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ABSTRACT 

Two emm 81 throat and blood streptococcus pyogenes isolates 

were obtained 13 days apart from an individual patient. They were 

genetically similar but showed multiple phenotypic differences, the most 

remarkable being the complete lack of streptococcal pyrogenic exotoxin 

S (speS) functional activity in the blood but not the throat isolate. PFGE 

analysis using 5 different restriction enzymes and sequencing of selected 

genes confirmed their genetic similarity. Immunoblots of culture 

supernatants established that the speS was secreted only by the throat 

isolate. Immunoblots of ceillysates showed that both produced the SpeS 

precursor but only the throat isolate processed the mature form. Real 

time RT-PCR established differences in speB transcription. Microarray 

analysis comparing the two isolates revealed many transcriptional 

differences suggesting that a regulatory gene, perhaps due to an 

epigenetic change, is responsible for the observed phenotypic 

differences of these two isolates. 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

Streptococcus pyogenes (group A streptococcus, GAS) are gram­

positive extracellular bacterial pathogens that only infect humans. GAS 

affects people of all ages, but the peak incidence is in children 6-15 years 

of age. Commonly infected sites include the throat and skin which may 

result in pharyngitis and impetigo, respectively. Most infections are 

effectively treated with antibiotics; however, serious and life threatening 

diseases can develop if individuals remain untreated. GAS possess an 

array of virulence factors and mechanisms that allow them to evade host 

defenses and enter sterile sites such as blood and deep tissues which 

result in serious complications. Some of the known diseases include 

necrotizing fascfitis and toxic shock syndrome which contribute to the high 

morbidity and mortality rates (6, 16). According to the Centers for Disease 

Control (CDC). of the several million cases caused by GAS in the United 

States each year. approximately 10.000-15,000 is invasive. It also is 

estimated that between 5-15% of normal individuals. known as carriers. 

harbor the bacteria in their upper respiratory tract without any signs of 

disease. Some individuals can develop non-suppurative complications 

from GAS infection resulting in acute rheumatic fever. post-streptococcal 

glomerulonephritis. or reactive arthritis. These diseases are thought to be 



caused by autoimmune reactions in which excess antibodies damage 

host tissues (6. 16). 

1.2 GAS VIrulence Factors 

S. pyogenes has many virulence factors and mechanisms that 

enable them to survive within the human host (Table 1.2). These virulence 

factors can either be chromosomal or phage encoded and can also be 

further divided as secreted extracellular products or surface structures. 

GAS virulence factors have an assortment of biological and 

immunological activities that contribute to pathogenesis (6. 16). 

Many of the streptococcal pyrogenic exotoxins (SPEs). also known 

as streptococcal superantigens (SSAs) are phage encoded. Expression of 

the SPEs has been linked to invasive GAS infections and is believed to be 

associated with systemic shock (5. 28). SSAs have the ability to non­

specifically activate T cells by binding to major histocompatability 

complex (MHC) class II and the V(3 region on certain T-cell subsets leading 

to a storm of inflammatory cytokines (6. 16). GAS genomic sequencing 

studies have revealed common and unique phage elements among 

different strains (4. 5. 19. 55). Green et a/. (23) identified the locations of 

prophage-associated virulence genes on five different genomes of S. 

pyogenes (Figure 1.1). The prophage-associated genes were integrated 

at 16 different sites. One or two prophage insertions were found at each 
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site and, in rare cases, the same virulence gene (spec' spd 1, or sdnJ was 

inserted at two different locations in the same genome. 

Streptococcal pyrogenic exotoxins A and K (SpeA and SpeK) are 

phage encoded and have been shown to encode proteins that are likely 

to contribute to virulence(5). Conversely, some SPEs are proteases 

responsible for pathogenic effects on the host. Another identified phage­

encoded extracellular virulence factor is the DNase streptodornase that 

has been suggested to play roles in bacterial spreading and tissue 

invasiveness (2, 7). 

In addition to phage-encoded virulence factors, some of the well -

known chromosomally encoded ones include M-protein, SpeB, hyaluronic 

acid capsule, and streptolysin S. M protein, one of the major virulence 

factors, is an extracellular constituent that mediates an antiphagocytic 

effect and aids in cell entry. SpeB is also chromosomally encoded and is 

thought to be a SSA. It also acts as a cysteine protease with several 

biological functions. Studies using genetic mutants clearly demonstrate 

that SpeB is associated with increased virulence in invasive GAS infections 

(33,34). The hyaluronic acid capsule forms a mucoidal outer layer 

covering GAS, which prevents opsonization and phagocytosis by 

neutrophils or macrophages due to its chemical structure being similar to 

that of host connective tissue (6, 16). This allows the bacterium to hide its 

own antigens and remain unrecognized by its host (6). Besides its cellular 
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constituents, GAS secretes numerous proteins that contribute to its 

invasiveness. Streptolysin S is believed to be the primary hemolysin 

responsible for I3-hemolytic activity associated with GAS and the cause for 

systemic shock (6, 16). Li and colleagues (30), showed that mutations in 

the sagA gene that encodes streptolysin S reduced the hemolytic activity 

and also resulted in a loss of speB and emm transcription. These virulence 

factors collectively work together, allowing the bacteria to first adhere, 

then colonize, and finally internalize to initiate human disease. 

1.3 Adhesion. Intemallzatlon and characterization of two unusual GAS 

Isolates 

As part of a study characterizing adhesion and internalization of 

various GAS isolates to human cell lines, Abe (1) examined a pair of GAS 

isolates obtained 13 days apart from a single 9 year old child. The first 

isolate was obtained from the child's throat and after he failed to 

complete the prescribed antibiotic regimen, a blood isolate was obtained 

upon his return to the clinic, 13 days later. Both isolates were typed as 

emm 81. A more extensive sequence analysis of the first 450 continguous 

nucieotides (which spans the hypervariable region) of the emm region 

from both isolates gave identical sequences. Both isolates opacified 

serum and yielded identical biochemical profiles for those properties 

tested. Both shared the same T type and gave the same variant gene 
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pattern (both were negative for protein F and F2. but positive for PFBP). 

Pulsed-field gel electrophoresis using the restriction enzyme Smal showed 

identical patterns between the two isolates. 

Despite the similarities. the two isolates showed striking phenotypic 

differences. The non-invasive. throat isolate grown to mid-log phase 

adhered to Hep-2 cells much better than the invasive. blood isolate. At 

stationary phase. the blood isolate developed the ability to adhere 

whereas the stationary-phase throat isolate lost its ability to adhere. A 

similar relationship was found when the bacteria were allowed to 

internalize. Log-phase throat isolate internalized the best. followed by 

stationary blood isolate. then stationary throat isolate. The log phase 

blood isolate adhered and internalized the poorest. The growth kinetics 

also differed between the two isolates. The throat isolate grew quicker 

and to a higher density than the blood isolate. Furthermore. the throat 

isolate produced a larger zone of hemolysis on blood agar plates than the 

blood isolate. However. the most remarkable difference was that the 

blood isolate completely lacked speB activity compared to the non­

invasive throat isolate whose activity peaked during late exponential 

growth and continued throughout the stationary phase (Figure 1.2). Table 

1.2 shows a summary of Abe's work. The fortuitous finding of these two 

isolates provides a unique opportunity to examine the difference between 

a non-invasive throat isolate and an invasive blood isolate that appear to 
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be genetically very similar. 

1.4 Streptococcal pyrogenic exotoxin B. 

Streptococcal pyrogenic exotoxin B (SpeB) is one of the best-known 

chromosomally encoded exotoxins associated with invasive diseases. The 

speB gene is found in all GAS clinical isolates but the degree of expression 

may vary between strains (42). The speB gene has an open reading 

frame (ORF) of 1194 bp and its precursor is translated into a 43-kDa protein 

of.398 amino acids (reviewed in reference 42). A signal sequence is 

cleaved resulting in a 40.3-kDa protein that is secreted to the extracellular 

space through an organelle called the ExPortal (42.51). The secreted 40-

kDa zymogen is autocatalytically cleaved into a 28-kDa mature form with 

biological ability as a cystiene protease (42). SpeB has been shown to 

have at least 6 intermediate sizes (17). and been shown to cleave 

interleukin-I beta (IL-Ij3) precursor to create biologically active IL-l. a 

major cytokine mediating inflammation and shock (27. 42). 

SpeB expression has been reported to be significantly higher in GAS 

from patients with non-invasive infections than those obtained from 

patients with invasive infections (26). Although conflicting reports have 

been published. investigators have shown that SpeB can influence 

internalization. the ability of the organism to enter the host cell. SpeB is 

known to be secreted during late-exponential to stationary phase under 
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stress conditions when nutrients are depleted; however, speS production 

can be inhibited with the maintenance of glucose levels (9, 11,25). Some 

investigators have reported enhanced internalization in the presence of 

speS while others have reported decreased internalization, suggesting 

that its influence may depend on multiple bacterial products or on other 

host factors (8, 39-41). In mouse models, speS mutant strains of S. 

pyogenes have been shown to be less virulent when compared to the 

wild-type strain. Mice injected intra peritoneally with speS·'· mutants of 

either M3 or M49 showed reduced mortality compared to mice injected 

with wild-type isolates (33, 34). Genetic inactivation of speS significantly 

increased GAS susceptibility to phagocytosis and decreased 

dissemination to organs (33). Recently, Aziz et 0/. (3) showed that GAS 

undergoes a phenotypic phase-shiff or phase variation to prevent 

proteolytic degradation of the majority of the secreted proteins. 

The blood and throat isolates of Abe (1) mentioned above, 

conform to these findings. The throat isolate expressed speS but the 

blood isolate did not. Aziz, et 0/. (3) speculated that SpeS production may 

be critical at the initial stages of invasion, but once the bacteria have 

found its invasive niche, SpeS production is turned off. 
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1.5 Bacterial Regulation 

The host environment can play an important role in regulating the 

expression of GAS virulence genes and increase GAS pathogenesis. 

Survival within the host environment requires different signals that can 

coordinate which virulence factors to tum "on and off". GAS has a 

complex regulatory system consisting of either single genes that act as 

response regulators/global gene regulators or two genes that function as 

two-component signal transduction systems. Changes in environmental 

conditions can affect one of these systems, which, in turn, could affect 

the growth phase of the bacteria and its phenotype for survival (29, 31). 

The speB gene is regulated by a network of genes and their 

products (13, 36, 42). SpeB transcription has been shown to be induced 

by the genes ropB, mga, opp, dpp and sagA/pel and inhibited by the 

genes csrR and nra (Figure 1.3) (42). SpeB is under direct positive control 

by the ropB gene a member of the rgg family of proteins (19). RopB is a 

DNA-binding protein that binds the promoter region of speB, acting as a 

transcriptional activator (Figure 1.4) (10,36). It is located adjacent to the 

speB gene, transcribed in the opposite direction, and is regulated in a 

growth-phase dependent manner (36, 44). RopB is expressed both in the 

exponential and stationary phase of growth; however, speB is expressed 

primarily at stationary phase of growth (14). RopB has been shown to alter 

the expression of several known or putative virulence factors either on the 
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cell surface or those being secreted including, SpeB, M protein, C5a 

peptidase, streptolysin 0, streptokinase, and DNases (10, 13, 14,36,44). 

Inactivation of the ropB gene affects transcripts of the regulatory genes 

mga, csrR, and sagA which collectively results in extremely decreased 

production of SpeB protein (10). Neely et a/. (44) and Chaussee et a/. (10) 

showed that inserfion of the ropB gene in a ropB deletion mutant could 

restore the production of SpeB. Thus, RopB is an important global gene 

transcriptional regulator for both metabolic and virulence factors 

associated with S. pyogenes. 

The M-protein trans-activating positive regulator mga functions as a 

transcriptional upregulator of the speB gene, C5a peptidase and other 

virulence associated proteins (49). Mga also controls genes opp, 

encoding oligopeptide permease, and dpp, encoding a dipeptide 

permease (46,47,49). Opp and dpp are membrane-associated 

complex of proteins belonging to the ABC-transporter family (46, 47). They 

have sequence homology to other proteins with similar fundtion in other 

bacteria and are involved in the uptake of essential amino acids. 

Insertional inactivation of the dpp gene resulted in a growth defect in 

culture-defined medium (consisting of dipeptides) that reduced the 

expression of SpeB. Amino acids are an important part of the intracellular 

mechanisms that regulate the expression of virulence factors. 

9 



The sagA gene, also known as pel (pleiotropic effect locus) is 

another positive transcriptional regulators of GAS affecting both surface 

and secreted proteins. Insertional mutations in the sagA gene lead to a 

decreased expression of M-protein, streptokinase, SpeB, fibronectin­

binding protein, and superoxide dismutase (30). 

Expression of the speB gene is also affected at the transcriptional 

level by negative gene regulators, covRS (cov, control of virulence), of 

the two-component signal transduction systems (TCSTS) and nra. The 

TCSTS is a basic stimulus response coupling mechanism that is composed 

of a membrane bound sensor kinase protein and a cytoplasmic response 

regulator that allows bacteria to sense and respond to changes in the 

environment (56). Upon stimulation by extemal signals, the sensor kinase is 

autophosphorylated activating downstream responses that control 

expression of genes encoding bacterial exotoxins, adhesion proteins, 

regulatory proteins and other virulence-associate molecules that interact 

with the host to promote GAS survival (21,53,56). CovRS has been shown 

to be activated by contact with polymorphonuclear leukocytes (PMNs) or 

blood components or through changes in temperature (29). CovRS, as a 

gene regulator, can control the expression of several virulence factors (18, 

21,22). Inactivation of covRS repressed the transcription of ropB, 

streptolysin S, hyaluronic acid, streptokinase, and SpeB (21,25). 
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The other negative gene regulator, nra, has been sequenced by 

Podbielski et a/. (48J and exhibited 62% homology to rofA, a positive gene 

regulator. Nra is transcribed at its maximum during late logarithmic 

growth phase and regulates expression of itself, as well as speB, 

streptolysin S, collagen binding protein (cpa), fibronectin-binding protein 

(prtF2J, and mga (48J. 

At the protein level. SpeB is positively controlled by molecular 

chaperones RopA and HtrA, the products of genes ropA and htrA. which 

help with folding and secretion. RopA and HtrA proteins act as 

multifunctional regulators and participate in the maturation and secretion 

of SpeB across the cell membrane (35, 36J. Lyon et 0/. (36J showed that 

RopA contributes to at least two post-translational steps in SpeB 

expression. First, RopA is required for the translocation of SpeB to the 

secretory pathway. Mutations in the ropA gene affected the ability of 

SpeB to be excreted across the membrane. The second role is promoting 

the SpeB protein into its mature, active form. A deletion mutant delayed 

the kinetic processing of SpeB into its mature form with a defect in 

functional activity. It has also been shown that the high temperature 

requirement for activation of the htrA (DegPJgene, is a heat shock­

induced serine protease with multiple functions as a protein (45J. Lyon 

and Caparon (35J showed that htrA participates in keeping the natural 

zymogen conformation of SpeB and regulates active SpeB translation as 
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well as the degradation of proteins misfolded during secretion (35). In 

addition. mutations in the htrA gene altered the expression of streptolysin S 

and affected GAS growth in normal culture conditions. but did not affect 

its ability to cause disease. Recently. Rosch and Caparon (51) identified 

an organelle dedicated to the biogenesis of secreted proteins in S. 

pyogenes. Using electron microscopy and gold staining. they showed 

that HtrA is localized exclusively to the ExPortal. The production of 

virulence factors could work in a quorum-sensing pathway. LuxS is an 

autoinducer that recognizes stress conditions leading to the stationary 

phase of growth and helps to upregulate RopA and HtrA (37. 42). 

Conflicting reports have been published concerning luxS. Insertional 

mutation of the /uxS gene affected several virulence properties in 

response to growth phase. including enhanced hemolytic activity and 

reduction of proteolytic activity. but not transcription (37). Marouni and 

Sela (39) showed that isogenic mutation of an in-frame deletion of /uxS. 

significantly reduced the transcription of speB and increased the 

transcription of M-protein. Thus. it is not clear if /uxS in S. pyogenes. is 

important in the production of SpeS and its establishment of the pathogen 

for survival within the host. 

Expression and coordination of bacterial virulence-associated 

molecules involves both positive and negative gene regulators 

responding to environmental changes. The genes described above show 
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that GAS is regulated in a network fashion that not only affects SpeB 

production but a number of other virulence-associated surface and 

secreted molecules. 

1.6 Phase variation 

Bacteria have the ability to recognize changes in the environment 

and adapt by mounting an appropriate transcriptional response [29.31). 

The observations can be viewed by changes in phenotype due to phase 

variation. In infectious disease. phase variation is an adaptive process by 

which bacteria undergo frequent and reversible phenotypic changes 

through differences in gene expression to evade host immune response 

[24. 58). The molecular mechanisms that lead to phase variation are 

genetic regulation. epigenetic regulation and feedback regulation (24. 

54.58). 

The mechanism of genetic regulation in the expression of phase 

variation is exhibited by an 'all-or-none' response. This change can be 

affected slightly with a single nucleotide change. slip-strand mispairing or 

by DNA rearrangements. Slip-strand mispairing occurs in many bacterial 

species and is mediated by staggering short lengths of DNA sequence 

repeats. This results in an expansion or contraction of the number of 

repeats [short sequence repeats. microsatellites and variable number of 

tandem repeats) within the DNA sequence at the promoter or coding 
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region. This stagger-mispairing of repeats on the two strands leads to 

frameshift mutation, which ultimately results in an increase or decrease in 

the protein being expressed (58). S.pyogenes has many phase-variable 

virulence factors such as capsule, pyrogenic exotoxins and cell-wall 

associated proteins. It has been shown in S. pyogenes that slipped-strand 

mispairing leads to phase variation of the surface protein SciB (15, SO). 

Alternately, Sumby et 01 (57) examined microarray profiles of both non­

invasive pharyngeal and invasive isolates which differed in approximately 

10% of the transcripts. They compared non-invasive strains with invasive 

isolates that were recovered from the skin lesions of mice infected 

subcutaneously with the non-invasive strain. Genome sequencing of the 

invasive isolate revealed that the organism differed from its non-invasive 

precursor by only a 7-bp frameshift mutation in the two-component gene 

regulator covRS. Homologous recombinations have been shown to cause 

phase variations and is identified by extensive rearrangements, crossover 

of identical or similar DNA sequences that generally occur at long (>50 

bpI regions. This can occur with phage insertion. In this situation, the 

phage remains unchanged; however, the other interacting bacteria DNA 

sequence is altered through the replacement of some or all of its 

sequence by a sequence that was copied from the phage. This 

recombination process has contributed to the generation of variation in 

the bacteriophage-encoded hyaluronidase (hyl) gene and has been 
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shown by Marciel et a/. (38) through analysis of the hyl gene from 13 

streptococcal strains and identification of substantial levels of allelic 

polymorphism. Since only the bacteria are modified, this event is often 

referred to as a unidirectional DNA exchange. In site-specific 

recombination, specific endonucleases that recognize precise DNA 

sequences alter the gene expression by flipping the orientation of the 

promoter with respect to the structural gene (24). This is shown by 

Nakagawa and colleagues (43) who identified a large-scale genomic 

rearrangement in an invasive M3 strain of S. pyogenes. The 

rearrangement occurred across the replication axis between the 

homologous rrn-comXl regions and between two prophage regions. This 

large-scale genomic rearrangement occurred in a high percentage of 

clinical isolates and iprovides new insights into phage variation. 

Epigenetic regulation of phase variation such as DNA methylation, 

occurs in the absence of changes in DNA sequence and involves 

protection of bacterial DNA sequences from enzymes that digest 

unmodified DNAs. This mechanism is heritable but reversible and only 

affects bacterial regulation. Methylation of target sequences occurs at 

the C-5 or N-4 positions of cytosine and at the N-6 position of adenine, 

and can alter the binding affinity of regulatory proteins for DNA which 

can be important in the expression of virulence genes of pathogenic 

bacteria (32). Enzymes known as DNA methyltransferases (MTases) 
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catalyze these methylation events. Epigenetic regulation can also affect 

feedback regulation, which is controlled by DNA binding proteins that 

function as activators or repressors in response to changes in the 

environment (58). Streptococcus has been shown to undergo a phase­

shift to prevent proteolytic degradation of the secreted GAS protein. Aziz 

et al (3) showed that injection of a SpeB+ /SpeA- M 1 T1 GAS strain into a 

mouse subcutaneous chamber selected for a permanent phase-shift to a 

SpeB'/SpeN phenotype. Proteomic analysis on electrophoretic 2-D gels 

identified an upregulation of proteins independent of SpeB inactivation 

(3). Similar reports have shown that host signals can upregulate SpeA 

while down-regulating SpeB (28). 

1.7 Thesis Objectives 

The purpose of this project is to investigate the cause for the 

difference in SpeB activity between two related Streptococcus pyogenes 

isolates obtained from a single patient. Because of previous work done 

by Abe (1), these two isolates appear to be very similar genetically, but 

have some striking phenotypic differences. One of the most prominent 

differences is the lack of cysteine protease activity in the invasive blood 

isolate. The reason for this difference may be found at the gene, at the 

transcriptional or at the translational level. The hypothesis is that the 

functional differences between the throat and blood isolates result from 
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differences in the activity of one or more regulatory genes that affect 

SpeB transcription (ropB, mga, sagA, opp, or dpp) or processing and 

secretion (htrA, rcpA, or luxS). To distinguish among these possibilities, the 

specific objectives of this proposal are: 

1. To determine if revertants can be found or if the two isolates 

are phenotypically stable. 

2. To examine the two isolates at the DNA level by pulsed-field 

gel electrophoresis and by direct sequencing of selected 

genes to identify any DNA sequence differences. 

3. To determine if there is a difference in speB protein expression 

between the two isolates throughout their growth phase by 

immunoblot, RT-PCR and real-time RT-PCR analyses. 

4. To perform microarray analysis between the two isolates to 

identify transcriptional differences between the two isolates 

5. To validate microarray analysis by quantitative real-ime RT­

PCR. 
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Figure 1.1. Diagram of a GAS chromosome showing all prophage 

associated virulence genes (adapted from [22)). Black circle denotes the 

chromosome of all sequenced GAS strains with 16 different insertion sites in 

the order they were identified. Triangles represent integration sites of 

virulence genes associated with prophages, color coded to 

corresponding GAS serotype. Strains can have single or multiple 

integrations of pro phages at a particular site. The numbers within the 

triangles denote the number of prophages found within each GAS strain 

sequenced. The red triangles designate different strains of emm28. 
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Figure 1.2 SpeB Functional Assay adapted from Abe (1). The most 

remarkable difference was that the invasive blood isolate completely 

lacked speB cysteine protease activity compared to the throat isolate 
. 

whose activity peaked during late exponential growth and continued 

throughout the stationary phase. Cysteine protease was measured by 

the ability to cleave a substrate to a product that absorbed a t 405 nm. 

20 



IRopBl IMgal ~-----I CovRS I ~ 
~~ 

I SagAIPell mRNA 

I HtrA I _______ ~~ 

IPositive regulatorl INegative regulatorl 

Figure 1.3. Representation of the regulation system of SpeB production 

(adapted from [42) wHh modmcatlons). RopB, mga, opp. dpp, and 

sagA/pel induce transcription of the speB gene. while covRS and nra 

inhibit transcription. The catalytic activity from the zymogen form to the 

active form of SpeB is regulated by RopA. HtrA. and LuxS. 
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Figure 1.4. Promoter region of the speS gene (adapted from [42]). 

Genomic structure surrounding the speB gene of S. pyogenes MI. PI and 

P2 indicating the two promoter regions of mRNA. The ropB gene is 

transcribed divergently in the opposite direction of the speB gene and 

separated by a 940bp intergenic region. 
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Table 1.1. Characteristics of GAS vlrulene factors 
Virulence factor Gene Biological Effect 

Adhesln; mediates Internalization by host 
M-proteln emm cells; degrades complement component 

C3b; anti phagocytic 

M-fike proteins Binds Immunoglobulins M and G ; 
anti phagocytic 

Hyaluronic acid capsule has anti phagocytic 
Upotelchoic acid Binds to epithelial cells 

Protein F prtF Mediates adherence to fibronectln on 
epithelial cells and InternalIzation 

Streptococcal pyrogenic 
exotoxlns (SPEs) 

speA speA Streptococcal superantlgen 
speB speS Cysteine protease 
speC speC Streptococcal superantigen 
speF speF Streptococcal superantlgen 
speG speG Streptococcal superantlgen 
speK speK Streptococcal superantlgen 

C5a peptidase scpA Degrades complement component C5a 
Lyses leukocytes. platelets. and 

Streptolysin 0 slO erythrocytes, stimUlates release of 
lysosomal enzymes; Immunogenic 
Lyses leukocytes, platelets, and 

Streptolysin S sagA/pel erythrocytes, stimulates release of 
lysosomal enzymes; nonimmunogenlc 

Streptodornase (DNase) sda Denatures cell-free DNA 
Hyaluronidase hyl enzymatically degrades hyaluronic acid 

Streptokinase ska Lyses blood clots; faciUtates spread of 
bacteria In tissues 
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Table 1.2. Features of S.pyogenes Throat and Blood Isolates 

Shared 

emm type (identical sequence 
in hypervariable region 

Biochemical Activities (API20S) 

Pulsed-Field Gel Electrophoresis 
Pattem 

Presence of Variant Genes 

Abe (1) 

24 

Differences 

Adhesion to Hep2 cells 

Colony Appearance 

Growth Curve Kinetics 

SpeB Functional Activity 



CHAPTER 2. METHODS 

2.1 Bacterial Strains/Clinical Isolates. 

GAS isolates were recovered from a single patient at Kapiolani 

Medical Center outpatient clinic on Oahu at two different time periods. 

The isolates recovered were part of a current epidemiological study of 

GAS in Hawaii hospitals. The initial presentation was from a 9-year old 

male who was diagnosed with pharyngitis. His throat culture was GAS 

positive and although he was prescribed penicillin for 10 days to treat his 

symptoms, only 5 days of medication was taken. Upon returning to the 

clinic on day 13, he was brought to the emergency room after feeling ill 

for a week. On examination, he had insect bites and right inaguinal 

lymphadenopathy. The patient was placed on clindamycin and 

laboratory test result from a blood culture revealed bacteremia (Erdem, 

personal communication). 

Isolates were recovered on 5% sheep blood agar plates (SAPs). A 

single colony from each of the two isolates were inoculated into Todd­

Hewitt broth (Difco Laboratories, Detroit MI) prepared according to the 

manufacturer's directions and supplemented with 0.1 % yeast extract (THY) 

(Difco Laboratories, Detroit, MI) and grown overnight (-20hrs) at 37°C with 

5% C02. Glycerol was added to a final concentration of 15% and aliquots 

frozen at -eO°C (1). 
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2.2 Revertant Assay. 

Frozen cultures were thawed, streaked for isolation and incubated 

ovemight as described above. Single colonies were inoculated into 25 ml 

of THY and shaken at 37°C ovemight at 250 revolutions per minute (rpm). 

The ovemight cultures were diluted to 1 X 10.5 and streaked for single­

colony isolation onto either enhanced (Hardy Diagnostics, Santa Maria, 

CAl or unenhanced (BBL, Sparks, MD) tryptic soy agar with 5% sheep 

blood agar plates. A single colony from the BAPs were taken and placed 

back into 25 ml of THY and shaken ovemight under the same conditions. 

Cultures were diluted to 1 X 10.5 and streaked for single-colony isolation 

onto BAPs. This was done a total of three times. Colonies were visualized 

under a dissecting microscope (StereoZoom 4, Bausch & Lomb) and 

photographs taken using an Oympus digital camera. 

2.3 Growth Kinetics 

Original isolates were thawed, streaked for isolation and incubated 

ovemight at 37°C and 5% C02 on BAPs in a Lab-line(Bamstead 

Intemational, Dubuque, IA) bench top incubator at 37°C and 5% C02 

unless otherwise specified. Single colonies were selected and each 

isolate was inoculated into separate snap cap tubes containing 8 ml of 

THY and grown ovemight with no agitation. The absorbance at 600 
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nanometers (A600) of overnight cultures were measured using a Biomate 3 

spectrophotometer (Thermo Electron Corporation, Waltham, MA) to 1 ml 

per 1.0 A600 into 49 ml of THY. A total volume of 150 ml of bacterial cultures 

were incubated in a incubator shaker (Minitron, Laurel, MD) for 24 hr at 

250 rpm with no C02. Two ml of culture were removed at different 

intervals and the A600 was measured for each aliquot. One ml of culture 

was microfuged (Eppendorf, Westbury, NY) for 10 min at 13500 X gravity 

(g). The supernatants were separated from the pellets and stored at 

-20·C for later analysis. 

2.4 SDS-PAGE and Immunoblot. 

SpeB culture supernatants from various phases of growth were 

electrophoresed on a 12% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred according to Sambrook et al, 

(52). Frozen culture supernatants were thawed and denatured by mixing 

40 111 of supematant with 10111 of loading buffer and heated for 10 minutes 

at 95·C. The samples were electrophoresed on a 12% SDS polyacrylamide 

gel at 100 volts (v) for 2 hrs (BioRad Labortories, Hercules, CAl and 

transferred for 1 hr at 100 v to Biodyne B Membrane (KPL. Gaithersburg, 

MD). For ceillysates, 80 111 of frozen culture pellets were boiled with 20111 of 

loading buffer for 10 minutes and loaded onto a 12% SDS polyacrylamide 

gel. The membrane was bloded for 1 hour with 3% bovine serum albumin 
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(Fisher Scientific, Pittsburgh, PAl dissolved in 1 X PBS/0.05% Tween 20 and 

incubated with 100 ng of monoclonal rabbit anti-speB IgG (Toxin 

Technologies, FL). The membrane were washed three times with 10 ml of 

1 X PBS/0.05% Tween 20 for 5 minutes each and incubated with a 1: 1 000 

dilution of goat anti-rabbit conjugated to alkaline phosphatase (BioRad 

Laboratories, CAl for 1 hour. The membranes were again washed three 

times with 10 ml of PBS/0.05% Tween 20 for 5 minutes each and once with 

1 X PBS for 5 minutes. The blot was visualized with alkaline phosphatase 

substrate according to the manufacturer's instructions (BioRad 

Laboratories, CAl. 

2.5 DNA Isolation. 

DNA was prepared using the Genomic Wizard Purification Kit 

(Promega, Madison, WI) fol/owing the manufacturer's instruction with slight 

modifications. The starting volume used was double than that 

recommended by manufacturer. Isolated DNA was stored at -20·C until 

used or at 4·C if used right away. 

2.6 RNA Isolation. 

Bacteria were grown as previously described. RNA was isolated 

from growth phases: mid log (A600 0.2-0.5), early stationary (0.7-1.0), and 

mid stationary (1.0-1.2) according to Froeliger and Fives-Taylor (20) with 
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some modifications. Once the desired A600 was achieved, 50 ml of mid­

log culture and 25 ml of early or mid-stationary were taken and 

centrifuged at 6000 x g (Jouan, Waltham, MAl for 10 minutes. Cells were 

washed with TE buffer, pH B.O and centrifuged again at 6000 x g for 10 

min. The supernatant was discarded and total RNA was extracted from 

bacterial pellets by vortexing with acid-washed glass beads (Sigma 

Aldrich, Sf. Louis, MO) and phenol/chloroform/isoamyl alcohol (25:125:1 

Fischer Biotech, Lawn, NJ) and 10% SDS. RNA was precipitated with 10M 

lithium chloride and 100% isopropyl alcohol (Fisher Scientific, Pittsburgh, 

PAl. RNAs were then treated with 3 III of DNase (Ambion, Austin,TX). RNA 

quality was measured by using an Agilent 2100 Bioanalyzer (Agilent 

Technologies Inc., Palo Alto, CAl at the Greenwood Core Facility. The 

A260/2f!J) ratios were used to assess RNA integrity and quality RNAs were 

stored at -BO°C. 

TaqMan PCR assays of streptokinase (ska) gene were performed 

with RNA templates to ensure contaminating genomic DNA was absent. 

2.7 Polymerase Chain Reaction and Sequencing. 

Polymerase chain reaction were performed using either primer 

sequences from Abe (1 I or designed using Primer3. The primers used are 

presented in Table 2.1. DNA was amplified in a total volume of SOil I in a 

cocktail containing 1.5, 2.0, or 3.0 mM MgCI2 (Promega, Madison, WI) 
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depending on the primers, O.S mM deoxynucleotide triphosphates (dNTPs) 

(Promega, Madison, WI), 50 pmol of each primer (Integrated DNA 

Technologies, Inc. Coralville, IA), 1 U Taq DNA polymerase (Promega, 

Madison, WI) and DNA template. PCRs were performed using a 

GeneAmp PCR System 9700 thermocycler (PE Applied Biosystems, Foster 

City, CAl. The PCR products were mixed with loading dye (Promega, 

Madison, WI) and electrophoresed on 2% agarose (Promega, Madison, 

WI) gels containing 0.5 Ilg/ml of ethidium bromide in Tris-acetate-ethyl 

(0.04 M Tris, 0.001 EDTA. 0.02 M acetic acid, TAE) buffer for 55 minutes at 65 

volts. The gels were photographed with an Olympus Camedia digital 

camera. For sequencing,S III of PCR product were first treated with 1 J.l1 of 

Exo-SAP (U.S. Bioscience, Cleveland, OH) and heated at 37"C for 30 

minutes and SO·C for 15 minutes. One III containing 4 pg of forward 

primer was added and submitted to the Greenwood Molecular Core 

Facility for sequencing. DNA sequencing reactions were performed at the 

facility using the ABI Prism Big Dye Terminator 3.1 Cycle Sequencing Kit 

and the ABI Prism 377XL DNA Sequencer (Applied Biosystems, Foster, CAl. 

The gel was analyzed using ABI Prism 377 XL Collection Software (Applied 

Biosystems, Foster City, CAl. Sequence chromatograms were manually 

inspected and nuclotides representing ambigious nucleotides were 

edited using BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). 
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2.8 Pulsed-Field Gel Electrophoresis. 

Pulsed-field gel electrophoresis was performed according to the 

World Health Organization method (1) with slight modifications as 

described below. Original frozen isolates were cultured on 5% BAPs and 

incubated overnight at 37°C with 5% C02. A single-colony was inoculated 

into 8 ml of THY and incubated overnight until growth to stationary phase 

was achieved. Cultures were centrifuged at 6000 x g for 10 minutes and 

the supernatant discarded. One ml of SE broth (75mM NaCI. 25mM EDTA. 

pH 8.0) was added and the A600 measured. The A600 of the cell suspension 

was adjusted to 1.5 - 1.6. Melted 1.5% SeaKem Gold Agarose (5 ml lOX 

TBE. 95 ml dH20. 1.5 g agarose) was added to the adjusted cell 

suspension. The wells in the plug mold were filled and allowed to harden 

for 15 minutes. The plugs were carefully removed from the plug mold and 

placed into the falcon tubes containing the gram positive lysis solution 

(6rnM Tris-HCI. pH 7.6. 1 M NaCI. 0.1 M EDTA. 0.5% Brij 58. 0.2% 

deoxycholate. 0.5% sodium lauryl sarcosine) plus 100 U mutanolysin 

solution. The plugs were incubated overnight at 35°C. The supernatant 

lysis solution from the plugs were decanted. EET-SP solution (100mM EDTA. 

10mM EGTA. 1 OmM Tris. pH 8.0. 1% SDS. I rng/ml proteinase K) was added 

and incubated overnight at 35°C. The EET-SP lysis solution was decanted. 

and the plugs were washed once with sterile dH20 followed by one wash 

with 3.5 ml sterile TE (I OmM Tris. 1 mM EDT A. pH 8.0) at SO°C. The plugs 
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were washed 5 times with sterile TE on orbital shaker for 25 minutes and 

then either stored in TE at 4°C or used immediately. A 2mm slice was cut 

from the plug using a razor blade. Plugs were pre-incubated in 1 X NE4 

buffer (180 IJL dH20 and 20 IJL lOX NE4 buffer) for 15 minutes at 37°C. Four 

different restriction enzymes were used for the two isolates. Each plug was 

placed in a 1.5 ml microfuge tube containing 200 J.l.1 of either 100 U of Stil. 

100U of Apal. 150U of SgrA or 50U of Sacll (New England BioLabs. Beverly. 

MA) supplemented with 1 X BSA (if needed) and the manufacturer's buffer 

diluted to 1 X. The slices were incubated for a minimum of 4 hr at 25°C for 

Apal. 50·C for Sfil and 37·C for both SgrAI and Sacll. After the 4 hour 

endonuclease digestion. 1 ml of 0.5X TBE was added to the 1.5 mL tube to 

inactivate the enzyme. The 2 mm slice was transferred to the bottom of 

the comb for each lane. Molten 1 % agarose was slowly poured into the 

gel casting system leaving -5 mL of agarose in the flask. The gel was 

allowed to solidify for 20 minutes. the comb removed. the wells filled with 

remaining agarose and allowed to set for 10 minutes. The plugs were 

electrophoresed for 22 hours using a BioRad CHEF MAPPER apparatus 

(BioRad. Hercules. CAl. The gel was stained for 15 minutes with 0.5 !-Ig/ml 

ethidium bromide in 500 ml of 0.5X TBE. rinsed with distilled water for 30 

minutes and photographed. 
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2.9 Mlcroarray 

Total RNA from early stationary phases of the two isolates were 

compared using custom Nimblegen Systems Inc. microarray chips 

(Madison. WI). 1.0 fl9/fll DNase-treated total RNA from each isolate in 

nuclease-free water was sent to Nimblegen for labeling, hybridization and 

detection. The RNAs were labeled and hybridized onto two separate 

microarray chips containing probes for five different fully sequenced 

Streptococcus pyogenes genomes replicated twice 1M 1 GAS 

(NC_002737), MGAS10394 (NC_006086), MGAS315 (NC_004070), 

MGAS8232 (NC_003485), SSI-l (NC_004606)]. Microarray analysis was 

conducted using GeneSpring 7.0 (Agilent Technologies, Foster City, CAl 

on normalized Nimblegen data. GeneSpring identifies genes with 

statistically significant changes in expression using a parametric t-test that 

assigns a score on the basis of its changes in gene expression relative to 

the standard deviation of repeated measurements for a particular gene. 

Microarray data were filtered on greater than 2-fold expression and a p­

value of ~ 0.05. 

2.10 Real-time RT-peR. 

Real-time reverse transcriptase polymerase chain reaction (RT-PCR) 

was used to verify microarray results. Single-stranded cDNA was 

synthesized using Superscript III (Invitrogen. CAl according to the 
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manufacturer's instruction. SYBR green Supermix (BioRad Laboratories, 

CAl was used for the real-time analyses on an iCycier (BioRad 

Laboratories, CAl. Real-time RT-PCR was cycled at 95·C for 15 seconds, 

55·C for 30 seconds and 72·C for 30 seconds. Either published PCR 

primers from Virtaneva et al (59) or Primer 3 (http://frodo.wi.mit.edu/cgi­

bin/primer3/primer3.cgi) generated primer sequences were used to 

validate expression levels of genes of interest (Table 2.2). 
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Table 2.1. Oligonucleotide Primers for peR and SequencIng 
Gene Seguence Cycling l2arameters 

skaF AACCTIGCCGACCCAACCT 940 C 60s. 550 C 90s. 720 C 150s (x35) 

skaR TCCA TIGGTAAAATCGTCCGG 

speB_1F GTGCCTCAGGTICTGTICTAACG 940 C 60s. 550 C 90s. 720 C 150s (x25J 

speB_1R CAGCTACAGGATGTGTIGCTACTG 

speB_2F TAGTCmCAACCCmGTIAGGG 

speB_2R GTAAGGAGGTGTGTCCAATGTACC 

ropBspeB_l F CAACGGmCACCAAmCC 940 C 30s. 520 C 45s. 720 C 45s (x25) 

ropBspeB_l R TCGTGATAGGGTCCACAACA 

ropBspeB_2F TCAGCCAGGAAAAAGCCTAC 

rOI2Bsl2eB 2R TCGGCAAATIACTGGGTIAGC 
Sequences for forward (F) and reverse (RJ primers are given in the 5' -> 3' direction 
The number in parentheses is the total number of cycles used for PCR 
Primers were generated using NCBI and Primer3 
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Table 2.2. Real-time RT-PCR Primer Sequences 
Gene Spy no. Primer 

Control 
proS 1962 F-TGAGmA TTATGAAAGACGGCTATAGmC 

R-AATAGCTTCGTAAGCTTGGACGA T AA TC 
VIrulence Factor 
speB 2039 F-CGCACTAAACCCTTCAGCTCTT 

R-ACAGCACmGGTAACCGTTGA 
sda 2043 F-R-CCCAAAA TGTAGGAGGTCGTG 

R-CA TTCTTGAGCTCmGTTCGGT 
emm 2018 F-GCTCTTGAAAAACTTAACAAAGAGCTT 

R-TCGCTAA TTGTTCmGAGTGCTT 
Regulator 
ropB 2042 F-GATAGTAAGTCAACAAAGGAAAAGAACCT 

R-AAATAAGTCCGCTCTGTCAGACAGT 
mga 2019 F-GCGmGATAGCATCAAACAAGA 

R-CATCAAGGAGATGAACCCAGTTG 
sagA Ipel 738 F-TTGCTCCTGGAGGCTGCT 

R-CTTCCGCTACCACCTTGAGAAT 
Two-component regulator 
covR-covS (covRSJ 336-337 F-CCTGGCTTGCATGGTCCT 

R-TGGAAAACCCACGATACTGATCT 
Published primers used from Vlrtaneva K et al (59) 
sequences for forward (F) and reverse (R) primers are given In the 5' + 3' direction 
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CHAPTER 3. RESULTS 

3.1 Phenotypes of the throat and blood Isolate are stable. 

Bacteria have the ability to change phenotypes under different 

environmental conditions. To determine the stability of the two isolates, 

isolated colonies were examined for their hemolysis pattems. The throat 

and blood isolates were grown in separate cultures and streaked onto 

individual, enhanced blood agar plates (BAPs). Single colonies were 

transferred from BAPs into THY media, grown overnight and diluted before 

being streaked for single-colony isolation. Approxiamately 50 isolated 

colonies were examined on each BAP. On unenhanced or enhanced 

(data not shown) BAPs, the colonies appeared mucoid and of the same 

in size (Figure 3.1 A). However, visualization under a transilluminator 

revealed that the zone of fl-hemolysis was larger around the throat isolate 

colonies than the blood isolate colonies on unenhanced plates (Figure 

3.1 B). Similarly on enhanced plates, the throat colonies measured 5 mm 

diameter compared to the 3.5 mm diameter of the blood colonies 

(Figures 3.1 C and 3.1 D. respectively). This phenotypic difference between 

the throat and blood colonies remained constant after three passages 

indicating that the difference in hemolysis pattern between the two 

isolates remained stable under these conditions 

The growth kinetics also differed between the two strains (1). 
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Mutations in metabolic genes that alter metabolism have an effect on the 

growth phase. To determine the growth kinetics of the two bacterial 

isolates. a single colony from each isolate was grown separately in large 

quantities and the A600 was measured every 2 hrs. The throat isolate grew 

faster and to a higher density than the blood isolate which had a lower 

A600 reading at each time point throughout the growth curve (Figure 3.2). 

Both isolates reached mid-log phase at 5 hrs. early stationary phase at 8 

hrs. and mid-stationary phase at 12 hrs. The throat isolate culture 

appeared cloudier compared to the blood isolate. another phenotypic 

difference perhaps the result of excess proteins being secreted by the 

bacteria. The difference in growth kinetics was a reproducible finding 

even when different conditions were used. For example. growing the 

cultures in a shaking incubator increased the rate of growth for both 

isolates. but the throat isolate always grew faster and to a higher density 

than the blood isolate. Regardless of the in vitro passage number. the 

difference in growth kinetics between the two isolated was observed. 

Thus. this phenotypic difference appeared to be stable. 

3.2 Genotypic variation was not found between throat and blood 

Isolates. 

Both isolates had identical emm sequences throughout their 

hypervariable regions. both possessed the same genetic profile when 
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analyzed for variant genes, and displayed the same Smal PFGE pattem 

(1). To expand the genetic analysis, PFGE was performed on both isolates 

using an additional four restriction enzymes to determine if genomic 

differences could be detected. Restriction digests with endonucleases 

sm, ApaJ, SgrAJ, and Sacll resulted in identical banding patterns indicating 

no major differences between the throat and blood isolates. These results 

provide further support that the isolates may be genetically the same or 

very similar (Figure 3.3). 

Because the major phenotypic difference between the throat and 

blood isolates involved SpeB functional activity, DNA sequencing of speB 

and its promoter region were performed. Based on the nucleotide 

sequence of the speB gene (NCBI, GeneBank accession No. NC_002737), 

oligonucleotide primers that flank the gene region were designed. 

Genomic DNA from the throat and blood isolates were amplified and 

sequenced. Because of the 1194-bp size of the speB gene, two primer 

sets were used. The electropherograms of the speB gene are shown in 

figures 3.4-3.7 (electropherograms of the promoter region are not shown). 

The sequence alignments from the two isolates revealed identical 

nucleotide sequences of both the speB gene and its promoter region 

(Figure 3.8 and Fig 3.9). Alignment of the speB gene with Clustal W 

showed 100% identity, indicating that differences in SpeB production 
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between the two isolates cannot be ascribed to sequence differences in 

the speB gene and the promoter region. 

3.3 Quantltatlon of speB proteIn production by throat and blood Isolate. 

The differences in SpeB function between the two isolates could be 

due to production of a modified protein in the throat isolate or differences 

in the amount of protein being produced by the throat and blood isolate. 

To distinguish between the possibilities, immunoblots were performed. 

Both isolates were grown in THY culture as shown in Figure 3.2. Culture 

supernatants from the throat and blood isolate were collected every two 

hours to test for secretion of SpeB protein and to correlate it with the 

functional assay previously described in Figure 1.2 (1). Supernatants were 

denatured and run on a SDS polyacrylamide gel before being transferred 

to a nitrocellulose membrane. The membrane was probed with 

monoclonal antibody to SpeB and detected using strepavidin alkaline 

phosphatase. Extracellular SpeB protein was only found in the 

supernatant of the throat isolate (Figure 3.10) and not in the invasive 

blood isolate (data not shown). During the first 2-6 hours, small amounts of 

the 28-kDa mature SpeB protein were detected. At the early stationary 

phase of growth continuing throughout the ovemight culture a 40-kDa 

SpeB zymogen form was found as well as intermediate sizes (Figure 3.10). 
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Immunoblots were performed on ceillysates to determine if speS 

protein was present inside the cells of the blood isolate but could not be 

secreted. Surprisingly, SpeS was present within the cell of both isolates 

(Figure 3.11). The throat isolate had both the 40-kDa SpeS zymogen and 

the 2S-kDa mature form at early and mid-stationary growth phase. but 

only the functional active SpeS was detected in the mid-stationary growth 

phase. The blood isolate had only the 40-kDa zymogen during the growth 

phase (mid-log. early stationary. mid-stationary). Therefore, the SpeS 

zymogen is made in the both isolates, but only processed and secreted 

by the throat isolate. 

3.4 Assess transcription of spe8 gene. 

Many reports have shown that regulatory genes affect both 

transcription and protein processing levels. Therefore. mRNA assays were 

done to compare transcriptional levels in the two isolates. First. reverse 

transcriptase polymerase chain reaction (RT-PCR) was done to test 

qualitatively events in the two isolates on the presence of mRNA of SpeS. 

To identify if the functional assay and western blot were affected at the 

transcriptional level. RT-PCR of the speB gene from total RNAs isolated 

from mid log cultures were performed using Promega, AccessQuick RT­

PCR System. Figure 3.12 shows the SOS-bp product from the throat and 

blood isolates after electrophoresis on a 2% agarose gel, indicating that 
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both isolates transcribe speB during the mid-log phase of growth. Since 

RT-PCR is only qualitative, quantitative analysis of SpeB expression was 

done using real-time RT-PCR. RNAs were isolated at four different growth 

phases (early log, mid-log, early stationary, and mid-stationary) and 

cDNAs synthesized. Quantitative analysis by real-time RT-PCR showed that 

SpeB gene expression was higher in the throat isolate (Figure 3.13). 

Therefore, in the blood isolate, the SpeB is downregulated and the 

relatively small amount of protein that is produced is not processed 

correctly resulting in complete loss of expression of speB. 

3.5 Mlcroarray analysis of genes In throat vs blood Isolate. 

Because the differences in the amount of speB mRNA being 

produced and protein processing could be due to global gene regulators 

microarray analysis was done to determine if the two isolates differed in 

multiple gene expressions in addition to speB,. The two strains were grown 

to early-stationary phase in THY. Total RNAs were isolated and treated 

with DNase before being measured on a 2100 Bioanalyzer. The 

Bioanalyzer profile of the throat isolate from early-stationary phase is seen 

in figure 3.14. A small peak is present at -24 seconds which represents 

tRNA. Undegraded total RNA with 16S and 23S ribosomal peaks are 

identified at 39 and 44 seconds, respectively. A total ofl OO!,g of high 
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quality RNA diluted to 1 Ilg/1l1 was sent to Nimblegen Systems Inc. for 

labeling, fragmentation and hybridization to expression micro array chips. 

Microarray data was normalized by Nimblegen Systems Inc. using 

Bioconductor (http://www.bioconductor.org/). The data were further 

analyzed using GeneSpring 7.0. The data were filtered using a volcano 

plot parametric test. The parametric test, did not assume variances were 

equal and was defined by a 2-fold difference and a p-value cutoff of 

0.05. The significantly differentially expressed genes from the volcano plot 

compared the throat and blood isolate with all open reading frames from 

five fully sequenced genomes (Figure 3.15). Each dot represents a gene 

being expressed. Hierarchial cluster analysis of genes using the 

parametric test are shown in figure 3.16 (red=upregulated, blue=down­

regulated, yellow=neutral). A total of 464 genes were differentially 

expressed, 273 genes were upregulated in the throat isolate compared to 

the blood and 191 were downregulated. Many of the virulence­

associated genes were upregulated in the throat isolate compared to the 

blood isolate. They included spe8, sda and sagA genes as well as many 

other putative genes (Table 3.1). In addition, many virulence-associated 

genes were downregulated, including dppE, scpA, and hasA (Table 3.2). 

A supplementary table showing all 464 genes differentially expressed are 

listed in the appendix. 
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3.6 expression of GAS transcripttonal regulators and virulence factors. 

The two virulence factors SpeB and Sda along with emm were 

tested by real-time RT-PCR to confirm the microarray data. In addition, 

positive gene regulators ropB, mga, and sagA and the negative gene 

regulator CovRS were also tested by real-time. Aliquots of total RNAs 

isolated from early-stationary phase that were sent to Nimblegen Systems 

Inc. were used to defermine quantities of transcripts through real-time RT­

PCR (Figure 3.17). The quantity of cDNA was normalized to the quantity of 

proS in each sample. The proS gene was used as an infernal reference 

because it is constantly transcribed throughout the growth cycle. The 

most dramatic difference between the throat and blood isolate was 

found in the speB transcript. a 22.5-fold increase was detected in the 

throat isolate compared to fhe blood isolate. Sda was upregulated 

approximately ?-fold and consistent with the microarray data (Table 3.3). 

Also. slight increases in sagA and ropB transcripts were present, which may 

positively influence the speB protein production. Other virulence genes, 

emm, the transcription up-regulator mga and csrR, a transcriptional 

inhibitor of the speB gene. showed no differences in transcript quantity 

between the two isolates. This observation on the regulation of SpeB 

seems to be affected by an increase in expression of the positive 

regulators sagA and ropB and suggest that there is no affect by the 

negative two-component regulator covRS. 
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Figure 3.1 Differences in size of the hemolytic zone on unenhanced 

and enhanced 5% sheep blood agar plates (8AP). (A) Similar mucoid 

colony appearance of throat colonies (left) and blood colonies (right) on 

unenhanced BAP. (8) On unenhanced BAP, larger zone of hemolysis of 

throat (left) compared to blood (right) colonies under transillumination. 

(C) Throat isolate showing l3-hemolysis measuring 0.5 cm and (D) Blood 

isolate showing l3-hemolysis measuring 0.35 cm, both grown on enhanced 

BAP, photos taken under transillumination. 
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Figure 3.2. Growth curve of the two Streptococcus pyogenes isolates. 

Frozen stock cultures were thawed and streaked onto 5% sheep blood 

agar plates and incubated overnight at 37°C with 5% C02. A single 

colony from each strain was then inoculated into 8 ml of THY and 

incubated overnight at 37°C and 5% C0 2. Stationary phose overnight 

cultures (-20 hours) were read on a spectrophotometer and the density 

adjusted to 1.0 AII:XJ for reinoculation into a total volume of 150 mls. 

Bacterial growth of the throat (. ) and blood (. ) strains were monitored 

by recording the AII:XJ at various time intervals. The result of a single 

representative experiment is presented. 
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Figure 3.3. Pulsed-field gel e lectrophoresis patterns of the throat and 

blood isolates are identical. Slices from prepared agarose plugs were 

enzymatically treated w ith lysozyme and mutanolysin. The slices were 

subsequently digested with Sfil, Apal, SgrAI and SocII. Lanes 1-4 throat 

isolate and lanes 5-8 invasive blood isolate and molecular weight (MW) 

marker lane 9 were electrophoresed for 22 hours using a BioRad CHEF 

MAPPER. Ethidium bromide staining was used to visualize the bands. 
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Figure 3.4. Electropherogram of the first half of the speB sequencing 

reaction for the throat isolate. 
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Figure 3.5. Electropherogram of the second half of the speS sequencing 

reaction for the throa t isolate. 
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Figure 3.6. Electropherogram of the first ha lf of the speB sequencing 

reaction for the b lood isola te. 
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Figure 3.7. Electropherogram of the second half of the speB sequencing 

reaction for the blood isolate. 
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Throat speB_l ATGCATTTCATCTAAGGTTTGATGCCTACAACAGCACTTTGGTAACCGTTGAAGCCGCCTG 
Blood speB_l ATGCATTTCATCTAAGGTTTGATGCCTACAACAGCACTTTGGTAACCGTTGAAGCCGCCTG 

•• ** •• ** ••••••••••••••• *** ••••••••••••••••••••••••••••••••• ** 

Throat speB_l CGCCGCCACCAGTACCAAGAGCTGAAGGGTTTAGTGCGTCAAGACGGAAGAAGCCGTCAG 
Blood speB_l CGCCGCCACCAGTACCAAGAGCTGAAGGGTTTAGTGCGTCAAGACGGAAGAAGCCGTCAG 

.** ••• ** •••• ** ••••••••••••••••• ** •••• * •• ****** •••••••••••••• 

Throat speB 1 AGACTCCACCCCAACCCCAGTTAACATGGTAGAAGTTACGTCCGTCAGCACCATCGATAA 
Blood SpeB:l AGACTCCACCCCAACCCCAGTTAACATGGTAGAAGTTACGTCCGTCAGCACCATCGATAA 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

Throat speB_l 
Blood speB_l 

•••••••••••••••• *** •••• ** •••••••••••••• **** •••• ** ••••• ** •••• 

CAAAGGCATGTCCGCCTACTTTACCGACACCTTGGTAGTATACTGGTTGGTTTTGAGACA 
CAAAGGCATGTCCGCCTACTTTACCGACACCTTGGTAGTATACTGGTTGGTTTTGAGACA 
••••••••••••••••• *** ••••• *.***** ••••••••••••••••••••••••• *** 

ATTCTTTGTCAATTTGTGCTTCCCAATCTTGTTTGCTAAAGTCGCTACGGTTAATTTGGT 
ATTCTTTGTCAATTTGTGCTTCCCAATCTTGTTTGCTAAAGTCGCTACGGTTAATTTGGT 
••••••••••••• **.*** ••••••••••••••••••••• ******* ••••••••••••• 

GAACAGATTGGTTGTAGCCAAAGTTTTCTTTCAAGGCTCTTTGAACACGAGAGCTACCTG 
GAACAGATTGGTTGTAGCCAAAGTTTTCTTTCAAGGCTCTTTGAACACGAGAGCTACCTG 
••••••••••••••••••••••••••• **** •••••••••••• **** ••••••••••••• 

CAGAACCACTAGATGGACCATAATCCATGTCTACTGAAATACCAACATCAGCCATCAATT 
CAGAACCACTAGATGGACCATAATCCATGTCTACTGAAATACCAACATCAGCCATCAATT 
•••••••• ***** ••••••••••••••••••••••••••••••••••••••• ** ••• **. 

CTGAAATCGCCATTTTTTGAACGTTAGATTCTCTTCCGCTATAAGTAGGTAGGATGTTGT 
CTGAAATCGCCATTTTTTGAACGTTAGATTCTCTTCCGCTATAAGTAGGTAGGATGTTGT 
•• **** •••• **.*** ••••••••••••••••••••• ** •• *** •••••••••••••••• 

TCCAGTTGTATTGTCTAGTAGAGATAGCTGCAAACAAGTTCTTAGGATGGTTGAAATATG 
TCCAGTTGTATTGTCTAGTAGAGATAGCTGCAAACAAGTTCTTAGGATGGTTGAAATATG 
••••• ** •••••••••••••••••••••••• **** ••••••••••••••••••••••••• 

GGTTATTTGAGCTTAGTGTGTAAGTGTAGTCTTTCAACCCTTTGTTAGGGTAATTATGAT 
GGTTATTTGAGCTTAGTGTGTAAGTGTAGTCTTTCAACCCTTTGTTAGGGTAATTATGAT 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Throat speB_l ATTTCATAATTTGAGCAGT 
Blood speB_l ATTTCATAATTTGAGCAGT 

••••••••••••••••••• 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

TGCAGTAGCAACACATCCTGTTAGCTGCATG 
TGCAGTAGCAACACATCCTGTTAGCTGCATG 
••••••••••••••••••••••••••••••• 

TTGACCTACAAAAGATTGTTCACCTGGTTTTACTTTTTCAATAACAGGTGTCAATAGGTT 
TTGACCTACAAAAGATTGTTCACCTGGTTTTACTTTTTCAATAACAGGTGTCAATAGGTT 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

GTAAGGGTTACCTTGGTTGTAATGAATGCCTTTTGAATCAAGGAGAGATTTAACAACTGG 
GTAAGGGTTACCTTGGTTGTAATGAATGCCTTTTGAATCAAGGAGAGATTTAACAACTGG 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

TTGTTTAATCTCAGCGGTACCAGCATAAGTAGTGTCTAA'I"I"I"I"rrGTTTTCTTTGATTTG 
TTGTTTAATCTCAGCGGTACCAGCATAAGTAGTGTCTAATTTTTTGTTTTCTTTGATTTG 
••••••••••••••••••••••••• * •••••••••••••••••••••••••• *****.*. 
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Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

Throat speB_2 
Blood speB_2 

TTCGACATAACTTTCCATGAAGGAAGCAATGTTTTCTTTACCGTTAGCGTCAAATGATCC 
TTCGACATAACTTTCCATGAAGGAAGCAATGTTTTCTTTACCGTTAGCGTCAAATGATCC 
************** ••••••• *** •• ***************** ••••••••••••••••• 
GCTGGTAGAGTATCCTAGAATTTCTGGAGAACGTTTATCTCCTGAAACGATAACAAATCC 
GCTGGTAGAGTATCCTAGAATTTCTGGAGAACGTTTATCTCCTGAAACGATAACAAATCC 
•••• **** •••••••••••••••• **** •••••••••• ********** •• ******** •• 

TCCAGTAGAAATATTGTAAACATACATATTAGAGCCAGAAAGTTCTCCACCTAAGTTAAC 
TCCAGTAGAAATATTGTAAACATACATATTAGAGCCAGAAAGTTCTCCACCTAAGTTAAC 
•••• *** •••••••••••••••••••••••••• ***.** ••••••••••• ** •• **** •• 

TTTGTCAAGCTTAATATCTTCTGCGCTTCGTGCACCTGCTTTGATAGCTGCTGATTTTTG 
TTTGTCAAGCTTAATATCTTCTGCGCTTCGTGCACCTGCTTTGATAGCTGCTGATTTTTG 
••••••••••••••••••• * ••••• ***.** •••••••••••••••••••••••• *.**. 

GATAAATGTGATAGCGCTATCTTTTGCTTCTTTTTCGTTACGAGCAAAGTTTTGATCGGC 
GATAAATGTGATAGCGCTATCTTTTGCTTCTTTTTCGTTACGAGCAAAGTTTTGATCGGC 
••••••••••••••••••••••••••••••••••• ** ••••••••• ** •••••••••••• 

AAATACTGGGTTAGCAAGAACAAATCCACCTAATGCTAAAAGACTTAATAATCTGATACC 
AAATACTGGGTTAGCAAGAACAAATCCACCTAATGCTAAAAGACTTAATAATCTGATACC 
.*** ••••••••••••••••••••••••••••••••••••••• **** ••••••••••••• 

Throat speB_2 TAATTTCTTTTTATTCA 
Blood speB_2 TAATTTCTTTTTATTCA 

Figure 3.S. Alignment of nucleotide sequences of the speB gene In the 

throat and blood Isolates. Throat and blood isolate chromosomal DNA 

were amplified using two primer sets spanning the speB gene and flanking 

sequences. The products were electrophoresed on 2% gels to check for 

amplification and quality. Suitable products were treated with Exo-Sap®, 

followed by the addition of forward or reverse primer. Products were 

sequenced at the University of Hawaii Biotechnology Core Facility. 
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Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

Throat ropBspeB_l 
Blood ropBspeB_l 

AAGTAGCCTNCTGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAAGTTG 
AAGTAGCCTNCTGTTGATGTCAAAAATACGTTACGCATGTACCTAATACGTAACAAGTTG 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

AATGTTTCGGACGATAGTCGCTTATGATAGGTGTATAAGGTCAATAGCCAGATGCGATAG 
AATGTTTCGGACGATAGTCGCTTATGATAGGTGTATAAGGTCAATAGCCAGATGCGATAG 
•••••••••••••••••••••••••••••••••••••••••••• * ••••••••••••••• 

TTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGTTACG 
TTTTATCAACTGTCATATGTTAAACCTTTCTAATCTAATAGATGTTAAAAATACGTTACG 
•••••••••••••••••••• *.*.* ••• *.*.* ••••••••••••••••••••••••••• 

TGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATAGCCA 
TGTGTACCTAATACGTAACAAAATAATGGGTTAGCAAAATAAGCAGCTATGATATAGCCA 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

TAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTTTGTAGTTCC=G 
TAAGGTTAAAAGGAGGCGCCTACTATGTGGTTATTGTTACTATTTTTGTAGTTCC=G 
••••••• * ••••••••••• * ••••••• * •••••••••••••• * •••• *.* •••••••••• 

CAAAATGGTAGTAGATAAAAATGAGAAGTCAATAAAAGCATTGACNAACAAAAGAATCAT 
CAAAATGGTAGTAGATAAAAATGAGAAGTCAATAAAAGCATTGACNAACAAAAGAATCAT 
••••••••••••••••••••••••••••••• **.* •••••••••••••••• * ••• ****. 

TTTGTTTATATTATCAGTATTTTTAAGTTTCTTGTCAACTGAAATGAGCATCTACTAGCC 
TTTGTTTATATTATCAGTATTTTTAAGTTTCTTGTCAACTGAAATGAGCATCTACTAGCC 
* •••••••••••••••••••••••••••••••••• * •••••••••••••••••••••••• 

ACAATAGTAACTAAAAGGCTAATTGTCAGTAAAAATGAGATAAATCANCCAGGAGAAAAG 
ACAATAGTAACTAAAAGGCTAATTGTCAGTAAAAATGAGATAAATCANCCAGGAGAAAAG 
••••• * •••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Throat ropBspeB_l CCTACGAGTCAACTAATGGA 
Blood ropBspeB_l CCTACGAGTCAACTAATGGA 

Throat ropBspeB_2 
Blood ropBspeB_2 

Throat ropBspeB_2 
Blood ropBspeB_2 

Throat ropBspeB_2 
Blood ropBspeB_2 

Throat ropBspeB_2 
Blood ropBspeB_2 

Throat ropBspeB_2 
Blood ropBspeB_2 

Throat ropBspeB_2 
Blood ropBspeB_2 

••••••••••• * •••••••• 

CAACCCAAAAAAAGACAAAGGACTTTCACTTGGTGTTGTGGACCCTATC 
CAACCCA.a_aAa..!'AGACAAAGGACTTTCACTTGGTGTTGTGGACCCTATC 
••••••••••••••••••••••••••••••••••••••••••••••••• 

ACGATCCTTATCACAGAATCAGTTATTAACAAAATGAGAACGGTCCCATATCATCTAAAA 
ACGATCCTTATCACAGAATCAGTTATTAACAAAATGAGAACGGTCCCATATCATCTAAAA 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

AAACTGTCAAGCACAACCTATTGTTTGCTAGCTGATCTTGCCTATCAGTCTGCCTAGTAG 
AAACTGTCAAGCACAACCTATTGTTTGCTAGCTGATCTTGCCTATCAGTCTGCCTAGTAG 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

ATACGGCAGAAGATAAGAGATCAACCAAAAGATGATAAGTGCAACGACTCATAGCGTCTT 
ATACGGCAGAAGATAAGAGATCAACCAAAAGATGATAAGTGCAACGACTCATAGCGTCTT 
••••• * ••••••••••••••••••••••••• * •••••••••••••••••••••••••••• 

TTGACCAAAACCAATTAGGCTCACATGAGATGAGAATAATTGGGTTGGGTTGTCAGTGTC 
TTGACCAAAACCAATTAGGCTCACATGAGATGAGAATAATTGGGTTGGGTTGTCAGTGTC 
•••••••••• * ••••••• * ••••••••••••••••••••••••••••••••••••••••• 

AACTAACCGTGTTATTGTCTATTACCATTCATGGTATCAGCGACATCGTATGATAACCAT 
AACTAACCGTGTTATTGTCTATTACCATTCATGGTATCAGCGACATCGTATGATAACCAT 
••••••••••••••••••••• * •••••••••••••••••••••••••••••••••••••• 

Throat ropBspeB_2 ACGATTCAGCTAAGTAAGGAGGTGTGTCCAATGTACCGTTAAAAGCAAATGCAGTAGATT 
Blood ropBspeB_2 ACGATTCAGCTAAGTAAGGAGGTGTGTCCAATGTACCGTTAAAAGCAAATGCAGTAGATT 

•••••••••••••••••••• * •••••••••••••••••••••••••••••• * •••• * ••• 
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Throat ropBBpeB_2 AACTTATTTTGAAAGAGGTAT~ 
Blood ropBBpeB_2 AACTTATTTTGAAAGAGGTAT~ 

Figure 3.9. Alignment of nucleotide sequences for the speB promoter/ 

ropB-speB Intergenlc region of the throat and blood Isolates. Throat and 

blood isolate chromosomal DNA were amplified using two primer sets 

spanning the intergenic region and flanking sequences. The products 

were electrophoresed on 2% gels to check for amplification and qualify. 

Suitable products were treated with Exo-Sap®, followed by the addition of 

forward or reverse primer. Products were sequenced at the University of 

Hawaii Biotechnology Core Facility. 
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Figure 3.10. Spe8 Immuno blot using Culture Supernatants. Supernatants 

collected at different time points from throat and blood isolate cultures 

were run on a 12% SDS polyacrlamide gel and SpeB was detected using 

rabbit anti-speB IgG, goat anti rabbit alkaline phosphatase and alkaline 

phosphatase substrate conjugate , Molecular weight marker (left) with 

speB forms (right), No protein was visible for the invasive blood isolate 

(data not shown). 
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Figure 3.11 . Spe8 Immuno blot of Cell Lysates. Cell Iysates prepared from 

bacterial pellets at different growth phases were electrophoresed on a 

12% SDS polyacrylamide gel and transferred to nitrocellulose membrane. 

The membrane was probed with rabbit anti-speB IgG, goat anti rabbit 

alkaline phosphatase and AP substrate conjugate. Molecular weight 

marker (left) with speB forms (right). Lysates from mid-log, early stationary, 

and mid stationary pharyngeal throat isolate loaded in lanes 1, 2 and 3, 

respectively, and similarly for the invasive blood isolate in lanes 4, 5, and 6, 

respectively. 
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Blood Throat 

508bp ~ 

Figure 3.12. Reverse Transcriptase peR of the speS gene. Total RNA from 

the throat and blood strains were isolated from mid-log cultures and RT­

peR was performed. The 508-bp product from both isolates is shown after 

electrophoresis on a 2% agarose gel containing ethidium bromide 

indicating the presence of speB transcripts. 
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SpeB gene expression in Throat vs Blood 
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Figure 3.13. Comparative expression levels of speS in S. pyogenes of early 

stationary cultures. Total RNA was isolated from early log, mid-log, early 

stationary, and mid-statinary cultures of the throat and blood isolate and 

quantities of spe8 gene transcript were determined by real-time RT-PCR. 

The quantity of cDNA was normalized to the quantity of proS in each 

sample. The values shown are from eight different independently isolated 

RNA preparations analyzed in triplicate. 
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Figure 3.14. 2100 Bioanalyzer result of throat isolate early stationary total 

RNA. (A) Typical chromatogram of high quality RNA from an early 

stationary phase (8 hrs) culture determined using an Agilent 2100 

8ioanalyzer. A small peak present at -24 seconds represent tRNA. 

Undegraded total RNA with 165 and 235 ribosomal peaks identified at 39 

and 44 seconds respectively. (B) A Northern blot simulation based on 

peak heights. 
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Figure 3.15. Volcano Plot. Each dot represents a gene showing a 

comparison of expression between the two isolates which are filtered on 

>2 fold expression and a p-value of s..O.05 (red) . Genes that are not 

differentially expressed between the two isolates are shown in yellow. 
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Figure 3.16. Hierarchical cluster analysis of microarray data based on 

gene expression profile. The filtered data (genes that c hanged ~2 fold 

and p-value of ~ 0.05 c ompared throot to blood isolates) were clustered 

based on their overall expression. They were also clustered based on their 

expression across the chips . Each row corresponds to a single gene. 464 

genes among the 5 different S. pyogenes strains were differentially 

expressed. Red represents higher gene expression, blue represents lower 

gene expression, and yellow represents neutral gene expression. 

62 



s. pyogenes gene expression in Throat vs Blood Isolate 
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Figure 3.17. Comparative expression levels of virulence genes and 

regulators of S. pyogenes in early stationary cultures. Total RNA was 

isolated from early stationary cultures of the throat and blood isolate and 

quantities of different gene transcripts were determined by real-time RT-

peR. The quantity of cDNA was normalized to the quantity of proS in 

each sample. The values shown are from two different independently 

isolated RNA preparations analyzed in triplicate. 
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Table 3.1. Genes slgnfficantly up-regulated In Throat Isolate 
Spy No. gene Bloloalcal function FoldChanae 

SPy2039 speB pyrogenic exotoxin B 89.05 
M6_Spy1732 Peptldyl-prolyl cis-trans isomerase 16.16 
M6_Spy1739 Sda Streptodomase 15.36 
SpyM3_0482 sagC streptolysin S associated protein 6.42 
SpyM3_1736 putative A TP-binding cassette transporter 6.27 

protein 
SPy0739 sagB streptoiysln S associated ORF 5.69 
SPy1683 glpO putative alpha-glycerophosphate oxidase 5.67 
SPy0740 sagC streptolysin S associated ORF 5.66 
spyM18_0806 sagH ABC transporter fA TP-blnding protein) - 4.70 

streptolysin S associated ORF 
SPy0745 sagH ABC transporter fA TP-blnding protein) - 4.42 

streptolysin S assaciated 0 RF 
SPy0157 ntpD putative V-type Na+ -ATPase subunit D 4.07 
SPy0738 sagA streptolysin S assaciated protein 3.79 
SPy0150 ntpE putative V-type Na+ -ATPase subunit E 3.74 
SPyl684 glpK putative glycerol kinase 3.56 
SPy2216 htrA putative serine protease 3.14 
SPyI682 glpF putative glycerol uptake facilitator 3.13 
spyM18_1757 hylP hyaluronidase 3.05 
spyM18_1221 cfa CAMP factor 3.02 
SpyM3_1468 glpK putative glycerol kinase 3.02 
SPy0780 mscL putative large conductance 2.99 

mechanosensltive channel 
spyM18_0839 mscL putative large conductance 2.95 

mechanosensltive channel 
SPy0803 cmk putative cytldylate kinase 2.92 
M6_Spy0586 Sagl 2.88 

Streptolysin S export transmembrane protein 
SpyM3_0121 ntpB putative V-type Na+ -ATPase subunit B 2.85 
SPy1801 Isp2 immunogenic secreted prateln precursor 2.84 

homolog 
SPyll 00 folK hydroxymethylpterin pyrophosphokinase 2.82 
SPy1186 citD putative citrate lyase. gamma subunit 2.80 
SpyM3_0277 pflC putative pyruvate formate-lyase activating 2.80 

enzyme 
SpyM3_1562 isp.2 immunogenic secreted protein precursor 2.69 

homolog 
spyM18_1074 putative acid phosphatase (class B) 2.68 
SPy0151 ntpC putative V-type Na+ -ATPase subunit C 2.68 
SPy0155 ntpB putative V-type Na+ -ATPase subunit B 2.65 
spyMi8_1694 glpF putative glycerol uptake facilitator 2.65 
spyM18_1870 isp immunogenic secreted protein precursor 2.58 

homologue 
spyM 18_086 i pepT putative tripeptidase 2.56 
SpyM3 1466 glpF.l putative glycerol uptake facifitator 2.55 
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Table 3.2. Genes slgnfficantly down-regulated In Throat Isolate 
spy No. gene Biological Function Fold Change 

SpyM3_0236 braB putative branched-chain amino ocid 0.50 
transport protein 

spyM18_2032 cdsA putative phosphatidate cytidylyltransferase 0.50 

SpyM3_0006 frcF putative transcription-repair coupling factor 0.49 

M6_Spyl636 ABC transporter permease protein 0.49 
SpyM3_0618 amiC putative amidase 0.49 
spyMI8_0226 fro putative transposase 0.49 
SpyM3_0320 mlsC integral membrane protein MtsC, ABC 0.48 

transporter (permease protein) 
SpyM3_1656 lacD.2 putative tagatose 1 ,6-diphosphate aldolase 0.48 

SPyOI41 atoD.2 putative acetyI-CoA:acetoacetyl-CoA 0.47 
transferase alpha subunit 

SPyl919 lacD.2 putative tagatose I,6-diphosphate aldolase 0.47 

SpyM3_0078 comYA putative ABC transporter subunit ComYA I 0.47 
spyM 18_" 52 ylmX putative DNA-binding protein 0.47 
SPyl664 pbpX putative penicillin binding protein 2X 0.46 
spyMI8_2074 scpA C5A peptidase precursor 0.46 
SPyl916 lacG putative phospho-beta-D-galactosldase 0.45 
SpyM3_I084 ddlA putative D-ala,D-ala ligase 0.45 
SpyM3_1485 locAl putative galactose-6-phosphate isomerase 0.45 

SPy2200 hasA hyaluronate synthase 0.44 
spyM 18_2236 hasA hyaluronate synthase A 0.44 
SpyM3_1722 dppE putative dipeptide ABC transporter, A TP- 0.43 

binding protein 
SpyM3_0616 pyrF putative orotidine-5'-decarboxylase 0.43 
M6_Spyl641 6-phosphe-beta-galactosldase 0.43 
SpyM3_0842 ylxM putative DNA-binding protein 0.43 
SPyOO27 purM putative phosphoribosylformylglycinamide 0.43 

cycle-ligase 
SpyM3_1600 glpF.2 putative glycerol uptake facilitator protein 0.43 
SPyOOlO dlv/C putative ceO division protein (DivlC] 0.42 
spyMI8_0436 fhuG putative ferrichrome ABC transporter 0.40 

(permease) 
spyMI8_0701 kdgK putative 2-kete-3-deoxygluconate kinase 0.40 
M6_Spy0235 FosB Sensory transduction protein kinase 0.35 
spyMI8_1344 fra Hypothetical protein 0.34 
SpyM3_0281 fhuB putative ferrichrome ABC transporter 0.30 

(permease) 
SPyl547 sagp streptococcal antitumor protein (possible 0.30 

arginine deiminase) 
SpyM3_1652 sa/A lantibiotic sarlVaricin A precursor 0.30 
SpyM3 1851 hasA hyaluronan sYnthase 0.29 
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Table 3.3. Quantitative RT·PCR Analysis 
Quantf1y of Transcrtpts 

Spy no. gene Throat Blood 
336-337 csrR 1.5 1 

738 sagA 3.7 1 
2042 ropB 5.0 1 
2019 mga 0.9 1 
2018 emm 1.0 1 
2043 sda 7.6 1 
2039 speB 22.5 1 
1962 proS 1 

NCBI. GeneBank accession No. NC_002737 
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CHAPTER 4. DISCUSSION 

4.1 Phenotypes of the throot and blood Isolate. 

The phenotypes of the throat and blood isolates obtained from the 

same patient showed remarkable differences. Abe (1) found differences 

between the two isolates in adhesion and intemalization • hemolysis 

patterns, growth kinetics and speB functional activity. To assess the 

stability of these phenotypes. a single-isolated colony for each isolate was 

expanded in broth culture and plated on BAP. Individual colonies from 

were then examined for their unique hemolytic patterns. During the 

course of three passages, no revertants were found. Although more broth 

passages could be performed permitting examination of more single 

colonies, the hemolytic differences between the two isolates appear to 

be stable. Future experiments assaying for speB production using colony 

lifts may be a more sensitive way to test for revertants. An ideal method 

would be to culture the speB+ throat isolate in a mouse chamber model 

as described by Aziz (3), to determine if speB production is lost and 

remains permanent in vitro. The differences in growth kinetics were also 

remarkably stable. The throat isolate grew faster and to a higher density 

than the blood isolate even when conditions such as shaking were 

changed. Under the conditions used, the phenotypes of the throat and 

blood isolates appear to be "permanent". 
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4.2 Genomic analysis of the throat and blood Isolates 

Despite these marked phenotypic differences. experiments 

attempting to identify genomic differences have been unsuccessful. Abe 

found no differences in PFGE pattern using the restriction enzyme Smal. 

and extending this analysis using four other restriction enzymes. Sfil. Apal. 

SgrAI. and Sacll revealed identical PFGE patterns. PFGE analysis. 

however. cannot recognize point mutations. small deletions or inversions 

unless the change directly affects the restriction site. PFGE analysis. 

however. can detect large phage insertions. large gene deletions or 

recombination events. Based on the additional information from the PFGE 

analysis. it seems unlikely that the differences between both isolates are 

due to plasmid insertions or deletions of a large gene fragment. 

Direct sequencing of the speB gene and its promoter region of the 

two isolates did not reveal any differences. Identical nucleotide 

sequences throughout the 1194-bp region were found between the two 

isolates. However. sequencing was only done on a single colony and 

multiple colonies should be examined to ensure that differences do not 

exist between the two isolates. The conclusion that the two genomes are 

identical can be made only after the two genomes are completely 

sequenced. an experiment that is economically unfeasible. especially in 

light of the fact that no differences may be found. However. it can be 
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concluded that only small differences in nucleotide sequences. if any at 

all. exist between the two isolates. 

4.3 Translational differences between throat and blood Isolates 

The inability to find major genetic differences to explain the 

phenotypic variation. especially in SpeS functional activity. prompted 

investigation into potential differences in the translation and/or 

transcription of SpeS. SpeS was only found in supernatants of the throat 

isolate throughout its growth cycle. but was not detected in the culture 

supernatants of the blood isolate. Throat isolate culture medium 

appeared more cloudy when compared to the blood isolate growth 

medium and may be due to the secretion of SpeS or other extracellular 

proteins by the throat isolate. When bacterial celllysates of both isolates 

were probed by immunoblot. the blood isolate retained the 40-kDa 

zymogen protein but lacked the 28-kDa mature form. The throat isolate 

celllysates had detectable levels of both the zymogen protein and the 

mature form. Interference with SpeS processing in the blood isolate seems 

to have prevented its secretion. 

As described in the introduction. SpeS is positively controlled by 

molecular chaperones RopA and HtrA which help with folding and 

secretion. These regulatory genes are discussed below. 
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4.4 Transcriptional differences between throat and blood Isolates 

Analysis of transcript levels of the speB gene encoding the 

extracellular protein SpeS was consistent with immunoblotting experiments 

from the culture supematants throughout the growth cycle (Figures 3.10 

and 3.11). Quantitative analysis of speB expression by real-time RT-PCR 

showed that more mRNA was found in the throat isolate with the 

maximum synthesis in early stationary phase. The blood isolate produced 

a low but constant amount of mRNA throughout its growth phase. Thus. in 

addition to the protein processing differences identified by 

immunoblotting. marked quantitative transcriptional differences were also 

observed. 

Microarray analysis showed that a total of 464 genes were 

differentially expressed. 273 genes were upregulated in the throat isolate 

compared to the blood and 191 were downregulated. SpeB. sda. htrA 

and sagA were found to be upregulated as well as many other putative 

genes of unknown function. The upregulation of speS. htrA and sagA is 

consistent with the observed phenotypes of positive speS functional 

activity and the larger zone of hemolysis found in the throat isolate. While 

many of the virulence genes were upregulated in the throat isolate. other 

virulence genes were downregulated including dppE. scpA, and hasA. 

Thus. we concluded that the expression of regulatory genes that could 
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affect the expression of multiple virulence gene were most likely different 

in the two isolates. 

4.5 Regulation of speB and protein producHon 

Bacterial regulation is very complex and many of the virulence 

genes function in a network fashion. The speB gene is under the 

transcriptional control of positive gene regulators, including ropB, sagA, 

mga, opp and dpp and negative gene regulators covRS and nra (42). 

Mutations in these regulatory genes have been shown to significantly 

reduce the ability to cause infection in mouse models. The regulatory 

genes that positively regulate translational or post-translational events are 

ropA, luxS and HtrA. 

Of the 464 genes differentially expressed by the microarray data, 

among the regulatory genes listed above, only ropB, sagA and covRS was 

found to be upregulated in the throat isolate compared with the blood 

isolate. Real-time RT-PCR confirmed that sagA and ropB was significantly 

upregulated in the throat isolate. The two-component signal 

transductions system (TCSTS) gene regulator covRS, a negative gene 

regulator and an inhibitor of speB did not appear differentially expressed 

on the micro array as well as quantitatively using real-time RT-PCR. Thus, 

the TCSTS covRS did not appear to affect SpeB expression. RopB has 

been shown to influence the expression of speB and other exoproteins (10, 
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36). Inactivation of the ropB gene significantly decreased the production 

of SpeB and negatively influenced other metabolic genes (12); however, 

it had no effect on other extracellular proteins like streptokinase and 

DNases (10). 

SpeB protein is positively controlled at the protein level by molecular 

chaperones RopA and HtrA which aid folding and secretion. LuxS also is 

an autoinducer of SpeB and helps upregulate ropA and htrA (37, 42). 

Mutation in the /uxS gene significantly reduced the mRNA level of SpeB as 

well as secretion of the cysteine protease (37,39). Thus, /uxS is involved in 

the transcriptional, translational, and post-translational processes of SpeB 

in response to the changing environment of the host. Mutations in the 

ropA, htrA, or /uxS genes may affect the folding and autocatalytic activity 

of SpeB. Microarray analysis identified slight increases in the expression of 

ropA and htrA and further scrutiny of these genes is warranted based on 

the transcriptional and translational differences identified between the 

two isolates. Future experiments include real time RT-PCR to determine if 

any of these genes are differentially expressed. 

4.6 EpIgenetic Regulation 

Epigenetics is a new emerging topic, which attempts to explain 

phenotypic differences in bacteria. Epigenetics focuses on phase 

variations among bacteria that do not show genetic differences but have 

72 



phenotypic differences. The only epigenetics mechanism known in 

bacteria is DNA methylation that prevents transcription factors from 

binding to promoter sites and inhibits gene transcription (32). Experiments 

for DNA methylation analysis can be divided into global and gene­

specific methylation analysis. Global methylation analysis is done by 

measuring the overall level of methyl cytosines in the genome using 

chromatographic techniques or methyl accepting capacity assays. For 

gene-specific methylation analysis. methylation sensitive restriction 

enzymes are used to digest DNA followed by Southem detection or PCR 

amplification. Recently. bisulfite reaction based methods have become 

very popular such as methylation specific PCR (MSP) and bisulfite 

genomic sequencing PCR. Additionally. in order to identify unknown 

methylation hot-spots or methylated CpG islands in the genome. several 

genome-wide screening methods have been developed. such as 

Restriction Landmark Genomic Scanning for Methylation (RLGS-M). and 

CpG island micro array. These methods can help identify the phenotypic 

differences. 

4.7 Conclusions 

Two isolates. a non-invasive throat isolate. and an invasive blood 

isolate were recovered from the same patient 13 days apart. Genotypic 

similarities support them being clonally related. Despite their apparent 
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genetic relatedness, marked differences in adherence, internalization, 

hemolysis, growth pattern and especially speB production were observed. 

In an attempt to elucidate the mechanism responsible for the phenotypic 

differences, the isolates were further examined at the molecular level. 

Identical banding patterns from extended PFGE analysis provide further 

support for the genetic relatedness of the isolates and suggest that the 

stable phenotypic differences are unlikely to be the result of phage 

insertions or deletions of large DNA fragments. Furthermore, 

immunobloting experiments identified differences in intracellular and 

secreted SpeB protein. The throat isolate culture supernatant contained 

secreted SpeB whereas the blood isolate culture supernatant completely 

lacked SpeB protein. Further analysis of intracellular Iysates revealed that 

both isolates produced SpeB protein, but the blood isolate was unable to 

secrete any processed, mature SpeB protein. Having identified potential 

SpeB translational and post-translational differences, microarray analyses 

was performed and revealed a 90-fold difference in speB transcript levels 

for the throat isolate when compared to the blood isolate. A total of 464 

genes were differentially expressed and real-time RT-PCR results of select 

regulatory genes confirmed the microarray data. Among the genes 

identified, ropA and htrA merit further scrutiny because of their roles as 

molecular chaperones for SpeB. Future experiments include real-time RT-
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peR to confirm the upregulation of these genes identified through 

microarray analysis. 

Based on the accumulated data, the most likely explanation for the 

multiple phenotypic differences in the presence of genetic similarity 

between the isolates is a type of phase shift resulting from an altered 

regulatory system. Van der Woude and Baumler (58) reported that toxin 

production in S. pyogenes and the invasive phenotype is under the 

control of phase variation. Studies to date have shown that bacterial 

regulation is complex as they are tied together in network fashion. 

Although point mutations or small DNA insertions or DNA deletions cannot 

be excluded as a causative factor. epigenetics is one mechanism which 

could account for the observed differences since changes in gene 

expression occur in the absence of changes in DNA. 
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APPENDIX. MICROARRAY DATA 

SPY No. gene Bloloalcal Function Fold Chanae 
M6_Spy1735 Streptopain precursor 104.60 
SPy2040 hypothetical protein 102.50 
spyM18_2099 pyrogenic exotoxin B precursor 98.98 
SpyM3_1742 pyrogenic exotoxin B 90.97 
SPy2039 speB pyrogenic exotoxin B 89.05 
M6_Spy1734 Streptopain precursor fragment 57.47 
SpyM3_1741 Hypothetical protein I pyrogenic exotoxin B 48.23 
SPs1737 hypothetical protein 23.33 
SPy2037 hypothetical proteinl probable protein export 18.52 

protein prIM precursor 
M6_Spy1733 Hypothetical protein 17.49 
SpyM3_1740 putative protease maturation protein I putative 16.55 

protease maturation protein 
M6_Spy1732 Peptidyl-prolyl cis-trans isomerase 16.16 
M6_Spy1739 Sda Streptodornase 15.36 
spyM18_2104 mitogenic factor, 25K, precursor 14.76 
SpyM3_1745 mitogenic factor 25K precursorl 13.64 

streptodornase B 
SPy2043 mf mitogenic factorl streptodornase 13.51 
spyM18_2097 Hypothetical protein 13.10 
SPy2033 hypothetical protein 10.26 
M6_Spy1729 Hypothetical protein 10.14 
spyM18_2091 Hypothetical protein 10.02 
SpyM3_1737 Hypothetical proteinl ATP-binding cassette 8.90 

lipoprotein 
spyM18_1442 Hypothetical proteinl 8.27 
SpyM3_1092 Hypothetical proteinl hypothetical protein 7.35 
SPy1434 putative heavy metal-transporting ATPase 7.25 
spyM18_1442 putative heavy metal-transporting ATPase 6.64 
SPy2032 putative ATP-binding cassette transporter- 6.49 

like protein 
SpyM3_0482 streptolysin S associated protein 6.42 
SpyM3_1736 putative ATP-blnding cassette transporter 6.27 

protein 
spyM18_0800 SagB 5.71 
SPy0739 sagB streptolysin S associated ORF 5.69 
SPy1683 g/pO putative alpha-glycerophosphate oxidase 5.67 
spyM18_1695 putative alpha-glycerophosphate oxidasel 5.67 

putative alpha-glycerophosphate oxidase 
SPy0740 sage streptolysin S associated ORF 5.66 
spyM1B_2090 putative ATP-binding cassette transporter- 5.53 

like protein 
spyM18_0801 SagCi streptolysin S associated ORF 5.26 
SpyM3_1467 putative alpha-glycerophosphate oxidasel 5.19 

putative alpha-glycerophosphate oxidase 
SpyM3_0481 streptolysin S associated proteinl streptolysin 5.00 

S associated ORF 
M6 Spy1728 periplasmic component of efflux system 5.00 
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SPY No. gene Bloloalcal Function Fold Change 
SPs1036 putative oxaloacetate decarboxylase alpha 4.99 

chain 
M6_Spy0580 Streptolysin S biosynthesis protein 4.88 
spyM18_0806 sagH ABC transporter (ATP-bindin9 protein) - 4.70 

streptolysin S associated ORF 
SpyM3_0836 putative oxaloacetate decarboxylase alpha 4.60 

chain 
M6_Spy0285 Transposase 4.53 
SPy0745 sagH ABC transporter (ATP-binding protein) - 4.42 

streptolysin S associated ORF 
SpyM3_0122 putative V-type Na+ -ATPase subunit 0 4.35 
M6_Spy0177 V-type sodium ATP synthase subunit F 4.31 
SpyM3_0485 Hypothetical protein 4.28 
spyM18_1140 putative citrate lyase, alpha subunit 4.27 
SPy2027 putative two-component response regulator 4.20 
M6_Spy0180 V·type sodium ATP synthase subunit 0 4.17 
M6_Spy0578 Streptolysin S precursor 4.15 
SPy0743 hypothetical protein 4.14 
M6_Spy0896 Citrate lyase alpha chainlCitrate CoA- 4.12 

transferase 
M6_Spy0585 SagHIStreptolysin S export transmembrane 4.08 

protein 
SPy0157 ntpD putative V-type Na+ -ATPase subunit 0 4.07 
spyM18_1057 putative transposase 4.05 
SPy2029 putative ABC transporter (ATP-binding 3.93 

protein) 
SpyM3_0487 ABC transporter (ATP-blnding protein)1 3.92 

steptolysin S associated protein 
M6_Spy1725 Two-component response regulator 3.92 
SpyM3_1227 hypothetical protein - phage associated 3.88 
spyM18_0774 hypothetical phage proteinl hypothetical 3.88 

protein, phage associated 
SpyM3_1463 putative transaldolase 3.87 
M6_Spy0175 V-type sodium ATP synthase subunit E 3.87 
M6_Spy0583 SagFIStreptolysin S biosynthesis protein 3.86 
SpyM3_0117 putative V-type Na+ -ATPase subunit E 3.81 
SPy0741 hypothetical protein- phage associated 3.81 
SPy0738 sagA streptolysin S associated protein 3.79 
spyM18_1696 putative glycerol kinase 3.79 
spyM18_0153 putative V-type Na+ -ATPase subunit 0 3.74 
SPy0150 ntpE putative V-type Na+ -ATPase subunit E 3.74 
spyM18_2087 putative ABC transporter (ATP-bindlng 3.74 

protein) 
M6_Spy0949 Arsenate reductase family protein 3.73 
SPy0899 hypothetical protein 3.72 
SpyM3_0119 putative V-type Na+ -ATPase subunit G 3.72 
SpyM3_0721 hypothetical protein - phage associated 3.70 
spyM18_0864 Hypothetical protein 3.66 
SpyM3_1775 putative serine cycle enzyme 3.62 
spyM18 1729 putative initiation factor 2 3.61 
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SPY No. gene BloloAlcal Function Fold Change 
M6_Spy1555 unknown phage protein 3.57 
spyM18_0148 putative V-type Na+ ATP synthase subunit G 3.56 
SPy1684 g/pK putative glycerol kinase 3.56 
SpyM3_1417 conserved hypothetical protein - phage 3.55 

associated 
SPyOB02 hypothetical protein 3.47 
spyM18_1142 putative oxaloacetate decarboxylase alpha 3.43 

chain 
SpyM3_0537 putative cytldylate kinase 3.41 
SPy0746 putative ABC transporter (A TP-blnding 3.37 

protein) 
spyM18_2143 putative serine cycle enzyme 3.37 
M6_Spy1772 Hypothetical cy1osolic protein 3.35 
SpyM3_0536 Hypothetical protein 3.32 
M6_Spy0172 Hypothetical protein 3.32 
M6_Spy0822 2-amin0-4-hydroxy-6- 3.24 

hydroxymethyldihydropteridine 
pyrophosphokinase 

spyM1B_1689 putative transeldolase 3.19 
SPy2113 hypothetical protein 3.17 
SPy2216 htrA putative serine protease 3.14 
spyM18_1750 hypothetical phage protein 3.14 
SPy1682 g/pF putative glycerol uptake facilitator 3.13 
SpyM3_1731 immunogenic secreted protein precursor 3.12 
M6_Spy1427 Glycerol uptake facilitator protein 3.12 
M6_Spy0173 V-type sodium ATP synthase subunit I 3.10 
M6_Spy1795 Endonuclease involved in recombination 3.09 
SpyM3_0517 putative large conductance 3.0B 

mechanosensitive channel 
SpyM3_1763 putative dipeptidase 3.06 
spyM18_075B hypothetical phage protein 3.06 
spyM18_2126 putative dipeptidase 3.05 
spyM18_1757 hy/P hyaluronidase 3.05 
SPy2026 putative histidine kinase 3.04 
SPS0305 putative immunogenic secreted protein 3.02 

precursor 
spyM18_1221 eta CAMP factor 3.02 
SpyM3_1468 g/pK putative glycerol kinase 3.02 
SPy1113 putative acid phosphatase (class B) 3.02 
spyM18_1198 Hypothetical protein 3.00 
SPy0780 mseL putative large conductance 2.99 

mechanosensitive channel 
M6_Spy1461 Hypothetical cy1osolic protein 2.97 
spyM18_0802 Hypothetical protein 2.97 
SPs1795 hypothetical protein 2.96 
SpyM3_1797 Hypothetical protein 2.96 
spyM18_0839 mseL putative large conductance 2.95 

mechanosensitive channel 
SPs1062 putative DNA/pantothenate metabolism 2.93 

fJavoDrotein 
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SPY No. gene Bloloalcal Function Fold Change 
SpyM3_0488 putative ABC transporter (ATP-blnding 2.93 

protein) 
SPy0803 cmk putative cytidylate kinase 2.92 
M6_Spy0586 Sagl Streptolysin S export transmembrane protein 2.88 
SPs1605 putative aminodeoxychorismate lyase 2.88 
M6_Spy1424 Transaldolase 2.85 
SpyM3_0121 nlpB putetive V-type Na+ -ATPase subunit B 2.85 
spyM18_1249 hypothetical phage proteinj 2.84 
SPy1801 isp2 immunogenic secreted protein precursor 2.84 

homolog 
SPy1100 folK hydroxymethylpterin pyrophosphokinase 2.82 

spyM18_2256 putative serine protease 2.82 
SPy1186 citD putative citrate lyase, gamma subunit 2.80 
M6_Spy1005 unknown phage protein 2.80 
SpyM3_0277 pfiC putative pyruvate formate-lyase activating 2.80 

enzyme 
jSPy1453 conserved hypothetical protein - phage 2.79 

associated 
SPy0744 putative ABC transporter (ATP-blnding 2.78 

protein) 
SpyM3_1413 putative holln - phage associated 2.77 
spyM18_1247 putative V-type Na+ -ATPase subunit C 2.76 
SPs0119 putative V-type Na+ -ATPase subunit E 2.76 
SPs1035 hypothetical protein 2.74 
M6_Spy1152 unknown phage protein 2.73 
M6_Spy1460 N utilization substance protein A 2.72 
M6_Spy1496 D-alanyl-D-alanine carboxypeptidase 2.69 
SpyM3_1562 isp.2 immunogenic secreted protein precursor 2.69 

homolog 
spyM18_1074 putetive acid phosphatase (class B) 2.68 
SPy0151 nlpC putative V-type Na+ -ATPase subunit C 2.68 
M6_Spy0179 V-type sodium ATP synthase subunit B 2.67 
SpyM3_1732 putative histidine kinase 2.67 
SPS1525 67kDa Myosin-crossreactive streptococcal 2.66 

antigen 
M6_Spy1758 Dipeptidase 2.66 
SPy0155 ntpB putative V-type Na+ -ATPase subunit B 2.65 
spyM18_1694 glpF putative glycerol uptake facilitator 2.65 
SpyM3_1237 hypothetical protein - phage associated 2.63 
SpyM3_0960 conserved hypothetical protein - phage 2.63 

associated 
SpyM3_1211 conserved hypothetical protein - phage 2.61 

associated 
SPs0763 putative hyaluronoglucosaminldase 2.60 

(hyaluronidase) 
spyM18_1870 isp immunogenic secreted protein precursor 2.58 

homologue 
spyM18_0151 putative V-type Na+ -ATPase subunit B 2.58 
spyM18 0861 pepT Putative tripeptidase 2.56 
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SPy0147 hypothetical protein 2.55 
M6_Spy0715 Purine nucleoside phosphorylase 2.55 
M6_Spy1523 Immunogenic secreted protein 2.55 
SpyM3_1466 glpF.1 putative glycerol uptake facilitator 2.55 
spyM18_1300 hypothetical phage protein 2.55 
SPy1613 conserved protein - function unknown 2.54 
SpyM3_0762 folK dihydropteridlne pyrophosphoklnase 2.53 
M6_Spy1326 Sugar-binding protein 2.53 
M6_Spy0897 Apo-citrate lyase phosphoribosyl-dephospho- 2.53 

CoA transferase 
SpyM3_0972 hypothetical protein - phage associated 2.52 
M6_Spy1323 Two-component response regulator yesN 2.52 
SpyM3_1358 putative ribosomal subunit interface protein 2.51 
SPy2031 putative ABC transporter (ATP-blnding 2.47 

protein) 
SPs0372 putative initiation factor 2 2.47 
SpyM3_947 conserved hypothetical protein - phage 2.47 

associated 
spyM18_1187 putative response regulator 2.47 
SPy1249 hypothetical protein 2.46 
SpyM3_1B41 sdhB putative L-serine dehydratase beta subunit 2.45 
SPs0877 putative integrase (phage associated) 2.45 
SPy0821 hypothetical protein 2.43 
SPy2190 sdhA putative L-serine dehydratase alpha subunit 2.43 
M8_Spy1371 Ribosome-associated factor Y 2.41 
SpyM3_0120 ntpA putative V-type Na+ -ATPase alpha subunit 2.40 
SPy0588 hypothetical protein 2.40 
SPs1150 B-cell receptor associated protein-related 2.40 

protein 
SpyM3_1170 Hypothetical protein 2.39 
SpyM3_1119 hypothetical protein - phage associated 2.39 
spyM18_1835 putative D,D-carboxypeptldase 2.39 
M6_Spy1581 Formate acetyltransferase 2.39 
SPy2025 isp immunogenic secreted protein precursor 2.38 
SPs0535 hypothetical protein 2.38 
M6_Spy1429 Glycerol kinase 2.37 
spyM18_0440 murE Putative UDP-N-acetylmuramoylalanyl-D- 2.37 

glutamyl-2,6-c1lamlnopimelate ligase 
SpyM3_1488 Hypothetical protein 2.37 
SPy0388 murE Putative UDP-N-acetylmuramoylalanyl-D- 2.36 

glutamyl-2.6-c1iaminopimelate ligase 
SpyM3_1203 hypothetical protein - phage associated 2.35 
SPy0330 Putative cytoplasmic membrane protein 2.35 
SPs0401 Putative NADH peroxidase 2.35 
SpyM3_1495 infB putative Initiation factor 2 2.34 
SpyM3_0500 putative proton-translocating ATPase epsilon 2.34 

subunit 
SpyM3_0332 67 kDa Myosin-crossreactive streptococcal 2.33 

antigen 
spyM18 0708 ftsE Dutative cell-clivision ATP-bindina Drotein 2.33 
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SPy0393 hypothetical protein 2.32 
spyM18_1912 pf/ putative pyruvate formate-lyase 2.32 
SPy0895 histidine protein kinase 2.31 
SPy2189 sdhB putative L-serine dehydratase beta subunit 2.31 
SPy2066 putative dipeptidase 2.30 
spyM18_0728 hypothetical phage protein 2.30 
SPs0525 hypothetical protein (phage associated) 2.29 
spyM18_0657 Hypothetical protein 2.29 
SPy0593 hypothetical protein 2.29 
SPs1109 putative L-glutamine-D-fructosEHl-phosphate 2.29 

amidotransferase 
spyM18_1540 ftsQ cell division protein 2.29 
SpyM3_1773 hutU putative urocanate hydratese 2.28 
spyM18_0382 hypothetical phage protein 2.25 
spyM18_0805 putative ABC transporter (ATP-binding 2.24 

protein) 
SpyM3_1716 Hypothetical protein 2.24 
spyM18_1446 MF3 2.24 
SPy0348 putative aminodeoxychorismate lyase 2.23 
M6_Spy1769 glutamate formiminotransferase 2.23 
SPy2089 hutH putative histidine ammonia-lyase 2.23 
SPy1849 pf/ putative pyruvate formate-lyase 2.23 
SpyM3_1807 Hypothetical protein 2.23 
SpyM3_1243 conserved hypotheticel protein - phage 2.23 

associated 
SpyM3_512 Hypothetical protein 2.23 
SPs0543 hypothetical protein 2.22 
SPy1681 putative NADH peroxidase 2.22 
spyM18_1228 glmS putative L-glutamine-D-fructosEHl-phosphate 2.21 

amidotransferase 
SpyM3_1779 putative histidine ammonia-lyase 2.21 
SpyM3_0415 Hypothetical protein 2.20 
SpyM3_1650 putative salivaricin A modification enzyme 2.20 
M6_Spy0631 Peptidase T 2.20 
SPy1721 infB putative initiation factor 2 2.19 
spyM18_1637 putative RNA-binding Sun protein 2.19 
M6_Spy0176 V-type sodium ATP synthase subunit C 2.19 
spyM18_1292 hypothetical phage protein 2.17 
SPy1848 racU putative recombination protein U 2.16 
M6_Spy0678 2-dehydropantoate 2-reductase 2.15 
M6_Spy1400 Recombination protein recU 2.14 
SPy1511 hypothetical protein 2.14 
SpyM3_1389 recU putative recombination protein U 2.13 
spyM18_1248 hypothetical phage protein 2.13 
spyM18_1535 Hypothetical protein 2.12 
SPy0958 conserved hypothetical protein - phage 2.12 

associated 
SpyM3_0462 Hypothetical protein 2.12 
spyM18 1396 putative transcriptional regulator 2.12 
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SPy1099 folQ dihydroneopterin aldolase 2.12 
SPy2149 hypothetical protein 2.11 
spyM18_0955 deoD putative purine nucleoside phosphorylase 2.11 
spyM18_1739 Hypothetical protein 2.10 
SPy0470 67 kDa Myosin-crossreactive streptococcal 2.10 

antigen 
M6_Spy1319 Hypothetical cytosolic protein 2.09 
spyM18_1291 hypothetical phage protein 2.09 
SPy1373 ptsH putative phosphotransferase system 2.09 

phosphohlstidine-containlng protein 
SPy0761 atpC putative proton-translocating ATPase, 2.09 

epsiron subunit 
SPy1386 putative transcriptional regulator protein 2.09 
spyM18_0762 hypothetical phage protein 2.08 
SPy0201 hypothetical protein 2.08 
spyM18_1733 Hypothetical protein 2.08 
M6_Spy131° Valyl-tRNA synthetase 2.08 
SPy11B3 putative decarboxylase, gamma chain 2.07 
spyM1B_0746 hypothetical phage protein 2.07 
SpyM3_1270 putative divalent cation transport protein 2.07 
SpyM3_1175 murG putative undecaprenyl-PP-MurNAc- 2.06 

pentapeptlde-UDPGlcNAc GlcNAc 
transferase 

SPy1724 nusA transcription termination-antitermination 2.06 
factor 

M6_Spy0820 Dihydropteroate synthase 2.05 
SPs1581 putative manganese-ciependent inorganic 2.04 

pyrophosphatase 
SpyM3_0663 ecoC putative dihydrolipoamide 50 2.04 

acetyltransferase 
SpyM3_0688 hypothetical protein - phage associated 2.03 
spyM18_1116 Hypothetical protein 2.02 
SPy0665 hypothetical protein, phage associated 2.02 
SPy1098 folP dihydropteroate synthase 2.02 
spyM18_1186 putative histidine kinase protein 2.01 
SPy0953 conserved hypothetical protein - phage 2.01 

associated 
SPs1242 putative purine nucleoside phosphorylase 2.01 
SpyM3_0768 putative two-component response regulator 2.01 
M6_Spy0778 Dihydrolipoamide acetyltransferase 2.00 
M6_Spy0476 Hypothetical cytosolic protein 0.50 
spyM18_1219 putative amino acid symporter 0.50 
SpyM3_0236 braS putative branched-chain amino acid transport 0.50 

protein 
SPy2142 hypothetical protein 0.50 
spyM18_2032 cdsA putative phosphatidete cytidylyltransferase 0.50 
SpyM3_0006 trcF putative transcription-repair coupling factor 0.49 
M6_Spy1636 ABC transporter permease protein 0.49 
SpyM3 0618 emiC putative amidase 0.49 
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spyM18_0702 alkH putative 2-dehydro-3- 0.49 

deoxyphosphogluconate aldolasel4-hydroxy-
2-oxogluterate aldolase 

SpyM3_1B44 putative ABC transporter membrane- 0.49 
spanning penmease 

MB_Spy0349 Ferrichrome-binding protein 0.49 
SPy1764 putative ABC transporter (ATP-binding 0.49 

protein) 
SPy1546 hypothetical protein 0.49 
spyM18_0226 Ira putative transposase 0.49 
M6_Spy0365 Exodeoxyribonuclease III 0.49 
M6_Spy0686 Hypothetical protein 0.48 
SpyM3_0110 butyrate-acetoacetate CoA-transferase, bete 0.48 

subunit 
SpyM3_0320 mise integral membrane protein MtsC, ABC 0.48 

transporter (penmease protein) 
spyM18_D424 putative rRNA methylase 0.48 
SpyM3_1656 /aeD.2 putative tagatose 1 ,6-diphoaphate aldolase 0.48 
SpyM3_0897 Hypothetical proteinl 0.48 
spyM18_1109 putative ABC transporter (A TP-binding 0.48 

protein) 
spyM18_0975 putative exfoliative toxin 0.47 
spyM18_2002 Hypothetical protein 0.47 
SPy0141 atoD.2 putative acetyl-CoA:acetoacetyl-CoA 0.47 

transferase alpha subunit 
SPy1919 lacD.2 putative tagatose 1 ,6-diphosphate aldolase 0.47 
SpyM3_0078 eomYA putative ABC transporter subunit Co mY AI 0.47 
spyM18_1152 ylmX putative DNA-binding protein 0.47 
SpyM3_1813 Hypothetical protein 0.46 
M6_Spy0445 Penmease 0.48 
SPy0918 putative exfoliative toxin 0.48 
SPy1664 pbpX putetive penicillin binding protein 2X 0.46 
spyM18_2074 scpA C5A peptidase precursor 0.46 
SPy1852 hypothetical protein 0.46 
M6_Spy1708 DNA topology modulation protein tlar-related 0.46 

protein 
SpyM3_0233 atmB putative lipoprotein 0.46 
SpyM3_1014 putative integral membrane protein 0.46 
spyM18_1159 Hypothetical protein 0.45 
SPy1379 putative chloride channel protein 0.45 
SPy1916 laeG putative phospho-beta-D-gelactosidase 0.45 
M6_Spy0490 Plasmid stabilization system toxin protein 0.45 
spyM18_0924 Hypothetical protein 0.45 
SpyM3_0173 putative histidine kinase 0.45 
SpyM3_1084 ddlA putative D-ala,O-ala ligase 0.45 
SPy 1262 hypothetical protein 0.45 
SpyM3_1485 laeA.1 putative galactose-6-phosphate isomerase 0.45 
SPy2155 hypothetical protein 0.44 
spyM18_0176 putative hexul0ae-6-phoaphate synthase 0.44 
spyM18 2233 Hvoothetical protein 0.44 
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SPy2200 hasA hyaluronate synthase 0.44 
SpyM3_0584 Hypothetical protein 0.44 
SpyM3_0628 putative ribosomal protein S1-like DNA- 0.44 

binding protein 
spyM18_2236 hasA hyaluronate synthase A 0.44 
SPy0507 hypothetical protein 0.44 
SpyM3_1722 dppE putative dipeptide ABC transporter, ATP- 0.43 

binding protein 
M6_Spy0168 Acetate CoA-transferase beta subunit 0.43 
SPs0010 hypothetical proteinl9667-10953 0.43 
SpyM3_0616 pyrF putative orotidine-5'-decarboxylase 0.43 
M6_Spy1B41 6-phospho-beta-galactosidase 0.43 
SpyM3_0842 ylxM putative DNA-binding protein 0.43 
SpyM3_0575 putative thioredoxln reductase 0.43 
SPy0027 purM putative phosphoribosylformylglycinamide 0.43 

cycio-ligase 
SpyM3_1600 glpF.2 putative glycerol uptake facilitator protein 0.43 
SpyM3_0426 Hypothetical protein 0.43 
spyM18_0166 Hypothetical protein 0.43 
M6_Spy1831 Hypothetical membrane spanning protein 0.42 
SPs0993 putative xanthine phosphoribosyltransferase 0.42 
SPs1818 hypothetical protein 0.42 
SPy0010 diviC putative cell division protein (DiviC) 0.42 
SpyM3_0272 Hypothetical protein 0.42 
M6_Spy1101 Transposase 0.42 
M6_Spy0514 Hypothetical protein 0.42 
M6_Spy0659 Aspartate carbamoyltransferase 0.41 
M6_Spy1295 Acetyltransferase 0.41 
spyM18_0829 Hypothetical protein 0.41 
SpyM3_0171 putative histidine kinase 0.41 
M6_Spy0167 Acetate COA-transferase alpha subunit 0.41 
spyM18_1979 putative SalK homologue 0.41 
spyM18_0909 putative thloredoxin reductase 0.41 
spyM18_0669 Hypothetical protein 0.41 
SpyM3_0386 Hypothetical protein 0.41 
spyM18_1247 putative integral membrane protein 0.40 
SPy1807 putative transposase - IS154B 0.40 
SPy0484 conserved hypothetical protein - bacteriocin 0.40 

like peptide associated 
spyM18_0436 thuG putative ferrichrome ABC transporter 0.40 

(permease) 
M6_Spy1693 D-tyrosyl-tRNA (Tyr) deacylase 0.40 
spyM18_0701 kdgK putative 2-keto-3-deoxygluconate kinase 0.40 
SPs1655 putative tagatose-o-phosphate kinase 0.40 
M6_Spy0201 Transcription antitermlnator, BgIG family 0.40 
M6_Spy0188 Streptolysin 0 0.40 
M6_Spy1503 Pyruvate,phosphate dikinase 0.40 
spyM18_0545 Hypothetical protein 0.39 
SPs0226 I outative comoetence orotein (ComX11 0.39 
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M6_Spy07B1 Hypothetical protein 0.39 
spyM16_0658 Hypothetical protein 0.39 
M6_Spy1S33 Hypothetical protein 0.39 
SPy0373 hypothetical protein 0.38 
SpyM3_1559 thuG.2 putative ferrlchrome ABC transporter 0.38 

(permease) 
M6_Spy0278 D-alanyl-D-alanine carboxypeptidase 0.38 
SpyM3_1482 facD.1 putative tagatose 1 ,6-diphosphate aldolase 0.37 
M6_Spy1059 Transposase 0.37 
spyM18_0932 def putative polypeptide deformylase 0.37 
SpyM3_1704 putative transposese - IS1548 0.37 
SPy1575 hypothetical protein 0.37 
SPy1917 facE putative PTS system, lactose-specific 0.37 

component IIBC 
spyM18_0015 putative amino acid permease 0.37 
SPs1220 putative exfoliative toxin 0.37 
spyM18_1987 putative tagatose 1 ,6-diphosphate aldolase 0.36 
MS_Spy1313 Hypothetical cytosolic protein 0.36 
SPy0534 aroE.2 putative shikimate 5-dehydrogenase 0.36 
spyM18_0137 putative acetyl-CoA:acetoacetyl-CoA 0.35 

transferase alpha subunit 
MS_Spy0235 FasB Sensory transduction protein kinase 0.35 
SPy21S2 cadD putative cadmium resistance protein 0.35 
spyM1B_2243 Hypothetical protein 0.35 
SPs0352 putative transposase, IS1548 0.35 
spyM18_0022 Hypothetical protein 0.35 
SPy0384 thuB.1 putative ferrlchrome ABC transporter 0.35 

(permease) 
spyM18_1S59 Hypothetical protein 0.35 
MS_SpyOS88 Nucleoside diphosphate kinase 0.35 
M6_Spy1296 Arginine deiminase 0.34 
SpyM3_13BB Hypothetical protein 0.34 
MS_Spy0378 Hypothetical membrane spanning protein 0.34 
SPy1261 hypothetical protein 0.34 
SPs1847 putative hyaluronate synthase 0.34 
SPs0266 putative antibiotic resistance protein NorA 0.34 
M6_Spy0547 2-dehydro-3-deoxygluconokinase 0.34 
spyM18_1344 tra Hypothetical protein 0.34 
SpyM3_0105 Hypothetical protein 0.33 
M6_Spy0522 Integral membrane protein 0.33 
spyM1B_1225 putative amino acid ABC transporter 0.33 

(permease protein) 
SPy2198 hypothetical protein 0.33 
SPy1952 hypothetical protein 0.32 
SPy1B32 hypothetical protein 0.32 
MS_Spy1449 PTS system, galactose-specific liB 0.32 

component 
SpyM3_0228 Hypothetical protein 0.32 
MS Spy0186 NAD alvcohvdrolase 0.32 
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spyM18_1212 Hypothetical protein 0.31 
M6_Spy1672 Transcription antiterminator, BgIG family 0.31 
M6_Spy1399 Hypothetical cytosolic protein 0.31 
spyM18_1428 Hypothetical protein 0.31 
SpyM3_0281 thuS putative ferrichrome ABC transporter 0.30 

(permease) 
spyM18_2020 Hypothetical protein 0.30 
SpyM3_1082 Hypothetical protein 0.30 
M6_Spy910 ABC transporter ATP-binding protein 0.30 
M6_Spy0189 Hypothetical protein 0.30 
SPy1547 sagP streptococcal antitumor protein (possible 0.30 

arginine deimlnase) 
SpyM3_1652 salA lantibiotic selivaricin A precursor 0.30 
SPy0199 conserved hypothetical protein, IS861 0.29 

associated 
SPs1646 SalK 0.29 
M8_Spy1447 Galact0se-6-phosphate Isomerase laeA 0.29 

subunit 
SpyM3_1851 hyaluronan synthase 0.29 
SPs1679 putative transaldolase 0.29 
SpyM3_1486 putative PTS system enzyme IIC component 0.28 
spyM18_2023 Hypothetical protein 0.28 
M6_Spy1669 Transaldoiase 0.28 
M6_Spy1063 Transposase 0.28 
SpyM3_1196 arcAlsagP arginine delmlnasellstreptococcal acid 0.28 

glycoprotein; streptococcal antitumor protein 
spyM18_0792 tra putative transposase fragment-IS1239 0.27 
SpyM3_1646 salK putative two-component sensor histidine 0.27 

kinase 
M6_Spy1S89 Transcriptional regulator, CrolCI family 0.27 
spyM18_0224 putative histidine kinase 0.27 
SpyM3_1677 putative transaldolase 0.26 
spyM18_1348 Hypothetical protein 0.26 
SpyM3_1678 putative PTS system IIC component 0.25 
spyM18_0572 tra putative transposase-IS1239 0.25 
SPs0132 streptolysin a precursor 0.24 
SpyM3_1820 Hypothetical protein 0.24 
M6_Spy0650 Transposase 0.24 
spyM18_2018 Hypothetical protein 0.24 
spyM18_1985 putative PTS system, lactose-specific 0.24 

component IIBC 
M6_Spy1647 Galactose-6-phosphate isomerase laeA 0.23 

subunit 
SpyM3_1680 putative transcriptional regulator 0.23 
M6_Spy1281 Prepllin peptidase family 0.22 
spyM18_1549 Hypothetical protein 0.22 
M6_Spy0016 Hypothetical protein 0.21 
M6_Spy1670 SgaT Putative transport protein 0.21 
spyM18_1991 galactosidase acetyltransferase 0.21 
spyM18_2015 putative transaldolase 0.21 
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SpyM3_1483 putative tagatose-6-phosphate kinase 0.21 
spyM18_0882 tra putative transposase 0.20 
M6_Spy1836 Cadmium resistance protein 0.20 
M6_Spy0187 Hypothetical protein 0.19 
SPy1950 hypothetical protein 0.18 
spyM18_1715 tagatose-6-phosphate kinase 0.18 
M6_Spy1103 Transposase 0.18 
spyM18_2017 Hypothetical protein 0.17 
M6_Spy0812 Transposase 0.15 
M6_Spy1671 PTS system liB component 0.14 
SpyM3_1679 putative PTS system liB component 0.13 
SpyM3_1659 lacA.2 putative galactosidase acetyltransferase 0.12 
SPy1918 lacF putative PTS system, lactose-specific 0.11 

component IIA 
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