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ABSTRACT 

 

 Community-associated infections are a significant public health concern 

worldwide.  In particular, epidemic and emerging antibiotic-resistant bacteria associated 

with skin and soft tissue infections (SSTI) are becoming more prevalent in certain 

populations.  Bacterial pathogens Streptococcus pyogenes and Staphylococcus aureus can 

each cause infections that range from being mild in nature to severe and life-threatening.  

Together, these bacteria can be isolated from mixed, polymicrobial SSTI.  These 

infections, such as impetigo, can be typically mild, but are easily spread by contact 

transmission.  Treatment of these uncomplicated cases may include either prescription or 

over-the-counter (OTC) topical antibiotic therapy.  In northern Saskatchewan 

communities experiencing high rates of SSTI caused by community-associated 

methicillin-resistant S. aureus (CA-MRSA), a high number of cases involving S. 

pyogenes and S. aureus mixed infections was identified.  The objective of this work was 

to characterize S. pyogenes and S. aureus isolates associated with mixed SSTI by 

molecular typing and by testing antimicrobial susceptibility to systemic and topical 

antibiotics.  Additionally, representative isolates were further characterized by whole 

genome sequencing and utilized in a murine skin infection model to investigate 

histopathologic and host response differences in mixed infections. 

 During a 16-month period from 2005-2007, 118 cases of mixed SSTI cultured 

both S. pyogenes and S. aureus.  Twenty-eight of these involved MRSA, while 90 cases 

isolated methicillin-susceptible S. aureus (MSSA) along with S. pyogenes.  In S. 

pyogenes, resistance to bacitracin (0.7%), erythromycin (1.7%), clindamycin (1.7%), and 
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fusidic acid (98.9%) was observed.  All isolates were susceptible to retapamulin and 

antibiotic combinations contained in triple antibiotic OTC Neosporin® and Polysporin®.  

S. pyogenes emm typing and S. aureus spa typing revealed diverse populations of MSSA 

and S. pyogenes, but the combination of S. pyogenes emm type 41.2 and MSSA spa type 

t311 was the most frequently encountered (n=10).  Genome sequence analysis of S. 

pyogenes strain 06BA18369 revealed an approximately 1.8 Mb genome that contains five 

putative prophages harbouring virulence factors including streptococcal superantigen-

encoding genes.  Additionally, this isolate harbours a clustered regularly interspaced 

palindromic repeats array suggesting ancestral bacteriophage exposure.  The S. aureus 

strain 06BA18369 draft genome is approximately 2.8 Mb in size and contains four 

putative prophages.  This isolate also harbours a staphylococcal cassette chromosome 

(SCC) with sequences homologous to SCC sequences of S. aureus, S. hominis, and S. 

epidermidis that includes a putative fusidic acid resistance gene.  No transmission of 

genetic material was evident between the two species isolated from the same specimen.  

These two pathogens were able to develop lesions in the murine skin infection model; 

however, histopathologic and host immune response results were inconclusive. 

 Both S. pyogenes and MSSA associated with mixed SSTI have diverse genetic 

backgrounds in contrast to the epidemic CA-MRSA.  Genomic analysis of representative 

isolates revealed unique features in their mobile genetic elements.  Topical OTC 

antibiotics may continue to be used for SSTI, but susceptibility patterns need to be 

continuously monitored for proper management of treatment.  Future work is required to 

explore the genomic diversity of S. pyogenes and S. aureus strains circulating in the 

community. 
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1. Background 

 

1.1 The skin 

 The skin is a highly versatile organ of the human body.  While being flexible and 

durable, it functions to regulate body temperature and to protect the body’s internal 

tissues from the external environment.  Skin structure consists of two basic layers (Figure 

1.1) that include the epidermis and dermis with the subcutaneous layer found underneath 

the skin (Hole and Koos, 1991).  The epidermis consists of stratified squamous epithelial 

cells.  The outermost cells contain keratin (keratinocytes) that allows the outer skin layer 

to be tough and waterproof.  In addition, the epidermis protects underlying tissues from 

dessication as well as physical and chemical injury.  The dermis is comprised of fibrous 

connective tissue that encompasses various specialized structures including hair follicles, 

sweat glands, sebaceous glands, blood vessels, and nervous tissue.  The subcutaneous 

layer is beneath the dermis and mainly consists of adipose tissue that serves to insulate 

the body from heat loss and overheating due to external heat exposure.  This layer also 

contains blood vessels that branch into the dermis and separates the skin from the fascia 

and muscle tissues that lie underneath.  

 

1.1.1 Normal microbial flora of the skin 

 The skin also is host to bacteria, fungi and viruses that reside as commensal 

organisms on its surface, commonly known as normal microbial flora.   

 1 



 

 

 

 

Figure 1.1  The basic layers of skin structure include the epidermis, dermis, and 

subcutaneous layer.  Image obtained from 

http://www.mayoclinic.com/health/medical/IM00941.  Accessed June 28, 2013.  Used 

with permission. Original in colour.
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Composition of the skin’s flora is established during and soon after birth following 

immediate exposure to sources first encountered by the newborn that include the 

mother’s vaginal and skin flora, as well as the skin flora of individuals with initial contact 

(Granato, 2003).  Ultimately, the skin’s bacterial flora typically consists of coagulase-

negative staphylococci, micrococci, streptococci, corynebacteria and propionibacteria 

(Roth and James, 1988).  The composition of the skin bacterial flora varies depending 

upon location with differing characteristics such as moisture content, temperature and 

lipid (sebum) content (Granato, 2003).  Recent metagenomic work with the Human 

Microbiome Project confirmed that the microbiome varies between individuals, but site 

characteristics have commonalities in bacterial content (Grice et al., 2009; Highlander et 

al., 2011).  For example, areas considered to be sebaceous (ie. between eyebrows, beside 

nostril, back of neck) yielded mainly staphylococci and propionibacteria, while 

corynebacteria were identified at moist sites (ie. nares, axillae, inguinal region) (Grice et 

al., 2009).  While communities of  bacteria that inhabit the skin can be diverse, there lies 

a potential for some of these bacteria to act as a pathogen and infect tissues that are 

normally protected by intact skin structures (Roth and James, 1988). 

 

1.1.2 Skin and soft tissue infections 

 Skin and soft tissue infections (SSTI) may arise from a variety of pathogens that 

have the ability to cause disease in humans.  These may be viral, bacterial or fungal and 

typically become initiated by damage to the protective layer provided by the skin.  

Subsequent invasion of the epidermal layer with bacteria located on the skin surface can 

lead to the resulting infection.  A number of pathogens may be responsible for these 
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infections, but Streptococcus pyogenes and Staphylococcus aureus are two Gram-positive 

bacteria that are often the etiological agent responsible for many SSTI globally.  Diverse 

presentations of bacterial SSTI have been classified by the Center for Drug Evaluation 

and Research, Food and Drug Administration, US Department of Health and Human 

Services (FDA) as guidance for the pharmaceutical industry in the development of 

clinical trials for the evaluation of antimicrobial drugs for treatment (Center for Drug 

Evaluation and Research, 1998).  Based on this, these categories describe SSTI as being 

either complicated or uncomplicated.  Complicated SSTI include infections associated 

with deep tissues such as the subcutaneous fat, fascia or muscle, infections needing 

surgical intervention, SSTI associated with the perianal area, and SSTI accompanied by 

systemic involvement (such as fever, hypotension, and tachycardia) (Stevens et al., 

2005). 

 Uncomplicated infections are typically minor in nature and involve the outer 

epidermal or dermal skin layers and are described by the clinical presentation (Center for 

Drug Evaluation and Research, 1998).    Infections of the hair follicle are usually caused 

by S. aureus and range in severity (Lopez and Lartchenko, 2006).  Folliculitis describes a 

superficial pustule surrounding a discrete hair follicle.  A deeper infection involving a 

hair follicle at the dermal or subcutaneous layer describes a furuncle (also known as a 

boil) that may drain purulent material.  Multiple adjacent furuncles can be connected at 

the subcutaneous layer to form carbuncles.   

 Diffuse SSTI associated with the dermal or subcutaneous later include erysipelas 

and cellulitis.   Erysipelas is mainly caused by S. pyogenes and involves the dermal skin 

layer with the region of infection characterized as erythmatous and raised with defined 
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borders on the face or legs (Eriksson et al., 1996).  Cellulitis describes inflammation of 

the dermal and subcutaneous layer without distinct margins (Lopez and Lartchenko, 

2006).  Cellulitis may be caused by either S. aureus or S. pyogenes, with the former 

usually associated with suppurative cellulitis that may be associated with furuncles or 

carbuncles (Stevens et al., 2005).  Cellulitis without an obvious break in the skin is often 

streptococcal.  Risk factors for acquiring cellulitis include the presence of leg ulcers and 

the presence of S. aureus and/or -haemolytic Streptococcus in the toe webs (Björnsdóttir 

et al., 2005). 

 Impetigo is a SSTI of the superficial epidermal skin layer that is highly 

contagious and commonly affects children (Darmstadt and Lane, 1994; Koning et al., 

2012).  S. pyogenes and S. aureus are both associated with impetigo, and may together be 

isolated from the infection site (Dajani et al., 1972; Demidovich et al., 1990).  Two 

descriptions of impetigo are evident: non-bullous impetigo and bullous impetigo.  

Bullous impetigo is caused by exfoliative toxin-producing S. aureus and is characterized 

by fluid-filled vesicles (bullae) localized at moist areas of the skin (Cole and Gazewood, 

2007; Hirschmann, 2002).  Non-bullous impetigo is characterized by the presence of 

superficial pustules that develop to honey-colored crusted lesions that are typically 

located on the face or extremities (Darmstadt and Lane, 1994).  Lesions are initiated by 

breaks in the skin such as abrasions or insect bites (Elliot et al., 2006) and are often 

spread by manual inoculation.  Incidence of impetiginous infections are seasonal, peaking 

in the summer (Loffeld et al., 2005).  This possibly coincides with individuals wearing 

loose clothing with exposed skin, leading to more abrasions and skin-to-skin contact. 
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1.2 Streptococcus pyogenes 

 S. pyogenes is a Gram-positive coccus that grows in pairs or chains.  Also 

commonly known as Group A Streptococcus, this organism possesses the Group A 

Lancefield carbohydrate antigen and is routinely serologically distinguished from other 

Lancefield Group organisms.  In the laboratory, growth displays large colonies (> 0.5 

mm) with β-haemolysis after 24 h growth on 5% (v/v) sheep’s blood agar (Spellerberg 

and Brandt, 2011).  Humans are the only known host of S. pyogenes which can 

asymptomatically colonize the skin as well as the upper respiratory tract where it can 

bind to host pharyngeal cells (Manetti et al., 2007).  S. pyogenes can cause a wide range 

of infections that are relatively mild to severe.  Pharyngitis, commonly known as ‘Strep 

throat’, is one frequently-occurring clinical presentation associated with S. pyogenes.  

Skin infections arise from a break in the skin and subsequent introduction of the bacteria 

to the underlying tissues.  SSTI associated with S. pyogenes such as erysipelas and 

impetigo were described in the previous section.  Other diseases include scarlet fever, 

which is characterized by a sandpaper erythmatous rash, strawberry tongue and eventual 

desquamation.  Necrotizing fasciitis is rare and involves the infection of the subcutaneous 

tissue (Davies, 2001).  This can lead to necrosis of the fascia and disseminate through fat 

tissue with rapid progression.  Attempts to manage these infections require prompt 

reaction with antibiotic and surgical treatment that may include debridement or 

amputation of affected tissues.  These infections are severe and can lead to death. 

 S. pyogenes can harbour a number of streptococcal pyrogenic exotoxins that act as 

superantigens to cause streptococcal toxic shock syndrome (Spaulding et al., 2013).  Up 
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to 11 superantigens are known and include streptococcal pyrogenic exotoxins SPE A, 

SPE C, SPE G-M, streptococcal superantigen (SSA), and streptococcal mitogenic 

exotoxin Z (SMEZ).  Toxic shock syndrome is a result of overstimulation of the immune 

system that can lead to tissue damage, organ failure and shock (Herman et al., 1991).  

These superantigens activate a subset of T lymphocytes by crosslinking the V region of 

the T lymphocyte receptor to the major histocompatibility complex II of otherwise 

antigen presenting cells (Llewelyn and Cohen, 2002).  This results in a massive activation 

of T lymphocytes that release proinflammatory cytokines such as interleukin-1, 

interferon- and tumor necrosis factor-.  All but SPE G and SMEZ are encoded by 

genes harboured by prophage. 

 One fortunate characteristic of S. pyogenes is that this organism has remained 

consistently susceptible to penicillin.  -lactam antibiotics are often the first-line 

treatment option for pharyngitis and systemic infections involving S. pyogenes  In 

instances where treatment with penicillin is not indicated, alternatives including 

clindamycin may be considered for therapy.  However, resistance to other antibiotics has 

emerged in recent years, complicating the issue.  This includes resistance to tetracycline, 

erythromycin, clindamycin, ciprofloxacin, and bacitracin (Brenciani et al., 2007; 

Hasenbein et al., 2004; Montes et al., 2009; York et al., 1999). 

 

1.2.1 Post streptococcal sequelae 

 Streptococcal infection may result in subsequent non-suppurative disease.  

Notably, acute rheumatic fever is an autoimmune disease that is caused by cross 

reactivity of antibodies produced against the streptococcal cell-surface M protein with 
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host tissues (Cunningham, 2012).  Rheumatic heart disease is the result of damage to 

heart valves by infiltration of heart valves with T lymphocytes that cross-react with 

cardiac myosin.  Typically, acute rheumatic fever follows an episode of pharyngitis with 

S. pyogenes of M serotype 1, 3, 4, 5, 6, or 18 (Holden et al., 2007; Johnson et al., 1992). 

 In addition, acute glomerulonephritis is a result of immune complexes being 

deposited in glomeruli causing hematuria, edema and renal impairment.  

Glomerulonephritis may follow cases of streptococcal pharyngitis by one to two weeks 

involving strains with M types of 1, 4, 12, or 25.  Streptococcal skin infections caused by 

M types 2, 42, 49, 56, 57, or 60 may also precede glomerulonephritis by three to six 

weeks (Cunningham, 2000). 

 Incidences of post-streptococcal sequelae, including acute rheumatic fever and 

acute glomerulonephritis are estimated to be nearly 500,000 cases for each per year 

worldwide (Carapetis et al., 2005).   

 

1.2.2 S. pyogenes epidemiology 

 In Saskatchewan, invasive infection with S. pyogenes is a reportable 

communicable disease as part of the disease control regulations legislated by the province 

(The Public Health Act 1994, 2003).  The cell surface M protein of S. pyogenes 

contributes to host immune evasion by preventing phagocytosis, but also provides 

antigenic variability allowing serologic distinction of strains (Lancefield, 1928).  M 

typing, often in conjunction with pilus protein T agglutination, has served as the basis for 

relatedness of strains.  More recently, DNA sequencing of the variable 5′ end of the emm 

gene (encoding the M protein) has lead to the description of over 200 emm types that are 
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used to subtype S. pyogenes (Beall et al., 1996).  Matching this sequence against a 

database (provided at http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm, accessed 

July 30, 2012) provides the emm type or subtype of the query sequence. 

 The emm gene is part of a family of genes encoding cell wall structures that 

contribute to host immune evasion by preventing phagocytosis.  As many as three genes 

in one genome arranged in tandem whose content is comprised of a combination of four 

different alleles (Figure 1.2) is used as the basis of designating strains with certain emm 

types as belonging to a particular emm pattern group (Bessen et al., 1996; Bessen et al., 

2000; McGregor et al., 2004).  The emm pattern group is also known to fit a particular 

ecological niche where the group contains strains that tend to be isolated from pharyngitis 

cases (throat strains), SSTI (skin strains), or no dominating tissue preference (generalist 

strains) (Bessen et al., 1996).  Strains with emm types that belong to emm pattern A, B, 

and C have been shown to be associated with pharyngitis cases at a higher frequency than 

skin infections (throat strains) (Bessen, 2009).  Pattern D isolates are more likely 

associated with skin infections than throat infections (skin strains).  Pattern E isolates 

have not been shown to be more frequently associated with either disease presentation 

(generalist strains). 

 In Canada, the most frequently isolated strain of S. pyogenes from invasive 

infections is M type 1 (emm type 1), accounting for over 26% of typed organisms from 

1993 to 1999 (Tyrrell et al., 2002; Tyrrell et al., 2010).  Recently from 2006-2009, emm 

type 59 emerged with invasive cases western Canada and was subsequently associated 

with invasive cases in eastern Canada and the United States (Fittipaldi et al., 2012a; 

Tyrrell et al., 2010).  Likewise, since 1995, M/emm type 1 has been the most frequently  
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Figure 1.2  S. pyogenes emm family genes.  Patterns A-C isolates are associated with 

throat infections.  Pattern D isolates are associated with SSTI.  Pattern E isolates have no 

significant association with either site of infection.  Numbers indicate distinct emm 

family gene alleles.  Figure derived from (Bessen et al., 1996). 
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isolated strain of S. pyogenes associated with invasive infections in Saskatchewan.  In 

China, a recent outbreak over 900 cases of scarlet fever in 2011 has implicated S. 

pyogenes emm type 12 as the predominant strain. (Luk et al., 2012; Tse et al., 2012). 

 

1.3 Staphylococcus aureus 

 S. aureus subsp. aureus is a Gram-positive coccus that grows in grape-like 

clusters.  S. aureus can colonize the skin and nasal passages of humans and other 

mammals.  This bacterium acts as an opportunist in that it will invade breaks in the skin 

and cause a wide variety of disease.  S. aureus is commonly responsible for impetigo, 

boils (furuncles), carbuncles, folliculitis, cellulitis, abscesses, wound infections, and 

surgical site infections.  Infections with increased severity, including septicaemia, toxic-

shock syndrome and necrotizing pneumonia may arise.  S. aureus may carry numerous 

superantigen-encoding genes, most of which are harboured on mobile genetic elements 

including genomic islands, S. aureus pathogenicity islands, plasmids, or prophage 

(Lindsay and Holden, 2004).  Twenty-four exotoxin superantigens are known, 23 of 

which are known as the staphylococcal enterotoxins and can be associated with food-

borne outbreaks as they produce emetic activity in humans (Spaulding et al., 2013).  

These are known as SEA-C, D, E, and G, as well as the SE-like superantigens SE-l H, I, 

and J-X.  The other superantigen, toxic shock syndrome toxin-1 (TSST-1), is encoded by 

tst and does not produce emetic activity.  This toxin is named due to its association with 

staphylococcal toxic shock syndrome. 
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1.3.1 Emergence of antibiotic resistant S. aureus and MRSA 

 Treatment of S. aureus infections has been complicated in the past several 

decades with the acquisition of resistance to various antibiotics.  In the first several years 

since the introduction of penicillin in the early 1940s, incidence of resistance to penicillin 

in S. aureus was evident and had increased (Munch-Petersen and Boundy, 1962).  

Resistance is due to the production of a penicillinase that hydrolyzes the -lactam ring of 

-lactam antibiotics, including penicillin.  To combat the impact of penicillin resistance, 

the penicillinase-resistant antibiotic, Celbenin (methicillin) was introduced in 1959.  

However, soon after the introduction of methicillin, resistance was noted in 1961 and 

soon became prevalent, especially in healthcare settings where resistant organisms are 

under selective pressure (Jevons, 1961).  Methicillin-resistant S. aureus (MRSA) has 

become a major cause of nosocomial infections in developed countries, including Canada 

(Roman et al., 1997; Simor et al., 2002; Simor et al., 2005).  In addition, S. aureus has 

developed resistance to tetracycline, erythromycin, clindamycin, fusidic acid, mupirocin, 

and other antimicrobials (Chopra and Roberts, 2001; Morton et al., 1995; Turnidge and 

Collignon, 1999; Witte, 1999).  One of the last options for treatment of severe S. aureus 

infections is vancomycin.  Unfortunately, in 1996, a S. aureus strain with reduced 

susceptibility to vancomycin (vancomycin-intermediate S. aureus) was isolated in Japan 

(Hiramatsu et al., 1997) .  Subsequently, vancomycin-resistant S. aureus was isolated in 

the United States in 2002, characterized by the acquisition of vanA from vancomycin-

resistant Enterococcus (Chang et al., 2003). Fortunately, this has not become widespread. 

 Resistance to methicillin and other penicillinase-resistant antibiotics (including 

nafcillin and oxacillin) is due to the acquisition of mecA, a gene that encodes a protein 
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that is structurally resistant to the action of -lactam antimicrobial drugs (Fuda et al., 

2004).  Penicillin binding protein-2a (PBP-2a, also known as PBP-2′), is encoded by 

mecA that resides on the mobile genetic element Staphylococcal Cassette Chromosome 

mec (SCCmec) (Ito et al., 1999; Katayama et al., 2000).  

 SCCmec is a mobile genetic element that integrates into the bacterial chromosome 

at the specified att site within orfX of S. aureus.  In addition to the mec gene complex 

(encompassing the mecA and the regulatory mecR, and mecI genes), it carries one or two 

recombinase (ccr) genes that catalyze the excision and integration of SCCmec, and is 

flanked by direct repeat and inverted repeat sequences (Katayama et al., 2000).  

Currently, there have been 11 types of SCCmec defined by the International Working 

Group on the Staphylococcal Cassette Chromosome elements (http://www.sccmec.org 

[accessed August 10, 2012]; Figure 1.3) (International Working Group on the 

Classification of Staphylococcal Cassette Chromosome Elements, 2009).  The criteria for 

type designation are based upon the content of the mec gene complex and the ccr gene 

complex.  The three regions of SCCmec between the chromosomal borders, the mec 

complex, and the ccr complex are designated the joining regions (J regions) and have 

variable content that includes, in some cases, insertion sequences or transposons that 

contain antibiotic resistance genes.  It is the content of these regions that define the 

SCCmec subtype (Kondo et al., 2007).  For example Tn554 harbours ermA that confers 

resistance to macrolides and is integrated in the J region of SSCmec Type II.   

Additionally, determination of the SCCmec type of isolates has been useful in the 

distinction of epidemic lineages of MRSA. 

http://www.sccmec.org/


 

Figure 1.3  Structural representation of SCCmec types I to VIII.  The mec, ccr and J 

regions common to all types are shaded in red, blue, and grey, respectively.  Figure 

obtained from (International Working Group on the Classification of Staphylococcal 

Cassette Chromosome Elements, 2009).  Used with permission, ASM. Original in colour.
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1.3.2 Epidemiology of MRSA 

1.3.2.1 Subtyping methods 

 In order to track transmission of MRSA either locally or across large geographical 

regions, researchers have employed molecular subtyping methods to subtype strains and 

identify lineages of MRSA.  One method involving digestion of chromosomal DNA with 

a restriction enzyme followed by analysis of restriction fragments by pulsed-field gel 

electorphoresis (PFGE) was developed for S. aureus in the 1990s and was successful for 

high-resolution typing of a small number of isolates suspected to be involved with 

institutional outbreaks (Prevost et al., 1991; Tenover et al., 1995).  Subsequently in 

Canada, a network of hospital, public health and reference laboratories have developed a 

standardized method for PFGE typing of MRSA isolated in hospital laboratories (Mulvey 

et al., 2001).  This method has been used to establish a national database through which 

epidemic strains have been identified and designated as belonging to one of ten Canadian 

epidemic cluster types (CMRSA1 through CMRSA10) (Christianson et al., 2007; Simor 

et al., 1999; Simor et al., 2002).  Likewise, a national database in the United States based 

upon PFGE analysis of epidemic strains had been developed concurrently, yet similar 

lineages are designated with differing nomenclature (Table 1.1) (Christianson et al., 

2007; Golding et al., 2008; McDougal et al., 2003). 

 Additionally, sequence based methods have contributed to typing MRSA.  MLST 

detects differences in the DNA sequence of seven amplified fragments of housekeeping 

genes in S. aureus (Enright et al., 2000).  A unique DNA sequence obtained for a DNA 

fragment constitutes a unique allele for that particular locus.  Cumulatively, each unique 

collection of allele designations (allelic profile) describes a unique MLST sequence type  

 15 



Table 1.1  Typing nomenclature associated with predominant isolates belonging to 

Canadian epidemic MRSA types.  Table derived from (Christianson et al., 2007). 

 

Epidemic type Other PFGE name(s) MLST spa type SCCmec type 

CMRSA1 USA600 ST45 t004 II 

CMRSA2 USA100/800/New York ST5 t002 II 

CMRSA3  ST241 t037 III 

CMRSA4 USA200/EMRSA16 ST36 t018 II 

CMRSA5 USA500 ST8 t064 IV 

CMRSA6  ST239 t037 III 

CMRSA7 USA400/MW2 ST1 t128 IV 

CMRSA8 EMRSA15 ST22 t022 IV 

CMRSA9  ST8 t008 II 

CMRSA10 USA300 ST8 t008 IV 
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(ST).  An online database is available for international standardization of allele and ST 

designations that is hosted by Imperial College London and funded by the Wellcome 

Trust (http://saureus.mlst.net, accessed August 5, 2012).  This curated database allows 

direct comparision of STs by centralized assignment of new allele and ST designations.  

Analysis of allelic profiles of STs using eBURSTv3 allows STs to be assigned to a clonal 

complex (CC) consisting of isolates differing in their allelic profile at most at two loci 

(Enright et al., 2002; Feil et al., 2004).  With this, evolutionary decendents are inferred 

by designation of a founder ST within each CC that has the most single-locus variants 

(SLV) and double-locus variants (DLV).  With MLST, it is thought that different lineages 

of S. aureus were derived mainly throught point mutation (Feil et al., 2003).  Further, 

MLST analysis has suggested that, in some cases, MRSA has arisen from MSSA with the 

observed presence of SCCmec in diverse STs and the presence of different SCCmec types 

within isolates belonging to the same ST (Enright et al., 2002).  The latter suggests the 

occurrence of different horizontal transfer of different SCCmec cassettes to an MSSA 

with the same genetic background based on MLST.   

 For routine public health or hospital laboratories, using MLST analysis for 

surveillance of all MRSA isolates can be laborious and costly in that sequence data must 

be obtained for seven fragments amplified for all loci.  Further, MLST does not provide 

adequate resolution for subtyping isolates within a specified outbreak analysis.  While 

PFGE analysis offers high resolution typing for epidemiologic investigations, compared 

to sequencing methods it is labour-intensive and not amenable to automation, restricting 

its ability to withstand the demand of a large number of isolates. 
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 A method for typing by sequencing a polymorphic region of the staphylococcal 

protein A gene (spa) has been adopted for typing S. aureus that addresses some of these 

concerns (Shopsin et al., 1999).  The spa gene contains a polymorphic short sequence 

repeat region (SSR; also known as the polymorphic X region) that consists of tandem 

repeats of 24 bp between conserved regions.  The number and content of tandem repeats 

is variable between strains and may be due to duplication, deletion and point mutations 

within these repeats (Brigido et al., 1991).  The sequence of this variable region is the 

basis for assigning a type designation.  Each unique 24 bp repeat sequence is assigned a 

repeat number, while each unique combination of repeats designates the spa type.  Much 

like MLST, an online database (http://www.spaserver.ridom.de, accessed August 7, 

2012) allows central type assignment following sequence data analysis (Harmsen et al., 

2003).  The spa type designation follows the format of t001, where each unique spa type 

is an incremented number.  Characterization of MRSA isolates by spa typing isolates 

collected through the Canadian Nosocomial Infection Surveillance Program (CNISP) has 

demonstrated good compatibility in its ability to predict strain assignment to CMRSA 

epidemic clusters (Golding et al., 2008).  Given this, laboratories using spa typing for 

strain characterization can track a greater number of MRSA isolates with greater ease 

than with previous methods.  

 

1.3.2.2 MRSA in Canada 

 Since 1995, CNISP has been tracking MRSA isolated from coloniziations and 

infections in participating Canadian healthcare facilities using molecular typing methods.  

During the early years of the surveillance program, the predominant HA-MRSA type 
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isolated was CMRSA1 (Simor et al., 2002).  This strain accounted for 58% of all 

isolations in 1997 and was primarily found in central and eastern Canadian sites.  Since 

then, this proportion has declined to 5% for the years 2004-2007 (Simor et al., 2010).   

Considering CMRSA epidemic types 1-6, 8, and 9 as HA-MRSA, and CMRSA7 and 

CMRSA10 as CA-MRSA, CMRSA2 took over as the most commonly isolated HA-

MRSA type in Canada, accounting for 58% of the MRSA for the same time period.   

From 1995 to 2007, the incidence of MRSA isolation in these facilities had increased 

from 0.51 cases per 1000 admissions to 8.18 cases per 1000 admissions.  While a small 

increase in the rate of infection from 2005-2007 may be a result of infection control 

practices, there was still an increase in colonized individuals to account for the overall 

increase in cases (Simor et al., 2010).  In Saskatchewan, provincial surveillance of 

MRSA collected since 2005 has shown that HA-MRSA strains nearly exclusively 

genotype as CMRSA2 (unpublished data).  These cases have primarily originated from 

southern regions of the province. 

 

1.3.2.3 Community-associated MRSA (CA-MRSA) 

 Community-associated MRSA was first reported in Canada in 1990 when MRSA 

was collected from infected or colonized members of a First Nations community in 

Alberta during the late 1980s (Taylor et al., 1990).  As some carriers had not been 

hospitalized, it was suggested that transmission had occurred in the community.  A 

similar observation at Alberta, Saskatchewan, and Manitoba hospitals, likewise, 

suspected community acquisition of MRSA prior to hospital admission (Embil et al., 

1994).  In both studies, multiple strains of MRSA were implicated.  In 1993, MRSA was 
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reported to be prevalent among remote populations of Australia, demonstrating 

transmission outside of a healthcare setting in the community (Udo et al., 1993).  

Subsequently, CA-MRSA was isolated from patients in Chicago that had no predisposing 

risk factors for MRSA infection due to nosocomial transmission and was susceptible to 

more antibiotics than are typical nosocomial MRSA strains (Abi-Hanna et al., 2000; 

Herold et al., 1998).  Further, CA-MRSA was isolated in the northern states of North 

Dakota and Minnesota, highlighted by four deaths of otherwise healthy children (Hunt et 

al., 1999).  Eventually, this strain of CA-MRSA was identified as the same 

USA400/CMRSA7 strain that was detected in Manitoba and, with time, had spread to 

northern Manitoba and adjacent communities in northern Saskatchewan (Kurbis and 

Wylie, 2001; Mulvey et al., 2005; Wylie and Nowicki, 2005).  In 1999, CMRSA7 was 

identified as the CA-MRSA strain involved with an increase in cases of MRSA collected 

in community clinics in east-central Saskatchewan (Mulvey et al., 2005).  In addition, 

isolates of this strain also were likely to harbour the Panton-Valentine leukocidin (PVL)-

encoding genes (Mulvey et al., 2005; Naimi et al., 2003).  Since this was first detected, 

this strain of CA-MRSA has disseminated into the communities of northern 

Saskatchewan, northern Manitoba, as well as remote communities in Nunavut (Dalloo et 

al., 2008; Golding et al., 2011; Irvine et al., 2012; Larcombe et al., 2007) and Alaska 

(David et al., 2008). 

 Concurrently, a different strain of CA-MRSA that also harbours PVL and 

SCCmec type IV (USA300/CMRSA10) has emerged in North America (Carleton et al., 

2004; McDougal et al., 2003).  In the United States, it has been associated with groups of 

people that may be in close contact or in crowded conditions, including military camps 
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and professional football teams (Campbell et al., 2004; Kazakova et al., 2005).  In 

Canada, this strain has been responsible for CA-MRSA infections in the urban centres of 

British Columbia and Alberta (Gilbert et al., 2006).  In addition, it as been attributed to 

acquired infections in correctional facilities and the injection drug user populations (Al-

Rawahi et al., 2008; Main et al., 2005).  Further, in 2004, this strain was first identified in 

Saskatchewan through routine public health laboratory surveillance (unpublished data).  

No follow up has occurred to determine any risk factors that may have been involved 

with Saskatchewan cases of CMRSA10.  As opposed to other areas of the country, the 

proportion of CMRSA7 in the population remains higher than that of CMRSA10 in 

Saskatchewan, as this is not the case in other western Canadian provinces and the 

Northwest Territories.  The second-most common strain of MRSA in Canada was 

CMRSA10, accounting for 17% of strains for the 2004-2007 timeframe (Simor et al., 

2010).  Likewise, a more recent study of isolates collected from Canadian hospitals 

determined 25% of all isolates were of the CA-MRSA genotype (Nichol et al., 2011).  In 

Saskatchewan, CMRSA7 remains the most common CA-MRSA strain, accounting for 

48% of the MRSA typed in the province in 2011, while CMRSA2 and CMRSA10 

comprise 22% and 20% of MRSA, respectively (unpublished data).  

 

1.4 The Northern Antibiotic Resistance Partnership (NARP) 

 In response to the epidemic of CMRSA7 CA-MRSA in northern Saskatchewan 

communities, a working group of public health physicians, laboratory scientists, 

educators, and community members secured funding in 2004 to study antibiotic-resistant 

infections in northern Saskatchewan communities.  This project had three main facets to 
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investigate.  One goal was to study cases of CA-MRSA infections and attempt to identify 

risk factors that may lead to infection.  Secondly, a community education intervention 

program was implemented to educate community heath care professionals and the 

community members regarding topics associated with the spread of antibiotic resistant 

bacteria and the appropriate use of antibiotics.  Thirdly, a prospective surveillance 

program was conducted to investigate the prevalence of antibiotic resistant bacteria and 

antimicrobial prescribing practices in targeted northern Saskatchewan communities.  

Overall details of the Northern Antibiotic Resistance Partnership and the three facets of 

the project are posted online at http://www.narp.ca (accessed June 14, 2013).  

 

1.4.1 Risk factors for CA-MRSA infection 

 A case-control study was conducted in an attempt to identify risk factors that were 

unique to CA-MRSA infection (Golding et al., 2010).  The intended controls were 

patients with infections yielding MSSA.  Initially, cases of MRSA infection and MSSA 

controls within the study communities were classified as CA-MRSA or CA-MSSA if 

none of the following criteria involving contact with the healthcare system were met.  

These criteria included 1) the infection was identified greater than 48 h from 

hospitalization, 2) hospitalization, dialysis, surgery, or residence in a long term care 

facility within the past year, or 3) presence of a percutaneous device or indwelling 

catheter within the past year (Naimi et al., 2003).  Any healthcare associated MRSA or 

MSSA was screened and excluded from the study.  Patients representing 79 CA-MRSA 

cases and 39 CA-MSSA controls were interviewed with consent for potential risk factors 

for CA-MRSA infection.  No significant differences were observed for patient age, 
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gender, or specimen site.  In addition, there were no significant differences noted for any 

risk factor that was part part of the patient survey.  Common risk factors for both CA-

MRSA and CA-MSSA infections included existing skin conditions, exposure to someone 

with a skin condition or MRSA infection, scratches, cuts or insect bites as the primary 

infection site, exposure to healthcare workers, previous antibiotic usage, and 

overcrowding.  While a high proportion of infections were prescribed antibiotics (88.7% 

for CA-MRSA and 79.3% for CA-MSSA), the second-most frequently prescribed class 

of antibiotic was -lactams, potentially leading to treatment failure.   Without any risk 

factors distinguishing CA-MRSA infections from CA-MSSA infections, it seems 

plausible that the same infection control practices and treatment guidelines could be 

successful in controlling both infections in these communities. 

 

1.4.2 Community intervention and education program 

 With the high rate of CA-MRSA infections in these northern Saskatchewan 

communities, the NARP program implemented a community-based educational 

intervention program in an attempt to limit the spread of CA-MRSA in these 

communities (Golding et al., 2012b).  Anecdotal evidence had indicated prescribing 

practices in these regions may have been inappropriate with the excessive and ineffective 

choice of antimicrobial therapy in the absence of supporting laboratory evidence for 

bacterial infection (Golding et al., 2010).  These practices may have contributed to the 

spread of antibiotic resistant organisms in these communities. 

 Using a number of strategies, the intervention and education program targeted two 

groups in these communities: healthcare professionals and the general public (Golding et 
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al., 2012b).  Guidelines for the management of CA-MRSA that included guidelines for 

management of suspected CA-MRSA SSTI and guidelines for empiric oral antimicrobial 

treatment of outpatients with suspected CA-MRSA SSTI were developed by NARP to 

provide local healthcare professionals with patient care resources specific to SSTI 

suspected to be caused by CA-MRSA.  For the general public, informational brochures 

describing MRSA infections and infection control practices (handwashing) were 

provided to visitors to heath centres.  Radio spots describing care of SSTI, handwashing 

and proper antibiotic usage were broadcast in English, Cree, and Dene on 

Saskatchewan’s aboriginal radio network.  

 Community educators were trained to deliver educational materials to children of 

two different age groups in the community (Golding et al., 2012b).  For children Grades 

K-3 (ages 5-8), the Do Bugs Need Drugs program (http://www.dobugsneeddrugs.org/; 

accessed August 22, 2012) was introduced by a NARP nurse educator to facilitators in 

schools and daycares to teach young children about bacteria and viruses and the 

appropriate usage of antibiotics.  Further, Germs Away, an educational tool, was 

developed complete with activities for lesson plans for Grades 4-6 (ages 9-11) to 

demonstrate proper cough etiquette, hygiene, and basic concepts of the spread of 

infectious diseases and was piloted in 19 schools in northern Saskatchwan in 2006-2007.  

The Germs Away educational material is freely available at http://www.narp.ca (accessed 

August 28, 2012). 

 Following implementation of the community intervention and education program, 

the target communities saw a decrease in CA-MRSA infections of nearly two-fold 

(Figure 1.4) from 243 to 129 infections per 10,000 population from 2006 to 2008  
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Figure 1.4  Rates of CA-MRSA infections in NARP targeted communities following 

implementation of the NARP educational program, which began in 2006, in comparison 

to other northern communities in Saskatchewan.  Figure from (Golding et al., 2012b), 

used with permission.
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(Golding et al., 2012b).  At the same time, other northern Saskachewan communities 

experienced a continued increase in infection rate.  Although there was no direct 

measurement of the efficacy of these intervention measures, post-implementation surveys 

indicated that retention of topics reinforced by the program by adults and children was 

successful and may have contributed to the reduction in infection rate.  

 

1.4.3 Active surveillance program 

 The third arm of the NARP project was conducted in two phases to characterize 

the aetiology of certain bacterial infections that were occurring in northern Saskatchewan 

communities.  Firstly, a retrospective chart audit was completed in 2002 to collect data 

pertaining to the types of infections that were encountered, specimens collected for 

culture, and the prescribing practices used by physicians for one year in targeted northern 

communities.  The communities audited were located in the Kelsey Trail, Mamawetan 

Churchill River, and Keewatin Yatthé health regions and consisted of a rural community 

with a hospital and diagnostic laboratory, a remote community with a hospital and 

minimal laboratory services, and a remote community with a primary care nursing center 

and a lab ~200 km away.  This investigation revealed a majority of cases where 

antimicrobials were prescribed for infections with no confirmation of a bacterial infection 

by laboratory work-up (Graessli et al., 2004).  It was hypothesized that this practice of 

over-prescribing was driving antimicrobial resistance in these communities.  

Additionally, data collected during the retrospective chart audit was used to guide the 

data to collect during the second phase. 
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 The second phase of this study involved a 2.5 y prospective study to actively 

monitor for antibiotic resistant bacteria recovered from specified disease presentations in 

the targeted northern Saskatchewan communities (Levett et al., 2008).  These anatomical 

specimen collection sites included those associated with SSTI, upper respiratory tract 

infections, lower respiratory tract infections, and urinary tract infections.  Physicians or 

nurse practitioners were to collect specimens for all cases described above for which an 

antibiotic would typically be prescribed between October 2005 and March 2008.  

Specimens were processed for bacterial isolation at the Saskatchewan Disease Control 

Laboratory (SDCL) and further bacterial characterization, including molecular typing and 

antimicrobial susceptibility testing, was conducted at the National Microbiology 

Laboratory (NML) in Winnipeg, MB or at SDCL. 

 The active surveillance study collected 1938 isolates from SSTIs, 668 isolates 

from upper respiratory tract infections, 169 isolates from lower respiratory tract 

infections, and 2667 isolates from urinary tract infections.  Findings included the analysis 

of Escherichia coli isolated from urinary tract infections revealed a high prevalence of 

trimethoprim-sulfamethoxazole resistance (Golding et al., 2012a).  Additionally, analysis 

of specimens confirmed that CA-MRSA is associated with SSTI at a high rate in these 

communities (Golding et al., 2011).  The majority of S. aureus infections occurred in 

individuals under the age of 10, and MSSA isolates were resistant to a greater number of 

antibiotics than MRSA that included erythromycin, clindamycin, fusidic acid, and 

gentamicin.  One observation was that SSTI specimens often yielded both S. pyogenes 

and S. aureus when cultured.  Investigation of S. pyogenes and S. aureus isolates 

associated with mixed SSTI is the basis of the research described herein. 
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1.5 Objectives 

 S. pyogenes and S. aureus are often implicated with mixed SSTI including 

uncomplicated infections such as non-bullous impetigo.  The objectives of this research 

included the characterization of S. pyogenes and S. aureus (MRSA and MSSA) isolates 

collected from mixed SSTI during the NARP active surveillance program conducted in 

northern Saskatchewan communities.  This was achieved by applying modern molecular 

typing methodologies to subtype these organisms in an attempt to determine whether 

these mixed SSTI are a result of the transmission of related bacterial pathogens.  

Additionally, representative S. pyogenes and S. aureus isolates were analyzed further by 

whole genome sequencing to characterize or identify genomic elements that may 

contribute to virulence or antibiotic resistance.  Further, the antimicrobial susceptibility 

of these organisms to systemic and topical antibiotics is assessed to determine whether 

resistance exists that may lead to treatment failures in the communities.  Lastly, an animal 

skin infection model was employed to study the histopathological effect of, and host 

immune response to, mixed S. pyogenes and S. aureus SSTI. 
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2. Molecular epidemiology of pathogenic Streptococcus pyogenes and 

Staphylococcus aureus associated with mixed skin and soft tissue infections 

 

For the content of Chapter 2, the study design, molecular typing of S. pyogenes by emm 

sequencing, molecular typing of S. aureus by spa typing, and data analyses were 

performed by R.R.M.  Bacterial isolation and S. aureus PFGE typing were performed as 

part of NARP active surveillance at SDCL and by Dr. G. Golding and colleagues at 

NML, respectively. 

 

2.1 Introduction 

 Uncomplicated skin and soft tissue infections (SSTIs) such as impetigo 

commonly occur in young children and are easily transmitted from person to person 

(Koning et al., 2012).  These infections frequently involve the bacterial pathogens 

Streptococcus pyogenes and/or Staphylococcus aureus and are often not considered to be 

severe.  However, each of these bacteria is known to cause disease of greater severity.  S. 

pyogenes may cause infections involving cellulitis, toxic shock syndrome, or necrotizing 

fasciitis, while S. aureus may cause carbuncles, toxic shock syndrome, necrotizing 

pneumonia, or other invasive infections.  In addition, the emergence of antibiotic 

resistance in both species has lead to the reduction of treatment options for these types of 

infections.  This indicates to the increased importance to understand the epidemiology 

using molecular typing methods for characterization of pathogenic antibiotic-resistant S. 

pyogenes and S. aureus in healthcare and community settings. 
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 Epidemiologic surveillance of S. pyogenes has traditionally been conducted by 

capitalizing on the antigenic properties of the cell surface M protein and determination of 

the M serotype.  Subsequently, DNA sequence analysis of the region of the emm gene 

corresponding to the N-terminal of the mature protein has replaced serologic analysis as 

the preferred method in reference laboratories for S. pyogenes surveillance (Beall et al., 

1996).  While studies have included strains originating from SSTI or pharyngitis cases 

highlighting the genetic diversity of strains (Bessen et al., 2000; Shea et al., 2011; 

Shulman et al., 2004), ongoing public health surveillance efforts have focused on isolates 

involved with cases of invasive infections.  In Canada, emm type 1 has been associated 

with the majority of invasive infections (Tyrrell et al., 2002), while more recently emm 

type 59 has been responsible for an epidemic of invasive disease (Tyrrell et al., 2010).  

Little is known regarding the molecular epidemiology of S. pyogenes isolated from SSTI 

in Canada. 

 The emergence of methicillin-resistant S. aureus (MRSA) has necessitated the 

development of typing methods such as MLST (Enright et al., 2000), PFGE (Mulvey et 

al., 2001) and spa typing (Harmsen et al., 2003; Shopsin et al., 1999) as applied to 

tracking strains originating both in healthcare institutions and in the community.  

Surveillance programs involving molecular typing methodologies have been established 

for a number of years to establish the identity of MRSA strains causing infections and to 

monitor for newly emerging strains (Simor et al., 2002; Simor et al., 2010).  While 

strains of circulating MRSA are well-defined and involve lineages characteristic of 

geography (Simor et al., 2002; Sola et al., 2012), studies have shown that molecular 

types of MSSA isolates are more diverse within the same region yet many MSSA carry 
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the same genetic background as co-existing MRSA (Goering et al., 2008; Grundmann et 

al., 2010).  Much like MRSA, MSSA strains may be resistant to multiple antibiotics 

(Donnio et al., 2007) as well as cause significant disease (David et al., 2011; Kocsis et 

al., 2010).  Unfortunately, despite the presence of high rates of MRSA infection, public 

health surveillance of community-associated MSSA infections is often overlooked. 

 In northern Saskatchewan communities, high rates of CA-MRSA infection have 

been established through clinical observation and an active surveillance program 

(Golding et al., 2011; Mulvey et al., 2005).  Through this surveillance of pathogens 

causing SSTI, it was noticed that many of these infections are associated with MSSA 

(Golding et al., 2011).  Further, numerous infections involving S. pyogenes, either alone 

or in coinfections with S. aureus, were observed.  Here, the molecular analysis of S. 

pyogenes and S. aureus from mixed SSTIs is presented. 

 

2.2 Materials and Methods 

2.2.1 Bacterial isolates 

 For the time period of October 2005 through March 2008, a prospective 

surveillance study was conducted to examine the prevalence and bacterial aetiology of 

SSTIs in three northern Saskatchewan communities.  Cases were identified as individuals 

who had not previously cultured either S. aureus or S. pyogenes during the surveillance 

study.   Isolates collected between October 2005 and January 2007 from all cases of 

mixed SSTIs yielding both S. aureus and S. pyogenes, as well as a selection of S. 

pyogenes collected from either other SSTI or from throat swabs were further investigated 

by molecular typing.  During this time period, 118 SSTIs cultured both S. aureus and S. 
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pyogenes, while 18 S. pyogenes were isolated and typed from SSTIs without S. aureus.  

Sixty S. pyogenes isolated from throat swabs were also investigated.  Distinction of S. 

aureus isolates as either methicillin-susceptible (MSSA) or methicillin-resistant (MRSA) 

was established by determination of resistance to oxacillin by growth on Mueller-Hinton 

agar (containing oxacillin [6 g/mL] and 4% [wt/vol] NaCl) and by an automated assay 

(Microscan; Siemens Canada, Inc., Mississauga, Ontario, Canada) according to CLSI 

guidelines (Clinical and Laboratory Standards Institute, 2011).  Confirmation of S. aureus 

as MRSA was achieved following amplification of a mecA gene fragment as previously 

described (McDonald et al., 2005). 

 

2.2.2 Molecular typing 

 All S. aureus isolates were characterized by molecular typing and by detection of 

Panton-Valentine leukocidin toxin-encoding genes.  PVL genes were detected 

simultaneously with mecA using a real-time multiplex PCR assay previously described 

(McDonald et al., 2005).  Molecular typing was performed by macrorestriction analysis 

with SmaI followed by pulsed-field gel electrophoresis (PFGE) according to a 

standardized protocol (Mulvey et al., 2001).  Spa typing was performed by direct 

sequencing of the polymorphic repeat region of the spa gene (Shopsin et al., 1999).  

Sequence assembly and analysis was performed with BioNumerics version 4.61 software 

(Applied Maths, Inc., Austin, TX, USA) and individual type assignment was achieved 

with BioNumerics in conjunction with the Ridom SpaServer database (Harmsen et al., 

2003).  PFGE and spa typing were used in combination to determine whether MRSA 
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isolates belonged to a specific Canadian MRSA epidemic cluster according to Golding et 

al. (2008). 

 Genotyping S. pyogenes isolates was performed by sequencing a fragment of the 

emm gene corresponding to the N-terminal of the M protein as described (Beall et al., 

1996) and posted on the Centers for Disease Control and Prevention (CDC) website 

(http://www.cdc.gov/ncidod/biotech/strep/protocol_emm-type.htm , accessed November 

18, 2011).  The emm type database hosted and curated by the CDC was queried with 

resulting sequence data to determine emm type and subtype 

(http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm, accessed November 18, 2011). 

 

2.2.3 Additional characterization 

 One isolate each of S. aureus and S. pyogenes originating from the same specimen 

(06BA18369) and representing the most frequently-obtained spa type and emm type, 

respectively, was chosen for further characterization.  Sequences of loci required to 

determine multi-locus sequence type (MLST) were extracted from the whole genome 

sequencing projects of each isolate as collected by 454 GS-FLX whole genome 

sequencing (Roche Applied Science, Laval, QC, Canada) (McDonald et al., 2013a, 

2013b).  MLST type was determined by either online database query or type assignment 

by database curator (http://www.mlst.net, accessed November 18, 2011).  T antigen type 

serology for S. pyogenes isolate 06BA18369 was provided by reference laboratory 

services at the National Microbiology Laboratory (Public Health Agency of Canada, 

Winnipeg, MB, Canada). 
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2.2.4 Statistical analysis 

 Analysis of categorical data in a 2 x 2 contingency table was performed with the 

Fisher’s Exact test (GraphPad Prism ver. 4.03, GraphPad Software, Inc. La Jolla, CA, 

USA).   Statistical analysis of the r x c contingency table was performed using the Fisher-

Freeman-Halton test (StatXact®9, Cytel Inc., Cambridge, MA, USA).  Simpson’s index 

of diversity was calculated for each group of isolates using BioNumerics software 

(Hunter and Gaston, 1988). 

 

2.3 Results 

 For the duration of the entire surveillance program, 1212 cases of SSTI were 

identified involving S. aureus, S. pyogenes, or both pathogens (Table 2.1).  Mixed 

infections in which S. aureus was isolated with S. pyogenes accounted for 337 (27.8%) of 

the cases.  S. aureus was the only pathogen recovered in 721 cases, while only S. 

pyogenes was associated with 154 infections.  MRSA was collected from 590 (48.7%) of 

the SSTI cases and 102 (30.3%) of the mixed infections.  MSSA was associated with 235 

(69.7%) of the mixed infections and was more commonly associated with mixed 

infections than was MRSA (Figure 2.1, p<0.0001).  Six hundred and thirty-three S. 

pyogenes isolates were recovered from throat swab specimens collected from upper 

respiratory tract infections (URTI) during the same time period (Table 2.1). 

 With both mixed infections, and SSTI isolating S. pyogenes alone, the most 

common anatomical site of infection was the leg accounting for 22.6% and 24.7% of 

infections, respectively (Table 2.2).   Comparing sites of infections between these two 

described aetiologies, differences in numbers of infections on the leg, foot, arm, hand,  
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Table 2.1  Number of isolates collected from cases of SSTI and URTI involving S. 

aureus and S. pyogenes during the surveillance program and used for molecular typing. 

 Collection time range  

Infection and aetiology 

Oct. 2005-Jan 

2007 (no. typeda) 

Feb 2007-

Mar 2008 Total 

S. aureus and/ or 

S. pyogenes 
 506 706 1212 

MSSA 126 107 233 
S. aureus 

without S. 

pyogenes 
MRSA 220 268 488 

S. pyogenes 

without S. 

aureus 

 42 (18) 112 154 

MSSA 90 (90) 145 235 

MRSA 28 (28) 74 102 

SSTI 

Mixed SSTI 
S. pyogenes 118 (118) 219 337 

URTI S. pyogenes  289 (60) 344 633 
a Number typed pertains to isolates included in this study. 
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Figure 2.1  Proportions of MRSA and MSSA involved with either mixed SSTI or those 

only isolating S. aureus. 
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Table 2.2  Specimen collection sites for S. aureus and S. pyogenes associated with mixed 

SSTI and S. pyogenes isolates associated with SSTI. 

No. S. aureus/S. pyogenes mixed SSTI 

Collection site 

MSSA 

(n=235) 

MRSA 

(n=102) 

Total (%) 

(n=337) 

No. S. pyogenes 

SSTI (%) (n=154) 

arm 24 12 36 (10.7) 24 (15.6) 

axilla 1 0 1 (0.3) 1 (0.7) 

buttock 6 3 9 (2.7) 1 (0.7) 

face 28 9 37 (11.0) 17 (11.0) 

foota 32 6 38 (11.3) 16 (10.4) 

groin 4 0 5 (1.5) 2 (1.3) 

hand 41 16 55 (16.3) 32 (20.8) 

head 23 14 37 (11.0) 11 (7.1) 

leg 50 26 76 (22.6) 38 (24.7) 

trunk 9 8 18 (5.3) 7 (4.6) 

unknown 17 8 25 (7.4) 5 (3.3) 
a MSSA is more likely to be associated with mixed foot SSTI than MRSA (p=0.0397, 

odds ratio 2.52, 95% confidence interval 1.02 to 6.26). 
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face, head, groin, axilla, trunk, or buttocks were not statistically significant.  Mixed 

infections involving the foot were statistically more likely to be associated with MSSA 

than MRSA (p=0.0397, odds ratio 2.52, 95% confidence interval 1.02 to 6.26).  

Associations with other anatomical sites were not significant. 

 For the 337 mixed infection cases, the female-male gender ratio was 1.018:1 (170 

females to 167 males).  The median age was 14 y with a range of 2 m to 81 y.  Figure 2.2 

shows the age distribution of mixed infection cases.   For the three communities 

combined, the majority of the infections occurred in patients <15 y of age (51%).  The 

greatest rate of infection was observed with the youngest (0-4 y) age group with 43.4 

infections per 1,000 population.  The greatest incidence was observed from October 

2006, through December 2006 with 40.6 mixed infections collected per 10,000 

population, peaking again within the same months in 2007 (Figure 2.3). 

 During the first 16 months of the surveillance program, 506 unique cases of SSTI 

involving S. aureus and/or S. pyogenes were identified.  Isolates from the 118 cases of 

mixed infections were further analyzed by molecular typing (Table 2.1).  During this time 

period, 90/118 of the mixed infections involved MSSA, while the remaining 28 were 

associated with MRSA.  In addition, selected S. pyogenes collected from SSTI without S. 

aureus (n=18) or from upper respiratory tract infections (n=60) during this time period 

were also included. 

 Results corresponding to the molecular characterization of S. aureus isolates 

collected during the full surveillance program have been previously reported (Golding et 

al., 2011).  For the purpose of this study, typing data corresponding to this subset of 118 

S. aureus described above are included here. 
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Figure 2.2  Age distribution of mixed infections, expressed as % of the total number of 

infections for the age range (a), and the number of infections per 1,000 covered 

population (b). 
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Figure 2.3  Rate of mixed infections, expressed as number of mixed infections per 

10,000 covered population over time of surveillance program. 
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 A summary of S. aureus types based upon spa typing is shown in Figure 2.4.  The 

28 MRSA isolates associated with mixed infections yielded three unique spa types.  All 

MRSA isolates amplified PVL-encoding gene sequences and are considered to belong to 

epidemic CA-MRSA cluster CMRSA7, as determined by spa typing and PFGE.  MSSA  

is represented by 30 unique spa types, with type t311 occurring the most frequently 

(n=18).  Simpson’s indices of diversity for MRSA and MSSA were 0.31 and 0.93, 

respectively.  MSSA isolate 06BA18369 (spa type t311) generated the MLST allelic 

profile 1-4-1-4-12-1-10 that corresponds to sequence type (ST) ST5.  One MSSA isolate 

(spa type t128) was positive for PVL by PCR. 

 A total of 196 S. pyogenes isolates were typed by emm sequencing; 136 were 

collected from SSTI and 60 were isolated from throat specimens.  Frequencies of emm 

types and subtypes are shown in Figure 2.5 with 19 unique emm subtypes distributed 

among all isolates.  Isolates collected from SSTI consisted of 17 different types, while the 

60 URTI isolates were represented with 13 different emm types.  The most frequent emm 

type isolated was emm type 41.2, comprising 39 of the 196 S. pyogenes isolates (19.9%).  

This was the most frequent type isolated from SSTI, while emm type 75.0 was the most 

frequent type isolated from upper respiratory tract infections (Table 2.3).  emm types 1.0, 

4.0, 12.0, 28.0, 75.0, and 94.0 were significantly associated with URTI, while emm types 

53.0, 80.0, and 101.0 were significantly associated with SSTI.  Simpson’s indices of 

diverisity for S. pyogenes URTI and SSTI isolates were 0.89 and 0.88, respectively. 

 S. pyogenes isolate 06BA18369 generated the MLST allelic profile 2-2-32-2-2-2-

2 that corresponds to sequence type ST579.  ST579 varies from ST3 and ST162 at single, 

but different loci as portrayed by eBurst (Figure 2.6). 

 41 



0

5

10

15

20

25

t0
12

t0
18

t0
21

t0
50

t0
65

t0
78

t0
81

t0
84

t0
85

t1
27

t1
28

t1
59

t1
63

t2
13

t2
27

t2
38

t2
58

t2
67

t3
11

t5
48

t6
88

t9
17

t1
08

4
t1

45
2

t1
52

1
t1

78
6

t2
56

2
t2

72
5

t2
72

8
t2

72
9

t2
73

2
t2

75
5

spa  type

F
re

q
u

e
n

c
y

MSSA
MRSA

 

 Figure 2.4  Frequency of S. aureus spa types isolated from SSTI co-isolating S. pyogenes.  Legend indicates whether each S. 

 aureus isolate is considered MRSA or MSSA. 
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  Figure 2.5  emm type frequency of S. pyogenes isolates.  Legend indicates the specimen source in relation to emm type. 
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Table 2.3  emm types of S. pyogenes isolated from SSTI and URTI specimens. 

 Isolate source   

emm type SSTI (n=136) URTI 

(N=60) 

p valuea Odds ratio (95% 

Confidence interval) 

1.0 5 9 0.0122 0.22 (0.069 to 0.68) 

2.0 0 1 NS  

4.0 0 3 0.0277 0.06 (0.0031 to 1.19) 

12.0 1 6 0.0036 0.07 (0.01 to 0.57) 

28.0 3 9 0.0014 0.13 (0.03 to 0.49) 

41.2 32 7 NS  

43.0 1 0 NS  

44.0 12 2 NS  

49.1 2 1 NS  

53.0 12 0 0.0194 12.15 (0.71 to 208.80) 

59.0 13 1 NS  

75.0 4 12 0.0002 0.12 (0.037 to 0.39) 

80.0 13 0 0.0107 13.23 (0.77 to 226.40) 

82.0 7 0 NS  

89.0 2 1 NS  

92.0 1 0 NS  

94.0 3 7 0.0101 0.17 (0.043 to 0.69) 

101.0 24 1 0.0010 12.64 (1.67 to 95.84) 

115.0 1 0 NS  
a NS, not significant. 

 44 



 
 

Figure 2.6  eBurst representation of S. pyogenes clonal complex 3 containing MLST type 

ST579.  Single locus variants are connected with black lines, double locus variants of 

ST579 are connected with blue lines.  ST579 is outlined in red.  Original in colour. 
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 The T antigen type for isolate 06BA18369 was T8/25/Imp.19. 

 Figure 2.7 portrays the array of observed combinations of S. aureus spa types and 

S. pyogenes emm types as defined by mixed infections of the two organisms with the 

frequency of each encountered combination from each specimen.  S. pyogenes emm type 

41.2 was most commonly associated with S. aureus (MSSA) spa type t311 (p<0.001).  

MRSA was associated with nine different emm types combined with the three different 

MRSA spa types.  MSSA isolates were associated with 17 different emm types combined 

with the 30 different MSSA spa types. 

 

2.4 Discussion 

 In this study, S. aureus and S. pyogenes co-isolated from individuals with SSTIs 

from three communities located in northern Saskatchewan were characterized by 

molecular typing methods.  It is widely accepted that SSTI, specifically impetigo, can be 

caused by either S. aureus or S. pyogenes, or both organisms in a mixed infection 

(Hirschmann, 2002), but there are few reports concerning the incidence, prevalence, or 

molecular typing of mixed infections involving these two organisms.  In this study a high 

proportion of SSTI collected during the surveillance program cultured both S. aureus and 

S. pyogenes where molecular typing revealed the most frequent pair of molecular types to 

be S. aureus spa type t311 and S. pyogenes emm type 41.2. 

 Consistent with age groups affected by impetigo, the majority of affected 

individuals included children under the age of 15, without selection for a specific gender 

(Elliot et al., 2006).  Higher rates of SSTIs associated with these age groups are usually 

associated with incidental scrapes or abrasions or contact transmission due to the nature  
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 Figure 2.7  Frequency of specimens yielding different combinations of S. aureus spa types and S. pyogenes emm types.  The 

 most frequent combination is S. aureus spa type t311 with S. pyogenes emm type 41.2 (n=10).  Legend depicts unique emm 

 types as a different colour.  Original in colour. 
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of activities in which children participate.  There was an apparent increase in rate for the 

70-74 y age range.  However, there were only four cases during this time period, and 

coupled with a relatively low average population for this range (150.8 for 70-74 y versus 

1544.2 for 0-4 y), leading to a comparably high rate calculation.  Overall, the rate of 

mixed infections was found to be high amongst a high prevalence of MRSA infections. 

 Golding et al. (2011) report that MRSA infections are significantly associated 

with anatomical sites including the trunk, buttocks and axillae, while MSSA are likely 

more associated with infections on the extremities (hands, face/head, or feet).  It is 

plausible that preferential sites for infection with S. pyogenes are similar to those for 

MSSA.  These data support this considering the lack of significant difference in mixed 

infection sites to those associated with S. pyogenes alone.  Furthermore, since the 

majority of mixed infections involve MSSA, not MRSA and only one site (foot) was 

significantly associated with mixed MSSA infections, it would seem that mixed 

infections involving MRSA could occur by opportunistic infection with MRSA of lesions 

that have been established by S. pyogenes.  Indeed, only 11.7% of MRSA mixed 

infections were associated with typical MRSA infection sites (axillae, buttocks, or trunk) 

observed in these communities.  The mixed infection of anatomical extremities in these 

cases appears to be consistent with those typically describing sites of non-bullous 

impetigo, despite the absence of clear clinical diagnoses of each case.  

 Among the 118 S. aureus associated with mixed infections that were typed, all 28 

MRSA belonged to the CMRSA7 epidemic cluster.  This was an expected result and is 

consistent with the high prevalence of CMRSA7 infections in these communities 

(Golding et al., 2011).  With 30 unique spa types identified among the 90 cases, MSSA 
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isolated from SSTI consisted of a greater diversity of spa types than MRSA that are 

circulating in these communities and are associated with S. pyogenes.  This discrepancy 

of diversity is reflected in the S. aureus collection from the surveillance program as a 

whole and is not exclusive to the mixed infections.  The most frequent spa type, t311, has 

a genetic background consistent with the healthcare-associated MRSA lineage and is 

considered to belong to Canadian epidemic cluster CMRSA2 according to PFGE analysis 

and minimum spanning tree analysis of spa typing data (Golding et al., 2008).  MLST 

analysis of one representative isolate confirms this, designating it as ST5.  Notably, no 

MRSA spa type t311 isolates from SSTI were collected in these communities during the 

surveillance program, suggesting MSSA t311 are mainly community-associated and 

MRSA t311 are not.  As part of the provincial MRSA surveillance program, MRSA t311 

accounted for approximately 2.7% of all MRSA and 13.3% of CMRSA2 isolates for the 

same time period (data not shown).  Presumably, these isolates may be associated with 

infections or colonized individuals within healthcare settings.  In 2011, MRSA t311 

remained the third-most prevalent CMRSA2 spa type (21.6% of CMRSA2 isolates and 

4.7% of all MRSA) province-wide and was not isolated within the three surveillance 

communities.  Updated data with respect to MSSA is not available as MSSA is not 

subject to ongoing provincial surveillance.  It is not certain whether the MRSA t311 

strains may have developed following acquisition of a SCCmec element or MSSA t311 

resulted from a loss of mecA.  A recent report from Europe suggests that a high diversity 

of CA-MRSA lineages from various geographic locations  may have arisen from MSSA 

with the similar genetic background by acquisition of different lineages of SCCmec, 

giving rise to localized clones (Rolo et al., 2012).  In Argentina, ST5 CA-MRSA may 
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have also locally arisen from a MSSA with a similar genetic background (Sola et al., 

2012).  Alternatively, multidrug resistant MSSA with the same genetic background as 

MRSA in the same region in France may have arisen due to excision of the SCCmec 

element (Donnio et al., 2007).  In Saskatchewan, it has not been determined whether the 

t311 MRSA have similar genetic elements as the MSSA isolated in this study other than 

spa.  It is plausible that t311 MRSA may eventually emerge in these communities 

through the acquisition of SCCmec from the other lineages of MRSA circulating in the 

community.  However, recent provincial surveillance data suggest that this has not 

occurred since MRSA spa type t311 was not identified in these communities in 2011.  It 

should be noted that with only spa typing information, inference to relatedness of 

infections should not be made without supporting epidemiological evidence. 

 S. pyogenes emm type 41.2 appears to be uncommon and has been previously 

unreported as the predominant emm type in epidemiological studies.  emm type 41 has 

been identified in invasive cases in Canada (Tyrrell et al., 2010) and additionally in 

Middle East countries as one of the 25 most common types identified 

(http://www.cdc.gov/ncidod/biotech/strep/emmtype_proportions.htm#figure, accessed 

May 28, 2012) (Steer et al., 2009).  In the latter, no distinction of clinical presentation 

was made.  MLST type ST579 was assigned to the representative emm type 41.2 isolate 

as a new pattern of MLST loci.  Since this, one emm type 41.2 isolate originating from a 

skin sore collected in 2007 in Northern Territory, Australia has been identified on the 

MLST website (http://spyogenes.mlst.net, accessed May 28, 2012)  as the only other 

ST579 S. pyogenes isolate in the database.  Even though this type is relatively 

uncommon, its presence in geographically diverse locations may highlight its potential to 
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be widespread, yet is not frequently detected should it not cause severe disease at a high 

rate.  While there are no data for this geographic region indicating that emm 41.2 had 

replaced a previously dominating strain over time, it is possible that there may have been 

an increase of this type as previously reported for emm type 59 in Canada (Tyrrell et al., 

2010).  This collection was concurrent with the emm type 59 outbreak, with emm type 

59.0 accounting for 13 isolates collected from SSTI along with one pharyngeal isolate.  

While there were no invasive emm type 59.0 isolates from this collection, the high 

proportion of SSTI emm type 41.2 does not appear to have lead to an emergence of 

invasive emm type 41.2.  In Saskatchewan, 12 (2.5% of total) invasive emm type 41 

isolates have been identified between January 2006 and July 2012, with one S. pyogenes 

emm 41.2 / T8.25.Imp.19 isolate detected in the spring of 2012.  Nationally, between 

April 2010 and July 2012, 10 invasive emm 41.2 (0.35% of total) have been reported to 

the National Microbiology Laboratory (I. Martin, personal communication). 

 The combination of S. aureus spa type t311 and S. pyogenes emm type 41.2 has 

been shown to be the most frequently encountered pair during this surveillance study.  It 

would be of interest to determine whether this is the case in the same communities at a 

different time point to determine whether strain replacement has occurred.  Alternatively, 

investigation into whether these types are observed elsewhere in the province would give 

an indication of how localized these strain populations can be.  Further work is required 

to determine the extent of person-to-person transmission of bacteria causing these mixed 

infections has occurred.



3. Genomic analysis of two bacterial pathogens co-isolated from a mixed skin 

and soft tissue infection: S. pyogenes strain 06BA18369 (emm type 41.2) 

and methicillin-susceptible S. aureus strain 06BA18369 (spa type t311) 

 

For the content of Chapter 3, the study design, genomic DNA isolation and quality 

assessment, fosmid library construction, clone sequencing, gap-filling assembly, and 

bioinformatic data analyses were performed by R.R.M.  Whole genome sequencing and 

initial Newbler read assembly were performed by Dr. M. Graham and colleagues at the 

NML Genomic Core Laboratory. 

 

3.1 Introduction 

 S. pyogenes and S. aureus are highly-successful Gram-positive bacterial 

pathogens known to cause a wide variety of diseases in humans.  Diseases caused by 

either of these can present with a wide range of severity.  S. pyogenes can cause relatively 

mild infections such as pharyngitis to more severe invasive infections that include 

streptococcal toxin shock syndrome and necrotizing fasciitis.  Management of necrotizing 

fasciitis can involve drastic surgical intervention and can lead to death (Davies, 2001).  

Incidence of post-streptococcal sequelae, including rheumatic fever and acute 

glomerulonephritis are estimated to be nearly 500,000 cases for each per year worldwide 

(Carapetis et al., 2005).  S. aureus can colonize nasal passages, but is also associated with 

mild skin infections that can be acquired in healthcare settings as well as the community 

(Mulvey et al., 2005).  Severe infections can include septicaemia, toxic shock syndrome 

and necrotizing pneumonia.  While these pathogens are associated with diverse 
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presentations, impetigo can be described as the presence of either or both pathogens 

causing a skin infection (Hirschmann, 2002). 

 Since the turn of this century, whole genome sequencing projects dedicated to 

sequencing the chromosomes of S. pyogenes and S. aureus have facilitated extensive 

analysis of the genetic composition of these pathogens.  Whole genome sequencing of 

strains of S. pyogenes initially were conducted to characterize isolates that were 

associated with a range of severity of streptococcal disease.  These included strains 

implicated with or representative of severe, invasive disease (including streptococcal 

toxic shock syndrome (Beres et al., 2002; Nakagawa et al., 2003) and other invasive 

infections (Ferretti et al., 2001; Green et al., 2005; Sumby et al., 2005)), acute rheumatic 

fever (Holden et al., 2007; Smoot et al., 2002), acute post-streptococcal 

glomerulonephritis (McShan et al., 2008), pharyngitis (Banks et al., 2004) and impetigo 

(Bessen et al., 2011).  Likewise from the outset, closed genomes of S. aureus strains were 

resolved and included those with clinical importance such as antimicrobial resistance 

(MRSA and vancomycin resistance (Kuroda et al., 2001)), epidemiologic importance 

(HA-MRSA and CA-MRSA (Baba et al., 2002; Diep et al., 2006; Holden et al., 2004), 

and historic importance (Baba et al., 2008; Gill et al., 2005).  In addition to the 

accumulation of generalized physical characteristics of genomes for each species, 

subsequent comparative analyses have lead to a greater understanding of the diversity of 

mobile genetic elements and their virulence factors within these genomes.  The S. 

pyogenes genome is approximately 1.9 Mb in size with an approximate G+C content of 

38% and contain prophage and integrative conjugative elements that harbour virulence 

factors such as streptococcal pyrogenic exotoxin superantigen-encoding genes, DNase-
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encoding genes, and antibiotic resistance determinants (Banks et al., 2002; Banks et al., 

2004; Beres and Musser, 2007).  S. aureus has a genome approximately 2.8 Mb in size 

with 33% G+C content.  S. aureus genomes harbour genomic islands, pathogenicity 

islands (SaPI), and prophage that may carry genes encoding staphylococcal enterotoxins, 

toxic shock syndrome toxin, and pore-forming cytotoxins (Lindsay and Holden, 2004).  

Plasmids, transposons and the staphylococcal cassette chromosome often carry antibiotic 

resistance genes (Katayama et al., 2000; Lindsay and Holden, 2004). 

  As detailed in Chapter 2, part of the NARP prospective active surveillance study 

revealed that the majority of SSTI yielding mixed cultures of S. pyogenes and S. aureus 

included subtypes emm type 41.2 and spa type t311, respectively.  One such SSTI case 

was selected for further investigation.  In this study, isolates S. pyogenes 06BA18369 and 

S. aureus 06BA18369 were futher characterized by whole genome sequencing. 

 

3.2 Materials and Methods 

3.2.1 Isolate selection 

 The molecular epidemiology study detailed in Chapter 2 revealed a significant 

proportion of mixed SSTI yielded spa type t311 S. aureus co-isolated with emm type 41.2 

S. pyogenes bacteria.  For the purpose of whole genome sequencing, one representative 

pair of S. aureus and S. pyogenes isolates collected from the same specimen was chosen.  

This specimen, numbered 06BA18369, consisted of a swab of a left thigh lesion collected 

from a two year-old male in June 2006 within the NARP active surveillance study region. 
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3.2.2 Bacterial genomic DNA isolation 

 For genome sequencing with the Roche GS-FLX™ sequencing system, a 

minimum of 5 g of genomic DNA dissolved in 100 L nuclease-free water or TE (10 

mM Tris-HCl [pH 8.0]; 1 mM EDTA) was required.  In order to meet this minimum 

requirement, high molecular weight genomic DNA from each of S. pyogenes 06BA18369 

and S. aureus 06BA18369 was isolated from overnight broth cultures using the Promega 

Wizard® Genomic DNA Purification Kit (Thermo Fisher Scientific, Mississauga, ON) 

according to manufacturer’s instructions with modifications for each organism.  For S. 

pyogenes, an overnight culture was produced by inoculating 5 mL Todd-Hewitt broth 

(Thermo Fisher Scientific) supplemented with 0.2% yeast extract with an isolated colony 

and grown in aerobic conditions at 37°C for 20 h.  One mL of pure bacterial culture was 

pelleted by centrifugation at 21,000 x g for 2 min at 4°C (MicroMax RF centrifuge, 

Thermo Fisher Scientific) and supernatant removed.  The remaining pellet was 

resuspended in 100 L of 300 U mutanolysin (Sigma-Aldrich Canada, Oakville, ON) per 

mL TE glucose buffer (50 mM glucose; 25 mM Tris-HCl [pH 8.0]; 10 mM EDTA) and 

50 L lysozyme (50 mg/mL; Sigma-Aldrich Canada) and incubated for 1 h at 37°C.  The 

bacterial suspension was pelleted at room temperature as described above and the 

supernatant removed.  The manufacturer’s protocol was followed to completion as 

described following the addition of 600 L Nuclei Lysis solution.  RNA was degraded by 

digestion with RNase A (Sigma-Aldrich Canada) at a final concentration of 18 g/mL.  

Precipitated DNA was resuspended in 125 L TE buffer. 

 For S. aureus, overnight cultures were obtained by growth in 5 mL Trypic Soy 

Broth (Thermo Fisher Scientific) for 16 h at 37°C.  Pelleted cells were resuspended in 
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500 L of a solution containing EDTA (50 mM), lysozyme (2.5 mg/mL), and lysostaphin 

(100 g/mL) (Sigma-Aldrich) and incubated for 1 h at 37°C.  Following incubation, the 

bacterial suspension was pelleted and the remainder of the extraction procedure was 

performed as described above for S. pyogenes.  Extractions for each strain were 

performed in duplicate.   

 To ensure the minimum concentration of DNA isolated from each strain was met, 

the quantity of DNA of each extraction was estimated by absorbance at 260 nm as 

measured by a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific) and by 

electrophoresis of sample dilutions (1/2, 1/10) through a 1.0% agarose gel and visual 

comparison with a DNA mass standard (Low DNA Mass Ladder, Life Technologies, 

Inc., Burlington ON). 

 DNA preparations were sent to the National Microbiology Laboratory, NML 

Genomic Core Laboratory (Public Health Agency of Canada, Winnipeg, MB) for genome 

sequencing. 

 

3.2.3 Whole genome sequencing 

 Genome sequencing was performed by the NML Genomic Core Laboratory using 

454 Life Sciences Corporation pyrosequencing technology with the Roche GS-FLXTM 

genome sequencer (Roche Applied Science, Laval, QC).  Sequence reads were assembled 

with Newbler (release 1.1.03.24; Roche Applied Science).  Assembled contiguous 

sequences (contigs) greater than 500 bp were retained for further genome assembly by 

gap-filling and contig joining. 

 

 56 



3.2.4 Fosmid library construction 

 A fosmid library for each of S. pyogenes 06BA18369 and S. aureus 06BA18369 

was constructed to provide cloned bacterial template DNA that may be identified to span 

junctions and potentially join contigs generated by automated genome sequencing.  DNA 

fragments of approximately 40 kb in length were inserted into fosmid vector molecules 

and maintained in a host E. coli strain. 

 The Epicentre® Biotechnologies Metagenomic DNA Isolation Kit for Water 

(InterScience Inc., Markham, ON) was used as described in the manufacturer’s protocol 

with modifications to produce randomly-sheared DNA insert fragments of approximately 

40 kb in length.  Briefly, 1 mL of a pure overnight broth culture was pelleted and the 

supernatant removed.  The bacterial cell pellet was resuspended in a total volume of 300 

L that included TE buffer with 5 g RNase A and Ready-Lyse™ Lysozyme solution as 

described.  For S. pyogenes 06BA18369, this mixture was supplemented with 45 U 

mutanolysin, while for S. aureus 06BA18369 2 g lysostaphin was added prior to 

incubation at 37°C for 30 min.  The resulting precipitated DNA was resuspended in 50 

L TE buffer. 

 A fosmid library for each strain was created using the Epicentre® Biotechnologies 

CopyControl™ Fosmid Library Production Kit with pCC1FOS™ Vector (InterScience 

Inc.) according the manufacturer’s instructions.  Following end-repair, DNA fragments 

were purified by electrophoresis through a 1.0% low melting point agarose gel (Sigma-

Aldrich Canada).  DNA fragments of approximately 40 kb in length for each strain were 

recovered from the agarose gel and quantified by fluorimetry using the Quant-iT™ 

PicoGreen® dsDNA kit (Life Technologies).  Fluorescence of stained dsDNA samples 
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arranged in a 96-well PCR plate was measured with an Applied Biosystems 7500 Fast 

Real-Time PCR machine (Life Technologies).  The quantity of each sample was 

estimated based upon a standard curve generated by standard samples of known quantity 

included in the kit.  Ligation of inserts at the Eco72 I site of CopyControl pCC1FOS 

fosmid cloning vector molecules, packaging of phage particles and plating infected 

EPI300-T1R E. coli cells were performed according to manufacturer’s instructions.  

Clones were selected as chloramphenicol-resistant colonies grown on LB agar (Thermo 

Fisher Scientific) containing 12.5 µg chloramphenicol per mL.  Approximate genome 

sizes of 1.8 Mb (S. pyogenes) and 2.8 Mb (S. aureus) were used to calculate the number 

of clones required to ensure 99% genome coverage in each library as described in the 

manufacturer’s protocol and in Sambrook et al. (1989).  Chloramphenicol-resistant 

colonies were subcultured onto solid selective media.  Pure colonies were used to 

inoculate selective liquid media for fosmid isolation and liquid media containing 20% 

(v/v) glycerol for long-term archiving at -70°C. 

 

3.2.5 Isolation of fosmid DNA 

 Fosmid DNA containing cloned bacterial DNA was prepared using commercial 

plasmid isolation kits in either a 96-well plate format (Millipore Montage Plasmid 

Miniprep 96 kit [Thermo Fisher Scientific]) or single-column format (Qiagen Plasmid 

Miniprep kit [Qiagen Inc., Toronto, ON]) according to manufacturer’s instructions.  Prior 

to isolation, fosmid clones grown in EPI300-T1R E. coli cells were induced to a higher 

copy number per cell by the inclusion of CopyControl™ Fosmid Autoinduction Solution 
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in the LB broth medium (containing 12.5 µg chloramphenicol per mL) at a concentration 

of 2 L/mL. 

 

3.2.6 Fosmid library sequencing 

 Cloned DNA inserts from each library were sequenced from each end to generate 

paired-end reads for each insert.  Each end of DNA inserts was sequenced using vector 

primers pCC1 Forward (5′- GGA TGT GCT GCA AGG CGA TTA AGT TGG - 3′; 

Interscience) and pCC1 Reverse (5′- CTC GTA TGT TGT CTC CAA TTG TGA GC - 3′; 

Interscience) in separate reactions.  Five L of either a 1/10 or 1/100 dilution of isolated 

fosmid DNA was included in a cycle sequencing reaction containing 1 L ABI PRISM® 

BigDye® Terminator v 3.1 Cycle Sequencing Ready Reaction Mix (Life Technologies), 1 

L 5X BigDye® Terminator Sequencing Buffer (Life Technologies), and 6.25 pmol 

primer in a 10 L reaction volume.  Sequencing products were generated on a GeneAmp 

PCR System 9700 (Life Technologies) with the following thermal cycling parameters: 

96°C for 10 min, followed by 100 cycles of 98°C for 10 s, 50°C for 5 s, 60°C for 4 min.  

Upon completion of the sequencing reaction, products were purified with the BigDye 

XTerminator® Purification Kit (Life Technologies).  Sequencing products were resolved 

by capillary electrophoresis using an ABI PRISM® 3130xl Genetic Analyzer (Life 

Technologies) using a 36cm capillary array, POP7 polymer with a 60 min run time.  

Trace files were analyzed with Sequencing Analysis Software v 3.1 (Life Technologies) 

and the electropherograms were visually inspected to determine the success of each 

sequencing reaction. 
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3.2.7 Fosmid clone sequence read and contig assembly 

 The Staden package (http://staden.sourceforge.net) (Bonfield et al., 1995) was 

used to manage the assembly of contigs produced by the Newbler assembly and paired-

end sequence reads of fosmid clone inserts.  One database for each project was created in 

the Gap4 program.  ABI sequence trace files (*.ab1) were screened for base call quality 

and vector sequence using Pregap4.  These text sequence files were added to the Gap4 

database and assembled with the original contig sequences.  Assembly of each fosmid 

insert end read was verified using the Find Internal Joins function in Gap4.  Each 

proposed join was inspected and confirmed.  If paired-end reads for one clone each match 

sequence of different contigs, this clone was identified to potentially join these two 

contigs.  The position of each primer on each contig was inspected to confirm that the 

proposed length between primers approximately corresponded to the insert length within 

the cloning vector (approximately 40 kb).  If so, primers were designed approximately 

100 bp from the end of each contig and sequence reads using these primers using the 

same clone as template were used to close the gap between the two original contigs to 

produce a larger contig.  Once all contigs for each genome were created, text sequence 

data of each assembled contig was exported in FASTA format to produce the draft 

sequence for each genome. 

 

3.2.8 Draft genome alignments 

 Draft sequence data from each project were aligned against a reference genome 

using the Mauve software package (version 2.3.1) with the progressive Mauve alignment 

algorithm (Darling et al., 2010).  The Mauve Contig Mover function within Mauve 
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(Rissman et al., 2009) was used to reorder the aligned contigs of the draft genome to 

correspond with the position of sequences in the reference genome.   

 For S. pyogenes 06BA18369, the genome sequence for S. pyogenes Alab49 

(GenBank accession number CP003068.1) (Bessen et al., 2011) was used as a reference 

sequence to align the draft genome and for comparative analysis based on annotations 

within the reference sequence.  For S. aureus 06BA18369, reference genome sequence 

MRSA Mu50 (GenBank accession number BA000017.4) (Kuroda et al., 2001) was 

employed. 

 

3.2.9 Genome sequence analysis 

 A number of bioinformatic tools were employed for analysis of the raw DNA 

sequence data obtained for each genome project.  Sequences of loci required to determine 

multi-locus sequence type (MLST) were extracted from the whole genome sequencing 

projects of each isolate by locating the primer sites of each locus specific to the MLST 

scheme of each organism (Enright et al., 2000; Enright et al., 2001).  MLST type was 

determined by either online database query or type assignment by database curator 

(http://www.mlst.net).  Each draft genome sequence was annotated using the publicly-

available annotation server RAST (Rapid Annotation using Subsystem Technology; 

http://rast.nmpdr.org) (Aziz et al., 2008).  Additionally, identification of protein-coding 

sequences and their translated amino acid sequences were identified with 

GeneMark.hmm for prokaryotes (version 2.8; 

http://opal.biology.gatech.edu/GeneMark/gmhmm2_prok.cgi) (Besemer and Borodovsky, 

2005).  tRNA and rRNA features were identified using tRNAScan-SE server version 1.21 
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(http://lowelab.ucsc.edu/tRNAscan-SE/) (Schattner et al., 2005) and RNAmmer server 

version 1.2 (http://www.cbs.dtu.dk/services/RNAmmer/) (Lagesen et al., 2007), 

respectively.  Genome sequence and predicted amino acid sequences were used with 

either the nucleotide or protein BLAST algorithm (megablast or blastp; 

http://blast.ncbi.nlm.nih.gov/) for similarity searches of the NCBI non-redundant 

nucleotide and protein databases, respectively.  Standalone blastp (version 2.2.25+; 

ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/) was used to query custom databases 

created from GeneMark-predicted amino acid sequences for each genome. 

 Contig sequences of each genome project were surveyed for the presence of 

certain genetic elements using bioinformatic tools specialized for these features.  The 

CRISPRfinder program within the CRISPR web server (http://crispr.u-psud.fr/) (Grissa et 

al., 2007) was used to search for clustered regularly interspaced palindromic repeats 

(CRISPRs).  Phage sequences were sought within each genome using the PHAST web 

server (http://phast.wishartlab.com/) (Zhou et al., 2011).  The Antibiotic Resistance 

Database (ARDB; http://ardb.cbcb.umd.edu/) (Liu and Pop, 2009) web server was used 

to assist in finding antibiotic resistance genes within the genome sequences.   

 

3.2.10 Phylogenetic analysis 

Nucleotide sequences were aligned using ClustalW within MEGA (version 5.05).  

Phylogenetic analyses were performed with MEGA 5 analysis software (Tamura et al., 

2011). 
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3.3 Results 

 

3.3.1 Draft genome of S. pyogenes strain 06BA18369 

 The S. pyogenes sequencing project produced 237,585 reads totalling 57,288,654 

bases and an average read length of 241 bases.  Sequence reads were assembled with the 

Newbler assembler to generate 59 contigs greater than 500 bp in length, adding up to 

1,811,070 bases. 

 In an attempt to close gaps between contigs, a genomic library was produced 

using fosmid pCC1FOS as the cloning vector.  Two hundred and twenty-eight 

chloramphenicol-resistant colonies were isolated from the cloning experiment and 

subcultured for fosmid isolation.  Ultimately, of the 171 viable clones, 17 could be 

potentially used for joining existing contigs in two ways.  Firstly, joins were suggested 

with the assembly of paired-end sequence data with different contigs that would indicate 

an appropriate length of the cloned insert.  This would be followed by direct sequencing 

of the cloned insert across the joined contig gap.  Secondly, a join was indicated by the 

assembly of one end read near the end of one contig that would facilitate sequencing 

from a primer within the insert that would generate a read beyond the end of the contig 

and join a second contig.  Eventually, fosmid sequence data facilitated the reduction of 

the total of 59 original contigs to 47 assembled contigs totalling 1,813,404 bases to 

complete the draft sequence. 
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 For S. pyogenes 06BA18369, the DNA sequences of these 47 contigs have been 

deposited in GenBank as a whole genome sequencing project under BioProject number 

PRJNA170537 with accession number APMZ00000000 (McDonald et al., 2013b). 

 Numbers of predicted open reading frames (ORFs), tRNA and rRNA regions are 

shown in Table 3.1. 

 

3.3.2 Draft genome of S. aureus strain 06BA18369 

 The S. aureus sequencing project generated 262,689 reads that included 

64,645,468 bases for an average read length of 246 bases.  Sequencing reads were 

assembled using the Roche Newbler assembly software into 79 contigs representing 

2,854,436 bases. 

 Joining contigs for the S. aureus genome involved isolating 205 chloramphenicol-

resistant clones, of which 192 produced sequence data for assembly with the original 

contigs.  Sequence reads from 61 fosmid clones were assembled with the original contigs 

and that could potentially join contigs.  For the final draft genome, 79 original contigs 

were reduced to a total of 59 assembled contigs with a genome size of 2,865,757 bases to 

be used for analysis. 

 The DNA sequences of these 59 contigs assembled for S. aureus 06BA18369 

have been deposited in GenBank as a whole genome sequencing project under BioProject 

number PRJNA170654 with accession number ARXY00000000 (McDonald et al., 

2013a). 

 Numbers of predicted open reading frames (ORFs), tRNA and rRNA regions for 

S. aureus 06BA18369 are shown in Table 3.1. 
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Table 3.1  Features of draft genomes S. pyogenes 06BA18369 and S. aureus 06BA18369. 

 

 S. pyogenes 06BA18369 S. aureus 06BA18369 

Genome size (bp) a 1,813,404 2,865,757 

% G+C 38.4 32.7 

No. contigs (Newbler) b 59 79 

No. assembled contigs 47 59 

ORFs (RAST) c 1820 2734 

ORFs (GeneMark) d 1840 2793 

tRNAs 30 59 

rRNAs 3 6 

 

a Genome size based upon number of nucleotide residues of assembled contigs. 

b Number of contigs produced by Newbler assembly. 

c Predicted number of ORFs generated by RAST server. 

d Predicted number of ORFs generated by GeneMark. 
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3.3.3 Genome alignment with reference genomes 

 Reference genomes were used to assist in the alignment and organization of 

contig sequences of each draft genome using Mauve software.  Complete genome 

sequences were chosen as reference sequences primarily based upon matched or closely-

related typing data.  Sequence analysis of MLST loci has determined that S. pyogenes 

strain 06BA18369 contains the MLST profile 2-2-32-2-2-2-2 that was unique to the 

MLST database and was assigned sequence type ST579 by the MLST database curator.  

With no complete genome sequence deposited for either of types ST579 or emm type 41, 

the genome of S. pyogenes strain Alab49 (emm type 53.0, ST11) (Bessen et al., 2011), 

isolated from an impetigo lesion in Alabama in 1986, was chosen as a reference genome.  

Alab49 belongs to the emm pattern group D and MLST type ST11, which differs from 

ST579 at two loci.  S. aureus strain 06BA18369 is designated as MLST type ST5 with 

allelic profile 1-4-1-4-12-1-10.  S. aureus Mu50 is a vancomycin-resistant MRSA strain 

isolated in Japan in 1997 and has been completely sequenced.  Mu50 has MLST profile 

ST5 and belongs to the CMRSA 2 epidemic cluster (spa type t002).  Therefore this 

sequence was chosen to align this S. aureus draft genome.  Figure 3.1 shows graphical 

output of Mauve depicting the alignments of the reference sequences with the consensus 

sequences of the concatenated contigs produced by Gap4 for each genome. 

 

3.3.4 Genome analysis of S. pyogenes 06BA18369 

3.3.4.1 emm family genes 

 In order to confirm the emm pattern group of S. pyogenes 06BA18369, ORFs 

corresponding to the enn, emm, and mrp genes were captured from the RAST server 



 

a

b

Figure 3.1  Alignments of draft genomes with reference genome sequences.  Panel (a) shows S. aureus 06BA18369 (bottom 

sequence) aligned with strain Mu50.  S. pyogenes isolate 06BA18369 (bottom) is aligned with strain sequence Alab49 (b).  

Homologous regions are depicted with connected blocks of identical colours.  Red lines indicate contig junctions.  Original in colour. 
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annotation.  These sequences were aligned with homologous sequences obtained from 13 

genomes sequences of other S. pyogenes strains available classified as pattern A 

(MGAS5005 [M1], SF370 [M1], SSI-1 [M3], MGAS315 [M3], Manfredo [M5], 

MGAS10394 [M6], MGAS9429 [M12], and MGAS8232 [M18]), pattern D (Alab49 

[M53]), and pattern E (MGAS10270 [M2], MGAS10750 [M4], MGAS6180 [M28], and  

NZ131 [M49]).  Cluster analysis (Figure 3.2) shows the relationships of the three emm 

family genes present in S. pyogenes 06BA18369 relative to the other sequences. 

 

3.3.4.2 Identification of prophage sequences 

 S. pyogenes genomes that have been fully sequenced have shown to harbour as 

many as six phage or phage-like elements (Beres and Musser, 2007; Bessen et al., 2011).  

Analysis of S. pyogenes 06BA18369 genome sequence with PHAST revealed regions 

that were scored as intact, questionable, or incomplete, based upon the content of the 

region (Zhou et al., 2011).  This was followed by manual verification and has indicated 

that there are five regions that contain putative prophage elements (Table 3.2) that, 

combined, account for 11.1% of the full genome.  Four of the five probable phage regions 

harbour virulence factors present in other genomes.  All have integrase-encoding genes 

that show homology to existing prophage of other genomes and have homologous 

flanking sequences and ORFs, indicating similar integration sites.  Prophage-like region 1 

int gene showed 100% nucleotide identity with the integrase gene from MGAS315 phage 

315.6, and likewise, harbours the virulence factor streptodornase-encoding gene.  The 

prophage-like region 2 integrase gene displayed 100% identity with the Alab49 phage-1 
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 MGAS6180 Spy1701 M28 enn

 MGAS10750 Spy1808 M4 enn

 NZ131 Spy1670 M49 enn

 MGAS10270 Spy1783 M2 enn

 Alab49 Spy1699 M53 enn

 06BA18369 1107 enn

 NZ131 Spy1671 M49 emm

 

 
Figure 3.2  Phylogenetic analysis of emm family genes.  Phylogeny was inferred by 

maximum likelihood.  Cluster confidence is expressed as percentage obtained from 1000 

bootstrap replications.   S. pyogenes 06BA18369 harbours three genes (enn, emm, and 

mrp) that each cluster with sequences obtained from an emm pattern D isolate.

 MGAS10750 Spy1809 M4 emm

 MGAS6180 Spy1702 M28 emm

 MGAS10270 Spy1784 M2 emm

 MGAS8232 Spy2076 M18 emm

 06BA18369 1108 emm 41.2

 Alab49 Spy1700 M53 emm

 SSI-1 Spy1725 M3 emm

 MGAS315 Spy1727 M3 emm

 MGAS9429 Spy1724 M12 emm

 Manfredo Spy1682 M5 emm

 MGAS10394 Spy1719 M6 emm

 SF370 Spy2018 M1 emm

 MGAS5005 Spy1719 M1 emm

 NZ131 Spy1762 M49 mrp

 MGAS10270 Spy1785 M2 mrp

 MGAS10750 Spy1810 M4 mrp

 06BA18369 1109 mrp

 MGAS6180 Spy1703 M28 mrp

 Alab49 Spy1701 M53 mrp
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Table 3.2  Putative prophage extrachomosomal elements of S. pyogenes 06BA18369. 

 

attL site attR site 
Prophage-

like region Contig Position 
Overall 

position 
Contig Position 

Overall 

position 

Size 

(bp) 

No. 

ORFs 

% 

G+C

Virulence 

Gene(s) present 

Region 1 contig00014 4975 24860 contig00010 11405 83488 58628 53 39.6 sdn, hyl 

Region 2 contig00001 188428 795585 contig00063 472200 851111 55526 75 37.4 speL, speM, hyl 

Region 3 contig00054 34866 953954 contig00021 31258 995109 41155 53 37.9 mf2, speC, hyl 

Region 4 contig00012 29806 1094607 contig00015 4793 1126915 32308 45 38.6 mf3, hyl 

Region 5 contig00055 45228 1737640 contig00055 58554 1750978 13326 21 36.9 nonea 

 
a None indicates no sequences homologous to known virulence factors were found.

 70 



homologue and 99% identity with int from MGAS8232 prophage 8232.3.  These 

prophage sequences all harbour the superantigen genes speL and speM.  Prophage-like 

region 3 was similar to Alab49 phage-2 with integrase-encoding genes sharing 100% 

identity and each also harbouring the putative mitogenic factor-encoding gene mf2, and 

the superantigen-encoding gene speC.  Prophage-like region 4 has an integrase-encoding 

gene with identical sequence to that of Alab49 phage-3, and both contain the putative 

mitogenic factor-encoding gene mf3.  Prophage-like region 5 int shows 100% identity 

with the integrase-encoding gene from the prophage-like element in Alab49, SpyCIM53.  

These elements share no known virulence factors. 

 

3.3.4.3 Clustered regularly interspaced palindromic repeats 

(CRISPRs) in S. pyogenes 06BA18369 

 The CRISPRfinder server was able to locate one CRISPR array within the S. 

pyogenes 06BA18369 genome consisting of four direct repeats encompassing three 

spacer sequences at the end of contig00042 (Figure 3.3).  In the Mauve alignment of the 

contig sequences, contig00042 was assembled adjacent to contig00001.  Further analysis 

revealed that an additional three direct repeats encompass two spacer sequences in 

contig00001.  Additionally, the 30 bp that follow the last direct repeat of contig00042 and 

the 32 bp preceding the first direct repeat of contig00001 may also be spacers (Figure 

3.3).  Figure 3.4 shows the region of ORFs spliced from contig00042 and contig00001 

aligned with the similar region in MGAS10270.  Preceding the CRISPR array on 

contig00042 are the CRISPR-associated genes (cas). 
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GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC  TATCCGTACAGTAGGCTAACTGGCGAGGTT 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC  AGCAACAACCGGCGAAGACATCCAAATGTA 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC  TTGAAATGCTCGGGGTTACTCGTAAAATCT 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC  AAAATAAAAAGCAAGACTTTACGCCTAAAT 
 
    contig00042-contig00001 junction  
 
      CCCAAGGTGCTACCTCTACCGTTTTCCAATCA 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC CTGTTCGATAAATAGAAGTGTCCCAGAATG 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAAC CTGTTCGATAAATAGAAGTGTCCCAGAATG 
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCCATTC  

    

Repeats Spacers 

 

 

 

 

 

Figure 3.3  Sequences of CRISPR array located spanning S. pyogenes 06BA18369 

contig00042 (bases 55593-55826) and contig00001 (bases 1-200).  Location of contig 

junction is indicated between proposed spacers 4 and 5.  All but spacer 1 is homologous 

with phage-encoding gene fragments from a number of different strains.  Specific 

examples are given as follows.  Spacers 2 and 3 are homologous with different regions of 

S. pyogenes MGAS315 phage 315.5 phage protein-encoding gene (SpyM3_1322), spacer 

4 is homologous with Alab49 phage-3 CDS SPYALAB49_001331, spacer 5 is 

homologous with S. agalactiae strains 2603V/R and A909 phage intergenic regions.  

Spacers 6 and 7 are identical and are homologous to Alab49 phage protein-encoding gene 

SPYALAB49_00132. 
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Figure 3.4  cas-CRISPR region of S. pyogenes 06BA18369.  Region is shown aligned 

with similar region in MGAS10270.  Solid vertical lines indicate nucleotide positions in 

respective contigs.  Dotted line indicates junction position between contig00042 and 

contig00001.  Yellow triangles indicate position of CRISPR array in each sequence.  

ORFs are indicated with italicized numbers and are homologous to genes encoding the 

following proteins in MGAS10270.  ORF 1, integral membrane protein; ORF 2, Csn1 

family; ORF 3, Csn1 family; ORF 4, Cas1; ORF 5, Cas2; ORF 6, Csn2; ORF 7, 

hypothetical protein; ORF 8, translational elongation factor, LepA.  Original in colour. 

 73 



3.3.5 Genome analysis of S. aureus 06BA18369 

3.3.5.1 Exogenous genetic elements 

 S. aureus genomes harbour a range of mobile genetic elements that make up its 

accessory genome.  These include prophage sequences, SaPIs, genomic islands, SCC, 

transposons, and plasmids.  The S. aureus 06BA18369 genome sequence contains many 

of these elements.  Genomic islands Sa and Sa are common to all S. aureus 

sequences and are present in S. aureus 06BA18369.  Sa is approximately 30 kb and is 

located on contig00012 and is comprised of ORFs with homology to genes in Mu50 that 

include a putative transposase, staphylococcal exotoxin genes set6-set15, restriction-

modification genes hsdM and hsdS, and a lipoprotein gene cluster.  Sa is, likewise, 

similar in structure to that of Mu50.  This genomic island contains ORFs homologous to 

genes in Mu50 including a putative transposase, restriction-modification genes hsdM and 

hsdS, serine protease-encoding genes splA-splD, and splF, bicomponent cytotoxin genes 

lukD and lukE, enterotoxin genes seg, sen, sei, sem, seo, and truncated genes ent1 and 

ent2.  S. aureus pathogenicity island SaPI2 is present on contig00023 and is 15.6 kb.  

SaPI2 of S. aureus 06BA18369 contains an ORF with a nucleotide identity of 97% with 

the integrase-encoding gene of Mu50.  As in Mu50, this SaPI harbours the superantigen-

encoding genes sec, sel and the toxic shock syndrome toxin-1-encoding gene tst.  S. 

aureus 06BA18369 contains plasmid sequences within a number of contigs that did not 

assemble into a larger contig.  Further, all but one contig listed below (contig00017) did 

not align with sequences in Mu50, indicating the presence of sequence not harboured by 

Mu50.  Sequence from contig00008, contig00017, contig00021, contig00025, 

contig00028, contig00029, contig00030, contig00054, contig00082, and contig00146 all 
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assembled with plasmid pSK156 (GenBank accession number GQ900448.1) isolated 

from S. aureus strain SK1271 that was isolated in 1951 in Australia (Paulsen et al., 

1998).  Portions of these contig sequences combined to cover 35.4 kb of the 45.0 kb 

(78.6%) pSK156 plasmid with 97.6% nucleotide identity.  Contig0008 contained 

sequences corresponding to Tn552 with -lactamase-encoding blaZ with regulatory 

genes blaR1 and blaI.  In addition contig0008 encodes the replication initiator protein A 

(repA) and the arsenic resistance gene arsR.  Contig00054 contains cadmium resistance 

genes cadD and cadX. 

 S. aureus 06BA18369 harbours four putative prophage elements that belong to the 

Sa bacteriophage families (Table 3.3).  Three prophage elements (Prophage-like regions 

1, 2, and 3) do not contain known virulence factors.  Prophage-like region 1 and Mu50 

phage Mu50B (Sa1 family) both integrate between CDS SAV0846 and SAV0918 in 

Mu50 and the respective homologues in S. aureus 06BA18369.  Prophage-like regions 2 

(Sa3), 3 (Sa6), and 4 (Sa7) belong to the same bacteriophage family as those from 

strain Newman (NM3, NM4, and NM2, respectively).  As such, these putative 

prophage appear to be integrated in the same genomic regions as those in strain Newman 

(Bae et al., 2006).  Prophage-like region 2 appears to be integrated within the ORF 

encoding -haemolysin (hlb), prophage-like region 3 appears to be integrated within the 

lipase-encoding gene geh, and prophage-like region 4 appears to be integrated in the 

intergenic region between ORFs homologous to rpmF and isdB.  Prophage-like region 2 

harbours ORFs homologous to the staphylokinase-encoding gene (sak) and the 

staphylococcal complement inhibitor (scin).  Additionally, phage sequences containing 

the Panton-Valentine leukocidin-encoding genes lukS-PV and lukF-PV were not detected. 



 

Table 3.3  Putative prophage extrachomosomal elements of S. aureus 06BA18369. 

attL site attR site 
Prophage-
like region 

Phage 
Familya 

Contig position 
Overall 
position 

Contig position 
Overall 
position 

Size 
(bp) 

No. 
ORFs 

% 
G+C

Virulence 
gene(s) 
present 

Region 1 Sa6 contig00024 23452 428860 contig00012 1839 439306 10446 18 33.1 noneb 

Region 2 Sa1 SAFOS_1G11 11830 951709 contig00089 4388 964193 12484 22 32.5 none 

Region 3 Sa7 contig00044 38272 1181571 SAFOS_2B04 14343 1202551 20980 23 33.9 none 

Region 4 Sa3 contig00062 1355 2084828 SAFOS_1H02 4457 2134964 50136 75 33.4 sak, scin 

 
a Phage family is determined based upon integrase gene homology and integration site (Lindsay and Holden, 2004).  

 
b None indicates no homologous sequences to known virulence factors were found.
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3.3.5.2 Staphylococcal cassette chromosome SCC18369 

 The SCCmec region of S. aureus Mu50 was aligned with sequence data from S. 

aureus 06BA18369 contig00017 using Mauve software (Figure 3.5).  Analysis revealed 

large regions of sequence from both strains lacking homology flanking a smaller region 

of variable homology.  This region was determined to share homology with the cassette 

chomosome recombinase-encoding genes in Mu50 (ccrA and ccrB), indicating these 

genes were present in S. aureus 06BA18369 and suggesting S. aureus 06BA18369 

harbours an SCC element.  Representative sequences of coding regions of all available 

types of ccrA (types 1-4), ccrB (types 1-4) and ccrC were obtained from the SCCmec 

website (http://www.staphylococcus.net) constructed and maintained by the Department 

of Bacteriology, School of Medicine, Juntendo University.  Additionally, ccrA and ccrB 

genes from S. aureus strain 45304F (GenBank accession no. gb|GU122149.1|) and S. 

hominis strain GFIU12263 (GenBank accession no. dbj|AB063171.1|) were obtained.  

Phylogenetic analysis of ccr genes indicated that these coding regions in S. aureus 

06BA18369 cluster with the ccrA1 and ccrB1 type sequences that includes MSSA476 

(Figure 3.6) and is considered a Type 1 ccr gene complex, according to the International 

Working Group on the Staphylococcal Cassette Chromosome elements (IWG-SCC, 

http://www.sccmec.org).  Alignment with MSSA476 in Mauve shows regions of 

diversity, but also revealed a region homologous to the putative fusidic acid resistance 

gene far1 from MSSA476 (Figure 3.7).  Annotation of the entire region containing 16 

ORFs revealed a number of unique features (Table 3.4).  A schematic diagram depicting 

the ORFs of this SCC is shown in Figure 3.8.  Firstly, ORF 1 demonstrated high 

homology to the tagF gene, encoding teichoic acid biosynthesis protein F, from S. 
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Mu50

06BA18369 ccrB ccrA

 

Figure 3.5  S. aureus 06BA18369 aligned with S. aureus Mu50 SCCmec region using Mauve.  Homology analysis revealed an 

approximately 7 kb region of variable homology that included the ccr genes and a 1.1 kb region of homology that encodes transposase 

genes in Mu50.  Open reading frames in Mu50 are depicted with open boxes.  Boundaries of the SCC regions in each sequence are 

indicated with the heavy black lines.  Original in colour. 
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Figure 3.6  Phylogenetic analysis of SCC recombinase genes.  Phylogeny was inferred 

by the maximum likelihood method.  Cluster confidence is expressed as percentage 

obtained from 1000 bootstrap replications.   S. aureus 06BA18369 recombinase genes 

ccrA and ccrB cluster with ccrA1 and ccrB1 sequences.
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06BA18369

MSSA476
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Figure 3.7  Alignment of SCC region of S. aureus 06BA18369 (top panel) with MSSA476 (bottom panel).  Regions of homology 

include recombinase genes ccrB, ccrA and putative fusidic acid resistance gene far1.  Open reading frames in MSSA476 are depicted 

with open boxes.  Boundaries of SCC regions are shown with the heavy black lines.  Original in colour.
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Table 3.4  Open reading frames predicted for staphylococcal cassette chromosome of S. aureus 06BA18369. 

ORF 
Location 

(bp) Orientation 
Length 

(bp) Gene Product 
% Nucleic 

Acid Identity Strain GenBank Accession no. 
attL 131176       

1 
131777-
134343 

direct 2268 
teichoic acid biosynthesis 

protein F 
97 

S. epidermidis 
ATCC 12228 

gb|AE015929.1| 

2 
134122-
134343 

complement 222 hypothetical protein 92 
S. aureus 
MSSA476 

emb|BX571857.1| 

3 
134358-
134867 

complement 510 hypothetical protein 92 
S. aureus 
45394F 

gb|GU122149.1| 

4 
134883-
135194 

complement 312 hypothetical protein 98 
S. hominis 

GIFU12263 
dbj|AB063171.1| 

5 
136097-
137722 

complement 1626 
cassette chomosome 

recombinase B1 
99 

S. hominis 
GIFU12263 

dbj|AB063171.1| 

6 
137744-
139093 

complement 1350 
cassette chromosome 

recombinase A1 
100 

S. hominis 
GIFU12263 

dbj|AB063171.1| 

7 
139281-
141050 

complement 1770 hypothetical protein 99 
S. hominis 

GIFU12263 
dbj|AB063171.1| 

8 
141050-
141340 

complement 291 PF07205 family protein 97 
S. epidermidis 

VCU120 
gb|AHLC01000034.1| 

9 
141511-
142584 

direct 1074 hypothetical protein 95 
S. epidermidis 

VCU120 
gb|AHLC01000034.1| 

10 
142678-
144618 

direct 1941 
DEAD/DEAH box 

helicase domain protein 
99 

S. epidermidis 
VCU120 

gb|AHLC01000034.1| 

11 
144713-
145183 

direct 471 
partial hypothetical 

protein 
99 

S. aureus 
MSSA476 

emb|BX571857.1| 

12 
145769-
146407 

direct 639 
putative fusidic acid 

resistance protein 
100 

S. aureus 
MSSA476 

emb|BX571857.1| 

13 
146883-
147197 

direct 315 transposase 98 S. aureus Mu50 dbj|BA000017.4| 
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Table 3.4 cont’d 

ORF 
Location 

(bp) Orientation 
Length 

(bp) Gene Product 
% Nucleic 

Acid Identity Strain GenBank Accession no. 

14 
147182-
148024 

direct 843 transposase 98 S. aureus Mu50 dbj|BA000017.4| 

15 
148171-
148599 

complement 429 hypothetical protein 99 
S. aureus 
MSSA476 

emb|BX571857.1| 

16 
148679-
149608 

direct 930 hypothetical protein 99 
S. aureus 
MSSA476 

emb|BX571857.1| 

attR 149672       
 



 

 

 

1 2 3 4 65 7 8 9 10 11 12

13

14 1615

ccrB1 ccrA1 far1
attL

tagF
attR

S. epidermidis
ATTC 12228

S. hominis
GIFU12263

S. epidermidis
VCU120

S. aureus
MSSA476

S. aureus
MSSA476

1 2 3 4 65 7 8 9 10 11 12

13

14 1615

ccrB1 ccrA1 far1
attL

tagF
attR

S. epidermidis
ATTC 12228

S. hominis
GIFU12263

S. epidermidis
VCU120

S. aureus
MSSA476

S. aureus
MSSA476  

 

 

 

 

Figure 3.8  Schematic drawing of 18.5 kb staphylococcal cassette chromosome from S. 

aureus 06BA18369.  SCC element is bordered by attL and attR at the site of integration 

within orfX. Open reading frames are indicated with grey or green arrows and and labeled 

with an italicized numeral.  Green arrows indicate cassette chromosome recombinase 

genes.  Below the diagram, regions homologous to other sequences detailed in Table 3.4 

are indicated with solid arrows.  Original in colour. 
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epidermidis ATCC12228.  Secondly, the region including ORFs 8, 9, and 10 show 97% 

nucleic acid identity with three coding sequences from contig 13 of S. epidermidis strain 

VCU120 whole genome shotgun sequencing project.  Thirdly, a large region of ORFs 4-7 

that includes the ccr genes has 98% sequence identity with the S. hominis strain 

GIFU12263 SCC element SCC12263.  This region also showed 94% identity with S. 

aureus strain 45394F.  A putative fusidic acid resistance gene found in MSSA476 and S. 

aureus 45394F was homologous to ORF 12.  Fourthly, two transposase-encoding genes 

found in a number of S. aureus strains, including Mu50 were found to have homology 

with ORFS 13 and 14.  Lastly, the direct and inverted repeat regions (attL and attR) were 

identical to those in SCC12263. 

 The SCC from S. aureus 06BA18369 was named SCC18369 according to the 

classification guidelines for SCC not carrying mecA outlined by the IWC-SCC 

(International Working Group on the Classification of Staphylococcal Cassette 

Chromosome Elements, 2009). 

 

3.3.6 Investigation of the possibility of interspecies gene transfer 

 Since the two organisms sequenced in this project were isolated from the same 

mixed SSTI, it was tempting to determine whether any genetic material that could 

potentially be expressed in the other host species had been stably transferred.  Predicted 

amino acid sequences generated by Genemark were used to construct custom databases 

for the purpose of querying with predicted amino acid sequences of the other species.  

For example, the S. aureus amino acid sequences were used to query a database of S. 

pyogenes amino acid sequences using blastp, and the reverse was also conducted.  Blastp 
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results were screened for full length amino acid sequence matches with greater than 90% 

identity.  Amino acid sequences with matches were used to query the nonredundant 

database with blastp.  All matches identified amino acid sequences that share homology 

with other streptococcal and staphylococcal species. 

 Additionally, the draft genome sequences of S. pyogenes 06BA18369 and S. 

aureus 06BA18369 were aligned using Mauve along with the reference genome 

sequences of Alab49 and Mu50.  Annotations of reference sequences were used to 

suggest the identity of the coding sequence within draft genome sequences that display 

homology.  Alignment of the genome sequences was scanned and, likewise, did not 

reveal transmission of any genes indicating obvious origin from the opposing organism.  

Each region sharing homology observed corresponded to a CDS of the reference 

sequence corresponding to core genome elements and not to any mobile genetic element 

or known virulence factor. 

 

 

3.4 Discussion 

 An active surveillance program conducted in northern Saskatchewan communities 

experiencing a high rate of CA-MRSA infections also detected a high rate of SSTI 

associated with S. pyogenes and S. aureus mixed infections.  With the most common 

combination of subtypes detected being S. pyogenes emm type 41.2 and S. aureus spa 

type t311, a representative pair of isolates belonging to these subtypes and collected from 

the same specimen was chosen for full genome sequencing.  The primary objective of 
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this study was to characterize genomic features of representative isolates of S. pyogenes 

and S. aureus that were collected together in this setting. 

 Previously, one isolate of S. pyogenes emm type 41 has been designated as 

belonging to the skin-specialist emm pattern D group (McGregor et al., 2004).  Not 

surprisingly, cluster analysis of the emm family genes within S. pyogenes 06BA18369 

emm type 41.2 determined this isolate to belong to emm pattern group D.  With this 

knowledge, coupled with the MLST type, it seemed most appropriate to use the only 

other emm pattern D isolate with an available complete genome sequence, Alab49, as a 

reference genome sequence to assist in aligning the draft genome contigs (Bessen et al., 

2011).  Likewise, S. aureus 06BA18369 spa type t311 was aligned using a strain with the 

same MLST type, ST5, with no other spa type t311 genome available.  MRSA strain 

Mu50 is classified as spa type t002 of which other representative strains cluster with t311 

as belonging to epidemic type CMRSA2.  With an apparently best available choice of 

reference sequence, alignment of these draft genome sequences shows some degree of 

genetic reassortment as displayed with the Mauve alignment.  Since S. pyogenes emm 

pattern D isolates have been associated with a considerable degree of recombination with 

respect to the lack of congruence with MLST housekeeping genes and emm pattern 

(McGregor et al., 2004), some recombination would be expected.  Many of the 

differences in alignment can be attributed to differences in the presence and absence of 

mobile genetic elements.  While four of the five S. pyogenes 06BA18369 putative 

prophage elements share similarity with those in Alab49, sequences of two of the four 

prophage families in S. aureus 06BA18369 are shared with Mu50.  However, the sizes of 

the putative prophage in the S. aureus draft sequence are smaller than other prophage of 
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other genomes (Canchaya et al., 2003), indicating the predicted prophage regions may 

not be complete.  It is possible that the missing sequence data is indeed contained in the 

existing draft sequence, but located in alternative locations in the contig ordering leading 

to the appearance of recombination in the alignment.  This may have arisen with errors in 

either the contig ordering or assembly. 

 Like many other strains of these organisms, the presence of the putative mobile 

genetic elements in these sequences provides a potential source of virulence factors that 

could contribute to the virulence of these pathogens.  Putative prophage of S. pyogenes 

06BA18369 carry genes homologous to those encoding the DNases streptodornase, and 

mitogenic factors 2 and 3.  These extracellular products are thought to contribute to the 

spread of bacteria by digesting DNA and liquefying pus in SSTI.  Further these putative 

prophage carry the superantigen genes speC, speL, and speM, contributing to the 

potential of risk of streptococcal toxic shock syndrome in infected individuals.  S. aureus 

06BA18369, likewise, has displayed the potential for virulence with the presence of a 

number of superantigens on its accessory genetic elements, including tst.  In comparison 

with S. pyogenes, fewer virulence factors were identified within S. aureus prophage 

sequences in this case.  Additionally, the exfoliative toxin A-encoding gene eta was 

detected within the draft sequence of S. aureus.   It is likely that it belongs with the 

genomic island Sa, which is present in the genome of Mu50, but is not found in all 

sequenced S. aureus genomes (Gill et al., 2005). 

 One feature of S. pyogenes 06BA18369 was the detection of a CRISPR array 

along with CRISPR-associated genes (cas).  CRISPR arrays are arrangements of repeated 

sequences consisting of 21-48 bp, separated by 26-72 bp spacers that are present in a 
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diverse range of species (Deveau et al., 2010).  Spacers often correspond to DNA 

sequences originating from bacteriophage or plasmids.  The function of the cas-CRISPR 

array in the bacterial cell is to provide a mechanism for prevention of infection with 

bacteriophage harbouring sequences within CRISPR array spacers by interfering with 

foreign DNA.  The CRISPR array found in 06BA18369 consists of a conserved 36 bp 

direct repeat sequences and at least seven spacers 30-32 bp in length.  None of these 

spacer sequences are located elsewhere in the draft genome, including the existing 

putative prophage sequences, suggesting that this mechanism may have had a role in 

preventing subsequent infection and integration of phage DNA containing the spacer 

sequence.  Spacers 2-7 are all homologous with phage sequences identified in genome 

sequences of other S. pyogenes strains.  Spacer 5 displayed the highest identity with 

intergenic phage sequences from two S. agalactiae strains 2603V/R and A909.  This may 

indicate a historical infection with a bacteriophage originating from S. agalactiae.  The 

remaining spacers are all homologous with existing phage sequences in other genomes.  

For example, spacers 6 and 7 are identical to each other and to a sequence in Alab49 

phage-3.  Prophage-like region 4 of S. pyogenes 06BA18369 is considered similar to 

Alab49 phage-3 according to integrase-encoding gene homology and integration site.  

This highlights the diversity of phage sequences even within presumed phage sequence 

families.  These exact CRISPR array spacers do not appear to be in any other CRISPR 

array in other sequenced S. pyogenes genomes, however further investigation may reveal 

how common this CRISPR array is in the population of other S. pyogenes emm type 41.2 

isolated in northern Saskatchewan.  Similarly, recent investigation of 562 epidemic emm 

type 59 isolates compared CRISPR arrays to that of a historical strain of emm type 59 
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(Fittipaldi et al., 2012b).  The historical strain contained four direct repeats with three 

spacers.  Isolates obtained early in the outbreak contained a variant CRISPR array with 

two spacers.  Isolates collected later contained either one of two other variants, each 

contain one spacer identical to the one from the previous variant, confirming the 

hypothesis that CRISPRs are polymorphic within the group of isolates corresponding to 

the outbreak.   

 Since the sequence of this cas-CRISPR system identified in S. pyogenes 

06BA18369 spans the junction of contig00042 and contig00001, it is possible a gap in 

sequence data exists between these two contigs as no fosmid clone was identified in the 

gap-filling process to conclusively join these contigs.  It is evident that this is the case in 

that no direct repeat sequence exists between spacers 4 and 5 which are situated on the 

adjacent contigs.  It is possible that additional spacers may be present upon further 

investigation.  Additionally, sequence data spanning two ORFs identified as CRISPR-

associated genes encoding Csn1 family proteins, in comparison with MGAS10270 

sequence, has a four nucleotide insertion that introduces a frame-shift and stop codon.  

The second ORF initiates downstream for the remainder of the coding sequence.  It is 

possible this could relate to a loss of function of the cas complex.  Further confirmatory 

sequencing experiments will be required to determine the final structure of this CRISPR 

array and to verify the coding sequence of the ORFs corresponding to the Csn1 family 

protein.  Consistent with this observation, it is possible that gaps exist in the draft 

sequence data.   Based upon other genome sequences approximately 60 tRNA regions 

and 5-6 rRNA regions would be expected (Beres and Musser, 2007; Nakagawa et al., 

2003), and only 30 tRNA and 3 rRNA regions were identified. 
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 Resistance to methicillin and other -lactam antibiotics is conferred by the 

presence and expression of mecA within the SCCmec mobile genetic element in strains of 

MRSA.  The presence of staphylococcal chromosome cassettes in MSSA and other 

staphylococcal species has been reported (Holden et al., 2004; Katayama et al., 2003; 

Mongkolrattanothai et al., 2004).  In this study, whole genome sequencing has allowed 

the identification of a novel SCC in methicillin-susceptible S. aureus 06BA18369.  This 

18.5 kb element is comprised of a mosaic of ORFs that appear to have originated from 

various sources.  SCC18369 contains defined regions of homology with sequences reported 

in S. aureus, S. epidermidis, and S. hominis.  Examples include the teichoic acid 

biosynthesis protein F-encoding gene of S. epidermidis ATCC 12228 with ORF1 and the 

region of ORFs 8, 9, and 10 with those of S. epidermidis VCU120.  While the remainder 

of the SCC shows some degree of homology with other S. aureus sequences, the highest 

% identity of an approximately 6 kb region including the ccr genes is with SCC12263 from 

S. hominis GIFU12263.  Notably, the ccr complex is classified as Type 1, as is that of S. 

aureus strains MSSA476 and 45394F and of S. hominis GIFU12263.  In fact, cluster 

analysis of the ccrA and ccrB genes suggest these genes from S. aureus 06BA18369 are 

most closely related to those from S. hominis.  It has been suggested that the S. hominis 

and S. epidermidis SCC elements act as reservoirs for transferring DNA to S. aureus 

SCCmec and, in turn, contributing to the diversification of SCCmec elements (Katayama 

et al., 2003; Mongkolrattanothai et al., 2004).  With the detection of an SCC in S. aureus 

that is closely related to that of S. hominis, this may be an example of horizontal transfer 

of SCC to S. aureus prior to the acquisition of SCCmec.  Recombination events between 
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SCC of these three staphylococcal species have lead to this construction of SCC18369, 

however it is not obvious in what order these recombination events occurred. 

 The prevalence of this SCC18369 in the isolates collected during the surveillance 

study is not known.  While S. aureus 06BA18369 indeed displays fusidic acid resistance 

in vitro, it would be of interest to determine whether this SCC exists in other fusidic acid-

resistant MSSA collected in the surveillance study (Golding et al., 2011).  With the 

presence of the putative fusidic acid resistance gene on this SCC, this may be a mobile 

genetic element that is contributing to the spread of fusidic acid resistance in MSSA. 

 While no direct gene transfer between these two isolates was detected, the 

proximity to host cells may provide opportune conditions for induction of streptococcal 

prophage.  Broudy et al. (2001) have demonstrated that in the presence of human 

pharyngeal cells, the lytic cycle of S. pyogenes prophage was induced, with the 

subsequent release of bacteriophage particles.  This was also observed in the presence of 

a cancer cell line, suggesting presence of the induction factor is not restricted to 

pharyngeal cells.  As such, polymicrobial skin infections may provide an opportunity for 

interspecies or intergeneric bacteriophage transduction to occur.  In this study, the 

observation of the S. agalactiae spacer sequence in the CRISPR array suggests historic 

introduction of a foreign genetic element originating from another streptococcal species.  

In support of this, transfer of bacteriophage originating from S. pyogenes to Lancefield 

group C and group G S. dysgalactiae subsp. equisimilis has been demonstrated (Vojtek et 

al., 2008).  With S. aureus, transduction of a SaPI to Listeria monocytogenes and S. 

xylosus was demonstrated, presumably due to the ability to integrate at variable 

integration sites (Chen and Novick, 2009).  Similar results were achieved using multiple 
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S. aureus phage, but all attempts were not successful with other Gram-positive bacteria, 

including S. pyogenes.  Recently, the trimethoprim resistance determinant dfrG was 

detected by whole genome sequencing of one S. pyogenes isolate collected from an 

invasive infection in India (Bergmann et al., 2012).  dfrG was found on an integration 

sequence with 99-100% identity to S. aureus genomic DNA.  No speculation of the 

transfer mechanism was suggested.  However, the lack of observed genetic transfer in 

this one case of a mixed SSTI may indicate bacterial defence mechanisms such as 

restriction-modification systems, or the cas-CRISPR system, may be preventing this 

transfer from occurring.  Analysis of additional mixed infection cases may reveal such an 

event that may allow closer investigation into the mechanisms involved. 

 In this study, two bacterial pathogens that were recovered from the same infection 

site were characterized.  The genomes of both isolates revealed the presence of mobile 

genetic elements that harboured known virulence factors.  Considering the prevalence of 

SSTI in the communities, the potential for acquisition of other virulence factors or 

antibiotic resistance determinants contributing to the evolution of these organisms is 

plausible.  Further genomic investigation of additional isolates involved with mixed SSTI 

cases may reveal these occurances and is warranted. 
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4. Systemic and topical antimicrobial susceptibility of Streptococcus pyogenes 

and Staphylococcus aureus associated with mixed skin and soft tissue 

infections. 

 

For the content of Chapter 4, the study design, antimicrobial susceptibility testing (AST) 

of S. pyogenes and S. aureus to retapamulin and OTC topical antibiotics, and data 

analyses were performed by R.R.M.  AST of S. pyogenes by broth microdilution was 

performed by R.R.M. at NML.  AST of S. aureus by broth microdilution was performed 

as part of NARP active surveillance by Dr. G. Golding and colleagues at NML. 

 

4.1 Introduction 

 Through heightened hospital and public health surveillance programs, 

Staphylococcus aureus antimicrobial resistance patterns have become well established in 

Canada, with particular focus on methicillin-resistant S. aureus (MRSA) (Golding et al., 

2011; Mulvey et al., 2005; Nichol et al., 2011; Simor et al., 2010).  The emergence of 

multidrug resistant MRSA in the community setting has complicated the algorithm that 

would typically ensure the successful treatment of community-associated skin and soft 

tissue infections (SSTI).  For this reason, guidelines for the treatment of community-

associated MRSA (CA-MRSA), for example, have excluded antibiotic usage for primary 

treatment of uncomplicated infected lesions and recommended surgical incision and 

drainage of infections (Brook, 2002; Lee et al., 2004).  In the past decade, SSTIs 

involving CA-MRSA have emerged with high infection rates in communities of northern 

Saskatchewan, Canada (Golding et al., 2011; Mulvey et al., 2005).  An active 
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surveillance program conducted in these communities has revealed a high incidence of 

SSTI, including impetigo, involving co-infection with S. aureus and Streptococcus 

pyogenes.  In the absence of laboratory results, consideration should be given to treat S. 

pyogenes in polymicrobial infections in cases such as these.  Aside from invasive cases of 

S. pyogenes, little is known regarding antimicrobial resistance patterns through routine 

public heath surveillance.  S. pyogenes is consistently sensitive to penicillin, which is 

commonly used to treat pharyngitis and other infections.  However in the past few 

decades, resistance to other antimicrobial agents has emerged globally, including 

tetracycline, erythromycin, and clindamycin (Brenciani et al., 2007; Hasenbein et al., 

2004; Montes et al., 2009; Perez-Trallero et al., 2007; Torres et al., 2011; York et al., 

1999).  To a lesser extent, ciprofloxacin and bacitracin resistance has also been reported 

in various regions (Malhotra-Kumar et al., 2003; Pires et al., 2009; Pires et al., 2010; 

York et al., 1999).   

 Uncomplicated and superficial skin infections (SSI), including impetigo, can be 

caused by polymicrobial infections involving S. aureus and S. pyogenes.  Since these 

cases are often managed on an outpatient basis, mupirocin, fusidic acid, or other over-the-

counter (OTC) preparations such as Neosporin® (Johnson & Johnson Consumer 

Companies, Inc., New Brunswick, NJ, USA), Polysporin® (Johnson & Johnson Inc., 

Markham, ON, Canada), and Polytopic® (Sandoz Canada, Inc., Boucherville, QC, 

Canada) are frequently employed by patients or recommended by clinicians for topical 

treatment of superficial infections or prevention of infection (reviewed in (Green, 2011; 

Koning et al., 2012; Pangilinan et al., 2009)).    In addition, the recent development of 

retapamulin (Altargo/Altabax, GlaxoSmithKline), a pleuromutilin approved for the 
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treatment of impetigo caused by methicillin-sensitive S. aureus or S. pyogenes, has added 

to the options for treatment due to its efficacy against these two organisms (Jones et al., 

2006a; Pankuch et al., 2006).   

 The antibiotic resistance patterns of S. pyogenes, with emphasis on those co-

isolated with S. aureus have not been investigated in community-associated SSTI in 

northern Saskatchewan communities.  The active surveillance program conducted by the 

Northern Antibiotic Resistance Partnership (NARP) has provided the setting to obtain 

these data.  Frequent use of topical antibiotics for treatment of these infections and the 

global emergence of resistance to various classes of systemic antibiotics has necessitated 

the need to assess whether resistance phenotypes are harboured and emerging within 

these strains.  Here, susceptibilities to a number of systemic and topical antimicrobial 

agents are presented for S. aureus and S. pyogenes associated with mixed SSTI to gain 

background antibiotic susceptibility patterns for organisms causing these infections in 

this geographic region. 

 

4.2 Materials and Methods 

4.2.1 Bacterial isolates   

 Specimens were collected from patients presenting with either pharyngitis or 

SSTI within three specified geographic sites in northern Saskatchewan, Canada between 

October 2005 and January 2007.   During this time period, both S. aureus and S. 

pyogenes were isolated from 118 of 506 (23.3%) SSTI specimens considered to be 

unique cases.  Antimicrobial susceptibility testing by broth microdilution was performed 

on 174 S. pyogenes isolates.  These included 104 strains that were co-isolated with S. 
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aureus, as well as 18 isolates originating from SSTI without S. aureus and 52 S. pyogenes 

isolates from throat specimens collected during the same time period.  Susceptibility 

testing of topical antimicrobial agents by agar dilution and E-test strips included the S. 

aureus and S. pyogenes associated with mixed SSTI as well as the additional 18 S. 

pyogenes isolated from SSTI without S. aureus described above.  S. aureus isolates were 

assessed for resistance to oxacillin by growth on Mueller-Hinton agar (containing 

oxacillin [6 g/mL] and 4% [wt/vol] NaCl) and by an automated assay (Microscan; 

Siemens Canada, Inc., Mississauga, Ontario, Canada) according to CLSI guidelines 

(Clinical and Laboratory Standards Institute, 2011).  Designation as MRSA for S. aureus 

isolates was confirmed by amplification of a mecA gene fragment as described previously 

(McDonald et al., 2005). 

 

4.2.2 Antimicrobial susceptibility testing by broth microdilution 

 Broth microdilution panels were prepared by the laboratory of Dr. G. Zhanel 

(University of Manitoba, Winnipeg, MB, Canada) according to CLSI guidelines (Clinical 

and Laboratory Standards Institute, 2009).  Compounds included for antimicrobial 

susceptibility testing of S. aureus are listed in Table 4.1.  Components of panels for 

antimicrobial testing of S. pyogenes are described in Table 4.2.  S. aureus and S. 

pyogenes isolates displaying resistance to erythromycin were assessed for inducible 

clindamycin resistance using the D-zone test according to CLSI guidelines (Clinical and 

Laboratory Standards Institute, 2009, 2011).



Table 4.1  MIC values for antibiotics against S. aureus isolates obtained by broth microdilution. 

 MSSA (n=90) MRSA (n=28)  

Antibiotic a Range MIC50 MIC90 % 

Resistant 

Range MIC50 MIC90 % 

Resistant 

p Value/Odds Ratio 

(95% Confidence 

Interval) 

Ciprofloxacin 0.25-2 b 0.5 0.5 0 ≤ 0.12-0.5 0.25 0.5 0  

Clindamycin ≤ 0.25 ≤ 0.25 ≤ 0.25 21.1c ≤ 0.25 ≤ 0.25 ≤ 0.25 0 p=0.0062/15.6 

(0.907-266) 

Erythromycin 1-> 8 1 > 8 22.2 0.5-2 1 2 0 p=0.0034/16.6 

(0.969-284) 

Fusidic acid 0.12-> 8 0.25 0.5 7.8 ≤ 0.06-0.25 0.12 0.25 0 NS d 

Gentamicin ≤ 0.5-> 16 ≤ 0.5 1 10.00 ≤ 0.5-> 16 ≤ 0.5 ≤ 0.5 3.6 NS 

Linezolid 1-4 2 4 0 2-4 2 4 0  

Mupirocin ≤ 0.12-> 128 0.25 > 128 25.6 0.25-> 128 > 128 > 128 89.3 p<0.0001/ 0.0412 

(0.0114-0.142) 

Nitrofurantoin ≤ 32 ≤ 32 ≤ 32 0 ≤ 32 ≤ 32 ≤ 32 0  

Quinupristin-

dalfopristin 

≤ 0.25-0.5 ≤ 0.25 0.5 0 ≤ 0.25-1 ≤ 0.25 ≤ 0.25 0  

Rifampin ≤ 0.25 ≤ 0.25 ≤ 0.25 0 ≤ 0.25 ≤ 0.25 ≤ 0.25 0  
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Table 4.1 cont’d 

 MSSA (n=90) MRSA (n=28)  

Antibiotic Range MIC50 MIC90 % 

Resistant 

Range MIC50 MIC90 % 

Resistant 

p Value/Odds Ratio 

(95% Confidence 

Interval) 

Tetracycline ≤ 2 ≤ 2 ≤ 2 0 ≤ 2 ≤ 2 ≤ 2 0  

Trimethoprim-

sulfamethoxazole 

≤ 0.25-> 8 ≤ 0.25 ≤ 0.25 1.1 ≤ 0.25 ≤ 0.25 ≤ 0.25 0 NS 

Vancomycin 0.5-1 1 1 0 0.5-2 1 1 0  

 

a Additional antibiotics tested include: amoxicillin/clavulanate, ampicillin, cefepime, cefazolin, ceftazidime, ceftriaxone, cephalexin, 

chloramphenicol, doxycycline, gatifloxacin, imipenem, norfloxacin, sulfamethoxazole, teicoplanin, and trimethoprim.  See appendix 

for MIC values. 

b Concentration in g/mL. 

c Value includes 19 isolates exhibiting inducible clindamycin resistance. 

d NS, not significant. 

 



Table 4.2  MIC values for antibiotics against S. pyogenes isolates obtained by broth 

microdilution (n=174). 

Antibiotic a Range MIC50 MIC90 % Resistant 

Ciprofloxacin ≤ 0.06-1 b 0.5 1 0 

Clindamycin ≤ 0.06-> 4 ≤ 0.06 ≤ 0.06 1.7 c 

Erythromycin ≤ 0.06-> 4 ≤ 0.06 ≤ 0.06 1.7 

Fusidic acid ≤ 0.06-> 8 8 > 8 98.9 

Mupirocin ≤ 0.12-1 ≤ 0.12 0.5 0 

Penicillin ≤ 0.03-0.06 ≤ 0.03 ≤ 0.03 0 

Tetracycline ≤ 0.25-> 8 ≤ 0.25 0.5 9.8 

 

a Additional antibiotics tested for which no resistance was detected include: amoxicillin, 

cefazolin, cefepime, cefotaxime, cefuroxime, chloramphenicol, daptomycin, ertapenem, 

gatifloxacin, gentamicin, imipenem, levofloxacin, linezolid, moxifloxacin, ofloxacin, 

quinupristin-dalfopristin, rifampin, teicoplanin, trimethoprim-sulfamethoxazole, and 

vancomycin.  See appendix for MIC values. 

b Concentration in g/mL. 

c Value includes one isolate exhibiting inducible clindamycin resistance. 
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4.2.3 Antimicrobial susceptibility testing by agar dilution 

 Mueller-Hinton solid agar medium (BD Canada, Mississauga, ON, Canada) was 

prepared containing the predetermined concentration of each antibiotic.  For culturing S. 

pyogenes, media was supplemented with 5% (v/v) defibrinated sheep’s blood. 

 MICs for neomycin, gramicidin, and retapamulin were assessed by agar dilution 

methods according to CLSI guidelines (Clinical and Laboratory Standards Institute, 

2009).  Neomycin trisulfate salt hydrate (Sigma-Aldrich Canada, Oakville, ON, Canada) 

was dissolved in HPLC-grade water (Fisher Scientific, Ottawa, ON, Canada) and filter-

sterilized by passage through a 0.22 m polysulfone filter (VWR International, 

Mississauga, ON, Canada).  This stock solution was further diluted to working 

concentrations with water.  Gramicidin (Sigma-Aldrich Canada) and retapamulin 

(provided by GlaxoSmithKline, Research Triangle Park, NC, USA) were dissolved and 

diluted in 100% ethanol to make appropriate working concentrations of each compound.  

 Concentration ranges consisted of two-fold dilution series specific for each 

compound and each organism.  For neomycin, S. aureus isolates were assayed with a 

concentration range of 0.064 to 128 g/mL, while S. pyogenes isolates were assayed at 

0.5 to 128 g/mL.  Concentration ranges for gramicidin were 4 to 128 g/mL and 0.125 

to 16 g/mL for S. aureus and S. pyogenes, respectively.  MICs for retapamulin were 

determined with concentration ranges of 0.032 to 8 g/mL and 0.008 to 1 g/mL for S. 

aureus and S. pyogenes isolates, respectively. 

 Additionally, solid media intended to emulate the antibiotic compositions of 

commercially-available triple-antibiotic formulations of Polysporin® or Neosporin® were 

prepared.  Polymyxin B sulfate salt (Sigma-Aldrich Canada) and bacitracin (Sigma-
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Aldrich Canada) were prepared by dissolution in HPLC-grade water and filter-sterilized.  

Media corresponding to Polysporin® Triple Antibiotic Ointment contained polymyxin B 

(10000 U/mL), bacitracin (500 U/mL) and gramicidin (0.25 mg/mL), and media 

comparable to Neosporin® First Aid Antibiotic Ointment contained polymyxin B (5000 

U/mL), bacitracin (400 U/mL) and neomycin (3.5 mg/mL). 

 For each isolate, a suspension containing bacterial cells from an overnight culture 

was prepared with the turbidity adjusted to a 0.5 McFarland standard in either sterile 

saline (S. aureus) or Todd-Hewitt broth (S. pyogenes; Oxoid Canada, Nepean, ON, 

Canada).  Using a multipoint inoculum replicator, approximately 2 L of a 1:10 dilution 

of each suspension were delivered to the surface of each agar plate and allowed to dry.  

Inoculated plates were incubated at 35ºC in either ambient air or CO2 for 20-24 h 

(Clinical and Laboratory Standards Institute, 2009). 

 

4.2.4 Antimicrobial susceptibility testing by E-test 

 Susceptibilities to bacitracin and polymyxin B were determined by E-test 

(Biomerieux Canada, Inc., St. Laurent, QC, Canada) according to manufacturer’s 

instructions.  Briefly, confluent bacterial growth was created by inoculating either 

Mueller-Hinton II agar (S. aureus; BD Canada) or Mueller-Hinton agar containing 5% 

(v/v) defibrinated sheep blood (S. pyogenes) with a bacterial suspension adjusted to a 0.5 

McFarland standard spread with a sterile swab.  E-test strips were placed on the agar 

surface using a vacuum pen.  Bacitracin strips contained a gradient of antibiotic 

corresponding to a concentration range of 0.016 to 256 g/mL, while polymyxin B strips 

contained a gradient corresponding to concentrations of 0.064 to 1024 g/mL.  One strip 
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for each antibiotic was placed in opposing directions on a 9 cm agar plate for each strain.  

Inoculated plates with E-test strips were incubated at 35ºC in either ambient air or 5% 

CO2 for 20-24 h.  MICs were read following incubation. 

 

4.2.5 Quality Control 

 S. aureus ATCC 29213 and S. pneumoniae ATCC 49619 were included for 

quality control purposes.  MICs for quality control organisms were assessed against 

acceptable ranges as per CLSI document M100-S21 (Clinical and Laboratory Standards 

Institute, 2011).  Acceptable ranges for susceptibility to retapamulin were described by 

Ross and Jones (2005).  Media not containing antibiotics and uninoculated media were 

included where appropriate to control for growth of test organisms and for contamination, 

respectively. 

 

4.2.6 Statistical Analysis 

 For categorical variables, the Fisher’s Exact test was used to assess significance 

from a 2 x 2 contingency table using Graphpad Prism version 4.03 (Graphpad Software, 

Inc., La Jolla, CA, USA) .  From this, odds ratio and 95% confidence intervals were 

derived. 

 

4.3 Results 

 Results for the susceptibility of S. aureus isolates to antimicrobial compounds by 

broth microdilution as well as rates of MRSA infection for this study group have been 

previously reported (Golding et al., 2011).  For the purpose of this study, MICs of this 

 102 



 103 

subset of 118 S. aureus (90 MSSA and 28 MRSA) isolated from mixed SSTI are 

presented in Table 4.1.  MICs for antimicrobial agents against S. pyogenes isolates by 

broth microdilution are shown in Table 4.2.  Results obtained by agar dilution and E-test 

methods are summarized in Table 4.3.  MIC50 and MIC90 values for each compound are 

included in the results tables.  Resistance in terms of percentage of isolates tested is 

indicated where breakpoints have been established (Clinical and Laboratory Standards 

Institute, 2011; Traczewski and Brown, 2008). 

 The S. pyogenes isolates examined in this study remained susceptible to most 

classes of antibiotics that were examined.  Expectedly, all were susceptible to penicillin.  

Resistance rates were 9.7% (n=17), 1.7% (n=3), and 1.7% (n=3) for tetracycline, 

erythromycin, and clindamycin, respectively.  One of the three clindamycin-resistant 

isolates was inducible.  Nearly all (172/174; 98.9%) of isolates were resistant to fusidic 

acid. 

 S. aureus isolates showed resistance to additional antimicrobials, as was 

previously reported (Golding et al., 2011).  In addition to oxacillin, resistance to 

clindamycin, erythromycin, fusidic acid, gentamicin, mupirocin, and trimethoprim-

sulfamethoxazole was observed.  Clindamycin resistance was inducible in the presence of 

erythromycin in 19 clindamycin-resistant isolates.  Resistance to clindamycin or 

erythromycin was significantly associated with MSSA, while mupirocin resistance was 

significantly associated with MRSA (Table 4.1).  There was no significant difference 

between resistance to fusidic acid, gentamicin, or trimethoprim-sulfamethoxazole. 



Table 4.3  Susceptibilities of S. aureus and S. pyogenes to topical antimicrobials obtained 

by agar dilution or E-test. 

 

 S. aureus (n=118)  S. pyogenes (n=136) 

Antibiotic Range MIC50 MIC90  Range MIC50 MIC90 

Bacitracin a 6-> 256 c 48 96  0.094-> 256 0.38 0.5 

Gramicidin b ≤ 4-> 128 > 128 > 128  ≤ 0.125-8 ≤ 0.125 ≤ 0.125 

Neomycin b 0.5-128 1 2  64-> 128 >128 >128 

Polymyxin B a 96-256 128 192  96-256 192 256 

Retapamulin b 0.064-0.125 0.125 0.125  0.032-0.064 0.064 0.064 

 

a MIC determined by E-test. 

b MIC determined by agar dilution. 

c Concentration in g/mL. 
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 Solid media containing combinations of the three antibiotics comprising 

Polysporin® or Neosporin® were prepared and inoculated with each strain.  No growth of 

any of the S. aureus and S. pyogenes isolates tested was observed. 

 

4.4 Discussion 

 In a region reporting a high prevalence of CA-MRSA causing SSTI, antibiotic 

resistance patterns were determined for a wide range of antimicrobial agents in S. 

pyogenes isolated from SSTI mixed with S. aureus.  This study has shown that despite 

the presence of multidrug resistant MRSA and MSSA in the community, there is no 

evidence of any emerging resistance phenotypes in S. pyogenes. 

 Additionally, while few resistant strains were detected, these data suggest that 

resistance to macrolides and lincosamides and tetracycline in this population of isolates is 

not as prevalent as reported in similar infections in other countries (Perez-Trallero et al., 

2007; Perez-Trallero et al., 2011; Pires et al., 2010; Torres et al., 2011; York et al., 

1999).  Although three isolates displayed resistance to clindamycin and erythromycin 

(one of these was inducible), these agents provide suitable management options in cases 

of S. pyogenes infection requiring systemic antibiotic therapy if penicillin is not an 

option. 

 Nearly 99% of S. pyogenes isolates showed resistance to fusidic acid with an 

MIC90 concentration of >8 g/mL.  This observation is supported by similar data 

previously reported (Afset and Mæland, 2003; Perez-Trallero et al., 2011) and by the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) with an 

epidemiological cut-off value for wild-type strains of ≤16 g/mL (data from the 
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EUCAST MIC distribution website, last accessed July 9, 2011; http://www.eucast.org), 

implying an intrinsic resistance to fusidic acid.  Mixed infections with fusidic acid-

resistant S. aureus in impetigo cases would imply a contraindication for treatment with 

topical fusidic acid.  Indeed, seven of the 118 mixed infections examined had resistance 

to fusidic acid for both streptococcal and staphylococcal isolates.  All fusidic acid-

resistant S. aureus isolates examined in this study were determined to be methicillin-

susceptible strains. 

 The high incidence of high-level mupirocin-resistant MRSA strains in this region 

(Golding et al., 2011; Mulvey et al., 2005) narrows the treatment options for SSI, yet 

usage is still frequently considered by clinicians.  All S. pyogenes isolates were 

susceptible to mupirocin, indicating no widespread resistance to this drug.  Therefore, 

treatment of SSI caused by S. pyogenes alone with mupirocin may appear to be suitable.  

However, for the duration of this study, 68% of SSTI yielding S. pyogenes also grew S. 

aureus.  It would seem to be appropriate to reduce the risk of mupirocin-resistant S. 

aureus transmission with careful consideration for mupirocin usage as has been 

recommended based upon MRSA in the Canadian hospital setting (Simor et al., 2005).  

 In these study regions, treatment options involving OTC medications are 

exercised for superficial scrapes and abrasions.  The two combinations of antimicrobials 

comprising the commercial preparations of triple antibiotic ointment (Neosporin® and 

Polysporin®) both appear effective at inhibiting growth of all S. aureus and S. pyogenes 

isolates tested.  Usually comprised of two or three antibiotics, these OTC preparations are 

intended to provide a broad spectrum of antimicrobial activity.  Even though Neosporin® 

is not marketed in Canada, its efficacy was investigated in this study regardless of 

 106 

http://www.eucast.org/


availability in the subject communities.  Considering the breakpoint of ≤ 2 g/mL 

reported by Jones et al. (2006b), polymyxin B was expectedly ineffective against both S. 

aureus (MIC90=192 g/mL) and S. pyogenes (MIC90=256 g/mL).  For Neosporin®, the 

neomycin and bacitracin components appear to be the most active agents of the 

preparation for S. aureus and S. pyogenes, respectively.  The gramicidin component of 

Polysporin® was effective at inhibiting growth of S. pyogenes, but was ineffective against 

S. aureus.  With an MIC90 of 96 g/mL for S. aureus, it is debatable whether bacitracin 

within the OTC preparations is effective for this population of isolates.   One published 

bacitracin breakpoint for all bacteria of 2 g/mL (Members of the SFM Antibiogram 

Committee, 2003) would indicate all S. aureus isolates in this study are bacitracin-

resistant, an observation supported by a Norwegian study (Afset and Mæland, 2003).  

Additionally, using an agar well dilution method Neely et al. (2009) determined that 33% 

of MRSA in their study were resistant to bacitracin, showing bacitracin may not be 

suitable for treating all MRSA infections.  Likewise, a recent study from Japan has 

described bacitracin-resistance exclusively among MRSA USA300 strains (Suzuki et al., 

2011).  However, as shown, the solid media containing preparation concentrations of the 

three components of Polysporin® inhibited growth of all strains.  Converted from U to g, 

concentrations of polymyxin B (1 mg activity/g) and bacitracin (9.1 mg activity/g) within 

the commercial product exceed the MIC90 values of each agent for S. aureus (Clinical 

and Laboratory Standards Institute, 2011; Humphrey et al., 1953).  Jones et al. (2006b) 

suggested the consideration of a 1:100 dilution of preparation concentrations concerning 

the breakpoints for topically applied antibiotics.  Using this criterion, at 91 g/mL, 

bacitracin, as the most active component of Polysporin®, may not be effective for the 21 
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(17.8%) S. aureus isolates with an MIC of 96 g/mL or above.  Separately, the bacitracin 

MIC90 is 48 g/mL and 96 g/mL for MRSA and MSSA, respectively.  Twenty of the 21 

S. aureus with MIC ≥96 g/mL are MSSA (P=0.0240, OR=7.714, 95% CI =0.9858-

60.37)).  Given this consideration, 22.2% of the MSSA isolates would be resistant to 

topical use of bacitracin.  However with topical antibiotic applications, bacitracin 

concentration in the tissues at site of infection may exceed the arbitrary breakpoint 

dilution of 1:100 derived by Jones et al. (2006b), and as a result, be clinically effective 

should this concentration exceed the MIC of the infecting organism (Afset and Mæland, 

2003).  On a case-by case basis, this is difficult to determine due to variations in dose 

applied and in penetration of the compound.  In this study, bacteria present where the 

antibiotic preparation would be represented at a 1:100 dilution would still be effective for 

greater than 81% of the cases of mixed infections. 

 The observation of one S. pyogenes isolate with reduced susceptibility to 

bacitracin (MIC >256 g/mL) may not be surprising, given the emergence of resistance 

in a number of regions in Europe and the United States (Malhotra-Kumar et al., 2003; 

Mihaila-Amrouche et al., 2004; Perez-Trallero et al., 2004; Perez-Trallero et al., 2007; 

Pires et al., 2009; York et al., 1999).    The majority of isolates that have been 

characterized belong to an emm type 28 clone exhibiting constitutive erythromycin and 

clindamycin resistance (cMLSB phenotype) without a significant specificity for infection 

type.  One isolate from Portugal belongs to a distinct clone exhibiting high-level 

bacitracin resistance (MIC >256 g/mL), is emm type 74, and exhibits erythromycin, 

clindamycin and tetracycline resistance.  The isolate reported here demonstrates 

resistance to tetracycline, erythromycin, and inducible resistance to clindamycin.  
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Additionally, this isolate is emm type 92.0 (data not shown), suggesting a novel lineage 

of bacitracin-resistant S. pyogenes.  Further, this isolate was recovered from a SSTI along 

with an MSSA isolate that is presumably sensitive to bacitracin, but displays 

erythromycin resistance and inducible clindamycin resistance, emphasizing the potential 

for treatment failure with either of these two agents.   The potential emergence of 

bacitracin-resistant S. pyogenes will reduce the value of bacitracin sensitivity for 

identification of S. pyogenes in the laboratory. 

 As a precautionary note, one must be aware of the composition of the OTC 

preparations when either choosing or recommending these products for use.  Data 

presented here relate to triple antibiotic preparations, but OTC double antibiotic 

preparations are also on the market and may present a point of confusion for the patient 

when purchasing these products.  Polysporin® Antibiotic Ointment and Polytopic each 

contain polymyxin B with bacitracin, while Polysporin® Antibiotic Cream contains 

polymyxin B with gramicidin.  These data suggest treatment of S. aureus infections with 

Polysporin® Antibiotic Cream may not provide adequate antimicrobial activity.  

Likewise, Neosporin® Cream contains polymyxin B and neomycin, excluding bacitracin.  

This preparation may have limited efficacy for treatment of infections involving S. 

pyogenes. 

 The pleuromutilin, retapamulin, has been shown to be active against clinical 

isolates of S. aureus and S. pyogenes in vitro and in a wound infection model (Jones et 

al., 2006a; Pankuch et al., 2006; Perez-Trallero et al., 2011; Rittenhouse et al., 2006a; 

Rittenhouse et al., 2006b; Woodford et al., 2008).  Data from this study agree with these 

reports describing effective antimicrobial activity against these two pathogens.  In 
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Canada, approval for the use of retapamulin is restricted to the treatment of impetigo 

caused by S. pyogenes or MSSA and, fortunately, no resistant isolates were detected in 

this study.  A mechanism for resistance to pleuromutilins, lincosamides and 

streptogramin A has been characterized as an ATP-binding cassette found in swine and 

human isolates of MRSA ST398 and is encoded by genetic variants that are either 

transposon-mediated (Gentry et al., 2008; Schwendener and Perreten, 2011) or plasmid-

borne (Gentry et al., 2008; Kadlec and Schwarz, 2009; Kadlec et al., 2010; Mendes et al., 

2011).   Recently, livestock-associated MRSA ST398 strains in Saskatchewan have 

demonstrated reduced susceptibility to both tiamulin (Rubin et al., 2011) and retapamulin 

(data not shown).  It is not apparent whether this has been transferred to other genetic 

lineages of S. aureus, but it is postulated the potential selective pressure due to local 

agricultural use of tiamulin (Rosengren et al., 2008) may contribute to the emergence of 

pleuromutilin-resistant strains of S. aureus.  Retapamulin is currently not being used 

within the study regions for treatment of clinical cases of SSTI, thus no contribution to 

selective pressure that may give rise to resistant strains is being made by this drug. 

 In conclusion, resistance rates in S. pyogenes to systemic antibiotics remain low, 

while the current practice of topical antimicrobial treatment of SSI in northern 

Saskatchewan communities may have limited efficacy against those infections caused by 

S. pyogenes mixed with S. aureus.  Fusidic acid appears to be ineffective for treating S. 

pyogenes, while mupirocin resistance is high in S. aureus, especially MRSA.  All OTC 

preparations studied would be successful for treating S. pyogenes as at least one 

component displayed sufficient efficacy against this pathogen.  However, use of 

Polysporin® or Polytopic for SSI caused by S. pyogenes mixed with MSSA may result in 
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treatment failure for cases in these communities.  Although in vitro testing of three 

combined antibiotics comprising Polysporin® and Neosporin® inhibited growth of all 

isolates, clinical trials for single or polymicrobial impetigo with the use of OTC 

antibacterial combinations are warranted.  Retapamulin was the most effective topical 

antibiotic for both species of pathogens.  Since this drug is not available in these 

communities, and development of resistance in S. aureus may seem inevitable, alternative 

strategies using existing treatment options need to be employed for each case.  These 

observations emphasize the value placed upon definitive laboratory identification of 

pathogens causing these infections, to guide effective treatment.



5. Simulated mixed skin and soft tissue infection with S. aureus and S. 

pyogenes using a mouse model 

 

For the content of Chapter 5, the study design, host response analysis by Luminex 

technology, and data analyses were performed by R.R.M.  The murine infection pilot 

study, including tissue harvesting and serum collection, was performed by Dr. K. Zhang 

and Dr. G. Armstrong and colleagues at the University of Calgary.  Mouse tissue 

sectioning, mounting, staining, and microscopic photography were performed by Dr. C. 

Robertson and colleagues at NML. 

 

5.1 Introduction 

 Bacterial infections involving the skin and soft tissue are commonly caused by S. 

pyogenes and/or S. aureus (Jenkins et al., 2010).  SSTI involving these pathogens can 

often be minor in nature, but are known to progress to disease of great severity.  In 

Saskatchewan, the emergence of MRSA has been responsible for outbreaks in both 

nosocomial and community settings (Mulvey et al., 2005).  In addition, the Northern 

Antibiotic Resistance Partership study has confirmed that a high rate of CA-MRSA in 

northern Saskatchewan communities, the vast majority of which presenting as SSTI 

(Golding et al., 2011).  In Chapter 2 of this thesis, the molecular epidemiology of S. 

pyogenes and S. aureus mixed SSTI was investigated, revealing the combination of S. 

pyogenes emm type 41.2 with S. aureus spa type t311 was most frequently isolated 

during the NARP active surveillance study.  Further, 28% of all SSTI involving S. 
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pyogenes and/or S. aureus for this time period were described as being mixed with both 

pathogens. 

 Upon injury and breach of the skin barrier, invading staphylococcal or 

streptococcal pathogens initiate the process that engages virulence determinants 

harboured by the bacteria with the host’s immune response.  S. pyogenes and S. aureus 

each carry numerous cell wall-bound and secretory virulence factors that contribute to the 

progression of infection through bacterial adherence, dissemination, host immune 

evasion, cytotoxicity, and superantigen over-activation of host T-cell lymphocytes (Bisno 

et al., 2003; Cunningham, 2000; Foster, 2009; Spaulding et al., 2013; Watkins et al., 

2012).  In the host, recognition of bacterial components by epithelial cell receptors 

initiates the early innate immune response.  This initial response includes the production 

of antimicrobial peptides, cytokines and chemokines that are released to recruit 

neutrophils to the infection site to promote bacterial clearance (Takeuchi and Akira, 

2010).  These proinflammatory cytokines include interleukin (IL)-1, IL-1, tumor 

necrosis factor (TNF), interferon (INF), IL-6 and IL-17 and promote the recruitment of 

neutrophils to combat the infection (Cho et al., 2010; Goldmann et al., 2003; Krishna and 

Miller, 2012; Norrby-Teglund et al., 1997; Prabhakara et al., 2013).  Detection of the 

increased production of these cytokines coupled with the infiltration of neutrophils to the 

site of infection indicates the establishment of the initial host response that is set out to 

clear the invading pathogens. 

 Originally, the assessment of in vivo differential bacterial gene expression of S. 

aureus and S. pyogenes in single and mixed infections through the use of an established 

murine skin infection model (Zhang et al., 2007) was proposed as an outcome of this 
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study.  In order to proceed further with a full-scale experiment, a pilot study using the 

fewest number of animals as possible was designed to assess whether 1) mixed and 

single-pathogen SSTI may become established in this infection model, 2) any 

histopathologic differences between these infection types are observed, 3) sufficient 

quantity of bacteria could be recovered from the infected tissue in order to isolate 

bacterial RNA as a measure of gene expression, and 4) any differences in host immune 

response is present between the infection types and at different stages of infection 

progression as measured by serum cytokine concentration.  This pilot study utilized 

isolates S. pyogenes emm type 41.2, S. aureus spa type t311, and S. aureus spa type t128 

(CMRSA7) recovered from the NARP active surveillance study either as single or mixed 

infections.  Here, the findings of the pilot study are presented. 

 

5.2 Materials and Methods 

5.2.1 Bacterial strains 

 One isolate each of MSSA, MRSA and S. pyogenes was selected for inclusion in 

the simulated infection model experiments.  Isolates representing the most-frequently 

isolated subtypes of S. aureus (spa type t311) and S. pyogenes (emm type 41.2) co-

infections that were collected from the same specimen were selected for inclusion in this 

study.  These included isolates S. aureus (MSSA) 06BA18369 and S. pyogenes 

06BA18369 that were included in the genome seqeuencing projects detailed in Chapter 3 

(McDonald et al., 2013a, 2013b).  Additionally, S. aureus (MRSA) 06BA13410 (spa type 

t128, CMRSA7) was also co-isolated with S. pyogenes emm type 41.2 and was selected 

as the representative MRSA strain in this study. 

 114 



 115 

 

5.2.2 Mouse SSTI model pilot study 

 In order to assess the ability to simulate a mixed SSTI, a small-scale study was 

designed based upon a dermatopathological murine model developed for infection with 

CA-MRSA (Zhang et al., 2007).  This mouse infection pilot study was designed in 

collaboration with and conducted by Dr. Glen Armstrong and colleagues at the 

University of Calgary, Department of Microbiology, Immunology and Infectious 

Diseases.  Briefly, five different combinations of infections were attempted, in addition to 

control replicates.  Each of the three bacterial isolates was used individually, and S. 

pyogenes was used in combination with each S. aureus (MSSA and MRSA) to infect four 

individual mice (Table 5.1).  Experiments with this mouse SSTI model were conducted in 

accordance with approved animal protocol M09115 (Zhang et al., 2007)  

 Briefly, female BALB/c mice (Charles River Laboratories International, Inc., 

Wilmington, MA, USA), aged 6-8 weeks, were shaved in the intrascapular region and 

inoculated by intradermal injection with 1.0 x 107 cfu of each isolate in 100 µL.  For 

combined infections, 1.0 x 107 cfu of each isolate was inoculated in a 50 µL volume.  

Each control mouse was inoculated with 50 µL sterile saline.  Two of the four mice from 

each group (plus two of the four controls) were sacrificed after 6 d and the remaining 

mice were sacrificed 14 d post-inoculation.   For each animal, the tissue involved with the 

lesion surrounding the inoculation site was dissected from the mouse and either immersed 

in 4% (v/v) phosphate buffered formalin in a fixed tissue collection container, or flash 

frozen in liquid nitrogen, wrapped in foil, and stored at -70ºC.  In addition, serum 

samples were collected from each animal and stored at -70ºC. 



Table 5.1  Composition of infection combination groups. 

a plus four mice for controls. 

Sample 
group 

Infection 
combination 

Strain number Inoculum 
No. of 
micea 

A MRSA+S. pyogenes  1.0x107 cfu each isolate 4 

B MSSA+ S. pyogenes  1.0x107 cfu each isolate 4 

C MRSA 06BA13410 1.0x107 cfu 4 

D MSSA 06BA18369 1.0x107 cfu 4 

E S. pyogenes 06BA18369 1.0x107 cfu 4 
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 Tissue samples from infection combinations A, B, and C harvested 6 d post-

infection were divided in two, one half was preserved in formalin, while the other half 

was snap-frozen.  This resulted in two tissue replicates preserved by each method for 

each infection combination.  However, cutting the harvested tissue in half proved to be 

too difficult and was discontinued after attempting to cut six lesion specimens from the 

first three infection combinations.  For all subsequent lesion specimens (infection 

combinations D, E and controls for day 6 and all infection combinations and controls for 

day 14), one whole replicate was preserved in formalin, while the second replicate was 

snap-frozen.  Photographs were taken of lesions of representative animals from each 

group at 1, 2, 3, 6 and 14 d post-infection.  Control mice were photographed at days 6 and 

14. 

 

5.2.3 Infection histology 

 Formalin-preserved tissue was sent to Dr. Catherine Robertson, Molecular 

PathoBiology, National Microbiology Laboratory, Winnipeg, MB for histological slide 

preparation.  All slide preparation and imaging was performed by NML.  Briefly, 

formalin-preserved tissue samples were trimmed and processed to wax blocks.  4 m 

sections were cut and mounted onto either Superfrost or ProbeOn slides (Fisher 

Scientific, Ottawa, ON).  Slides were stained with either haemotoxylin-eosin (HE) stain 

or Gram stain.  Slide Imaging was facilitated using a Zeiss Mirax Midi slide scanner 

(Carl Zeiss Canada Ltd., Toronto, ON) and images viewed with Pannoramic Viewer, 

version 1.14.50 (3DHistech, Kft., Budapest, Hungary). 
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5.2.4 Host response analysis 

 For each infection combination, mouse serum samples were collected at each time 

the tissue samples were harvested.  The Panomics Procarta Cytokine Assay Kit 

(Affymetrix, Santa Clara, CA, USA) was used to attempt to quantify the concentrations 

of 19 analytes including those associated with mouse inflammatory response to infection.  

Analytes included in this assay were IL-1, IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, 

IL-12(p40), IL-12(p70), IL-13, IL-17, Eotaxin, GM-CSF, IFN, KC, MIP-1, Rantes, 

and TNF.   The Procarta Cytokine Assay Kit is a multiplex immunoassay based upon 

xMAP technology and detected on Luminex-based instruments.  This assay was 

performed according to manufacturer’s protocol.  Briefly, standard samples 

corresponding to an 8-point standard curve provided in the assay kit were included and 

run in duplicate.  Twenty-three serum specimens, each collected from one mouse 

replicate of each infection combination and control at each time point, were assayed in 

duplicates of 25 L.  Serum from one control mouse collected on day 6 was not available 

for this assay.  Two assay negative controls were included for a total of 64 samples.  Data 

was collected on a Luminex 200™ system instrument with Luminex IS software, version 

2.3 (Luminex Corporation, Austin, TX, USA).  Raw data consisting of median 

fluorescence intensity (MFI) values for all 19 analytes associated for each standard and 

unknown sample were exported from IS software.  Analyte concentrations of unknown 

samples were calculated using standard MFI values using Masterplex QT software 

version 4.0 (Miraibio Group, Hitachi Solutions America, Ltd., South San Francisco, CA, 

USA).  Concentration data were imported into Graphpad Prism version 4.0 (Graphpad 

Software, San Diego, CA, USA) to generate figures. 
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5.3 Results 

5.3.1 Infection histology 

 Gross observation indicated the development of a lesion in the skin tissue as early 

as 1 d post-infection (Figure 5.1).  Groups A-D produced lesions that appeared to be 

superficial with a white coloration that may be pus cells with signs of erythema in the 

skin immediately adjacent to the lesion.  There appeared to be no significant difference in 

appearance amongst animals from groups A, B, and C with lesions measuring 

approximately 4-6 mm wide at 3 d post-infection.  The lesions from group D (MSSA) 

were much larger (up to 12 mm) at 3 d.  Infection group E (S. pyogenes) produced a 

lesion approximately 6 mm wide that appeared to be formed deeper within the skin 

tissue.  Initial signs of healing of lesions appeared at 2 d post-infection with observable 

crusting of purulent areas.  Lesions were further resolved by day 14.  Control mice did 

not generate lesions at the site of injection. 

 For the histologic analysis of HE and Gram stained tissue sections, the services of 

a pathologist were unable to be retained to provide a detailed report regarding the detailed 

involvement of S. aureus and/or S. pyogenes infection.  In addition, dissection of the skin 

and soft tissue encompassing the lesion was difficult and, in many instances, included 

other surrounding tissues such as muscle, bone and organ tissue.  This additional tissue 

(especially bone) compromised the quality of some tissue sections for mounting and 

staining.  Figure 5.2 shows a typical photomicrograph depicting HE stained skin tissue 

sectioned at the lesion site.  This tissue was collected at day 6 from a sample from group 

B showing the presence of polymorphonucleocytes.  The upper margin of this image



A       B       C       D       E       Ctl

1

2a

3b

6

14b

 

Figure 5.1  Photographs of infection lesions.  Columns indicate representatives from 

infection groups A (MRSA + S. pyogenes), B (MSSA + S. pyogenes), C (MRSA), D 

(MSSA), E (S. pyogenes), and Ctl (control).  Rows indicate number of days post-

infection. a indicates scale shown is in 1/16 of an inch.  b indicates scale shown in mm.  

Original in colour. 
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Figure 5.2  HE stained section of formalin-preserved tissue representing MSSA-S. 

pyogenes infection 6 d post-inoculation (a; magnification, 100X).  

Polymorphonucleocytes are observed with dark purple nuclei.  Control tissue is shown in 

(b) (magnification, 1000X).  Original in colour. 
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corresponds to the external ulceration of the infection site.  Control tissue is included for 

comparison.  Where available, other infection groups showed similar histologic results 

surrounding the lesion site. 

 Additionally, sections obtained from most infection groups were prepared with 

Gram stain.  Figure 5.3 shows a tissue section from group B, 6 d post-infection, with 

Gram- positive cocci that are scant in quantity among muscle tissue.  Tissue from a 

control sample is shown in comparison.  Other sections collected from other infection 

group tissue sample showed bacterial quantities ranging from no bacterial cells observed 

to quantities equal to those observed in Figure 5.3. 

 

5.3.2 Cytokine detection assay 

 The Procarta Cytokine Assay Kit did not generate results for numerous analytes 

for which a serum concentration could be calculated.  This was mainly due to the fact that 

MFI values for either all or some samples (including controls) were at or below the 

lowest standard used to generate a standard curve.  As a result, few usable data points 

were collected.  Analytes without results included IL-1, IL-1, IL-2, IL-4, IL-5, IL-6, 

IL-10, IL-17, Eotaxin, KC, MIP-1, and Rantes.  The remaining analytes IL-3, IL-

12(p40), IL-12(p70), IL-13, GM-CSF, IFN, and TNF had measurable concentrations, 

but had either no difference between all samples (including controls), or had large 

differences between replicates.  For example, one analyte, IL-13, produced data that 

could be compared amongst the groups.  Figure 5.4 shows the variable levels of IL-13 

from the group C (MRSA) infections, along with the control from day 6.  With the 

exception of one sample, there appears to be no significant difference in IL-13



a 
 

 

 
b 

 

Figure 5.3  Gram-stained section of formalin-preserved tissue representing MSSA-S. 

pyogenes infection 6 d post-inoculation (a).  Gram-positive bacterial cells are observed 

within the tissue (arrow).  Control tissue is shown in (b).  Original in colour. 
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Figure 5.4  Detected levels of IL-13 in serum collected from mice infected with MRSA 

(group C) 6 and 14 d post-infection.  Control samples are indicated by Ctl. 
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concentration in the infected samples from the control samples.  The calculated 

concentration of this exception, MRSA d6-2, is significantly higher than the 

concentration of the second animal replicate.  Similar results were obtained for the other 

infection groups for IL-13 (Figure 5.5). 

 Following this assay, both serum samples from group B, day 6, one sample of 

group A, day 14, and one control sample from day 6 were exhausted and reproducibility 

was not examined by repeating this experiment. 

 

5.4 Discussion 

 For this pilot study, a murine model previously developed to demonstrate 

dermatopathological characteristics of intradermal CA-MRSA infection was employed to 

investigate three aspects of SSTI associated with S. pyogenes and S. aureus using a 

minimal number of animals.  Firstly, the determination of whether these specific strains 

of MSSA, MRSA, and S. pyogenes collected as part of the NARP Active Surveillance 

program could establish an SSTI individually, as well as S. pyogenes mixed with either 

MSSA or MRSA was attempted.  Should this be the case, infection progression and 

histopathologic characteristics in the infection combinations were to be described.  

Secondly, should these infections be established, the quantity and quality of bacterial 

RNA collected from infected tissue samples was to be determined to establish its 

suitability for bacterial gene expression analyses.  Thirdly, the murine host immune 

responses to the various infection combinations were studied by attempting to quantify 

mouse serum cytokine concentrations.  Based upon the outcomes of these experiments, 

the decision was made to not pursue additional experiments that would include a greater 
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Figure 5.5  Concentrations of IL-13 that were detected from all infection groups 6 d post-

infection.  Groups with S. pyogenes use the abbreviation GAS.  Control samples are 

indicated with Ctl. 
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number of animal replicates with specimens collected at more refined stages of infection 

progression. 

 The results from this pilot study indicate that all infection groups were able to 

establish an infection by the observation of variable lesion presentations that existed 

among these groups.  In particular, lesions developed with group D (MSSA) appeared to 

be more superficial, involving a large surface area.  Lesions observed from the other 

groups that included S. aureus (groups A-C) appeared to be, likewise, more superficial, 

but smaller in size.  Visual examination showed infection group E (S. pyogenes) 

produced deeper lesions, presumably at the subcutaneous layer.  These observations may 

be due to differences in infection processes of these particular strains of S. aureus and S. 

pyogenes introduced intradermally, or they may be due to the infection model employed 

in this study.  Given the small number of replicates included in this pilot study, variation 

may have occurred in the depth of injection of the inoculum.  Likewise, the small sample 

size of these infection groups does not establish confidence in the consistency of each 

infection group with these pathological observations. 

 Preliminary histological analysis of HE stained sections of all infection groups 

indicate the infiltration of polymorphonucleocytes at the site of the lesion at both 6 d and 

14 d post infection.  This, coupled with the erythmatous skin presentation indicates an 

inflammatory response to the microbial challenge.   This observation is consistent with 

another study detailing the peak of polymorphonucleocytes 2 d after intracutaneous 

challenge with S. aureus with the infiltration beginning to decline at 14 d post infection 

(Molne and Tarkowski, 2000).  Unfortunately, a detailed analysis was not available to 

provide insight whether any observable differences between the infection groups was 
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achieved.  It should be noted that with the observable initation of resolution in most 

infection groups by day 3, collection of lesion samples sooner than 6 d post infection 

should be considered for future experiments. 

 It was anticipated that, with the observation of lesion sites in all infection groups, 

microscopic examination of Gram-stained tissue would reveal numerous bacterial cells 

visible at the site of the lesion as reported for both S. pyogenes and S. aureus skin 

infection models (Boon and Beale, 1987; Kugelberg et al., 2005).  However, this was not 

observed as only scant quantities in very small clusters of single-cell Gram-positive cocci 

were visible in some of the sections and there were no Gram-stained bacterial cells in 

many of the tissue sections.  The extremely low bacterial load may be due to two reasons.  

Firstly, the bacterial cells may have become disassociated from the tissue samples in the 

several weeks of storage in formalin prior to paraffin-embedding and sectioning.  

Secondly, by 6 d post infection, the bacteria may have been cleared by the infiltration of 

phagocytic neutrophils.  Other infection models documented the presence of bacterial 

cells in tissue sections at 2-4 d post infection in immunocompetent mice (Boon and 

Beale, 1987; Graham et al., 2006; Kugelberg et al., 2005).  Additionally, quantitative 

analysis of S. aureus in mouse skin infections determined by culture did not detect any 

bacteria at 7 d post infection in BALB/c mice infected with 1 x 107 cfu by intracutaneous 

injection (Mölne et al., 2000).  The absence of bacteria in these tissue samples was not 

confirmed by either culture or by PCR detection of bacterial nucleic acids.  However, it 

seemed plausible that the tissue collected in these experiments at these stages of infection 

(6 d and 14 d post infection) may not harbour sufficient bacterial load to isolate sufficient 

bacterial RNA for gene expression studies.  A subsequent study that would be designed 
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to collect tissue at an earlier stage of the infection process could be more successful in 

obtaining sufficient bacteria for further study. 

 It may be uncertain whether this intradermal injection model of infection is 

appropriate to simulate an SSTI caused by a breach in the skin barrier and involving these 

pathogens.  Alternatively, other murine superficial streptococcal or staphylococcal 

infection models have been studied with a superficial approach that provides a direct 

disruption of the epithelial barrier, followed by topical application of the bacterial 

inoculum.  One example includes tape-stripping exposed skin which partially removed 

the epithlelium and allowed S. pyogenes or S. aureus to colonize and progress to a dermal 

and subcutaneous infection (Kugelberg et al., 2005).  Another model involved the 

generation of a humanized skin model by xenografting human neonatal foreskin to severe 

combined immunodeficient (SCID) mice (Scaramuzzino et al., 2000).  After superficial 

abrasion of the human skin graft, S. pyogenes was applied to cause an infection 

simulating human streptococcal impetigo.  A third method that may be more suitable is 

an epicutaneous infection of mouse ear pinnae by inoculation with bacteria-coated 

Morrow-Brown allergy test needles (Prabhakara et al., 2013).  This method is claimed by 

the authors to be a more consistent model for CA-MRSA SSTI.   While the intradermal 

injection models, such as the one employed for this study, can generate bacterial infection 

as demonstrated, these alternative examples may serve as models better suited to simulate 

SSTI following damage to the skin barrier. 

 The evaluation of host response by quantitative analysis of serum cytokines by a 

multiplex microbead suspension assay did not generate results that could be interpreted.  

Of the 19 analytes, data was collected for only seven.  Of these, none showed a 
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significant difference between levels of the control serum and any infection group, in 

spite of the observation of a cellular immune response.  Further, animal replicates within 

infection groups did not generate consistent results for most of the analytes that generated 

data.  With the multiplex nature of this assay, failure of any one sample well should not 

generate results for all analytes.  However, the pattern of the data indicates that the assay 

failed for specific analytes in all samples.  Upon consultation with Affymetrix technical 

support, in addition to the possibility of general kit reagent failure, one explanation may 

be the degree of haemolysis observed in many of the samples.  With the majority of the 

serum samples exhausted to prevent additional experiments with replicates from being 

conducted, attempts to troubleshoot the assay were not performed. 

 In conclusion, this pilot study was conducted to determine whether an expanded 

study with this infection model should be designed to describe histopathologic 

differenced between the infection groups, to collect sufficient microbial RNA to study 

comparative bacterial gene expression, and to measure differences in host response 

between these infection groups.  Even though the pilot study results indicated that some 

changes are warranted (for example, tissue should be collected sooner that 6 d post 

infection), conducting an expanded mouse infection experiment may not generate desired 

results to detect interpretable differences in the infection groups that were involved.  For 

these reasons, further work with this murine infection model was discontinued. 
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6. Summary 

 

 

 The work presented in this thesis accompanies a body of work conducted by the 

Northern Antibiotic Resistance Partnership that attempted to address the high rate of 

community-associated infections in northern Saskatchewan communities.  Attention to 

this issue was initally raised with the emergence of CA-MRSA in Canada and, in 

particular, CMRSA7 strains in Saskatchewan and Manitoba (Golding et al., 2011; Kurbis 

and Wylie, 2001; Larcombe et al., 2007; Mulvey et al., 2005; Wylie and Nowicki, 2005).  

In response, NARP set out to 1) determine risk factors for infection with CA-MRSA; 2) 

actively culture and characterize bacterial pathogens collected from clinical specimens 

from cases for which an antimicrobial prescription would be advised by a physician or 

nurse practitioner, and 3) generate educational materials targeting populations including 

school-age children and persons visiting a health centre for local educators and health 

care workers to implement in their community. 

 As part of the NARP active surveillance program, a retrospective chart review in 

northern Saskatchewan communities revealed that only 14% of clients presenting with an 

infection to health care personnel had a specimen collected, while 87% of these infections 

had been prescribed an antimicrobial (Graessli et al., 2004).  As such, a large proportion 

of infection cases for which an antibiotic was prescribed did not have a specimen taken to 

either verify a bacterial infection or confirm an infecting organism is susceptible to the 

prescribed antimicrobial.  One goal of this surveillance program was to collect and 

characterize bacterial isolates originating from infections in the anticipation that 
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increased rates of antibiotic resistance may exist.  While high rates of CMRSA7 CA-

MRSA infections were measured (Golding et al., 2011), concurrently, a high rate of SSTI 

from which S. pyogenes and S. aureus were co-isolated was observed and used as the 

basis for this research. 

 The characterization of S. pyogenes and S. aureus isolates collected from 118 

mixed SSTI through the NARP active surveillance program included molecular typing 

and antimicrobial susceptibility testing data collected as either part of this research or as 

part of the active surveillance program as a whole (Golding et al., 2011).  With the 

concern that previously undetected antibiotic resistance may be emerging, S. pyogenes 

and S. aureus isolates were tested for susceptibility to an expanded panel of antimicrobial 

agents that included components of the formulations of certain OTC topical antibiotics.  

While recommendations to primarily treat superficial infections with wet, warm 

compresses and wash with soap and water (Irvine et al., 2012), or with incision and 

drainage of cutaneous abscesses (Irvine et al., 2012; Liu et al., 2011) promote the 

judicious use of antibiotics, consideration for the use of a topical antibiotic such as 

mupirocin or fusidic acid may given to treat pediatric impetigo or other minor skin 

infections (Green, 2011; Liu et al., 2011).  In northern Saskatchewan, susceptibility data 

have revealed that S. aureus isolates have acquired resistance to mupirocin and fusidic 

acid (Golding et al., 2011; Mulvey et al., 2005), while data presented here suggest 

resistance to fusidic acid in S. pyogenes.  As such, treatment of mixed infections with 

either of these antimicrobial agents may pose a risk of treatment failure for at least one of 

these pathogens.   
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 In addition, anecdotal evidence had suggested that OTC Polysporin® and 

Polytopic were clinically recommended in NARP communities to treat minor abrasions.  

The in vitro susceptibility testing with the combination of bacitracin, gramicidin and 

polymyxin B as marketed as Polysporin® Triple showed complete inhibition of all S. 

pyogenes and S. aureus isolates collected from mixed infections.  The data corresponding 

to the individual components of the OTC antibiotics suggest care must be taken to ensure 

the formulation of Polysporin® at the least includes bacitracin.  As a result, given the 

prevalence of SSTI in northern Saskatchewan Indigenous communities, the First Nations 

and Inuit Health Branch, Health Canada (FNIH) has added Polysporin® ointment 

(containing bacitracin, 500 U/mL and polymyxin B, 10000U/mL) to its drug formulary of 

non-insured health benefits accessible to Indigenous citizens of Canada on August 8, 

2012 (http://www.hc-sc.gc.ca/fniah-spnia/pubs/nihb-ssna/_drug-med/2013-spring-

additions-printemps/index-eng.php, accessed August 22, 2013).  Further work that would 

include clinical trials are warranted to determine whether these OTC topical 

antimicrobials successfully eradicate S. pyogenes and S. aureus associated with mixed 

SSTI in this setting.  In addition, with the anticipated increase in usage of Polysporin®, 

surveillance for emerging antimicrobial resistance of S. pyogenes and S. aureus to these 

components is of high importance.  One bacitracin-resistant S. pyogenes isolate was 

detected in this study that may be indicative of emerging resistance.  As a result, it is 

recommended that FNIH consider the inclusion of Polysporin® Triple in its formulary in 

the anticipation of an increased rate of resistance to bacitracin in S. pyogenes. 

 Importantly, rates of resistance to first-line systemic antimicrobials used to treat S. 

pyogenes remain non-existent (for penicillin) or low (for clindamycin) in this collection 
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of isolates.  The discrepancy in resistance patterns observed between MRSA and MSSA 

highlights the importance of considering the possibility of multidrug-resistant MSSA 

associated with mixed infections requiring systemic antimicrobial chemotherapy for an 

appropriate treatment course.  As such, the further development of alternative 

antimicrobials is ongoing to add to the options for treatment.  While retapamulin was 

approved by Health Canada for the topical treatment of impetigo caused by MSSA and S. 

pyogenes, it is not approved for the treatment of MRSA and is not marketed in Canada.  

Another pleuromutilin, BC-3781, is being developed for the treatment of acute skin and 

skin structure infections caused by Gram-positive bacteria, including S. pyogenes, MSSA 

and MRSA (Ross et al., 2012; Sader et al., 2012).  This pleuromutilin is unique in that it 

is being developed for oral and intravenous administration and has completed phase II 

clinical trials with a high level of success in terms of tolerability and similarity to 

vancomycin in clinical success rates (Prince et al., 2013).  An expanded survey of 

susceptibility of the collection of isolates collected by the SENTRY Antimicrobial 

Surveillance Program to BC-3781 revealed an inhibition rate of 99.8% at  0.5 g/mL for 

5527 S. aureus (MSSA and MRSA) isolates and 100% inhibition at  0.06 g/mL for 267 

S. pyogenes isolates (Paukner et al., 2013).  Since the pleuromutilin resistance 

determinant, vga(A) variant, was identified in a livestock-associated ST398 collected in 

Saskatchewan (Golding et al., 2012c) and phenotypic decreased susceptibility to tiamulin 

(Rubin et al., 2011) and retapamulin (unpublished data) were observed, it is not certain 

whether BC-3871 will also prove to be less effective against these strains of MRSA.   

 Another novel treatment strategy exploits the lytic activity of bacteriophage lysin 

enzymes that degrade the peptidoglycan cell wall of pathogenic bacteria (Fischetti, 2005).  
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PlySs2 is a lysin derived from a Streptococcus suis bacteriophage that has a broad lytic 

activity against numerous Gram-positive pathogens, including S. pyogenes, MSSA, and 

MRSA (Gilmer et al., 2013).  While this not yet in development for human clinical trials, 

PlySs2 demonstrated protection against a mixed challenge of MRSA and S. pyogenes in a 

mouse bacteremia model and offers a highly specific, unique approach to control of 

bacterial infection. 

 The molecular typing data collected in this study indicate that these mixed 

infections are caused by predominant strains of S. pyogenes and S. aureus that were 

circulating in these communities at the time of collection.  S. pyogenes emm type 41.2 

strains accounted for the majority of S. pyogenes associated with SSTI, but it is not 

certain whether today this is still the predominant strain associated with SSTI in these 

communities.  Other studies from China and Taiwan noted that the prevalence of S. 

pyogenes emm types causing non-invasive infections fluctuate over time, (Chiang-Ni et 

al., 2011; Ma et al., 2009).  From the time of collection of these specimens yielding 

mixed SSTI, this unique distribution of S. pyogenes emm types may no longer exist in 

these communities.  While there is no indication of an outbreak of invasive disease 

implicated with emm type 41.2 similar to that experienced with emm type 59, it would be 

of interest to conduct a current survey whether the population of S. pyogenes associated 

with non-invasive SSTI has experienced strain replacement.  Additionally, expanding the 

geographic scope of the original study by determining the emm type of S. pyogenes SSTI 

isolates elsewhere in Saskatchewan would indicate whether emm type 41.2 is indeed 

more widespread in the province. 
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 Because of the high public health interest in MRSA due to its resistance to 

antimicrobials, surveillance programs involving molecular typing methodologies have 

been established for a number of years to monitor for emerging strains and identify 

clusters of infections.  In many jurisdictions, these surveillance systems are not in place 

for MSSA.  Although the sample of MSSA isolate spa types analyzed in this study was 

more diverse than MRSA, many MSSA showed genetic backgrounds similar to those of 

major MRSA lineages (Golding et al., 2011).  Further, MSSA isolates displayed 

resistance to more classes of antimicrobials at a greater rate.  It is warranted that 

surveillance of MSSA be considered for the surveillance of antibiotic resistant disease-

causing MSSA.  However, spa type alone may not predict transmission of identical 

clones of S. aureus.   Both methicillin-resistant and methicillin-susceptible strains of spa 

type t311 S. aureus exist as observed in conjunction with provincial surveillance data.  

Further, not all spa type t311 MRSA isolates in Argentina harbour PVL (Sola et al., 

2012).  Additionally, different SCCmec types have been identified within different spa 

type t311 MRSA isolates collected through the CNISP program (G. Golding, personal 

communication).  In this study, seven of the 18 MSSA spa type t311 isolates are resistant 

to fusidic acid.  Further work is required to determine whether these fusidic acid-resistant 

isolates harbour the same far1 homologue within the same SCC as was described in S. 

aureus 06BA18369.  In addition, it would be of interest whether the fusidic-acid sensitive 

isolates likewise harbour a similar SCC without a functional fusidic acid resistance 

determinant. 

 In recent years, whole genome sequencing has facilitated the characterization of 

clinically-significant S. pyogenes and S. aureus isolates.  Comparative genome analysis 
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has been able to highlight the diversity that exists between genomes of the same species.  

These differences have allowed the description of these strains to include variability in 

their core and accessory genome composition.  For example, comparison of complete 

genome sequences of seven S. aureus genomes contributed to the characterization of 

mobile genetic elements including prophage and pathogenicity islands (Baba et al., 2008; 

Holden et al., 2004; Kuroda et al., 2001; Lindsay and Holden, 2004).  Likewise, S. 

pyogenes genome sequencing projects have allowed the diversity in content of its 

prophage and integrated conjugative elements in select strains to be compared (Beres and 

Musser, 2007).  More recently, the technological advances of next-generation DNA 

sequencing has facilitated the analysis of multiple strains at a reduced cost.  These 

advances has allowed phylogenetic analyses by comparing single nucleotide 

polymorphisms (SNPs) among many isolates to compare historic and epidemic 

contemporary strains of pathogens such as MRSA (Holden et al., 2013), S. pyogenes 

(Fittipaldi et al., 2012a; Fittipaldi et al., 2012b), Mycobacterium tuberculosis (Gardy et 

al., 2011), Shigella sonnei (Holt et al., 2012), and Vibrio cholerae (Reimer et al., 2011).  

Additionally, SNP data collected by whole genome sequencing demonstrated timely 

epidemiologic analysis of nosocomial outbreaks where conventional phenotypic or 

genotypic typing methods (including emm typing and spa typing) lack in discriminatory 

power to distinguish unrelated strains (Ben Zakour et al., 2012; Eyre et al., 2012; Harris 

et al., 2013; Köser et al., 2012; Sherry et al., 2013).  However, next generation 

sequencing technology may not be currently accessible to or prohibitive for many clinical 

laboratories due to cost or available expertise in genomics and bioinformatics (Sherry et 

al., 2013).  Alternatively, the growing repository of genome sequencing data could be 
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employed to identify genomic regions that are unique to specific lineages of a species 

without the need to sequence entire genomes.  Specific SNPs, supplemented with the 

presence or absence of accessory genes may be targeted by real-time PCR assays to 

characterize isolates as demonstrated with MRSA (Huygens et al., 2006; Syrmis et al., 

2011).  For a laboratory to efficiently manage numerous assays for multiple isolates, 

nanofluidic real-time PCR instrumentation could be employed.  For example, the 

BioMark HD (Fluidigm Corp, South San Francisco, CA, USA) has the capacity to run 96 

assays against 96 different samples.  This approach would be required to be validated 

using locally circulating S. aureus and S. pyogenes strains, but would provide the 

opportunity to include targets such as antibiotic resistance genes and other virulence 

determinants (Commons et al., 2008; Lintges et al., 2010; Spence et al., 2008). 

 The implemention of educational intervention strategies in NARP communities 

may have contributed to the reduction in the rate of CA-MRSA infections (Golding et al., 

2012b).  The principle of the infection control methodologies (such as handwashing) that 

were included in the educational materials may also be applied to control the spread of 

other infectious diseases in the community.  However, since the end of the NARP active 

surveillance program and with the exception of notifiable pathogens such as MRSA, 

infection rates of other organisms associated with SSTI cannot be determined.  It is 

plausible that these measures may have affected the rate of SSTI mixed with S. pyogenes 

and S. aureus caused by contact transmission in a way that reflects the reduced rate of 

CA-MRSA in these communities. 
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APPENDICES 

 

Appendix A  Fosmid clone insert templates used to join contig sequences for S. pyogenes 

06BA18369 draft genome. 

 

Contig name 

Clone 

template Contigs joined Primer read 

contig00048 1A09 00048 00004  SPFOS_1A09.04R01 

contig00063 1H09 00063 00082  pCC1 Reverse 

contig00063 1H09 00082 00018  SPFOS_1H09.45R01 

     pCC1 Forward 

contig00063 1G01 00018 00084  SPFOS_1G01.17R01 

contig00063 1A11 00084 00077  SPFOS_1A11.17R01 

contig00063 1G01 00077 00041 00075 SPFOS_1G01.48R01 

contig00063 1B11 00075 00016  SPFOS_1B11.15R01 

     pCC1 Reverse 

contig00063 1H06 00016 00008  SPFOS_1H06.08F01 

contig00090 1A01 00090 00080  SPFOS_1A01.58F01 

contig00090 1H09 00080 00023  SPFOS_1H08.22R01 

SPFOS_1A11 1A11 00007 00003  SPFOS_1A11.03F01 
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Appendix B  Fosmid clone insert templates used to create contig sequences for S. aureus 

06BA18369 draft genome. 

 

Contig name 

Clone 

template Contigs joined Primer read 

contig00017 1F06 00017 00001 00020 SAFOS_1F06.16R01 

     SAFOS_1F06.19F01 

contig00025 1E10 00025 00026  SAFOS_1E10.24F01 

     SAFOS_1E10.23R01 

contig00025 1H07 00026 00027  SAFOS_1H07.24F01 

     SAFOS_1H07.25R01 

contig00025 1D10 00027 00073  pCC1 Reverse 

contig00025 1A03 00073 00055  SAFOS_1A03.50F01 

     SAFOS_1A03.45R01 

contig00025 1H05 00055 00009  SAFOS_1H05.08F01 

     SAFOS_1H05.45R01 

contig00032 1G06 00032 00035  SAFOS_1G06.30F01 

     SAFOS_1G06.33R01 

contig00047 1G11 00047 00119  SAFOS_1G11.68F01 

contig00074 1C01 00074 00075  SAFOS_1C01.52F01 

contig00078 1F11 00078 00206  SAFOS_1F11.78F01 

     SAFOS_1F11.54R01 

contig00078 1B08 00206 00016  SAFOS_1B08.78F01 

contig00083 1C06 00083 00002  pCC1 Forward 
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Appendix B  cont’d 

Contig name 

Clone 

template Contigs joined Primer read 

contig00089 2E02 00089 00088 00201 pCC1 Reverse 

contig00146 1D02 00146 00036  SAFOS_1D02.34R01 

SAFOS_1G11 1G11 00006   SAFOS_1G11.05R01 

SAFOS_1H02 1H02 00015   SAFOS_1H02.14R01 

SAFOS_1H12 1H12 00013   SAFOS_1H12.12R01 

SAFOS_1E06 1E06 00041   SAFOS_1E06.38R01 

SAFOS_1E06 1G05 00041 00106  SAFOS_1G05.67R01 

SAFOS_2B04 2B04 00063   pCC1 Reverse 

SAFOS_2B04 2E09 00063 00143  pCC1 Forward 

SAFOS_2B04 1F05 00143 00010  SAFOS_1F05.09R01 

SAFOS_2B04 1H04 00010 00105  SAFOS_1H04.10F01 

     SAFOS_1H04.66R01 

contig00012 1B12 00012 00014  SAFOS_1B12.13R01 

SAFOS_1F10 1F10 00038   pCC1 Reverse 

 



Appendix C  Primer sequences utilized for gap-filling experiments. 

Primer Name Sequence (5′-3′) 
pCC1 Forward GGATGTGCTGCAAGGCGATTAAGTTGG 

pCC1 Reverse CTCGTATGTTGTGTGGAATTGTGAGC 

SAFOS_1A03.50F01 AATCAATGTTCTATGCTCTACG 

SAFOS_1A03.45R01 TTAGCTTCAACAGTTTTCAATG 

SAFOS_1B08.78F01 CCACCTGATGCTTTTACTTC 

SAFOS_1B12.13R01 TGGGACCAACAGTCAGATAC 

SAFOS_1C01.52F01 TGGTAGAGCACTTGGTTTG 

SAFOS_1D02.34R01 CGTGCAGAACAAGTCATTG 

SAFOS_1E06.38R01 TACAACACGCAATTCAGAAG 

SAFOS_1E10.24F01 TTCTTGTTTAGAGGGAGTGAG 

SAFOS_1E10.23R01 TGTATTGAAAATGGATGACG 

SAFOS_1F05.09R01 AAGTAGCGTGAGGATAGCAC 

SAFOS_1F06.19F01 GTGGCATATCACAACGAAG 

SAFOS_1F06.16R01 AGTCCCGTAGGAGTCACC 

SAFOS_1F11.78F01 AAGTGCCCATGTTGTGTTAG 

SAFOS_1F11.54R01 AGATTGCTGTAGAAACAATGG 

SAFOS_1G05.67R01 TCAGCAATCAGAAAACACTC 

SAFOS_1G06.30F01 GCAATTTCCCAAGTAAAATATC 

SAFOS_1G06.33R01 AAATTCGTCCAAACTTAGGC 

SAFOS_1G11.68F01 TCGTTATAGGTGTCAAAAACTG 

SAFOS_1G11.05R01 AAATGGAGGAAGTCAAGATG 

SAFOS_1H02.14R01 TCTAATTGAAATCATCTTATGAC 

SAFOS_1H04.09F01 CTTTATTTATTCCTCGAACTGAC 

SAFOS_1H04.66R01 TGACATTAAAAATTAGGAAAGC 

SAFOS_1H05.08F01 GACATTAACTGGTCGTGAGG 

SAFOS_1H05.45R01 GTGGTGATAATGAGACTTTTTG 

SAFOS_1H07.24F01 TGTCGAAAGTTTTGTAAGTGG 

SAFOS_1H07.25R01 AATTGCCTCTTTTGTAAAGC 

SAFOS_1H12.12R01 TAAACTTCTTTTGAGCATGG 

SPFOS_1A01.58F01 ACTATGCCCGTTTAGGATG 

SPFOS_1A09.04R01 AAGAGTATCGCTTTCCAATC 

SPFOS_1A11.03F01 TGGATTTACCCATTCAAGAG 

SPFOS_1A11.17R01 AAGCATAAGAGCCACTGTTG 

SPFOS_1B11.15R01 AGAGAGAGGGAAAAACTATGG 

SPFOS_1H06.08F01 TCTGTTGTTTGGTCATTGTG 

SPFOS_1H08.22R01 CAATCTTTGGCAGCAATC 

SPFOS_1H09.45R01 GCCAGCCTTTTGGATAG 

SPFOS_1G01.17R01 AAGCATAAGAGCCACTGTTG 

SPFOS_1G01.48R01 TGTTTTACGAACAGGATTGC 
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  1 2 3 4 5 6 7 8 9 10 11 12 

0.03 0.06 0.12 0.25 0.5 1 2 0.5 1 2 4 8 
A 

Pen Pen Pen Pen Pen Pen Pen Chl Chl Chl Chl Chl 

0.25 0.5 1 2 4 8 0.06 0.12 0.25 0.5 1 2 
B 

Amx Amx Amx Amx Amx Amx Dap Dap Dap Dap Dap Dap 

0.06 0.12 0.25 0.5 1 2 4 0.25 0.5 1 2 4 
C 

Rif Rif Rif Rif Rif Rif Rif Q/P Q/P Q/P Q/P Q/P 

0.25 0.5 1 2 4 8 0.12 0.25 0.5 1 2 4 
D 

Tet Tet Tet Tet Tet Tet Sxt Sxt Sxt Sxt Sxt Sxt 

0.06 0.12 0.25 0.5 1 2 4 0.5 1 2 4 8 
E 

Ery Ery Ery Ery Ery Ery Ery Gen Gen Gen Gen Gen 

0.06 0.12 0.25 0.5 1 2 4 0.12 0.25 0.5 1 2 
F 

Cld Cld Cld Cld Cld Cld Cld Lin Lin Lin Lin Lin 

0.12 0.25 0.5 1 2 4 8 4 8 16 
G 

Van Van Van Van Van Van Van Lin Lin Lin 
DMSO Pos 

0.12 0.25 0.5 1 2 4 8 16 32 64 128 
H 

Mup Mup Mup Mup Mup Mup Mup Mup Mup Mup Mup 
Neg 

 

Appendix D  Composition of S. pyogenes broth microdilution panel 1 used for 

antimicrobial susceptibility testing.  Row 1 (numbers 1-12) and column 1 (letters A-H) 

designate well coordinates on a 96-well microtitre plate.  Values for antimicrobial 

concentrations are presented as g/mL.  Antimicrobial abbreviations are as follows: Pen: 

penicillin, Chl: chloramphenicol, Amx: amoxicillin, Dap: daptomycin, Rif: rifampin, 

Q/P: quinupristin-dalfopristin, Tet: tetracycline, Sxt: trimethoprim-sulfamethoxazole, 

Ery: erythromycin, Gen: gentamicin, Cld: clindamycin, Lin: linezolid, Van: vancomycin, 

Mup: mupirocin.  Pos: positive control, Neg: negative control, DMSO: 

dimethylsulfoxide. 
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  1 2 3 4 5 6 7 8 9 10 11 12 

0.12 0.25 0.5 1 2 4 0.12 0.25 0.5 1 2 4 
A 

Gat Gat Gat Gat Gat Gat Mxf Mxf Mxf Mxf Mxf Mxf 

0.25 0.5 1 2 4 8 0.25 0.5 1 2 4 8 
B 

Ofl Ofl Ofl Ofl Ofl Ofl Lev Lev Lev Lev Lev Lev 

0.06 0.12 0.25 0.5 1 2 4 8 0.06 0.12 0.25 0.5 
C 

Cfz Cfz Cfz Cfz Cfz Cfz Cfz Cfz Cip Cip Cip Cip 

0.06 0.12 0.25 0.5 1 2 4 8 1 2 4 8 
D 

Cxm Cxm Cxm Cxm Cxm Cxm Cxm Cxm Cip Cip Cip Cip 

0.03 0.06 0.12 0.25 0.5 1 2 4 0.06 0.12 0.25 0.5 
E 

Ctx Ctx Ctx Ctx Ctx Ctx Ctx Ctx Tei Tei Tei Tei 

0.03 0.06 0.12 0.25 0.5 1 2 4 1 2 4 8 
F 

Cpe Cpe Cpe Cpe Cpe Cpe Cpe Cpe Tei Tei Tei Tei 

0.03 0.06 0.12 0.25 0.5 1 2 0.06 0.12 0.25 0.5 1 
G 

Imi Imi Imi Imi Imi Imi Imi Fus Fus Fus Fus Fus 

0.06 0.12 0.25 0.5 1 2 4 2 4 8 
H 

Etp Etp Etp Etp Etp Etp Etp Fus Fus Fus 
Pos Neg 

 

Appendix E  Composition of S. pyogenes broth microdilution panel 2 used for 

antimicrobial susceptibility testing.  Row 1 (numbers 1-12) and column 1 (letters A-H) 

designate well coordinates on a 96-well microtitre plate.  Values for antimicrobial 

concentrations are presented as g/mL.  Antimicrobial abbreviations are as follows: Gat: 

gatifloxacin, Mxf: moxifloxacin, Ofl: ofloxacin, Lev: levofloxacin, Cfz: cefazolin, Cip: 

ciprofloxacin, Tei: teicoplanin, Cxm: cefuroxime, Ctx: cefotaxime, Cpe: cefepime, Imi: 

imipenem, Fus: fusidic acid, Etp: ertapenem.  Pos: positive control, Neg: negative 

control. 
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  1 2 3 4 5 6 7 8 9 10 11 12 

0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 
A 

Oxa Oxa Oxa Oxa Oxa Oxa Oxa Oxa Oxa Oxa Oxa Oxa 

0.25 0.5 1 2 4 8 0.25 0.5 1 2 4 8 
B 

Cld Cld Cld Cld Cld Cld Van Van Van Van Van Van 

0.25 0.5 1 2 4 8 0.25 0.5 1 2 4 8 
C 

Ery Ery Ery Ery Ery Ery Sxt Sxt Sxt Sxt Sxt Sxt 

0.25 0.5 1 2 4 8 16 32 2 4 8 16 
D 

Cef Cef Cef Cef Cef Cef Cef Cef Tet Tet Tet Tet 

0.12 0.25 0.5 1 2 4 8 0.25 0.5 1 2 4 
E 

Cip Cip Cip Cip Cip Cip Cip Rif Rif Rif Rif Rif 

0.06 0.12 0.25 0.5 1 2 4 8 0.25 0.5 1 2 
F 

Fus Fus Fus Fus Fus Fus Fus Fus Lin Lin Lin Lin 

0.5 1 2 4 8 16 4 8 16 32 
G 

Gen Gen Gen Gen Gen Gen Lin Lin Lin Lin 
DMSO Pos 

0.12 0.25 0.5 1 2 4 8 16 32 64 128 
H 

Mup Mup Mup Mup Mup Mup Mup Mup Mup Mup Mup 
Neg 

 

Appendix F  Composition of S. aureus broth microdilution panel 1 used for 

antimicrobial susceptibility testing.  Row 1 (numbers 1-12) and column 1 (letters A-H) 

designate well coordinates on a 96-well microtitre plate.  Values for antimicrobial 

concentrations are presented as g/mL.  Antimicrobial abbreviations are as follows: Oxa: 

oxacillin, Cld: clindamycin, Van: vancomycin, Ery: erythromycin, Sxt: trimethoprim-

sulfamethoxazole, Cef: cefazolin, Tet: tetracycline, Cip: ciprofloxacin, Rif: rifampin, Fus: 

fusidic acid, Lin: linezolid, Gen: gentamicin, Mup: mupirocin.  Pos: positive control, 

Neg: negative control, DMSO: dimethylsulfoxide. 
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  1 2 3 4 5 6 7 8 9 10 11 12 

0.06 0.12 0.25 0.5 1 2 0.5 1 2 4 8 16 
A Amp Amp Amp Amp Amp Amp Amx/ 

Clv 
Amx/ 
Clv 

Amx/ 
Clv 

Amx/ 
Clv 

Amx/ 
Clv 

Amx/ 
Clv 

0.25 0.5 1 2 4 8 1 2 4 8 16 32 
B 

Gat Gat Gat Gat Gat Gat Chl Chl Chl Chl Chl Chl 

0.5 1 2 4 8 16 0.5 1 2 4 8 16 
C 

Dox Dox Dox Dox Dox Dox Imi Imi Imi Imi Imi Imi 

2 4 8 16 32 64 4 8 16 32 64 128 
D 

Cfz Cfz Cfz Cfz Cfz Cfz Nit Nit Nit Nit Nit Nit 

1 2 4 8 16 32 64 1 2 4 8 16 
E 

Cfp Cfp Cfp Cfp Cfp Cfp Cfp Nor Nor Nor Nor Nor 

2 4 8 16 32 64 1 2 4 8 16 
F 

Cft Cft Cft Cft Cft Cft Tri Tri Tri Tri Tri 
DMSO 

1 2 4 8 16 32 64 32 64 128 256 512 
G 

Cep Cep Cep Cep Cep Cep Cep Sul Sul Sul Sul Sul 

0.5 1 2 4 8 0.25 0.5 1 2 4 
H 

Tei Tei Tei Tei Tei Q/P Q/P Q/P Q/P Q/P 
Pos Neg 

 

Appendix G  Composition of S. aureus broth microdilution panel 2 used for 

antimicrobial susceptibility testing.  Row 1 (numbers 1-12) and column 1 (letters A-H) 

designate well coordinates on a 96-well microtitre plate.  Values for antimicrobial 

concentrations are presented as g/mL.  Antimicrobial abbreviations are as follows: 

Amp: ampicillin, Amx/Clv: amoxicillin/clavulanate, Gat: Gatifloxacin, Chl: 

chloramphenicol, Dox: doxycycline, Imi: imipenem, Cfz: ceftazidime, Nit: 

nitrofurantoin, Cfp: cefepime, Nor: norfloxacin, Cft: ceftriaxone, Tri: trimethoprim, Cep, 

cephalexin, Sul: sulfamethoxazole, Tei: teicoplanin, Q/P: quinupristin/dalfopristin.  Pos: 

positive control, Neg: negative control, DMSO: dimethylsulfoxide. 
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Appendix H  Streptococcal broth microdilution panel composition and MIC values 

(n=174). 

Antibiotic Range MIC50 MIC90 % 
resistant 

Amoxicillin ≤ 0.25-0.5 a ≤ 0.25 ≤ 0.25 0 

Cefazolin ≤ 0.06-0.5 0.12 0.25 0 

Cefepime ≤ 0.03-0.12 ≤ 0.03 ≤ 0.03 0 

Cefotaxime ≤ 0.03 ≤ 0.03 ≤ 0.03 0 

Cefuroxime ≤ 0.06 ≤ 0.06 ≤ 0.06 0 

Chloramphenicol ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Ciprofloxacin ≤ 0.06-1 0.5 1 0 

Clindamycin ≤ 0.06-> 4 ≤ 0.06 ≤ 0.06 1.7 b 

Daptomycin ≤ 0.06-0.25 ≤ 0.06 0.12 0 

Ertapenem ≤ 0.06-0.12 ≤ 0.06 ≤ 0.06 0 

Erythromycin ≤ 0.06-> 4 ≤ 0.06 ≤ 0.06 1.7 

Fusidic acid ≤ 0.06-> 8 8 > 8 98.9 

Gatifloxacin ≤0.12-0.5 0.25 0.25 0 

Gentamicin ≤ 0.5-> 8 2 4 0 

Imipenem ≤ 0.03-0.12 ≤ 0.03 ≤ 0.03 0 

Levofloxacin ≤ 0.25-1 0.5 1 0 

Linezolid ≤ 0.12-2 1 2 0 

Moxifloxacin ≤ 0.12-0.5 0.25 0.25 0 

Mupirocin ≤ 0.12-1 ≤ 0.12 0.5 0 

Ofloxacin ≤ 0.25-2 1 2 0 

Penicillin ≤ 0.03-0.06 ≤ 0.03 ≤ 0.03 0 

Quinupristin-dalfopristin ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Rifampin ≤ 0.06-> 4 ≤ 0.06 ≤ 0.06 0.6 

Teicoplanin ≤ 0.06 ≤ 0.06 ≤ 0.06 0 

Tetracycline ≤ 0.25-> 8 ≤ 0.25 0.5 9.8 
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Appendix H  cont’d 

Antibiotic Range MIC50 MIC90 % 
resistant 

Trimethoprim-sulfamethoxazole ≤ 0.12-0.25 ≤ 0.12 ≤ 0.12 0 

Vancomycin ≤ 0.12-0.5 0.5 0.5 0 
 

a Concentration in g/mL. 

b Value includes one isolate exhibiting inducible clindamycin resistance. 
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Appendix I  S. aureus (MSSA) broth microdilution MIC values (n=90). 

Antibiotic Range MIC50 MIC90 % 
resistant 

Amoxicillin/clavulanate a ≤ 0.5-16 b ≤ 0.5 1 0 

Ampicillin a ≤ 0.06-> 2 1 > 2 71.4 

Cefepime a 2-4 2 2 0 

Cefazolin a 0.5-1 0.5 1 0 

Ceftazidime a 8-16 8 16 0 

Ceftriaxone a ≤ 1-4 ≤ 1 4 0 

Cephalexin a 2-8 4 4 0 

Chloramphenicol a 8-16 8 16 0 

Ciprofloxacin  0.25-2 0.5 0.5 0 

Clindamycin  ≤ 0.25 ≤ 0.25 ≤ 0.25 21.1c 

Doxycyline a ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Erythromycin 1-> 8 1 > 8 22.2 

Fusidic acid 0.12-> 8 0.25 0.5 7.8 

Gatifloxacin a ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Gentamicin  ≤ 0.5-> 16 ≤ 0.5 1 10.0 

Imipenem a ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Linezolid  1-4 2 4 0 

Mupirocin  ≤ 0.12-> 128 0.25 > 128 25.6 

Nitrofurantoin ≤ 32 ≤ 32 ≤ 32 0 

Norfloxacin a ≤ 1-16 ≤ 1 2 7.1 

Oxacillin  0.12-0.5 0.25 0.5 0 

Quinupristin/dalfopristin  ≤ 0.25-0.5 ≤ 0.25 0.5 0 

Rifampin  ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Sulfamethoxazole a ≤ 32-> 512 512 > 512 57.1 

Teicoplanin a ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Tetracycline  ≤ 2 ≤ 2 ≤ 2 0 

Trimethoprim a ≤ 1-> 16 2 4 7.1 
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Appendix I  cont’d 

Antibiotic Range MIC50 MIC90 % 
resistant 

Trimethoprim/sulfamethoxazole  ≤ 0.25-> 8 ≤ 0.25 ≤ 0.25 0 

Vancomycin 0.5-1 1 1 0 
 
a Indicates antibiotics that were excluded for the latter part of the NARP study as part of 

the reduction of the number of MIC panels from two to one.  For these, n=14. 
b Concentration in g/mL. 
c Value includes 19 isolates exhibiting inducible clindamycin resistance. 
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Appendix J  S. aureus (MRSA) broth microdilution MIC values (n=28). 

Antibiotic Range MIC50 MIC90 % 
resistant 

Amoxicillin/clavulanate a ≤ 0.5-8 b 8 8 46.1 

Ampicillin a 0.5-> 2 > 2 > 2 100.0 

Cefepime a 4-32 16 32 53.9 

Cefazolin a 0.5-> 32 16 32 46.1 

Ceftazidime a 8-64 32 64 76.9 

Ceftriaxone a 8-32 32 64 46.1 

Cephalexin a 4-> 64 64 > 64 61.5 

Chloramphenicol a 4-8 8 8 0 

Ciprofloxacin  ≤ 0.12-0.5 0.25 0.5 0 

Clindamycin  ≤ 0.25-8 ≤ 0.25 ≤ 0.25 0 

Doxycyline a ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Erythromycin 0.5-2 1 2 0 

Fusidic acid ≤ 0.06-0.25 0.12 0.25 0 

Gatifloxacin a ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Gentamicin  ≤ 0.5-> 16 ≤ 0.5 ≤ 0.5 3.6 

Imipenem a ≤ 0.5 ≤ 0.5 ≤ 0.5 0 

Linezolid  2-4 2 4 0 

Mupirocin  0.25-> 128 > 128 > 128 89.3 

Nitrofurantoin ≤ 32 ≤ 32 ≤ 32 0 

Norfloxacin a ≤ 1 ≤ 1 ≤ 1 0 

Oxacillin  4-64 16 32 100.0 

Quinupristin/dalfopristin  ≤ 0.25-1 ≤ 0.25 ≤ 0.25 0 

Rifampin  ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Sulfamethoxazole a 128-> 512 512 > 512 53.9 

Teicoplanin a ≤ 0.5-1 ≤ 0.5 ≤ 0.5 0 

Tetracycline  ≤ 2 ≤ 2 ≤ 2 0 

Trimethoprim a ≤ 1-16 2 4 7.7 
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Appendix J  cont’d 

Antibiotic Range MIC50 MIC90 % 
resistant 

Trimethoprim/sulfamethoxazole  ≤ 0.25 ≤ 0.25 ≤ 0.25 0 

Vancomycin 0.5-2 1 1 0 
 
a Indicates antibiotics that were excluded for the latter part of the NARP study as part of 

the reduction of the number of MIC panels from two to one.  For these, n=13. 
b Concentration in g/mL. 

 



Appendix K  Certification of animal protocol approval. 
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Appendix L  Publications related to this research. 
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