 

crs57 BSA5 Forward: 
5’CTACTAGGAGCTACACAACC 
Reverse: 
5’CGTTGCTGATGGTGTATATGG 

Binks et al. 2003 

ska1 2031 Forward: 
5’GCGGATCCATGAAAAATTACTTATCTATTGG 
Reverse: 
5’GGGTCGACTTTGTCTTTAGGGTTATCAGG 

Primers designed for 
this study 

speB 2031 Forward: 
5’GCGGATCCATGAATAAAAAGAAATTAGGTGT 
Reverse: 
5’GGGTCGACAGGTTTGATGCCTACAAC 

Primers designed for 
this study 

Note: sic1=streptococcal inhibitor of complement mediated cell lysis from M1 serotypes, 

drs12=distantly related to sic from M12 strains, crs57=closely related to sic from M57 

strains, ska1=streptokinase from M1 strain and speB=streptococcal pyrogenic exotoxin type 

B in its zymogen form. 

 

The PCR products obtained with the SIC, DRS and CRS primers were subsequently cloned 

into the pBAD-TOPO-thio vector (Invitrogen, Australia).  The recombinant vectors were 

cloned into Escherichia coli BL21 cells.  The insert was sequenced to determine that the 

protein would be expressed in-frame.  Clones expressing only the thioredoxin fusion protein 

were also obtained as controls.  Protein production was induced in the pBAD-TOPO-thio 

vector with L-arabinose at a concentration of 0.002% (see Chapter 3, Section 3.4.2).  The 

thioredoxin fusion proteins contain a His6 tag at the C-terminus and were purified on a Ni-

nitrilotriacetic acid matrix (Qiagen, Australia) under non-denaturing conditions as described 

by the manufacturer.  Briefly, cell pellets from induced cultures were sonicated and 

centrifuged to remove the insoluble cellular debris.  The expressed protein was isolated from 

the resultant cleared lysate with the Ni-nitriolotriacetic acid matrix and the recombinant 

proteins were eluted with a 20 mM imidazole gradient (see Chapter 3, Section 3.4.3). 

 

The PCR products obtained with the ska1 and speB primers were subsequently cloned into 

the pQE30 vector (Qiagen) upstream of the His6 tag.  The recombinant vector was 

transformed into E coli BL21 cells, which harboured the pREP4 lac-repressor vector.  The 
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lac-repressor vector was switched off with isopropyl-β-D-thiogalactoside to a final 

concentration of 1 M (see Chapter 3, Section 3.4.2).  The recombinant proteins were purified 

from cell lysates of E. coli harbouring individual clones on Ni-nitrilotriacetic acid matrix 

(Qiagen).  Recombinant ska1 produced low yields when purified under native conditions and 

much of the expressed protein accumulated in inclusion bodies.  Therefore, recombinant 

ska1 was purified under denaturing conditions with an 8 M urea buffer, according to the 

manufacturer’s instructions (see Chapter 3, Section 3.4.4).  To ensure that the protein was 

immunogenic in its denatured form, commercially available recombinant ska1, purified from 

group C streptococci (Sigma, Brisbane, Australia) was purchased in its native form to 

compare immune responses (see Section 8.3).  Recombinant speB was purified in its native 

form according to the manufacturer’s instructions, as previously discussed for the 

recombinant SIC protein and variants.  Following purification all proteins were extensively 

dialysed overnight at 4°C against phosphate buffered saline (PBS, Appendix 4) and the 

concentration determined using a BCA assay (see Chapter 3, Section 3.4.7). 

8.2.4 Immunostaining Western blots 

For the identification of the SIC and SIC variant recombinant proteins, the blotted membrane 

was probed with CRS and DRS specific rabbit antiserum at 1 in 1000 dilution (IMVS, Gilles 

Plains, South Australia) by immunising rabbits with recombinant M1 SIC (pQE30, Qiagen) 

from 2031 (anti-CRS) or recombinant M12 DRS (pQE30) from NS48, as reported by 

Sriprakash et al. (2002). Goat anti-rabbit (Heavy + Light chains) horseradish peroxidase 

(HRP)-conjugate IgG (Pierce Biotechnology, Australia) was used as the secondary antibody 

at 1 in 2000 dilution.  For the identification of ska and speB, mouse anti-(His)4 antibody 

(#34670, Qiagen, Australia) was used at a 1 in 1000 dilution to detect the His-tag.  Goat anti-

mouse (Heavy + Light chains) HRP-conjugate IgG (Pierce biotechnology) was used as the 

secondary antibody diluted 1 in 2000.   

 

In order to determine a positive control and a negative control, specificity to the 

streptococcal proteins was conducted via Western blot analysis.  The blotted membranes 

were probed with the test serum samples diluted at 1 in 100. Goat anti-human (Heavy + 

Light chains) HRP-conjugate IgG (Pierce Biotechnologies) was used as the secondary 

antibody diluted at 1 in 2000. 

8.2.5 Optimisation of Indirect Enzyme Linked Immunosorbent Assay  

An indirect enzyme linked immunosorbent assay (ELISA) (Figure 8.1) was developed to 

screen human serum for antibodies to the specific streptococcal antigens.   
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Figure 8.1. Schematic diagram representing indirect ELISA. Note: HRP=horseradish 

peroxidase, ABTS=.2,2'-azino-di-3-ethylbenzthiazoline-6-sulphonic acid. 

 

A checkerboard titration was performed to determine i) the optimal dilutions of the antigen, 

ii) the optimal coating buffer, iii) the optimal dilution of human serum and iv) the 

appropriate plate (Figure 8.2).  The antigen was diluted (v/v) in either carbonate coating 

buffer (Appendix 6), PBS (Appendix 4) or ELISA diluent (TropBio, Townsville, Australia) 

down the plate starting at a 160 μg/ml and finishing at 2.5 μg/ml of diluted protein.  The 

volume of antigen and human serum in the initial ELISA plate wells was 100 μl. The plate 

with streptococcal antigen was then dried overnight at room temperature prior to adding the 

human serum. The human serum was serially diluted across the plate starting at a 1 in 100 

dilution and finishing at 1 in 20480 dilution.  Two plates were used for each antigen.  One 

plate was used for the positive control (a person who works in the streptococcal laboratory 

and was shown to have specific anti-streptococcal antibodies via Western blot analysis) and 

another plate was used for the negative control (a person with no known history of 

streptococcal infection or kidney disease and demonstrated not to have specific streptococcal 

antibodies on Western blot analysis).  Additionally, the final row of each ELISA plate was 

divided in half.  One half of this bottom row was used to determine the effect of the coating 

buffer alone (without antigen), and the other half was used to determine the effect of the 

antigen alone (without serum).  Sarstedt (Crown Scientific, Australia), Maxisorb (Nunc, 

Australia), Polysorb (Nunc), Multisorb (Nunc) and Medisorb (Nunc) 96-well microtitre 

plates were tested.  Results were read with an ELISA reader (Labsystems, Multiscan EX) 

using dual absorbance of 414 and 492 nm. 
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Figure 8.2. Schematic representing checkerboard titration conducted to optimise 

indirect ELISA. Note: This figure represents the positive control’s serum, antigen diluted in 

ELISA diluent (TropBio, Townsville, Australia) and Sarstedt (Crown Scientific) 96-well 

flat-bottom polystyrene plates. 

 

The incubation steps for the ELISA were one-hour durations at room temperature. After the 

antigen had been coated onto the plate and dried overnight, 150 μl of post-coating buffer 

(TropBio) was added and incubated; 100 μl of the human serum was added to the ELISA 

plate wells and further incubated. Goat anti-human IgG (Heavy + Light chains) - HRP 

conjugate (secondary antibody) (Pierce Biotechnologies) at a dilution of 1 in 2000 was then 

added in the same manner as the human serum. Between each step, the ELISA plate was 

washed five times with ELISA wash buffer (TropBio).Finally, 100 μl of 2,2'-azino-di-3-

ethylbenzthiazoline-6-sulphonic acid (ABTS) (KPL Europe, Guilford UK) was added as a 

chromogen for the HRP reaction (Childs and Bardsley 1975) and incubated in the dark, prior 

to determining the intensity of the colour formation on the ELISA reader.  The plate was 

read every 15 minutes, with the last read conducted 75 minutes after adding the substrate.   

8.2.6 Screening for Streptococcal Antibodies using Indirect ELISA 

The optimised indirect ELISA was used to screen human serum for antibodies to the five 

streptococcal antigens.  Unless otherwise stated, all steps were performed using 100 μl of 

each reagent with a reaction period of 1 hour at room temperature.  Between each step, the 
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ELISA plate (96 U bottom plates (Sarstedt)) was washed five times with washing buffer 

(TropBio).  Streptococcal antigens were diluted in ELISA diluent to a final concentration of 

100 μg/ml and incubated overnight.  The antigen was flicked off the plates and they were 

blocked using 150 μl of post-coating buffer (TropBio) for 2 hours.  Human serum was then 

added to the plates diluted in ELISA diluent at 1 in 100 and 1 in 300 and further incubated 

for 1 hour.  Secondary antibody, goat anti-human IgG (H+L) HRP-conjugate (Pierce 

Biotechnologies, Quantum Scientific, Queensland) was added to the wells at a final dilution 

of 1 in 2000.  ABTS was added and incubated in the dark, the intensity of the colour 

formation was determined at 15, 30. 45, 60 and 70 minutes, respectively, using an ELISA 

plate reader.  Several controls were included with every ELISA plate and these included: the 

previously determined negative and positive control serum (to determine precision and 

variability) and no serum (to determine background absorbance).  The serum samples were 

considered to have specific antibodies to the streptococcal antigens if the absorbance values 

were greater than the average of the controls plus 3 standard deviations. 

8.2.7 Statistical Methods 

Normal population seroreactivity for the investigated proteins has not been established, 

therefore we used a cut-off for positive serology based on three times the average of the 

lowest quartile of the studied population’s absorbance values, as previously described 

(Sriprakash et al. 2002). Fisher’s exact test (2-tailed) was used to calculate significance 

levels for relationships between positive serology to various streptococcal proteins and 

having ESRF. The data in this study was transformed to ensure a Gaussian distribution. For 

the ELISA studies comparing the level of antibodies amongst different groups of the 

population (Indigenous controls, non-Indigenous controls, Indigenous patients and non- 

Indigenous patients), the one-way analysis of variance was used followed by the Tamhane’s 

post-hoc test with an α=0.05. The null hypothesis assumes that all groups have similar levels 

of antibodies against each of the streptococcal antigens. The Pearson’srank correlation test 

was used for analysis of correlations. All the statistical calculationswere done using the 

Statistical Package for Social Sciences (SPSS Inc., Chicago, IL,USA). 

 

8.3 Results 

8.3.1 Expression of Purified Streptococcal Antigens 

Figure 8.3 shows the expression of the recombinant thioredoxin, SIC-thioredoxin, CRS-

thioredoxin and DRS-thioredoxin fusion proteins. The majority of the fusion proteins are 

intact, as seen on the Coomassie blue-stained gel and migrated between 30 and 50 kDa.  

Utilising urea as the denaturing agent, ska was observed to migrate in PAGE at a band 
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corresponding to approximately 47 kDa.  SpeB was purified in its inactive zymogen form 

and a band of approximately 37 kDa was observed in SDS-PAGE experiments.   

 

 
Figure 8.3. The expression of several recombinant streptococcal proteins on a 

Coomassie stained SDS-PAGE gel.  The antigens run in each lane are: 1 is streptokinase, 2 

is streptococcal pyrogenic exotoxin type B, 3 is thioredoxin, 4 is CRS, 5 is DRS, and 6 is 

SIC. Note: the arrows denote the purified protein band of interest, SIC: streptococcal 

inhibitor of complement, CRS: closely related to SIC and DRS: distantly related to SIC, 

protein ladder used was #SM0431 (Fermentas, Australia). 

8.3.2 Antibodies against Streptococcal Proteins 

The identities of the main bands in the Coomassie-stained gel (see Section 8.3.1) were 

confirmed in a Western blot analysis by staining with antibodies, which recognised the 

specific streptococcal antigens.  The recombinant expressed ska reacted with Tetra-his 

antibodies and showed a single band at approximately 47 kDa (Figure 8.4).  Similarly, the 

recombinant SpeB in its zymogen form reacted with the Tetra-his antibodies (35 kDa). The 

expressed thioredoxin-fusion proteins, being recombinant SIC and SIC-variant streptococcal 

proteins reacted with the previously developed rabbit polyclonal serum corresponding to a 

band around 45 kDa, which represents the recombinant protein, conjugated to thioredoxin 

(10 kDa). The anti-SIC and anti-DRS antibodies did not react with thioredoxin (results not 

shown).  A number of other, usually weaker, bands may represent antibodies to split 

products, aggregates or cross-reaction with low level contaminating antigens. 

 

The human positive control worked in a streptococcal laboratory and was tested for the 

presence of specific anti-streptococcal antibodies. Using a Western blot analysis (Figure 8.4) 

it was shown that this serum reacted strongly with the recombinant streptococcal proteins, 

producing visible bands of expected size for each of the recombinant proteins.  The negative 

control had no known history of kidney disease or streptococcal infection and was tested in a 
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Western blot for the presence of anti-streptococcal antibodies.  In a Western blot analysis, 

this serum failed to react with any of the recombinant proteins and thus produced no visible 

bands on the membrane. 

 
Figure 8.4. Immunoblots of streptococcal antigens.  The antigens run on each lanes: 1, 6 

and 11 are CRS, 2, 7 and 12 are SIC, 3, 8 and 13 are DRS, 4, 9 and 14 are streptokinase 

(ska), and 5, 10 and 15 are streptococcal pyrogenic exotoxin type B (speB) in its zymogen 

form.  Tetra-his antibody was used as a positive control for the detection of ska and speB, 

polyclonal rabbit SIC antiserum was used to detect CRS and SIC, and anti-DRS rabbit 

polyclonal antibodies were used to detect DRS. Note: the arrows denote the reaction of the 

antibody with the protein of interest, SIC: streptococcal inhibitor of complement, CRS: 

closely related to SIC and DRS: distantly related to SIC, *low titres of this patient were equal 

to the negative control in the ELISA (no serum) and thus were classified as negative, protein 

ladder used was #SM0431 (Fermentas, Australia).  

 

Ska is a transmembrane protein and therefore it contains many cysteine residues and thus 

formed hydrophobic complexes, which made it unable to be purified on the Nickel matrix.  

Thus, urea was employed to unfold the protein and purify.  However, it was unknown 

whether ska is immunogenic in its denatured form, because the specific recognised epitopes 

may be damaged in the process.  Therefore, native ska from Group C streptococci (Sigma, 

Australia) and recombinant denatured ska were compared using immunoblots with the 

positive control serum.  Since the positive control had antibodies to the native and denatured 

proteins, the denatured recombinant ska was utilised in all future experiments (Figure 8.5). 

 

* 
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Figure 8.5.  Western blot of streptokinase and positive control serum. Note: Lane 

1=denatured recombinant streptokinase, 2=pre-stained molecular weight marker (SM0671, 

Fementas, Australia) and 3=native streptokinase from group C streptococci. 

8.3.3 Development of an ELISA to Screen for Anti-Streptococcal Antibodies 

It was found that using recombinant streptococcal antigen in ELISA diluent to coat the 

microtitre plates produced optimal results for the indirect ELISA (Figure 8.6).  When the 

results for the ELISA diluent as coating buffer were compared with those obtained for both 

PBS and carbonate coating buffers, it was found that the ELISA diluent produced the lowest 

background signal (when using no antigen and positive control serum), and the greatest ratio 

between the positive control and negative control serum.  When using the other buffers to 

coat the antigen, it was difficult to distinguish between the positive and negative controls. 

The optical density result obtained for the positive control using either PBS or carbonate 

buffer to coat the plate produced a high titre. A similarly high titre was produced when using 

the buffer alone, thus indicating that the serum cross-reacted with these buffers. 

Alternatively, due to the fact that this is an indirect ELISA, it may have been possible that 

when no antigen was used in the coating buffer, the serum was “sticking” to the microtitre 

plate and thus producing an elevated signal.  The ELISA diluent, however, contains both 

Tween 20 and bovine serum albumin, which would act to “block” these sites on the 

microtitre plate and reduce non-specific binding.  When different microtitre plates were 

compared, a similar finding was observed for the Nunc plates, with the serum “sticking” to 

these microtitre plates which exhibit ‘high-binding’ properties and therefore may not be 

appropriate for use in an indirect ELISA, which is not as specific as a capture ELISA.  

Therefore, for the remaining optimisation studies, Sarstedt 96-well U bottom polystyrene 

plates were utilised and the streptococcal antigen was diluted in ELISA diluent. 
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Figure 8.6. Comparison of coating buffers for optimisation of indirect ELISA.  Note: 

PC=positive control, NC=negative control, PBS=phosphate buffered saline, (1)=carbonate 

coating buffer, (2)=PBS, (3)=ELISA diluent, DRS antigen used at a concentration of 

80 μg/ml. 

 

The optimal dilution of streptococcal antigen for the indirect ELISA was approximately 

80 μg/ml (Figures 8.7 and 8.8), which produced the highest signal to noise ratio and gave an 

absorbance reading of between 0.5 and 1.  However, 100 μg/ml of recombinant streptococcal 

antigen was used in the indirect ELISA experiments to enable accurate dilution for each of 

the five antigens and also obtain an absorbance between the range of 0.5 and 1. Additionally, 

a serum dilution of approximately 1 in 100 produced an optical density of around 0.5 for the 

positive control.  This was selected for future experiments because ideally the optical density 

results should be read when the absorbance is in the linear range for ABTS, and it is 

unknown if patients in the study may have higher antibodies than the positive control, thus 

allowing for a greater range of expected results.  A further dilution of 1 in 300 was also 

included in the future studies. 
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Figure 8.7. Comparison of antigen and serum in the optimisation of an indirect ELISA 

for positive control serum. Note: PC=positive control serum, No antigen = the plate was 

coated with ELISA diluent, mcg=micrograms.  The results presented are for the DRS 

antigen, however similar curves were obtained for each antigen.  The plates used were 

Sarstedt 96-well U bottom polystyrene plates (Crown Scientific) and the antigen was diluted 

in ELISA diluent. Note:  DRS= distantly related to streptococcal inhibitor of complement 

protein. 
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Figure 8.8. Comparison of antigen and serum in the optimisation of an indirect ELISA 

for negative control serum. Note: NC=negative control serum, No antigen = the plate was 

coated with ELISA diluent, mcg=micrograms.  The results presented are for the DRS 

antigen; however similar curves were obtained for each antigen.  The plates used were 

Sarstedt 96-well U bottom polystyrene plates (Crown Scientific) and the antigen was diluted 

in ELISA diluent. Note:  DRS= distantly related to streptococcal inhibitor of complement 

protein.  

8.3.4 Patient Follow-up 

Study participants were contacted one year after blood collection and the study results 

explained.  At this time, ten ESRF patients had deceased: six Indigenous patients and four 

non-Indigenous patients. 

8.3.5 Absorbance Reading Obtained for each Streptococcal Recombinant Protein 

The absorbance readings obtained at 414 and 492 nm were calculated as optical densities for 

each group in the study (Figure 8.9).  The obtained mean optical densities for each group 

were calculated, including the standard deviation.  While the ELISA was not intended for 

diagnostic purposes, Figure 8.9 shows the representative cut-off line for each recombinant 

protein, based on the mean optical density and three standard deviations of the control group 

for illustrative purposes. 
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Figure 8.9. Graph showing the mean optical density for detected streptococcal 

antibodies analysed according to group. Note: Ska1=streptokinase from serotype M1 

strain, DRS=distantly related to SIC, CRS=closely related to SIC, SIC=streptococcal 

inhibitor of complement, SpeB=streptococcal pyrogenic exotoxin type B in its zymogen 

form, error bars denote standard deviation (SD), dotted line shows cut-off (mean antibody 

level +3SD of combined controls for each streptococcal protein). 

8.3.6 Presence of Streptococcal Antibodies in Human Serum Samples 

The general characteristics of the participants in the study are shown in Figure 8.10.  A large 

proportion of patients and controls had detectable antibodies against Ska1, SIC, DRS, CRS 

and SpeB. In general patients had higher antibody levels than controls. The proportion of 

ESRF patients with a seropositive result for SIC (P=0.018), CRS (P=0.001) and DRS 

(P=0.0003) was significantly greater compared to the proportion eropositive in the controls 

but no significant difference was observed for Ska1 (P=0.17) and SpeB (P=0.054). 
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Figure 8.10. Graph showing mean antibody levels obtained for each streptococcal 

protein. Note: error bars represent standard error of the mean, (*) denotes a statistically 

significant difference from controls (P<0.05), Ska1=recombinant streptokinase protein from 

M1 strain, DRS=distantly related to SIC, CRS=closely related to SIC, SIC=streptococcal 

inhibitor of complement protein and SpeB=streptococcal pyrogenic exotoxin type B in its 

inactive zymogen form. 

 

As predicted, Indigenous patients (n=37) had elevated levels of antibodies to each of the 

streptococcal proteins compared to the non-Indigenous patients (n=29), however these 

differences were not statistically significant (Figure 8.11). Overall (n=97) there was a 

significant difference between groups for Ska1 (P=0.001), SIC (P=0.024), CRS (P=0.16) 

and DRS (P<0.0001) but not SpeB (P=0.16). Indigenous patients had significantly higher 

antibodies than both the Indigenous (n=15) and non-Indigenous (n=16) controls for Ska1, 

SIC, CRS and DRS. 

 

Multiple comparison analysis was conducted using Tamhane’s T2 post-hoc test, which does 

not require equal variances (Figure 8.11).   

*

*

*
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Figure 8.11. Scatterplots of mean optical density (+SD) measured by indirect ELISA 

analysed according to patient groups.  Note: SD=standard deviation, DRS=distantly 

related to SIC, CRS=closely related to SIC, SIC=streptococcal inhibitor of complement, 

SpeB=streptococcal pyrogenic exotoxin type B. The significant results of 

statistical analyses of the mean serological responses are shown (calculated using 

Tamhane’s post-hoc test). Solid horizontal lines represent the means of each category and 

dotted horizontal lines show the cut-off for seropositivity (three times the overall mean of the 

lowest quartile). 

8.3.7 Data Analysed According to Diabetic Status 

Being diabetic was positively associated with being an ESRF patient (R2=0.37, P<0.0001) 

and being Indigenous (R2=0.47, P<0.0001). 

8.3.8 Relationship between Antibodies and Experimental Group 

SEM techniques were used to determine a model that investigated relationships between 

ESRF and antibody level by providing estimates of the regressions between the outcome 

variable and those associated with it (directly and indirectly).  Figure 8.12 displays the 

parameter estimates and goodness-of-fit statistics for the test of a single-factor model of 

ESRF represented by seven items, these being all variables.  The rectangles represent the 

measured variables, and the smaller circles represent error terms reflecting the adequacy of 

measuring the underlying latent variable (Byrne 2001).  This model accounts for 25% of the 

variance (R2=0.25) in ESRF.  The regressions (regression beta weights) (β) for Indigenous 
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status and diabetes was significant at P<0.001, DRS to ESRF was significant at P<0.001 and 

diabetes to ESRF was significant at P=0.002 level.  All the other regressions were non-

significant (P>0.05), specific P values are given in Appendix 6.  All covariances 

(represented by a double-headed arrow) were significant at the P<0.001 level, except for 

speB and SIC (P=0.02) ska and Indigenous (P=0.03) and CRS and Indigenous (P=0.03).  

The covariance between speB and Indigenous (P=0.06), SIC and Indigenous (P=0.1) and 

DRS and Indigenous (P=0.06) were all non-significant.  This model was an acceptable fit to 

the data (χ2/df=7, P=0.22, GFI=0.98, CFI=0.99, RMSEA= 0.065).  The variables employed 

in SEM and their coding is: 

 

Variable name      Coding 

ska       Non-coded numerical data 

DRS       Non-coded numerical data 

CRS       Non-coded numerical data 

SIC       Non-coded numerical data 

speB       Non-coded numerical data 

Indigenous      0= non-Indigenous 

1=Indigenous 

Diabetes      0= non-diabetic 

1= diagnosed with diabetes 

Patient       0= control  

1= ESRF patient 
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Figure 8.12. Model showing regression coefficients between constructs being antibody 

levels to 5 streptococcal antigens (Ska, DRS, CRS, SpeB and SIC) and being an 

Indigenous ESRF patient.  Note: SKA=streptokinase, DRS=distantly related to SIC, 

CRS=closely related to SIC, SPEB=streptococcal pyrogenic exotoxin type B in its zymogen 

form, SIC=streptococcal inhibitor of complement mediated cell lysis, Patient= end-stage 

renal failure patient being treated with haemodialysis, Indigenous=Torres Strait Islander 

and/or Aboriginal. 

PATIENT 

INDIGENOUS 
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8.3.9 Correlations between Antibody Levels 

Relationships between antibody levels were investigated for the patient group (n=66). In the 

patient group all antibodies were closely correlated and were significant at the α=0.0001 

level, except SIC and SpeB. In the control group (n=31), only antibody levels to CRS 

correlated with those of SIC, Ska1 and SpeB and antibody levels to SIC correlated with 

those against DRS and SpeB. 

8.3.10 Validation of ELISA 

The patient who showed no reaction to any of the recombinant streptococcal proteins on 

Western blot analysis also had no detectable levels on the ELISA for each of the test proteins 

(i.e. detectable antibodies were the same as the background, no serum).  Intra and inter-plate 

variability were calculated for the indirect ELISA, using triplicate readings for negative and 

positive control serum and background (no serum).  In all cases the calculated precision as a 

product of the coefficient of variation was less than 8%. 

 

8.4 Discussion 

This chapter reports the development of an indirect ELISA that can be used for the detection 

of antibodies in human sera to five streptococcal nephritic proteins.  In the present study, we 

used ELISA to evaluate the level of serum antibodies against 5 nephritic streptococcal 

antigens in patients with established ESRF. We observed that ESRF patients had specific 

elevated antibodies to SIC, CRS and DRS compared to healthy controls. Further no 

significant difference was observed between Indigenous and non-Indigenous patients. This is 

the first study to indicate that exposure to these streptococcal proteins is associated with 

long-term renal complications. 

 

We hypothesised that Indigenous compared with non-Indigenous patients would have 

significantly higher antibody levels. In the current study, Indigenous patients had elevated 

levels of antibodies to all five streptococcal antigens; however the difference was not 

significant. It is possible that in a larger sample a difference would be observed because on 

post-hoc analysis Indigenous patients differed from all controls for Ska1, SIC, 

CRS and DRS. Non-Indigenous patients had a significant difference only for DRS compared 

to Indigenous controls. Additionally, Indigenous patients had significantly elevated 

antibodies compared to Indigenous controls. In this study, Indigenous patients and controls 

were from the same geographical area, where streptococcal infections are endemic, therefore 

it is unlikely that this difference represents an increased incidence of streptococcal skin 

infections in childhood but more likely represents an increased infection rate with nephritic 

strains of group A streptococcus. 
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This study provides evidence to support the hypothesis that the current epidemic of renal 

failure in the Australian Indigenous population may be a result of recurrent streptococcal 

skin infections and sporadic episodes of PSGN. It is postulated that complications of PSGN 

may manifest clinically later in life as progressive renal disease and ultimately ESRF. 

Furthermore the results are not limited to the Australian Indigenous population as a 

proportion of non-Indigenous patients in this study had specific elevated streptococcal 

antibodies, which may be implicated in their disease pathology. This finding was expected 

given the research was conducted in a tropical location where streptococcal skin infections 

such as impetigo are common (Martin and Sriprakash 1996). The M types isolated from 

streptococcal skin infections are associated with the development of PSGN. 

 

Despite the fact that antibodies titres to SpeB in its zymogen form are currently the best 

known marker for S. pyogenes infections associated with acute PSGN (Parra et al. 1998), in 

this study no difference was observed between any of the groups. This probably reflects that 

all group A isolates tested possess the speB gene and most appear to produce SpeB, which is 

why specific antibody to SpeB is so widespread (Yu and Ferretti 1991). Furthermore, high 

titres to SpeB are also associated with group A streptococcal infections in general (Batsford 

et al. 2002). Therefore, it is possible that SpeB titres are a marker of acute infections and 

glomerulonephritis, but the antibodies are not long lasting. It has previously been shown that 

anti-SpeB titres tend to rise and peak within the first two weeks of onset of disease and then 

lower with time (Parra et al. 1998). The group of patients analysed in this study were adults 

with established ESRF and therefore it would be years since a possible childhood episode of 

PSGN. 

 

Unlike Ska1 and SpeB, the SIC and SIC-variant proteins are only secreted by M types that 

are historically associated with PSGN. Thus, patients exhibiting higher antibodies to these 

antigens suggests that they have been infected with these so-called ‘nephritic’ M types of S. 

pyogenes. The findings of this study support the proposal by Sriprakash et al. (2002), that 

seroreactivity to DRS may be of pathological significance. However, the patients in the 

current paper had clearly established renal disease whereas in previous papers determination 

of a history of PSGN has been conducted retrospectively using scarce medical records and 

therefore include bias. In the present study, the control group were healthy and therefore it is 

possible that the serological changes may reflect non-specific factors associated with kidney 

failure and/or dialysis treatment. However the statistical analysis used to determine a cut-off 

for seropositivity incorporated all sample data and not just healthy controls, therefore 

allowing renal failure patients to be either seropositive or seronegative depending upon the 

ELISA result. 
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A possible weakness of this indirect ELISA study is the fact that it is unknown if the 

detected antibodies are specific to the tested antigen and not cross-reacting with a similar 

epitope associated with another co-morbidity in these ESRF patients with high antibody 

levels.  It is also unknown whether the ELISA was detecting IgG or IgM antibodies. A 

heterologous ELISA procedure used by Skattum et al. (2006) could be implemented in all 

future studies, which would provide parallel calibration curves and the use of reference 

immunoglobulins.  However, a solid-phase antigen-antibody detection system, cannot 

replace the accuracy or specificity of a radioimmunoassay for determination of specific 

antibody-antigen reactions.   

 

This study showed that antibodies to DRS and being diabetic are the strongest predictors of 

ESRF in this study sample.  However, the data regarding the role of diabetes was not fully 

investigated in this study because controls were selected on an age and sex basis, diabetes 

was not a criterion used for inclusion or exclusion in the study.  Therefore, being diabetic 

correlated with being an ESRF patient and being Indigenous.   

 

8.5 Conclusion 

This research has demonstrated that ESRF patients have significantly higher prevalence of 

seropositivity against SIC, CRS and DRS, compared to controls and shown that elevated 

antibodies to DRS is a predictor for ESRF. This is the first study to suggest elevated 

antibodies to SIC and SIC-variant proteins might be of pathological significance in ESRF. 

This is possible via antigen-antibody deposition, or the long-term presence of elevated 

streptococcal antibodies and future studies should be conducted with larger sample sizes and 

should include the review of renal biopsies to determine if, 1) the candidate antigens are 

deposited in the glomeruli and 2) if there is evidence of PSGN pathology. These results 

could indicate a possible pathological role for either these nephritic streptococcal antigens, or 

the long-term presence of antibodies to these streptococcal antigens, in the mediation of 

ESRF.  However, several explanations for this finding are possible. Firstly, whilst diabetes is 

the suspected underlying cause for many cases of ESRF, it is possible that this paper 

represents an example of patients with recurrent cases of PSGN (clinical and subclinical with 

persistence of proteinuria) resulting in the reduction of “renal reserve” (Cleper et al. 1997) 

and subsequently placing them at a greater risk of ESRF due to their diabetes. Alternatively, 

the antigen-antibody complexes or immune reactions occurring in the glomeruli causing 

glomerulonephritis have resulted in ESRF despite the fact that diabetes is a major co-

morbidity in these individuals. Thus, the underlying cause of renal failure may be 

glomerulonephritis.  In this hospital, it is not commonplace to biopsy a diabetic patient 

presenting with ESRF when the treatment approach is known (Dr Kan, pers. comm.). 
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Therefore, while the cause of ESRF is often assumed to be diabetic nephropathy, a biopsy 

review study may find a high rate of incidental post-infectious glomerulonephritis as the 

cause of renal failure (Vendemia et al. 2001, Haas 2003).  In Canada, amongst indigenous 

people living in Saskatchewan province, a third of all diabetic ESRF patients were found to 

have primary or secondary glomerulonephritis (Dyck and Tan 1998). Thirdly, it is plausible 

that the antibodies detected in this indirect ELISA and other reported papers 

(Sriprakash et al. 2002) are not detecting specific anti-streptococcal antibodies but cross-

reactive antibodies.  Indigenous Australians in northern Queensland have the highest rate of 

systemic lupus erythematosus (SLE) in the world (Bossingham 2003) and therefore SLE 

represents a probable cause of ESRF in some of the study’s Indigenous patients. Therefore, it 

is possible that some patients with elevated antibodies may represent SLE-patients with 

autoantibodies, which cross-react with the specific streptococcal antigens since SLE 

diagnosis was not incorporated in the data analysis.  Therefore in future studies 

immunoprecipitation could be conducted to test for antibody cross-reaction with similar 

epitopes such as glomerular basement membrane. 

 

To elucidate an accurate clinical picture in these individuals with ESRF and elevated 

streptococcal antibody levels, a biopsy review study is required with full participation across 

major renal dialysis centres worldwide.  This review would determine the renal pathology 

and electron microscopy studies should be employed to scan for the presence of specific 

streptococcal nephritic proteins and/or anti-streptococcal antibodies in glomerular structures 

to determine that the antibodies being detected in the ELISA studies are specific to the 

streptococcal proteins of interest. 
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CHAPTER 9 

 

General Discussion 

 

The health of individuals in developed nations is improving, with longer life expectancies 

and lower infant mortalities being reported.  This change in health status has been termed the 

‘epidemiological transition’ (Omran 1971).  With the advent of industrialisation over the last 

100 years, the cause of death has changed from predominantly infectious diseases to chronic 

non-communicable diseases. These so-called man-made diseases affect life expectancy and 

contribute to mortality and morbidity.  However, the health of Australia’s Indigenous 

population is still affected by infectious diseases as well as chronic diseases (Walker and 

Segal 1997, Thomas et al. 2006).  In the Australian Indigenous population, life expectancy 

remains at rates previously observed 100 years ago for the majority of the Australian 

population (Boyle 2006).  In these populations, infectious diseases continue to cause high 

infant mortality and disease in the adult population, with increased disparity from the non-

Indigenous Australian population due to prolonged socioeconomic marginalisation 

(Freemantle et al. 2006).  While the predominant causes of adult mortality in Indigenous 

Australians are non-communicable such as circulatory system disease, the Australian 

Indigenous population, particularly in rural areas, continues to suffer from diseases of 

poverty such as tuberculosis and intestinal helminths, which are generally associated with the 

developing world. This observed delayed demographic and epidemiological transition in the 

Australian Indigenous population is shared by other indigenous populations in the developed 

world (e.g. Native Americans and Canada’s first nation’s people) and reflect the problems 

associated with poverty, marginalization and social disorganisation (Trovato 2001). 

 

Streptococcal diseases in Indigenous communities continue to impact on both the life 

expectancy and the quality of life of Indigenous Australians.  Australia has a very low 

overall incidence of streptococcal infection, but, in contrast, the Indigenous communities 

have one of the highest incidences in the world and corresponding high incidences of post-

streptococcal glomerulonephritis (PSGN) and rheumatic heart disease (RHD) (Gogna et al. 

1983, Streeton et al. 1995, Carapetis and Currie 1998, 2000).  Streptococcal infections, such 

as impetigo have been shown to affect up to 95% of children in these communities.  At the 

same time, streptococcal autoimmune sequelae, such as PSGN remain endemic and present a 

risk factor for the development of end-stage renal failure (ESRF) (White et al. 2001).  

Incidence rates of treated ESRF in the Indigenous population are significantly higher than 

those observed in the non-Indigenous population and are a reflection of the poor health status 

of Indigenous communities (Spencer et al. 1998, Cass et al. 2002). 
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Previously it has been shown that Indigenous Australians carry Streptococcus pyogenes of 

serogroup A antigen on the skin, while beta-haemolytic streptococci which express 

Lancefield’s group C and G antigens are isolated from the orthopharynx (McDonald et 

al. 2006).  Recent research has shown that isolates which express the Lancefield’s groups C 

and G have acquired genetic material from pathogenic isolates of S. pyogenes, possibly 

mediated via bacteriophages (Davies et al. 2005, Davies et al. 2007).  The horizontal 

acquisition of genes encoding virulence factors has led to the possibility that these strains, 

previously considered commensal, have the potential to elicit human disease and 

autoimmune sequelae.  Furthermore, a cross-reaction has been observed between human 

antibodies against group C and G pharyngeal isolates and human heart myosin, thus 

suggesting that pharyngeal group C and G isolates may be capable of causing rheumatic 

fever (Haidan et al. 2000).   

 

The present study has identified that the high incidence of streptococcal disease in 

Indigenous communities and the corresponding high prevalence of autoimmune sequelae 

may be partly attributed to zoonosis.  Specifically, this study has found that dogs residing in 

Indigenous communities, with scabetic lesions and other causes of mange, carry isolates of 

streptococci, which include beta-haemolytic strains that express Lancefield’s serogroup A, 

B, C, G and L.  Furthermore, molecular studies on these beta-haemolytic isolates detected 

the presence of numerous virulence genes from S. pyogenes which had previously been 

found in human strains of groups C and G.  Therefore, this study has shown that dogs carry 

streptococcal species which were previously considered to be only of ‘human’ origin 

(Streptococcus dysgalactiae subsp. equisimilis, group C, G or L). Additionally, the 

molecular characterisation of strains that are taxonomically recognised to be ‘animal strains’ 

(e.g. Streptococcus canis) has shown that the same evolutionary genetics which is occurring 

amongst human isolates of serogroups C and G is also happening in the animal population of 

streptococcal isolates.  These results suggest that dogs in these Indigenous communities 

carry streptococci which are of human pathogenic potential.  These findings are of public 

health significance as they identify dogs and possibly other animals as reservoirs in the high 

incidence of streptococcal disease amongst the Australian Indigenous population.  These 

findings suggest that the high rate of streptococcal disease in these Indigenous communities 

may be due to zoonotic transfer.  Alternatively, these findings may represent reverse-

zoonosis.   

 

This body of work suggests that the spread of streptococcal disease has a zoonotic 

component and thus research and screening programs should not be confined to the human 
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host.  To fully elucidate the role of animals, particularly dogs, in human streptococcal 

disease of Indigenous communities, studies that include both animals and humans need to be 

conducted.  These studies should combine both epidemiological and laboratory-based 

investigations.  The investigation of human outbreaks of PSGN or RHD should include dogs 

as well as humans.  The findings of the current study should be expanded to investigate 

factors that reduce streptococcal carriage by dogs.  A primary aim should be to determine if 

programs that increase canine health (i.e. by eliminating scabies and demodectic mange, 

improving general nutrition) reduce the carriage of streptococci in these animals.  

Furthermore, these results highlight that other bacterial diseases that are observed in these 

Indigenous communities (and communities which share similar socioeconomic components) 

may have a zoonotic component which requires investigation.   

 

In Indigenous communities with a high rate of autoimmune sequelae such as PSGN and 

RHD, there appears to be two factors involved in the pathogenesis of these diseases, which 

includes host susceptibility and the bacteria’s virulence (McMillan et al. 2006). Both of these 

components are mediated by genetic differences.  To date, there has been numerous research 

conducted to identify potential virulence factors which may mediate PSGN and thus, are 

termed nephritic factors.  While certain factors, such as streptokinase have been shown to 

have a role in the pathogenesis of PSGN (Nordstrand et al. 1998), it is thought that another 

nephritic factor is also involved, since streptokinase is produced by all strains of 

streptococci.  Therefore, another protein, termed streptococcal inhibitor of complement 

mediated cell lysis (SIC) has been identified as a potential nephritic factor 

(Akesson et al. 1996).  This protein interferes with the complement membrane attack 

complex and also enhances S. pyogenes’ ability to evade the host’s defences 

(Hoe et al. 2002, Frick et al. 2003a, Binks et al. 2005).  In the current study we developed a 

murine model of PSGN that identified the host complement system as being involved in 

PSGN, in particularly the production of complement component 5 (C5).  The production of 

C5 allowed a more severe form of glomerulonephritis to develop, including the nephrotic 

syndrome.  Based on our murine model, we investigated the role of SIC protein in mediating 

glomerulonephritis using a strain of S. pyogenes that produced SIC and a mutant strain that 

lacked the sic gene.  We found that the production of SIC protein enhanced the development 

of PSGN, by invoking a more severe form of the disease.  However, animals injected with 

the mutant strain that lacked the sic gene still developed a milder form of glomerulonephritis.  

Therefore, this study has shown that the host’s immune system and the regulation of 

complement are involved in the development of streptococcal autoimmune sequelae.  The 

development of the nephrotic syndrome in this model could be utilised in the study of other 
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form of nephritis, such as IgA nephropathy.  In this model of PSGN, the SIC protein had a 

role in the progression of glomerulonephritis and therefore future studies should be 

conducted using live bacteria and purified SIC protein to investigate the pathogenic potential 

of this protein in a susceptible host, such as the NOD.C-Hc mouse. 

 

The animal component of this research identified that the SIC protein may have a role in the 

development of PSGN in susceptible individuals.  Therefore, we screened patients currently 

being treated for ESRF with haemodialysis for the presence of elevated antibodies to several 

candidate nephritic factors, namely SIC protein and its variants (closely related to SIC (CRS) 

and distantly related to SIC (DRS)), streptokinase and streptococcal pyrogenic exotoxin 

type B.  These streptococcal proteins have been identified as potential nephritic factors 

through animal models and/or in children with PSGN having both elevated antibody levels 

and deposits in their glomeruli (Vogt et al. 1983, Cu et al. 1998, Norstrand et al. 1998, 2000, 

Sriprakash et al. 2002).  In this study, we selected a population with renal disease that 

included both Indigenous patients and non-Indigenous patients.  In the design of this study, it 

was considered that in the Indigenous patients, PSGN in childhood would have been 

endemic.  PSGN is a known risk factor for the development of ESRF (White et al. 2001). 

However, this is the first study to measure antibody levels to streptococcal proteins 

associated with the development of PSGN in patients with established ESRF.  Through this 

study we were able to correlate a high antibody levels to SIC and its variants, DRS and CRS 

with having ESRF and being Indigenous.  This suggests that these patients have been 

exposed to nephritic isolates of streptococci and their products which may have had a role in 

the development of their ESRF.  Indeed, whilst a high percentage of these patients have other 

co-morbidities such as diabetes, the recurrent streptococcal infections and PSGN observed 

during childhood, may have increased the progression and worsening of renal function.  It 

was first suggested 30 years ago that PSGN may lead to progressive renal disease and 

eventually ESRF (Baldwin 1977). Furthermore, the current study identifies that these 

streptococcal products (i.e. SIC, DRS and CRS) are associated with ESRF and may be 

potential streptococcal nephritic proteins.   

 

This study has had four main outcomes.  Firstly, the finding that dogs residing in Indigenous 

communities carry streptococci of human pathogenic potential changes the factors involved 

in controlling the high incidence of streptococcal disease in these communities and other 

communities worldwide which suffer from the same socioeconomic factors such as poor 

housing conditions (i.e. Native American populations).  Secondly, the characterisation of 

some of these beta-haemolytic streptococci with molecular methods has identified that 

evolutionary genetics which has been discovered in ‘human’ isolates of Lancefield’s 
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serogroup C and G may be simultaneously occurring in the isolates from dogs.  This 

discovery highlights the importance of canine carriage of streptococcal bacteria in these 

communities and the need to develop public health strategies to address their control.  

Furthermore, other strains which were identified in this study, such as the enterococci and 

non beta-haemolytic isolates (e.g. Streptococcus suis, Streptococcus bovis) warrant similar 

studies to determine their virulence and pathogenic potential in the human host.  Thirdly, we 

found that host genetics, specifically the control and production of C5 are involved in the 

development of PSGN and that the SIC protein enhances the progression of PSGN following 

exposure to S. pyogenes.  The findings of this animal model can be used to investigate other 

forms of glomerulonephritis.  Further studies are required in humans with PSGN to 

determine if the SIC protein is deposited in the affected glomeruli.  Finally, the correlation of 

elevated antibodies to SIC, DRS and CRS in Indigenous Australians being treated for ESRF, 

highlights the importance of control of streptococcal disease.  Whilst the aetiological agent 

for the ESRF may be of non-infectious origin, the antibodies may have mediated renal injury 

(i.e. PSGN) and reduced the renal reserve and worsened renal function.  Whilst this study 

focused on Indigenous Australians, the results are applicable to Indigenous people 

worldwide who continue to suffer from infectious diseases and also to people in third world 

countries who have not yet experienced the epidemiological transition.  These people have 

similar socioeconomic factors, such as relative poverty, poor housing and nutrition; they live 

in close proximity to animals and have poor access to healthcare infrastructure.   
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APPENDIX 1 - Media 

Sheep Blood Agar 
Blood Agar Base     40 g 
Double Distilled Water     to 900 ml 
 
Combine ingredients and dissolve using a heating block. Autoclave at 121°C for 20 minutes.  
 
Allow mixture to cool.  Add blood and mix well. 
Sheep Blood      50 ml 
 
Pour into petri dishes under a laminar flow hood and allow plates to set.  Store at 4°C. 
 

Luria Burtani Agar 
Tryptone      10 g 
NaCl       10 g 
Yeast       5 g 
Technical Agar      15 g 
Double Distilled Water     to 1000 ml 
 
Combine ingredients and dissolve using a heating block. Autoclave at 121°C for 20 minutes.  
Allow mixture to cool and pour into petri dishes under a laminar flow hood.  Once plates 
have set, store at 4°C. 
 

Luria Burtani Broth 
Tryptone      10 g 
NaCl       10 g 
Yeast       5 g 
Double Distilled Water      to 1000 ml 
 
Combine ingredients and dissolve using a heating block. Autoclave at 121°C for 20 minutes. 
Store at 4°C. 
 

Todd Hewitt Yeast Broth 
Todd Hewitt Base     32.6 g 
Yeast       1 g 
Double Distilled Water     to 1000 ml 
 
Combine ingredients and dissolve using a heating block. Autoclave at 121°C for 20 minutes. 
Store at 4°C. 
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10 % Glycerol 
Glycerol      1 ml 
Double Distilled Water     to 10 ml 
 
Combine ingredients and sterilise by autoclaving at 115°C for 10 minutes. 
 

L9 Minimal Agar 
Na2HPO4      5g 
KH2PO4      3g 
NaCl       0.5g 
NH4Cl       1g 
 
Add reagents to 900ml of double distilled water and adjust the pH to 6.8 (at 25°C) with 10M 
NaOH.  Add 15g of technical agar and autoclave. 
 
Combine 2ml of 1M MgSO4, 0.1ml of 1M CaCl2, 10ml of 20% glucose and 1ml of 1M 
thiamine HCl and filter sterilise.  Once the agar has cooled to 50°C, add filter sterilised 
mixture and top up to 1 litre with sterile double distilled water.   
 
1M CaCl2 
CaCl2       1.1g 
Double Distilled Water     to 10ml 
 
1M MgSO4 
MgSO4       2.408g 
Double Distilled Water     to 20ml 
 
10M NaOH 
NaCl       4g 
Double Distilled Water     to 10ml 
 
20% Glucose 
C6H12O6      20g 
Double Distilled Water     to 100ml 
 
1M Thiamine HCl 
Thiamine HCl      3.373g 
Double Distilled Water     to 10ml 
 

SOB medium 
Tryptone      20 g 
Yeast Extract      5 g 
1M NaCl      10 ml 
1M KCl      2.5 ml 
Distilled water      to 1000 ml 
 
Combine ingredients and autoclave at 122°C for 20 minutes.  Cool solution and then add: 
2M MgSO4 (filter sterilized)    10 ml 
 
Store at 4°C. 
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SOC medium 
SOB       100 ml 
1M glucose (filter sterilised)    2 ml 
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APPENDIX 2 – Molecular biology chemicals 

50 mM NaOH 
NaOH       2g 
Distilled Water      1000 ml 
 

1M Tris-HCl/7mM EDTA pH 8 
Tris-HCl      12.11g 
EDTA       0.26g 
Distilled Water      to 100ml 
 
Adjust pH to 8 with 10 M NaOH. 
 

0.85% w/v NaCl 
NaCl       0.85 g 
Distilled Water      to 100 ml 
 

TE Buffer 
Tris-HCl      10 mM 
EDTA       1 mM 
 
Adjust to pH 7.5 with HCl. 
 

Mutanolysin 3000 units/ml 
Mutanolysin (12400 units/mg)    5 mg 
Double Distilled Water     20.7 ml 
 
Prepare in 50 μl aliquots and store the enzyme at -20°C. 
 

Hyaluronidase (30mg/ml)  
Hyaluronidase (485 units/mg)    1g 
Double Distilled Water     33ml 
 
Prepare in 50μl aliquots and store the enzyme at -20°C. 
 

Tris-acetate (TAE) Buffer (50X) 
Tris base      242 g 
Glacial Acetic Acid     57.1 ml 
0.5 M EDTA pH 8.0     100 ml 
Double Distilled Water     842.9 ml 
 
Combine ingredients.  Dilute 1:50 with distilled water before use 
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Ethidium Bromide Stock Solution 
Ethidium Bromide      100 mg 
Single Distilled Water     10 ml 
 
Combine ingredients and store at 4˚C 
 

Agarose Gel Loading Buffer (6X) 
Glycerol      30 ml 
Bromophenol Blue      0.025 g 
Tris-HCl pH 8.0     20 ml 
 
Combine ingredients and store at 4˚C 
 

Sodium Acetate 
Sodium Acetate      40.8 g  
Distilled Water      to 100 ml 
 
Note: dissolve in 80 ml of ddH2O, adjust to pH5.2 with glacial acetic acid and add ddH2O to 
100 millilitres. Filter to sterilise.   
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APPENDIX 3 – Protein chemistry chemicals 

Isopropyl B-D Thiogalactopyranoside (IPTG) Solution 
IPTG       238 mg (1M) 
Single Distilled Water     1 ml 
 
Filter sterile (0.22 μm) and store at –20˚C 
 
 

SDS-Page Gel (12%) Separating Gel 
Single Distilled Water     1.6 ml 
30% Acrylamide bis     2.0 ml 
1.5 M Tris-HCl buffer, pH 8.8    1.3 ml 
10 % SDS Solution (w/v)     50 μl 
10 % APS Solution (w/v)    50 μl 
TEMED      2 μl 
 
Combine all ingredients and mix well, add TEMED prior to pouring 
Makes 1 gel 
 

Tris-HCl Buffer (1M) pH 8.8 
Tris Base       45.4 g 
Double Distilled Water     100 ml 
 
Combine ingredients and adjust to pH using NaOH, bring volume to 250 ml 
 

10% SDS Solution 
Lauryl Sulphate      10 g 
Single Distilled Water     100 ml 
 

10% APS Solution 
Ammonium persulphate     100mg 
Single Distilled Water     1 ml 
 
Combine ingredients and store at 4˚C, use within 24 hours 
 

SDS-PAGE Buffer (2X) 
Tris-HCl, pH 6.8     218 mg 
Glycerol      4 ml 
Lauryl Sulphate     0.4 g 
Bromophenol Blue     0.004 g 
Double Distilled Water    16 ml 
 
Combine, mix well and store at 4˚C 
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Stacking Gel 4% 
Acrylamide       750 μl 
0.5 M Tris HCl pH 6.8     1.25 ml 
Single Distilled Water     3.20 ml 
10 % APS      20 μl 
TEMED      10 μl 
 

Running Buffer (5X) 
Tris HCl      9 g 
Glycine       43.2 g 
SDS       3 g 
Single Distilled Water     600 ml 
 

Coomassie Blue Staining Solution 
Coomassie blue R-250     1 g 
Methanol      400 ml 
Glacial Acetic Acid     100 ml 
Distilled Water      to 1000 ml 
 
Dissolve the Coomassie Blue stain into the methanol component and then add the remaining 
solutions.  Store at room temperature. 
 

Destaining Solution 
Methanol      400 ml 
Glacial Acetic Acid     100 ml 
Distilled Water      to 1000 ml 
 
Combine solutions and store at room temperature. 
 

Gel Drying Solution 
Methanol      400 ml 
Glycerol      100 ml 
Glacial Acetic Acid     75 ml 
Distilled Water      to 1000ml 
 
Combine all solution and store at room temperature. 

Lysis Buffer 
NaH2PO4.H2O      6.9 g 
NaCl       17.54 g 
Imidazole      0.68 g 
Distilled Water      to 1000 ml 
 
Adjust pH to 8.0 using NaOH and store at room temperature. 
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Wash Buffer 
NaH2PO4.H2O      6.9 g 
NaCl       17.54 g 
Imidazole      1.36 g 
Distilled Water      to 1000 ml 
 
Adjust pH to 8.0 using NaOH and store at room temperature. 

Elution Buffer 
NaH2PO4.H2O      6.9 g 
NaCl       17.54 g 
Imidazole      17 g 
Distilled Water     to 1000 ml 
 
Adjust pH to 8.0 using NaOH and store at room temperature. 
 

Denaturing Buffer 
NaH2PO4.H2O      13.8 g 
Tris-Cl       1.2 g 
Urea       480.5 g 
Distilled Water       to 1000 ml 
 
Store solution at room temperature. 
 

Buffer B 
Denaturing Buffer     100 ml 
Adjust pH to 8.0 using NaOH prior to use. 
 

Buffer C 
Denaturing Buffer     100 ml 
Adjust pH to 6.3 using NaOH prior to use. 
 

Buffer D 
Denaturing Buffer     100 ml 
Adjust pH to 5.9 using NaOH prior to use. 

Transfer Buffer 
Glycine 
Tris-Cl 
Methanol      100 ml 
Distilled Water      to 1000 ml 

Lysozyme 
Lysozyme      1 g 
Distilled Water      to 10 ml 
 
Filter sterilise, store in aliquots at -20°C. 
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APPENDIX 4 – Immunology methods chemicals 

 

4% Paraformaldehyde Solution 
Paraformaldehyde    4 g 
Phosphate buffered saline (PBS)   100 ml 
 
Pour the PBS into a conical flask containing the paraformaldehyde and stirring rod.  Cover 
with parafilm and transfer to the fume hood. Transfer to a hotplate stirrer and set the heat 
control to 7 with moderate stirring.  Allow the solution to warm up; it will change from 
cloudy to clear when ready.  Once the paraformaldehyde has dissolved, turn off the heat and 
leave stirring.  Once cooled, transfer to 4°C for storage. 

Solutions for Positive Charged Slide 
2% 3-aminopropyltriethoxysilane 
3-aminopropyltriethoxysilane     6 g 
Acetone       to 300 ml 
 
Combine solutions and mix.  Volume of 300ml is sufficient for coating 200 slides. 
 

Phosphate Buffered Saline (PBS) 
NaCl        8 g 
KCl        0.2 g 
Na2HPO4       1.44 g 
KH2PO4       0.24 g 
Double Distilled Water      to 800 ml 
 
Adjust the pH to 7.4.  Adjust volume to 1000 ml with double distilled water. 
 

0.3% H2O2 in 70% methanol/TBS 
30% H2O2       300 μl 
Methanol       70 ml 
TBS        to 100 ml 
 

Tris Buffered Saline 10X Solution (TBS) 
NaCl        87.66 g 
Tris-Cl        60.55 g 
Distilled Water       to 1000 ml 
Adjust pH to 7.4 using 10X HCl 
 

Diaminobenzidine Histochemistry Substrate 
3,3′-Diaminobenzidine tablets (SIGMAFAST, D4293)  1 tablet 
Urea tablet (SIGMAFAST, D4293)    1 tablet 
 
Dissolve each tablet set in 5 ml of deionised water and use immediately as a substrate. 
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APPENDIX 5 – Microbiological data 

 
Table A5.1.  Individual bacterial species isolated from dogs in from both the Northern 

Territory and Cape York Peninsula Indigenous Communities 

Morphology Isolate 
Number 
(Dog ID) 

Isolation 
Site Colony 

Size 
Hemolysis 

Bacterial 
Species 

Lancefield 
Group 

API 
Identification 
(%ID, T) 

Cape York Community Pilot Study (n=18) 
14A Skin Large Alpha Enterococcus. 

durans 
D 94.8, 0.93 

11B Throat Small Gamma Lactococcus 
lactis subsp. 
lactis 

Not Group 
A, B, C, D, 
F or G 

97.8, 1.0 

2A Throat Small Gamma Lactococcus 
lactis subsp. 
lactis 

Not Group 
A, B, C, D, 
F or G 

86.7, 0.85 

9B Skin Small Gamma Lactococcus 
lactis subsp. 
lactis 

Not Group 
A, B, C, D, 
F or G 

51.6, 0.96 

5D Throat Large Beta S. dysgalactiae 
subsp. 
equisimilis 

Not Group 
A, B, C, D, 
F or G 

98.5, 1.0 

3A Throat Large Alpha Enterococcus 
faecium 

D 87, 0.56 

19BAM Skin Large Alpha Enterococcus 
gallinarum 

D 16S Analysis 

Northern Territory Community (n=60) 
88MP 
(330196) 

Pharynx Large Beta Streptococcus 
canis 

G 16S Analysis 

76MP 
(330899) 

Pharynx  Alpha S. bovis I D 99.6. 0.73 

92MP 
(331481) 

Pharynx Large Beta 
(small 
zone) 

S. agalactiae B 99.9, 0.96 

61MS  
(77168) 

Axilla Large Alpha E. durans D 94.9, 0.91 

2MP  
(330073) 

Pharynx Large Alpha E. faecium D 99.2, 0.69 

25MS 
(327445) 

Skin Large Alpha E. faecium D 99.3, 0.98 

97MP 
(324911) 

Pharynx Large Beta S. canis G 16S Analysis 

96MP 
(324911) 

Pharynx Large Alpha E. faecium D 97.5, 0.36 

14MP 
alpha 
(122946) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

14MP beta 
(122946) 

Pharynx Large Beta S. canis G 16S Analysis 

12MP 
(SAMSON) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 
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15MP 
(329487) 

Pharynx  Alpha S. bovis I D 99.6, 0.73 

48MP 
(327148) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

30MP 
(334396) 

Pharynx Large Beta S. canis G 99.9, 1 

18MP 
(325571) 

Pharynx  Alpha S. suis I Not Group 
A, B, C, D, 
F or G 

89.8, 0.53 

47MP 
(327148) 

Pharynx  Alpha S. bovis I Not Group 
A, B, C, D, 
F or G 

16S Analysis 

33MP 
(332482) 

Pharynx Large Beta S. canis G 16S Analysis 

93MP 
(331481) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 99.6, 0.97 

36MS 
(80049) 

Skin Large Beta S. dysgalactiae 
subsp. 
equisimilis 

A 99.8, 0.65 

36MS-2 
(80049) 

Skin Large Alpha S. dysgalactiae 
subsp. 
dysgalactiae 

C 84.9, 0.94 

36MP 
(82712) 

Pharynx Large Alpha E. faecium D 99.3, 0.98 

37MS 
(80049) 

Skin Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 99.1, 0.92 

19MS 
(325713) 

Skin Large Alpha E. faecium D 71.5. 0.38 

7MS 
(333937) 

Skin Large Alpha E. gallinarum D 77.4, 0.72 

15MS 
(330827) 

Skin Large Alpha A. viridans II Not Group 
A, B, C, D, 
F or G 

84.6, 0.62, 
confirmed by 
16S analysis 

35MS 
(116866) 

Skin Large Alpha E. faecium D 85.7, 0.66 

54MP 
(325713) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 99, 0.92 

89MP 
(118812) 

Pharynx Tiny Alpha S. suis II Not Group 
A, B, C, D, 
F or G 

98.9, 0.52  

89MP new 
(118812) 

Pharynx Large Beta S. canis G 16S analysis 

75MP 
(334112) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

58MP 
(325077) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G. 

16S analysis 

11MP 
(114960) 

Pharynx Large Beta S. dysgalactiae 
subsp. 

C 99.7, 1 
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equisimilis 
46MP 
(333937) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

56MP 
(79264) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

51MP 
(332482) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

34MP 
(326862) 

Pharynx Large Beta S. canis G 99.9, 0.67 

34MP 
(332482) 

Pharynx Large Alpha E. 
casseliflavus 

D 16S analysis 

99MP 
(333633) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

74MP beta 
(333633) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 99.7, 1 

29MP 
(334396) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

35MP 
(333633) 

Pharynx Large Beta S. canis G 99.9, 0.67 

85MP 
(75940) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

69MP 
(326239) 

Pharynx Large Beta S. canis G 99.9, 0.67 

61MP 
(75940) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 83.5, 0.58 
(confirmed 
with 16S 
analysis) 

86MP 
(331163) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

54MS 
(34MS) 
(116866) 

Skin Large Beta S. equi subsp. 
equi 

C 75, 0.4 
(confirmed 
16S analysis) 

73MP 
(326102) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

80MP 
(326958) 

Pharynx Tiny Alpha S. suis II Not Group 
A, B, C, D, 
F or G 

96.9, 0.55 

60MS 
(77168) 

Skin Large Alpha E. faecium D 82.6, 0.56 

6MP 
(121788) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

8MP 
(14960) 

Pharynx Large Alpha E. faecium D 66.5, 0.39 

87MP Pharynx Large Beta S. canis G 99.9, 0.39 
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(79715) 
63MP 
(124690) 

Pharynx Tiny Alpha S. suis II Not Group 
A, B, C, D, 
F or G 

97, 0.58 
(confirmed 
16S) 

60MP 
(75133) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

71MP 
(332742) 

Pharynx Large Beta S. canis G 99.9, 0.67 

64MP 
(124690) 

Pharynx Large Alpha E. durans D 84, 0.9 

74MP large 
(326102) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

C 99.1, 0.92 

46MP 
(333937) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

82MP 
(331163) 

Pharynx Large Beta S. canis G 99.9, 0.72 

65MP 
(117983) 

Pharynx Large Alpha E. gallinarum D 88.0, 0.72 

70MP 
(332742) 

Pharynx Tiny Beta? Streptococcus 
orisratti 

A 16S Analysis 

39MP 
(329771) 

Pharynx Large Beta S. dysgalactiae 
subsp. 
equisimilis 

Not Group 
A, B, C, D, 
F or G 

99.6, 0.97 

32MP 
(332482) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 

90MP 
(79600) 

Pharynx Large Beta S. canis G 99.9, 0.67 

59MP 
(75940) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S Analysis 

79MP new 
(326958) 

Pharynx Large Alpha E. faecium D 98.6, 0.96 

1MP 
(330073) 

Pharynx Large Alpha E. faecium D 99.2, 0.69 

74MP 
(326102) 

Pharynx Tiny Alpha S. minor Not Group 
A, B, C, D, 
F or G 

16S analysis 
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 APPENDIX 6 – Enzyme linked immunosorbent assay chemicals and data 

Carbonate Coating Buffer 
NaHCO3    0.04M 
Na2CO3     0.01M 
 
Adjust pH to 9.6 
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APPENDIX 7 – Papers and Presentations 
 

Papers  
 
Boon V, Munro J, Kan G, Burnell J and Speare R. (2007) Elevated antibodies against 
streptococcal virulence factors in end-stage renal failure patients: focusing on Indigenous 
Australians. Kidney Int. “Submitted” 
 
 

Presentations 
 
V. Boon, R. Speare, T. Donellan, A. Thomas. “Streptococcal carriage by dogs in Rural and 
Remote Indigenous communities.” Dog People Conference, Darwin, July 2006. 
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