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ABSTRACT

Streptococcus pyogenes is a human-specific pathogen that can cause a wide
variety of diseases. These diseases range from the relatively mild gihargnd
impetigo to invasive diseases such as necrotizing fasciitis to post-stregbsequelae
such as rheumatic heart disease. The bacteria are frequently canmigdoasgtically
and may cause recurrent disease. Corresponding with their etiologic vanatingst
diseases, clinical isolates demonstrate diverse virulence factossiyorand random
genetic mutations. In these studies, we examine the role of intracedsildence during
survival as a niche for the diversification®fpyogenes.

Survival was previously studied using two in vitro systems: long-term stationary
phase survival in culture and survival within epithelial cells in the presence of
extracellular antibiotics. The surviving populations diversified, givingtdsstable
strains with alternate colony morphologies, distinct proteomes, anddattetabolic
properties. Further analysis in these studies showed that alterations in colony
morphology were not solely observed during survival, but could also be induced in
models mimicking acute infection. However, diversification in certain lbodita
pathways occurred only during survival, and this metabolic diversification wawebse
at the transcriptional level. Further, one of three clinical isolates fraengatvith
recurrent pharyngitis was altered in its metabolic profile, suggestatigbolic
diversification may be occurring in vivo.

The survivor strains had varied transcriptional changes in the genes encoding the
virulence factorg@mm, slo, andspeB. All of the stationary phase-derived survivor strains
and two intracellular survival-derived strains had attenuated virulence irfigebrislost



of the attenuated strains disseminated to the spleen and were cleared vathdagls. A
whole blood killing assay showed a strong correlation between bacterraj kfidemm
expression. While the diversification appeared random, these strains retaineaulti-
locus sequence type (MLST). These results su@pgbgenes strains with the same

MLST, but diverse virulence properties, may arise during survival in the host.
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CHAPTER 1

INTRODUCTION

Sreptococcus pyogenes (Group A Streptococci) are Gram-positive cocci that
cause a wide range of diseases in humans. They grow in chains, are non-motile, and are
non-spore-forming. They are beta-hemolytic, meaning that they compietelyeld
blood cells when grown on agar containing sheep’s blood. They are fermentative and
facultatively anaerobicS pyogenesis a well-recognized pathogen, with over 700
million cases of. pyogenes infections world-wide, and with a mortality rate of 500,000
deaths/year (Carapetsal., 2005). Most commonly, especially among childi@n,
pyogenes causes pharyngitis and impetigo. It can also cause systemic disdaas suc
toxic shock-like syndrome or necrotizing fasciitis.pyogenes infection can lead to post-
streptococcal sequelae such as glomerulonephritis and rheumatic feaddition to
causing acute diseas® pyogenes can be asymptomatically carried in children and, less
frequently, in adults (Reviewed by Cunningham, 2000).

As predicted for a pathogen found exclusively in the human host and causing a
wide variety of diseases, individual clinical isolates differ signifigantgenetic content
and have significant allelic diversity. TRepyogenes genome is 1.9 Mb (Reviewed by
Olsen and Musser, 2010; McShairal., 2008; Greert al., 2005; Bankt al., 2004;
Nakagawaet al., 2003; Berest al., 2002; Smoott al., 2002; Ferrettet al., 2001)
encoding ~1800 genes (Lefebure and Stanhope, 2007). Its genomic GC content is ~38%
G + C (Bankst al., 2004). Approximately 80% of the genome is conserved with another

approximately 20% being variable in genic content (Beres and Musser, 208Gy teef
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and Stanhope, 2007). The genome has multiple integrative conjugative elements (ICES)
aswell as ~10% prophage content (Beres and Musser, 2007). In addition to differences
in genic content, single nucleotide polymorphisms (SNPs) and insertion/de(gtidels)

are common and even can be seen in strains from multiple sequential outbreaket (Bere
al., 2010). Clinically S pyogenes strains are primarily identified by their M-type, of

which there are over 120 serotypes (Reviewed by Bisab, 2003), with even more
genomic variation present between the sub-strains. Multilocus sequence typB§)(M

is commonly used to characterize the relatedness of clinical isolates.

Diseases Caused b$. pyogenes

S pyogenes causes a wide range of diseases, from relatively mild, acute anfecti
to those that are life threatenin§. pyogenes is under-recognized in its global
importance due to under-reporting®foyogenes infections in underdeveloped nations.
However, even modest estimates place its mortality rate among patlodehbshind
HIV, Mycobacterium tuberculosis, Plasmodium fal ciparum, andStreptococcus
pneumoniae (Carapetis et al., 2005)S. pyogenes causes ~500,000 deaths/year
worldwide. In the U.S alone, streptococcal pharyngitis causes $1 to $2 billion in direct
health care costs (Musser and Shelburne, 2009). Antibiotic treatment grédatgs¢he
incidence of post-streptococcal sequelae; however, in underdeveloped countries
physicians often do not treat with antibiotics or there is not full complianbethat
antibiotic regime. This leads to elevated rates of complications, e$pé&calmatic
fever and the subsequent rheumatic heart disease, and mortalitySIpgogenes

infection.



Acute Diseases

Pharynqitis

It is estimated that there are at least 600 million cases of pharyhgtieS.
pyogenes infection in those 4 years and older worldwide (Caragetk, 2005). S
pyogenes pharyngitis presents itself with pharyngeal swelling, tonsillar exuydatalen
uvula, and swollen lymph nodes. Disease lasts 7 to 10 days if left untreated (Reviewed
by Vincentet al., 2004). Pharyngitis can be caused by viruses or bacteria such as
Saphylococcus aureus, Group B Streptococci, arfél pyogenes. S. pyogenes is the
predominant bacterial infectious agent associated with pharyngiti§ pyabenes-
caused pharyngitis, commonly referred to as ‘strep throat,’ is of high concegissinc
pyogenes can be carried within the oropharynx by patients which may lead to more
serious streptococcal-related diseases (Reviewed by Viecant2004). S. pyogenes
accounts for 10 — 30% of pharyngitis cases in children.

The primary treatment for pharynagitis is penicillin V, or cephalosporin for
patients who are allergic to penicillin. There is a high rate of treatfaidunte with
antibiotic therapy, particularly for penicillin, but no penicillin resistardgiss have been
isolated to date. Therefore, penicillin treatment failure is attributed tipheifactors
including poor compliance, antibiotic avoidance or tolerance, production of beta
lactamases by flora, intracellular survival, and biofilm formation. 5-12&bidren are
carriers forS pyogenes, and the treatment choice to eradicate carried bacteria is the
lincosamide, clindamycin, which penetrates eukaryotic cells (Reviewkdung and
Kellner, 2004). In patients allergic to penicillin, macrolides such as eryjfoiarar
azithromycin are commonly prescribed. Macrolides, unlike penicillin, ared@beleter
into eukaryotic cells, and seem like a more promising treatmest pyogenes infection
since the bacteria has been shown to invade eukaryotic cells (RevieweddlydPalss
2007). However, there af pyogenes strains that are resistant to macrolides. Macrolide

resistance is associated with high expression levels of serum opaaty(&0F). In one
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study, 126 of 127 isolated macrolide resistant strains were SOF positive (Diaiahzo
2002; Reviewed by Passatial., 2007). In addition, protein F/ Sfbl has been associated
with macrolide resistance. High expression of PrtF2 is linked to bacterialonvaf
eukaryotic cells and to the carrier state; and hence, to penicillin failurerolMas are
able to penetrate eukaryotic cells, but they are a poor choice forerdgatoe to bacterial
resistance (Reviewed by Passthl., 2007).
Impetigo

Impetigo, or pyoderma, is a superficial skin infection characterized lnabzied,
inflamed epidermis with a golden colored crust. The disease is most commddri@nchi
ages 2 — 6 years and the lesions are highly contagious (Reviewed by Bisno and Stevens
1996). Itis estimated that there are currently >111 million cases of impeirtpwide
in children under 15 years old (Carapetial., 2005). S. pyogenes andS. aureus are the
main etiological agents for impetigo. There are two types of impetigo: ijopet
contagiosa, which is the more common, crusted form caused by Streptococci or
Staphylococci, and bullus impetigo, which is characterized by blisters cauSed b
aureus (Reviewed by Sladden and Johnston, 2005). Certain M types are associated with
impetigo, such as M49. There is a strong association of impetigo infectiongléadi
glomerulonephritis, but interestingly no association with rheumatic f&en¢éwed by
Bisno and Stevens, 1996).

Necrotizing Fasciitis

S pyogenes infection can lead to more severe invasive diseases such as
necrotizing fasciitis, also known as the flesh-eating disease. There evgiagapely
660,000 cases/year of invasive diseases a year worldwide, causing >160,000 deaths
(Carapetist al., 2005). Necrotizing fasciitis can progress within a matter of hours from a
minor-looking skin lesion to lethality. Initially the bacteria infect thei@gplanes
between muscles. The action of bacterial proteases and tissue-destmzyivies from

polymorphonuclear leukocytes (PMNSs) that rapidly enter the location lead tizdoca
4



destruction of the surrounding tissues and facilitate systemic invasion otcteedato

the surrounding muscles and vascular system. Invasive dise@sgybgenesis

believed to be caused by either progression of a mild infection, direct infection of a
injury or by systemic infection after carriage (Reviewed by OtsehMusser, 2010).

Many investigators believe that the origi&apyogenes infection that leads to

necrotizing fasciitis occurs long before the clinical disease. It maslajefrom deep
tissue infection and/or carriage in the oropharynx (Reviewed by Olsen andriVRGED;
Hoeet al., 2003; Stevenat al., 1989) Sera from infected patients have high levels of IL-
1, TNF$, and IFNy, suggesting possible involvement of streptococcal superantigens in
creating a cytokine storm. The most effective treatment for necrotesiegtis is rapid
debridement of the affected area and intravenous antibiotic therapy (Revig@wésEh

and Musser, 2010). Necrotizing fasciitis cause&lpyogenesis a relatively rare

disease, with ~1 in 100,000 people developing the disease, but many cases from
underdeveloped countries are not reported. It carries an extremely hightynatelof

up to 50%, even in the U.S.A. (Reviewed by Olsen and Musser, 2010).

Streptococcal Toxic Shock Syndrome (STSS)

Toxic shock syndrome can be caused by two toxin-producing baGeaagus
andS. pyogenes (Reviewed by Lappin and Ferguson, 2009). Streptococcal toxic shock
syndrome is an acute, multi-system toxin-mediated disease, and it camresuiki-
organ failure. STSS is associated with a very high mortality rate of 66.7% (ldLang
2001; Reviewed by Chiang-Ni and Wu, 2008). STSS is different from the mild, acute
diseases pharyngitis and impetigo in that it is caused by a systensitinf@eviewed
by Lappin and Ferguson, 2009).

During infection,S. pyogenes secret toxins which act as superantigens.
Superantigens produce excessive T cell activation and cytokine/chemokine, reteelse
causes multi-organ failure. The superantigens act differently than typicgrenin that

they bind directly and unprocessed to both MHCII on the antigen presenting cell (APC)
5



and the T cell receptor (TCR), outside of the antigen binding pocket. Eleven
superantigens have been identifie@®ipyogenes including SpeA, SpeC, SpeG-M, SSA,
and SmeZ (Reviewed by (Sriskandaial., 2007). Each superantigen interacts with a
specific subset of YyTCR causing expansion of those specific T cells. The T cells
produce the cytokines lymphotoxi-nterleukin-2 (IL-2), and interferop{IFNy).

APCs, such as monocytes, produce tumor necrosis fa¢idiF-o), IL-18, and IL-6.

These cytokines activate nuclear facidB<NF-B), which controls expression of

multiple genes needed to drive the inflammatory response. The massive infaynma
response subsequently leads to multi-organ failure. The T cell response leads to
activation of more T cells and APCs which further exacerbates the cytodine sSpeA

is the predominant toxin associated with STSS. STSS most often arises from a
preexisting invasive infection, such as necrotizing fasciitis, but it can fesultlunt
trauma or joint effusion. STSS is confirmed wigpyogenes is isolated from normally
sterile body fluids (Reviewed by Lappin and Ferguson, 2009). Once it is confirmed that
S pyogenes is the infectious agent, the patient is treated with antibiotics similar to those
used for pharyngitis treatment. Primarily penicillin or clindamycin aregpiteed, but
penicillin is not as effective at high bacterial loads. In the case of penatiergy,
macrolides or fluoroquinolones with clindamycin are prescribed. A third treatme
option is linezolid, daptomycin, or tigecycline (Reviewed by Lappin and Ferguson,
2009). Fluid replacement therapy and anti-chemokines can be used to control the
capillary leakage induced by cytokines, thus preventing death due to shock before the
infection can be controlled by the antibiotics.

Other Acute Diseases

S pyogenes causes many diseases in addition to the ones discussed above. Here a
few additional diseases are briefly descriig€lcrotizing pneumonia caused 8y
pyogenes presents itself as pneumonia with substantial necrosis of lung cells (kassal

al., 2005). Puerperal sepsis is a septicemia contracted after childbirth because of a
6



current infection spreading to the bloodstream due to breaks in epithelial layare By
al., 2009). Myositis is an invasive disease that is characterized by inflammatian of t
muscles (Bharattet al., 2009). Pediatric autoimmune neuropsychiatric disorders
associated with streptococci (PANDAS) link psychiatric disorders suchsessive-
compulsive disorder or Tourette’s syndrome V@tipyogenes infections, but the
correlations have not been fully established and the concept is still quite comtovers
(Shulman, 2009).

The large amount of diversity seen in clinical outcome of diseases &ue to
pyogenes infection is mostly due to differences in allelic and genic content leetwe
strains. This affects expression of virulence factors, which determineodpegsion of
disease. Many of these virulence factors exacerbate disease, but threeinesponse in

the human host is able to control disease progression in many cases.

Immune Response t&. pyogenes Infection

The innate immune response is the primary response for elimitsapgogenes
upon infection. Neutrophils are the main cells responsible for phagocyt&is of
pyogenes, and they kill the bacteria using oxygen-dependent and independent
mechanisms. Phagocytosis induces NADH oxidase that produces superoxide.
Superoxide is converted to other reactive oxygen species (ROS) such as hydrogen
peroxide and hypochlorous acid. Also, PMN granules fuse with phagosomes, in a
process known as degranulation, which introduces antimicrobial peptides to the
phagosome (Reviewed by Voyiehal., 2004). S. pyogenes has evolved mechanisms to
alter the action of neutrophils. M protein prevents degranulation and phagosomal fusion
of azurophilic granules. Capsule, protein H and M protein allow for survival inside the
neutrophil by mechanisms that have not been established &lalR2003; Reviewed
by Urbanet al., 2006). Although neutrophils are the primary cells responsible for

clearingS. pyogenes, S. pyogenes may encounter dendritic cells (DCs), which are
7



abundant on the pharynx and skin, upon initial infection. Once DCs enc8unter

pyogenes, they mature, and they produce pro-inflammatory cytokines and chemokines
that induce the innate immune response. Also, as the DCs mature, they upregulate MHC
and costimulatory molecules that will stimulate T cell responses. DG@Sdhenct to

bridge the innate and adaptive immune response. Only a mino8typydgenes strains
induces maturation of human-derived DCs in vitro, and the ability to inhibit activation
varies betweefs. pyogenesisolates. The virulence factors capsule and streptolysin O
(SLO) are associated with inhibition of DC maturation (Cortes and Wessels, 2009).

In mice,S. pyogenes invades nasal associated lymphoid tissue (NALT), which is
the human tonsil homolog. M cells in NALT transport the bacteria across the igpithel
where the host can mount an immune response, similar to the function of Peyer’s patche
in the intestinal tract (Pamt al., 2003). Once across the epithelial barrier, mature
myeloid CD11c+ DCs as well as NALT macrophages present antigen tonasgigeific
T helper cells. The T cells proliferate primarily in the NALT, but also in éneical
lymph node. By 21 days post-infection, memory T cells are recovered in the spleen that
upon restimulation, produce IL-2, TNE-and IFNy which are typical of a Thl response
(Costalongaet al., 2009).

Multiple proteins expressed I8/pyogenes are recognized as antigens to the
immune system. The most studied is M protein, which is the basis for multipleeraccin
candidates. The host response against specific M-serotypes protectsragdettion
with the same serotype. Serological detection of current or pnpyogenes infection
uses an antibody response against one or more of the following antigens: SLOBDNase
hyaluronidase, NADase, or streptokinase. Other antigens include cethwalpeptide,
group A streptococcal carbohydrate, and the cell wall proteins R and T (Revigw
(Cunningham, 2000).



The immune response is effective, in many cases, at controlling stregtococc
infection. However, sometimes it is the resulting immune response itdetbthaause

diseases of significant concern, as observed with post-streptococcal sequela

Post-Streptococcal Sequelae

Rheumatic Fever/Rheumatic Heart Disease (RHD)

Since the 1940s there has been a significant decline in the occurrence of
rheumatic fever. This is primarily due to the treatment of pharyngitispeiicillin or
other antibiotics. However, in many undeveloped nations the frequency of rheumatic
fever remains high since treatment for pharyngitis is not commonlabiailReviewed
by Hahnet al., 2005). Worldwide, there are approximately 471,000 cases of rheumatic
fever, and approximately 15.6 to 19.6 million people currently alive suffer from
rheumatic heart disease as a result of rheumatic fever. 1.5% of people withttbeum
heart disease die each year, which leads to the estimation that 233,000 people die from
rheumatic heart disease each year. Of those who have rheumatic heart to8¢eme
from less developed countries (Carapettial., 2005). Rheumatic fever presents itself as
migratory arthritis in the joints, symptoms of carditis, erythematic, mgbcutaneous
nodules, and jerking movements of Sydenham’s chorea. The disease is due to an
inflammatory process caused by the cross reactivity of T cellsabagmize both M
protein and cardiac myosin. The T cell which recognize self antigens on the heart
produce cytokines to stimulate autoreactive B cells. Polarization of the imespunse
to T or B cells results in different symptoms of the disease. Mononuclé&amceHD
lesions produce TNE IFNy, and IL-10. The cross-reactive T cells also produceal NF
and IFN (Reviewed by Guilherme and Kalil, 2007). Treatment of rheumatic fever
consists of two types of therapy. First, anti-inflammatory drugs suchi@datas and
steroids are prescribed. Second, antibiotics such as penicillin are prscribear the

bacterial infection (Reviewed by Lekal., 2009; Reviewed by Lennon, 2004).
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Rheumatic fever can permanently damage the heart leedrihgumatic heart disease
(Reviewed by Hahast al., 2005).

Post-Streptococcal Glomerulonephritis

Most cases of post-streptococcal glomerulonephritis occur in children between 2
and 6 years old. It typically occurs ten days after pharyngitis or fourégsradter
impetigo (Reviewed by Hahet al., 2005). The disease is characterized by inflammation
of the glomeruli of the kidney, bloody urine, and renal failure. It is caused by the
deposition of immune complexes in the glomeruli of the kidney leading to complement
activation and local coagulation activation which damages the basement membrane
causing glomerulonephritis (Reviewed by Rodriguez-lturbe and Batsford, 200&3e T
immune complexes contain antibodies directed to streptococcal antibodies and non-
streptococcal antigens. Although antibiotic therapy for the primary iofesgdems to
reduce rates of rheumatic fever, the same cannot be said for glomeruilis\egota there
is much debate whether antibiotic therapy makes a difference in its deeelop@reater
than 95% of patients recover spontaneously; however, those that do not recover develop
severe renal failure, rashes, joint pain, or persistent fever (Revieweamngt al.,
2005). Certain M types, including M49, are considered nephritic, meaning they have a
higher propensity to cause disease. These strains are Class Ily(&pzoit positive).
However, more recent studies show that M protein is not the sole determinant for
nephritogenicity. Additional bacterial determinants are still speculdiiwethese factors
include streptokinase (Ska), histone-like proteins (HIpA), streptococcaliplasoeptor
(NAPIr), and cysteine protease (SpeB) (Reviewed by Rodriguez-lamih&atsford,
2007). Primary treatment consists of antihypertensives and treatment ofigrestaie
with penicillin (Lang and Towers, 2001).

Vaccine Development

There are currently 12 different candidates f& pyogenes vaccine. Four are

based upon M protein, and the remaining eight are based on group A carbohydrate, C5a
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peptidase, SpeB, binding proteins, opacity factor, lipoproteins, superantigens, and pili
(Guilhermeet al., 2009). Only one vaccine candidate, based upon M protein, has made it
to the clinical trial phase, and it is currently in phase Il clinical t(@lsilhermeet al.,

2009). This vaccine combined the N-terminal residues of 26 strafhgwigenes.

These epitopes represent the most common infectious M-types in the U.S.Aet@ale
2005; McNeilet al., 2005; Huet al., 2002). Another M-based vaccine is in experimental
phase and is based upon the minimum B cell epitope from the C-terminal portion of M
protein. Since the C-terminal end of M protein is conserved amondStyaenes

strains, this type of vaccine would provide broad-range protection (Olive, 2007;
Medagliniet al., 1995). Additionally, a vaccine is being developed that induces both T
and B cell responses based on the C-terminal end of M protein (Guilbeame009).

The development of a vaccine agaiigtyogenes has been difficult since the vaccine
must not induce rheumatic fever from cross-reactive antibodies or crossedacells.
There is a higher predisposition among people who express the HLA-DR?7 allalle, whi
is HLA class I, for developing rheumatic fever and rheumatic headsks® pyogenes
vaccines take this peptide specificity into account and use N- and C-tepaptales

that would induce a solely protective response (Guilhetrak, 2006).

S. pyogenes Carriage and Survival

In addition to causing active infectiof, pyogenes can be asymptomatically
carried. This usually occurs after an active infection, suggesting theidctee
escaped both the antibiotic treatment and the immune respbinegarimary treatment
for S pyogenes infection is penicillin, which has had an increasing treatment failure rate
in recent years with current estimates of failure rates rangpng 20% to 40%
(Reviewed by Pichichero and Casey, 2007). To date, there have been no penicillin-
resistant strains @& pyogenes isolated, suggesting that the bacteria are able to avoid the

action of antibiotics and to survive because of mechanisms other than antibiotic
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resistance, leading to carriage (Reviewed by Pichichero and Casey, 2007 xstTdfe fi
two primary proposed mechanisms of survival in the presence of antibiotics$s that
pyogenes are able to invade tonsillar epithelial cells and reside in an alterethgstate
until reactivation (Morgan and Buttaro, submitted; Reviewed by Molinari and Chhatwa
1999; LaPentat al., 1994). The second is biofilm formation which provides a physical
barrier from the action of antibiotics (Manedtial., 2007; Baldassaret al., 2006;
Lembkeet al., 2006).

Current in vitro systems for the study®fpyogenes survival include long-term
stationary phase survival in chemically defined medium (Cook, 1976) and in Todd-
Hewitt broth (Woockt al., 2009; Woockt al., 2005), survival in human saliva (Shelburne
et al., 2005), survival in mouse phagocytic cells (Medehal., 2003), and survival in
eukaryotic cells in the presence of extracellular antibiotics (A549, HepZHQL)
Detroit-562, J774, BMEC, and human keratinocytes) (Morgan and Buttaro, submitted,;
Klenk et al., 2007; Oliveret al., 2007; Reviewed by Molinari and Chhatwal, 1999). In
addition to the in vitro models, in vivo animal models include mice (Mestiah, 2003)
and baboons (Taylat al., 1999).

The two primary mechanisms f8rpyogenes survival during carriage are

discussed below.

Intracellular Invasion

S pyogenes have been classically considered to be extracellular pathogens, but in
vitro and ex vivo studies in recent years have showrhmybgenes invade and survive
within eukaryotic cells (Reviewed by Molinari and Chhatwal, 1999; Reviewed by
Kreikemeyeret al., 2004). In order to internaliz&, pyogenes must first adhere to the
host’s epithelium. Adherence takes place in two steps. The first is a tempeeky w
attachment via nonspecific binding involviBgpyogenes lipoteichoic acid (LTA). Next,
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a specific interaction betweéhpyogenes adhesins and host extracellular matrix occurs.
S pyogenes primarily bind to the extracellular matrix proteins fibronectin and collagen.
The adhesins that are expressedlypyogenes are referred to as microbial surface
components recognizing adhesive matrix molecules (MSCRAMMS). Multiple
MSCRAMMSs have been shown to be involved in the binding and subsequent invasion
into phagocytic as well as non-phagocytic cells. These proteins include treetibn
binding proteins (Sfbl, PrtF1, PrtF2, and M protein), streptococcal surface
dehydrogenase, hyaluronic capsule, SpeA, and SpeB (Reviewed by Molinari and
Chhatwal, 1999). Currently PrtF1 is the most studied MSCRAMM. Only ~7086 of
pyogenes isolates express fibronectin binding proteins, and some of the strains lacking
expression have been shown to invade into eukaryotic cells. Therefore, there are two
pathways thak pyogenes can use to invade into non-phagocytic cells, depending on
each strain’s expression of fibronectin binding proteins. Strains lacking Sfbkiadtio
polymerization and the formation of pseudopod-like structures to engulf bacteria in a
zipper-like mechanism (Molinaet al., 2000). In strains that express the fibronectin
binding protein Sfbl (which is an allelic variant of PrtF1), fibronectin is bound and coats
the bacterial cell. The fibronectin binds to the host cell integgfsor ayps inducing
formation of membrane invaginations without actin rearrangement. The predence
intracellularS. pyogenes strains that encode an intact PrtF1 leads to host cell apoptosis

and the release & pyogenes (Reviewed by Kreikemeyet al., 2004).

There are multiple regulatory factors that affect the binding and intzahah of
S pyogenes. CovR/S (control of virulence) activity suppresses capsule production.

Capsule binds collagen and it also binds the eukaryotic cell directly through CD44
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allowing for penetration db. pyogenes into deeper tissues (Wesselsl., 1991). The
removal of capsule exposes other MSRCRAMMSs located on the bacterial seddirey|
to increased adhesion and internalization. Therefore, CovR/S may represdicha
between eukaryotic cell invasion and invasion into deeper tissues. Otheraegofat
adhesins include FasBCA, Rgg/RopB, Mga, and RALPs (Reviewed byKreikeaheyer
al., 2004).

The first demonstration @& pyogenes internalization into eukaryotic cells was by
Cleary’s laboratory (LaPengtal., 1994). Subsequently, Chhatwal’s laboratory showed
the role of PrtF1 in invasion (Molinagt al., 1997). Extending the discovery of cellular
invasion to the clinical setting, Osterlund as well as Podbielski fSupgbgenes in
surgically removed tonsillar material from patients who suffered reduioasillitis.
Histological examination in both studies revealed that the bacteria latalize
intracellularly (Podbielsket al., 2003; Osterlund and Engstrand, 1997; Osteréfiadl,
1997). S pyogenes are able to survive within eukaryotic cells, as seen using the cell
lines A549 and Hep-2, for at least 7 days after they have invaded (Morgan and,Buttar
submitted; Reviewed by Molinari and Chhatwal, 1999; Getab., 1995; Osterlund and
Engstrand, 1995; LaPenghal., 1994). In order to re-emerge into the environm@ént,
pyogenes needs to cause membrane injury (Marouni and Sela, 2004).

Biofilm Formation

Approximately 90% of. pyogenes strains can form biofilms, although the
thickness and robustness of the biofilms varies significantly between giviinsttiet
al., 2007; Baldassaret al., 2006; Lembkest al., 2006). Confocal imaging &

pyogenes associated with glycocalyx in a skin infection provided the first evidenge of
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pyogenes biofilm formation during infection (Akiyamet al., 2003). S. pyogenes can

form biofilms on a number of inanimate surfaces including polystyrene ancmatri
coated surfaces, glass coverslips, PVC, and contact lens cases (Mithgtaaha 2010;
Courtneyet al., 2009; Lucet al., 2008; Lembkest al., 2006; Cho and Caparon, 2005;
Conleyet al., 2003; Yousefi Radt al., 1998; Wilsoret al., 1991). In vitroS. pyogenes
biofilms are less antibiotic-sensitive than planktonic cultures, which mayilmatet to
antibiotic treatment failures (Conleyal., 2003; Stewart and Costerton, 2001).
Additionally, S. pyogenes can form biofilms on a number of biologically significant
surfaces. Bacterial isolates from a root canal formed biofilms wheowagn gutta
percha (the rubber compound used in fillings) (Takersuah, 2004). Isolates from
impetigo and atopic dermatitis cases showed aggregates of microcolormesdead by
glycocalyx, suggesting biofilm formation (Akiyanetal., 2003). AlsoS. pyogenes

forms biofilms on zebrafish muscle in areas associated with necrosis, maakiadish a
good model for soft-tissue biofilms (Cho and Caparon, 2005). It is important to note that
CS101, an M49 strain used in these studies, is poor at forming biofilms compared to
otherS. pyogenes M types (Courtnewt al., 2009).

Survival during carriage is an important factor $opyogenes virulence,
especially as ~12% of children are carriers of the bacteria (Rediby Leung and
Kellner, 2004). In order to survive, however, the bacteria must first be ablecto atta
eukaryotic cells and avoid immune detection. Infection and survival depends on the

expression and interaction of multiple virulence factors.
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Streptococcus pyogenes Virulence Factors
General
S pyogenes causes a wide range of diseases, and correspondingly produces at
least thirteen virulence factors (Musser and Shelburne, 2009). The virulencs édieto
play a role in more than one disease and the general functions of a fewtkey dae
discussed below.
M Protein
M protein, encoded by thenm gene, extends from the cell surface and is visible
by light microscopy. Classification & pyogenes strains was developed by Rebecca
Lancefield and is primarily based upon the M-serotype of each strain. Ther&24 M-
types to date. M protein is composed of two polypeptide chains in an alpha-helical
coiled-coil structure with three domains. The C-terminal region, found at theatkll
and cell membrane is conserved between M-types. The LPXTG domain fourrd withi
this C-terminal region is cleaved by sortase, which then also functionsdio Etgarotein
to the peptidoglycan precursor lipid Il. The central region contains semi-conserved
repeats. It is this region that contains the myosin cross-reactive epitbjobsare
important in the development of rheumatic fever. The final region contains hypblear
11-amino acid repeats at the N-terminus. The antisera for M-typingnieedfese
variable residues. M protein plays multiple roles in the virulen& mfogenes. First, it
is involved in the attachment and entrySopyogenes into eukaryotic cells. M protein
can bind multiple host proteins including albumin, fibrinogen, and plasminogen allowing
for attachment, immune evasion and invasion into deeper tissues (Reviewed bst Bisno

al., 2003). When M protein is complexed with fibronectin it bindsugfie receptor
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allowing for invasion into eukaryotic cells (Wagagal., 2006; Rezcallakt al., 2005; Cue

et al., 2000; Cuest al., 1998). In addition, M protein is anti-phagocytic by interfering
with the alternate complement pathway. It binds factor H as well as fadtiog protein,
which degrades C3b. It also binds C4b-binding protein, interfering with C3b binding to
the bacterial cell and thus inhibiting phagocytosis. Finally, binding of matrigipsot

coats the cells reducing complement deposition. There have been additional M-like
proteins identified, and the genes encoding these proteins are now paofthene
superfamily. Included in this superfamily a@, mrp, fcrA, arp, andprotH. These
superfamily proteins have similar functions to M such as anti-phagocyticdna&nd

attachment (Reviewed by Bisebal., 2003).

Capsule

S pyogenes strains have differing levels of capsule expression, and those that
express high amounts of capsule are mucoid in appearance. This is because of the
hydroscopic mucoid composition of the capsule, which is composed of hyaluronic acid.
Hyaluronic acid is a polysaccharide of alternating N-acetylglucmsaand glucuronic
acid subunits. The genes encoding capsule production are locatechas dperon
which is composed of three genbasA encoding hyaluronate synthakasB encoding
UDP-glucose dehydrogenase, dradC encoding UDP-glucose pyrophosphorylase. In
the laboratory, capsule is produced during exponential growth and shed from the cell
upon entrance into stationary phas&psule plays a role in eukaryotic cell binding and
resistance to phagocytosis. Strains that express very high levels oegaipgsitally
mask M protein, superseding its role in immune evasion, attachment and eukaryotic cell

invasion in exponentially growing cells. In stationary phase the capslieds M
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protein is re-exposed, and M protein has a dominant role. Ircapsule and M protein
often act in a concerted manner, and strains expressing high levels of both preteins a
highly virulent in humans (Reviewed by Bisetaal., 2003). High capsule expression is
associated with invasive diseases as well as rheumatic fever. Thred pésmite
pharyngitis isolates demonstrated a mucoid morphology, whereas 21% of isolates f
infected tissue at normally sterile sites and 42% of rheumatic fevatasdiad the

mucoid phenotype (Johnsenal., 1992; Reviewed by Bisna al., 2003).

Streptococcal Pyrogenic Exotoxin B (SpeB)

S pyogenes produces a few cysteine proteases, but none are as abundant or varied
in function as streptococcal pyrogenic exotoxin B (SpeB). All analgzpgbgenes
strains contairgpeB in their genome. Overall the sequence is highly conserved among
the various strains, but there are some single nucleotide polymorphisms (&MPs) t
occur in the coding sequence (Kapual., 1993; Reviewed by Chiang-Ni and Wu,
2008). Although the gene is present in all genomes, the protein is expressed at only low
levels in 25-40% of alb. pyogenes strains (Chausseat al., 1996; Talkingtoret al., 1993;
Reviewed by Chiang-Ni and Wu, 2008). It is secreted as a 42 kDa zymogen which is
then autocatalyzed into a 28 kDa cysteine protease (Reviewed by Chiang-\Wua
2008). SpeB cleaves proteins of all types, both host and bacterial, including host
extracellular matrix, immunoglobulins, complement componé&h{sjogenes surface
adhesins, Cha peptidase, and multiple secreted proteins. Its many aetiotasraultiple
effects such as escaping immune recognition, invasion into deep tissues, and
dissemination from the primary infection site. It cleaves host immunoglobulvelaas

complement components C3 a@db. SpeB cleaves and releases a 116 kDa biologically
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active fragment of C5a peptidase from the bacterial surface to inac@ivateAlso, the
positive regulator of the alternate pathway of complement activation, properdin, i
cleaved by SpeB. All these actions by SpeB play a role in avoidance of
opsonophagocytosis (Reviewed by Bighal., 2003; Chiang-Ni and Wu, 2008). In
addition, SpeB may play a role in invasion into eukaryotic cells, but this finding is
controversial. AspeB mutant of the M49 strain NZ131 was found to have a 2-3 fold
decrease in internalization into human A549 lung epithelial cell line ér'shi 1998;
Reviewed by Chiang-Ni and Wu, 2008). However, other studies using M49 and M3
strains found an increase in internalization into Hep-2 and Chinese hamsteredlvary c
lines, respectively, following a mutation $peB (Jadouret al., 2002; Chaussest al .,

2000; Reviewed by Chiang-Ni and Wu, 2008). This contradiction most likely is due to
the use of different bacterial strains and cell lines, and it highlights auttyfia the

study ofS. pyogenes, specifically the variability in virulence factor expression,
regulation, and role in disease depending on strain background (Reviewed by-Mihiang
and Wu, 2008). Approximately 20% of A549 cells and 11-13% of Hep-2 cells undergo
apoptosis afte® pyogenesinfection, and SpeB is implicated in playing a role in
epithelial cell apoptosis (Tsai al., 1999; Reviewed by Chiang-Ni and Wu, 2008).

SpeB is highly regulated, and it is controlled directly or indirectly byeet I®
transcriptional regulators (Fig. 1) (Reviewed by Chiang-Ni and Wu, 2008). Its
expression is linked to multiple diseases, in particular invasive diseases such as
necrotizing fasciitis. Previous studies have showngtel® expression rapidly increases
upon the transition from late exponential phase into stationary phase (Kietzman and

Caparon, 2010; Reviewed by Biseal., 2003; Reviewed by Chiang-Ni and Wu, 2008).

19



Aol S

CovR/S

x\ CcpA
Rg

(N

emm <—— Mga

// N
/ ALPs CodY.

pftF2
prtF1/sfbl

Vir
Srv
RoOCA \/

TrxR/S

Figure 1. The complex regulatory networkSpyogenes. An overview of known
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are stand alone response regulators.
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This growth phase-dependent increase in transcription is regulated by RggGmp#B
and LacD.1 (Kietzman and Caparon, 2010; Reviewed by Kreikeraesger2003;

Chausseet al., 1999).
Streptolysin O (SLO)

Streptolysin O (SLO) is a pore-forming cytolysin that allows for invasida of
pyogenes into eukaryotic cells. The ‘O’ refers to its sensitivity to oxygen, in that it is
inhibited at high oxygen levels. It is cytotoxic to a variety of cell typestaaiso allows
for the translocation of NAD glycohydrolase, produced by the bacterium, into the host
cell resulting in death of the cell (Reviewed by Bighal., 2003). S. pyogenes are able
to induce caspase-mediated apoptosis in macrophages, as well as neutrophilsjsand this
dependent upon SLO expression (Timmteal., 2009). In addition to SLCH pyogenes
produces streptolysin S (SLS) which has similar functions in pore forming asu®1L.O
has been suggested to act equivalently to a Type Ill secretion systemddudtion of
toxins into eukaryotic cells (Reviewed by Bisti@l., 2003; Madderrt al., 2001).

Fibronectin Binding Proteins

S pyogenes encodes many proteins involved in the attachment of the bacterium to
the host cell. The primary adhesins responsible for attachment bind fibrondwtin, w
acts as a bridge to the eukaryotic célpyogenes encodes at least 5 fibronectin binding
proteins (FBPs). Included in these proteins are Sfbl (and its alleliow&rnid1) as well
as PrtF2. A full set of FBPs are not present irsgbyogenes strains which may be able
to explain tissue tropism differences between strains (Schwark-étiae, 2006).
Attachment is a necessary precursor step leading toward invasion of hmstrogiihere
are three mechanisms by which the bacteria can enter eukaryotitvwelts,which are

fibronectin dependent (Molinaet al., 2000; Cuest al., 1998).
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Pyrogenic Exotoxins

Streptococcal pyrogenic exotoxins are a family of superantigenglétyad role in
Streptococcal toxic shock syndrome (STSS). This family includes SpeA, SpeG, S
SpeH, SpeJ, SpekK, SpeL, SpeM, SSA, SmeZ, and SMEZ-2. Superantigens bind MHC-II
and TCR in an antigen-independent manner, which activates all T cells witmtaé/sa
motif. This activation leads to the production of TMAL-1p, IL-2, and IFNy. If
unrestricted, this overwhelming immune response can cause hypotension and nmlti-orga
failure as seen in STSS patients (Reviewed by Bisab, 2003).

Pili

Gram-negative bacteria have been studied extensively for their pili-edade
in attachment. In some species this attachment leads to internalizaticere Rilich
less studied in Gram-positive bacteria. Recently, pf pyogenes have been shown to
play a role in attachment to cells from tonsil tissue, as well as to kergBsoc
Interestingly, pili-mediated attachment is cell specific. Pili wereessary for
attachment to tonsil cells, primary keratinocytes, and HaCaT cells, buigilnot
necessary for attachment to Hep-2 or A549 cells (Abbalt, 2007). Around the same
time, it was discovered that pili play a role in biofilm formation. A deletion in pili
components led to a reduction in the aggregation of bacteria in culture, suggesting a loss
in bacterial attachment. Pilstrains were able to grow as a biofilm on polystyrene plastic
wells and polylysine coated coverslips, whereas thesp#ins were inhibited 5-6 fold in

biofilm formation (Manettet al., 2007).
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Other Virulence Factors

S pyogenes encodes multiple other virulence factors that may play more minor or
yet unknown roles in virulence. These virulence factors include streptokinase which
complexes with plasminogen, changing the plasminogen activation pocket gwthat
protein converts into an active serine protease. The activation of plasminogeatéacil
microbial dissemination (Suat al., 2009). Streptococcal C5a peptidase (ScpA) cleaves
complement C5a preventing C5a from acting as a chemoattractant forrthemeat of
immune cells to the site of infection (Gleich-Theuwsteal., 2009). Hyaluronidase cleaves
bacterial and tissue hyaluronic acid. This may lead to the spread of laleriles or the
use of hyaluronic acid as an energy source (Starr and Engleberg, 2006st AdUe
DNases have been identified, and they are believed to be involved in disease prmgressi
but their exact mechanism is still unknown (Surebal., 2005; Wannamake al.,

1967; Wannamaker and Yasmineh, 1967). Streptococcal inhibitor of complement
inhibits the membrane attack complex of complement and inhibits the mucosal immune
response (Fernie-King al., 2006). A few key virulence factors are necessary for the
development of necrotizing fasciitis. In a study by Olgeal., a single nucleotide

insertion inmtsR (metal transporter of Streptococcus regulator) led to de-repression of
PrsA (peptidyl prolyl isomerase) which is necessary for post-titamsd maturation of
SpeB (Olseret al., 2010). AlsoS. pyogenes cell envelope protease (SpyCEP) cleaves
host immune factors such as IL-8, GCP-2, GROXCL1 and CXCL6. Macl/ldeS was
shown to inhibit PMNs by binding to their IgG receptors, and it also functions as a

cysteine protease to cleave IgG (Reviewed by Olsen and Musser, 2010).
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Summary of Virulence Factors

The wide range of diseases cause&.lpyogenes can be attributed to the range in
virulence factor expression between strains. The virulence factonsagiedlg and
temporally expressed at various levels throughout the infectious cycle. Safeace
factors are involved in attachment: PrtF2, M protein, and pili; some are involved in
immune avoidance: SpeB, M protein, capsule, SLO, and C5a peptidase; and some factors
cause dissemination and damage to other proteins: SpeB, SLO, and hyaluronidase. The
interaction of virulence factor expression determines the host range,gsiogreand
severity of disease; therefore, study of features that influence andteeguléence
factors is important for determining the host-pathogen response @ipyagenes

infection.

Streptococcus pyogenes Virulence Factor Regulation
General
S pyogenes possesses an extensive regulatory network composed of stand-alone
response regulators (RRs) and two-component signal transduction systems(FigSs)
1). Many of these regulators affect transcription of genes encoding pronedhsed in
metabolism, virulence, or both. TCSs function by recognition of a signal by a sensor
histidine kinase which then phosphorylates the response regulator that transdiptional
acts upon the promoter of target genes (Reviewed by Kreikemtegler2003). The
genome sequence of an Mlpyogenes strain revealed 13 potential TCSs present in the
genome (Ferrettt al., 2001). In addition to two component regulators, other Gram-
positive microorganisms rely upon alternate RNA polymerase sigmaddotaglobal

gene regulation. Howeves, pyogenes only encodes one alternate sigma factor, ComX
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which is encoded by the geagX (Opdykeet al., 2003; Opdykest al., 2001; Reviewed
by Kreikemeyekt al., 2003). Two copies aigX are present in th& pyogenes genome.
sigX is transcribed at very low levels and mutation of both genes does not affect growth,
but these mutations revealed that ComX regulates the transcription ofjéimese
putatively involved in competence. However, competence has not been demonstrated to
date (Opdyket al., 2003).
Maga

The first identified regulator db. pyogenes virulence genes is the multi-gene
activator (Mga). It regulates ~10% of the genome, and is itself regulatedibyle
other regulatorgReviewed by Hondorp and Mclver, 2007) (Fig. 1). The genes regulated
by Mga include those for adhesins and invasins (including M protein), immune invasion
factors, and other factors outside of the core Mga opearpa.is transcribed during
exponential growth and further activated by elevated Ie@els, increased temperature,
and iron-limiting conditions. It autoinduces its own expresaiwhit is negatively
regulated by RofA/Nra and RopB/Rgg (Reviewed by Kreikemetyalr, 2003).

CodY

Under nutrient starvation and stress, bacteria typically upregulate Rliei¢hy w
converts GTP to (p)ppGpp to inhibit RNA synthesis (stringent respoBspyogenes
also possesses a RelA-independent mechanism of activating a stringenseethirough
the action of CodY. This regulator is conserved in low G + C Gram-positive bacteria
CodY is activated by the presence of branched chain amino acids (BCAAs). CsdY act

as a transcriptional activator pdél/sagA andmga (Malke et al., 2006).
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Srv

Streptococcal regulator of virulence (Srv) was originally identified aemolog
of PrfA, which is a member of the Crp/Fnr (CAMP receptor protein/Fumarate aatk nitr
reduction regulator) family of proteins insteria monocytogenes. PfrA controls the
expression of 73 genes, including virulence factork, monocytogenes (Reidet al.,
2004). Recent studies show that Srv expression is necessary for virulence and biofilm
formation, but its exact role is still being investigated (Datwad., 2009; Reictt al.,
2004).

RofA-Like Proteins (RALPS)

There are four homologs in the family of RALPs. These proteins share 52%
amino acid sequence similarity and 29% identity (Grast@k., 2000). The first
regulator in the RALP family to be described was RofA. RALPs autoinduce their ow
expression and regulate genes encoding MSCRAMMS, hemolysins, proteases,
superantigens, and other transcriptional regulators (Reviewed by Kreieghaly,

2003). In particular, RofA and Nra are negative regulatonsgafandemm (Beckertet

al., 2001; Reviewed by Kreikemeyetral., 2003). All strains analyzed have either the
nra or rofA gene, but may have one or more additional RALP genes present (Reviewed
by Kreikemeyekt al., 2003). The distribution of the RALP genes is strain specific.
NZ131, an M49 strain, does not posses8, but it does containra and also two

additional RALPs (Kreikemeyat al., 2002; Kyoto Encyclopedia of Genes and

Genomes).
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RopB/Rqg

RopB/Rgg regulates stationary phase genes. Rgg contributes to increased
transcription ofspeB as the culture begins to enter stationary phase (Reviewed by
(Kreikemeyeret al., 2003; Chaussest al., 1999). Rgg/RopB negatively regulataga,
similar to RALPs. It also upregulates genes for a few two componenategul
including CovR/S (Reviewed by Kreikemeyatial., 2003). Chaussee’s group has
studied this response regulator extensively, and they found that Rgg/RopB gdfeess
involved in both metabolism as well as virulence. InactivatiaggfopB caused M49
strain NZ131 to utilize serine and arginine during exponential phase, even in the@resen
of glucose (Chaussekal., 2004; Chaussest al., 2003).

CovR/S

Of the ~13 TCS systems that have been identified, CovR/S (control of virulence
genes) is the most studied. It negatively regulates capsule expressidhaas we
streptolysin S, streptokinase, streptodornase, and SpeB (Reviewed by Kyeiketrak,
2003). CovR/S affects ~15% of tBepyogenes genome (Grahar al., 2002; Reviewed
by Kreikemeyegt al., 2003). CovR/S also affects the transcription of genes for response
regulators, including RALPs. Its main activity occurs in late exponentiak@ras
stationary phase. CovR/S must be phosphorylated to bind long AT rich sequences in the
promoter region, but researchers are still unsure whether there is a conserveddainding
(Reviewed by Kreikemeyest al., 2003). It is generally thought that CovS is the sensor
kinase that phosphorylates CovR to transcriptionally regulate gene expression
(Churchward, 2007). A study that looked closer at the CovR interaction with CovS found

that a mutation ircovS had no effect upon virulence in mice, but a mutatiorouRr led
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to attenuated lethality. This suggests that CovR can be phosphorylated by other fact
such as acetyl-phosphate (Dalt@ml., 2006). CovR/S has been shown to play a
significant role in virulence. A mutation covR decreased the Lfpin mice by 500 fold
(Levin and Wessels, 1998), and it also caused larger lesions in mice, demonstrating the
role of CovR/S to repress virulence factors (Engleleeat), 2001). covS mutations have
been implicated in animal passage adaptation, where more virulent isolatesoaered
from animals (Azizt al., 2010). In patients, changescovRS sequences have been
associated with a switch from a pharyngeal transcriptome profile to an invasive
transcriptome profile (Sumbgt al., 2006). Recent studies isolated hypervirulent M1T1
strains after animal passage. Each of these strains had mutatovS amd had a

different virulence factor profile than the wildtype strain. The authors sughnstt
covSplays a role in CovR/S regulation, but they acknowledge that the phosphorylation
system is still unclear (Kansetial., 2010).

Other Response Requlators

In addition to the major response regulators discussed dd@yegenes
expresses numerous other regulators with a variety of functions. Vfr, stdoding
virulence factor related, is a recently identified repressepeid transcription. The
mechanism of action for Vfr is still unknown, but protein sequence analysis suggests i
does not function as a DNA binding protein (Bal., 2009). RocA, Regulator of Cov,
activates transcription of CovR, which is a regulator that was discussied. eArl
mutation inrocA caused a threefold decrease transcripticcoaR (Biswas and Scott,
2003). TrxSR, two-component regulatory system X, has recently been identified as a

activator ofmga. This RR is itself repressed by CovR/S, so it can act as a link between
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CovR/S activity ananga transcription (Leday et al., 2008). CcpA, catabolite control
protein A, activatesnga transcription (Almengor et al., 2007) as wellspeB

transcription (Kietzman and Caparon, 2010).

Survival and Persistence
There are numerous pathogens whose major reservoir is the humaik Like
pyogenes these pathogens alternate between carriage and active disease.

Mycobacterium tuberculosis

M. tuberculosisis a pathogen of global significance in that it infects 1 in 3 people
worldwide. It is the causative agent in tuberculosis, and it persists in a taterihs
alveolar macrophaged\V. tuberculosis possesses multiple virulence factors that allow for
evasion of the immune system as well as its persistence. Upon initial infdotion, t
bacteria multiply until the immune response recognizes them, and the macrophages for
granulomas (‘tubercles’) around the bacteria. It is in these granulomaé. that
tuberculosisis able to survive. There are >25 genes associated with the persistence of
mycobacteria (Reviewed by Honer zu Bentrup and Russell, 2001). The ba&ertedar
resistant, and the mechanisms are still under study. Proteimpsdhant acidification of
the phagosome include Rv3671c (Vangall., 2008), OmpA (Raynauet al., 2002),

MgtC (Buchmeiet al., 2000), and proteins involved in peptidoglycan synthesis
(Reviewed by Honer zu Bentrup and Russell, 2001). Asduberculosis prevens the
maturation of the phagosome and is able to avoid the action of nitric oxide (NO),
conferring further resistance to phagocytosis. In addition to these fadtduberculosis

alters its metabolism during long term persistence. It upregulat@sase lyasean
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enzyme involved in the metabolism of fatty acids. Fatty acids are converiestyb a
CoA by phospholipases afidoxidation. The acetyl-CoA enters the TCA cycle as
citrate. This reaction produces NADH, which can be used as an electron donor for
respiration to produce energy. Isocitrate lyase converts isocitratécamediate of the
TCA cycle, to succinate and glyoxylate in the glyoxylate bypass. @lgtexcan be used
as a carbon source. This alloMstuberculosis to convert fatty acids to carbohydrates in
a carbon-limiting environment (McKinneg al., 2000; Sharmat al., 2000; Reviewed by
Honer zu Bentrup and Russell, 2001).

Pseudomonas aer uginosa

Cystic fibrosis (CF) is a hereditary disease caused by a mutatiarAiv -
regulated chloride channel, and it is characterized by lung disease atubyen
pulmonary disease. Typically, patients develop chronic bacterial lungiamiectp to
85% of patients are chronically colonized witkeudomonas aeruginosa leading to
further lung damageP. aeruginosa is an opportunistic pathogen, and it is found
ubiquitously in the environment. It is commonly found in moist areas such as sinks and
drains. Upon initial infectior?. aeruginosa expresses high levels of adhesins that bind
host disaccharide GalNA&-4Gal. This disaccharide is more abundant in CF cells
compared to wild-type, which may increase attachment of the bacteriapati@hts
(Reviewed by Davies, 2002). In chronically infected patidhtaeruginosa becomes
hypermutable and alters its protein expression for survival and immune avoidance. The
genes for the adhesins are down-regulated upon chronic infection (@laler2000;
Reviewed by Davies, 2002). aeruginosa cleaves immunoglobulins, complement, and

cytokines by producing elastases and alkaline proteases. Alginate, @mucoi
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exopolysaccharide, is produced to protect from mucociliary clearancebattezia

begin to form biofilms, which protect against phagocytosis (Reviewed by D20i@2).
Colonizing strains isolated from patients often contain mutations in the algymateesis
genes resulting in increased production of this major biofilm matrix compoRent.
aeruginosa survives within the biofilm in CF lung mucous, which provides an anaerobic
environment. Under oxygen-limiting condition’s,aeruginosa grows in the presence of
nitrate and uses nitrate as the final electron acceptor for respiration prodiugiags an
end product. AdditionallyPseudomonas aeruginosa increases pyruvate fermentation for
long-term survival, producing acetate and lactate as metabolic byprofschdbéchet

al., 2004).

Saphylococcus aureus

S aureusis able to colonize the skin in mucous membranes of humans, and it is in
a persistent carrier state in ~20% of the population. It causes skin and soft tissue
infections, and if it enters the bloodstream it can infect almost any organ. Tagaact
can persist in the nasal passages without causing overt disease. Thesnecbani
persistence are not fully understood, but it is known that a few factors playia itsl
persistence. Teichoic acids, clumping factor B and SasG are adhesis, fagtbLsdA is
responsible for lactoferrin resistance in nasal secretions allowing fsigerce.S
aureus has recently been shown to invade eukaryotic cells, but the role of invasion on
persistence is still under investigatiof.aureus can invade a range of cells including
endothelial cells, epithelial cells, osteoblasts, fibroblasts, keratirspd3fNs, and
macrophages. Upon persisten8egureus isolates show an altered colony morphology

termed small colony variants (SCVs). SCVs are slow growing variarttshtoa
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increased, and more frequent, drug-resistant profiles comfaaarkus strains with

normal colony phenotype. Clinical isolate SCVs were more resistant ioo#ins

including gentamycin and ciprofloxacin (Reviewed by Garzoni and Kelley, 2009ys SC
are non-hemolytic, non-pigmented colonies that are ~10 times smaller tbaresaf

normal strains. The small colony phenotype is because of an acquired auxotrophy for
hemin, menadione or thymidine, and the colonies grow as typical colonies in the @resenc
of these three compounds. Hemin is required for the biosynthesis of cytochromes, and
the latter two compounds are involved in the electron transport system. This is an
unstable phenotype, and the strains eventually revert to the rapid growth rate found in the
normal phenotype (Reviewed by von Eiff, 2008). A mutationemB, a hemin

biosynthetic gene, mimics the SCV phenotype. fdmB mutant upregulated genes

involved in glycolytic and fermentative pathways. It also upregulated phidsgnthesis

as well as arginine and proline catabolism. Its use of the arginine deznpiaiisvay to
generate ATP may be used to counteract the acidic environment produced by its
fermentative pathways (Seggewessl., 2006; Reviewed by von Eiff, 2008). In a septic
arthritis mouse model, the SCVs seem to be more virulent per organism based on the high
levels of arthritis despite low bacterial numbers present in the joints and §pb@sson

et al., 2003; Reviewed by von Eiff, 2008), although studies using other models suggest
equivalent levels of virulence (Batetsal., 2003; Reviewed by von Eiff, 2008). In

addition,S aureus forms biofilms, serving as an additional mechanism to avoid the

action of antibiotics (Reviewed by von Eiff, 2008). Recer8lgureus has been

implicated as the primary species in recurrent tonsillitis patients. sblaad strains
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were likely due to intracellular persistence rather than persistertue wibiofilm
(Zautneret al., 2010).

Helicobacter pylori

H. pylori is one of few bacteria that are able to survive within the human stomach
despite the highly acidic conditions. It is the cause of stomach ulcers, and iehas be
identified as a bacterial carcinogen, the only bacterium to be identifiestlasks. pylori
survives in the stomach of infected patients, and its extensive geneticfaiaBosi is
thought to enable survival under changing environmental conditléngylori utilizes
multiple mechanisms for the generation of diversity including point mutations,
intragenomic recombination, and slip-strand mismatching during DNA repincati
Intragenomic recombination is facilitated by the natural competendepyfori. The
diversification of its genome is triggered by stress and its diversificatays a role in
affecting host adherence as well as host immune evasion (Reviewed btlzbrer
2009). Studies looking at isolates 6 years after the sequencing of the paraintal 8%,
from the source patient revealed similarity in random amplification of polynmoEdA
PCR profiles for recently obtained strains suggesting diversification witlainsof the
same PCR profile. Further studies with DNA microarray revealed 3%aetiffe in J99
loci amongst the survivor strains as well as insertions and deletions (Indels) in the
genomes of the newly isolated strains (Isgheal., 2001).

Streptococcus pneumoniae

S pneumoniae causes invasive diseases as well as respiratory tract infections. In
particular, it causes meningitis, sepsis, and pneumonia. Immune protection iSovig ops

dependent phagocytosiS. pneumonia can colonize the mucosal surfaces of the
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nasopharynx of healthy individuals, (Bogaetral., 2004) and the bacteria can then enter
into normally sterile sites such as the lung, middle ear, or bloodstream to caase dis
(Reviewed by Weiser, 2010). Carriage is extremely common, and the rate is
approximately 10% in younger children and 50% in children 10 years old (Begalert
2004). In developing countries, the carriage rate goes up to 95% in children under three
years old (Lloyd-Evanst al., 1996). S. pneumoniae are typically cleared by
opsonophagocytosis, but expression of capsule inhibits phagocytosis of the bacteria.
Strains that lack capsule production are avirul&pneumoniae demonstrates phase

shift during the cycles between commensal survival and transition to the bloodstream
While surviving as a commensal organism, the bacteria are transparenthith a

capsule layer to allow binding to host cells (Reviewed by Weiser, 2010). Upon
encountering the bloodstream, cells are opaque with high capsule production to avoid
phagocytosis.S. pneumoniae are naturally competent and take up DNA from the
environment through homologous recombination. Additional mutation occurs through
error prone mismatch repair following oxidative damage. This mismatcin heyssbeen
linked to mutations giving rise to antibiotic resistance (Reviewed by WeG#0).

Hiller et al. sequenced 17 strains from clinical isolates and found significant differences
in genic content between strains, which supports the distributed-genome hypstesis
below). Fewer than 50% of the orthologous gene clusters were conserved between the
strains (Hilleret al., 2007). In addition to causing disease in the upper respiratory tract,
S pneumoniae is a leading cause of otitis media in children. 20 to 30% of the pediatric
population has recurrent otitis media. This is mostly due to a failure in antibietapt,

but only ~50% of bacteria isolated from recurrent infections are antibesistant
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(Reviewed by Pichichero, 2000). More recent data have show8 threumoniae forms
biofilms in the mucosa of the inner ear, which may contribute to antibiotic resistadce
recurrent infections, (Moscosbal., 2009) and it is a predisposing factor to support the
distributed-genome hypothesis in this bacteria (Héted., 2007; Ehrlichet al., 2005).

The Distributed-Genome Hypothesis

Bacterial infections were traditionally thought to be caused by clonalstf
bacteria, in that the infectious agent would share the same genome aaithsedated
after disease. This concept is being challenged with the increasing ddse@ncost of
whole genome sequencing. Often, bacterial heterogeneity plays a amgniite in the
survival and persistence of a bacterial population. In particular, biofiensoanposed of
a genotypically heterogeneous population of bacterial strains, even in a monospecies
biofilm. This leads to the distributed genome hypothesis that states that indstidirzd
within a population have a distribution of genes, meaning that not all organisms have the
same set of genes. No one organism has the full complement of genes, and the
supragenome is far larger than any one individual genome. The shuffling of genes occurs
through horizontal gene transfer. The variability within the population helps ensure the
population’s survival. For example, in the case of an environmental change, which is
often the case for pathogens, certain strains may be more fit for survivalsand the
continued survival of the population as a whole. 10-15% of all gertésmfluenzae, S
pneumoniae, andP. aeruginosa are unigue when the sequences are compared to
laboratory type strains (Reviewed by Ehrlattal., 2005). Up to 80% of the population
are carriers oH. influenzae, and carriage has been linked to horizontal gene traridfer.

influenzae acquire DNA of highly related strains that encode an uptake signal sequence.
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Analysis ofH. influenzae strains demonstrated that no two strains encode the same
complement of genes, and the supragenome is larger than the genome of any one
individual strain, supporting the distributed-genome hypothesis during the easfitus
bacterium (Shest al., 2005).

Diversity of Streptococcus pyogenes

Like other pathogens that are both carried and cause various diSepgegenes
isolates are genetically variable with both differences in genic coatenallielic
variations due predominately to single nucleotide polymorphisms (SNPs) and
insertions/deletions (Indels). Itgenerally difficult to associate any one disease with a
particularS. pyogenes phenotype because of the high level of variation withirSthe
pyogenes genome. Some general attempts at associating M type with diseasebave
made, but there is variance within each M type. M18 is associated with acutatibeum
fever. M49, M60, and M61 are often found in skin infections. M1, M3, and M28 are
associated with pharyngitis and invasive infections. Also, M3 has disproportionately
higher occurrence in severe invasive infections (Reviewed by Olsen @sseM2010).

Protein serotyping anelmm sequencing alone are not sufficient enough to detect
clonal lineages or chromosomal diversification during infection because ofjtine hi
mutation rate of certaif. pyogenes strains (Scotét al., 2008; Martinet al., 2003). Two
studies ofS pyogenes isolates from patients with recurrent pharyngitis infection showed
100% (14/14 patients using random amplification of polymorphic DNA, RAPD) and 70%
(43/61 patients using restriction fragment length polymorphism, RFLP) of the post-
treatment strains were clonal with the strain isolated before antibrxirrtent,

suggesting the bacteria survived in the host between outbreaks (Fitalssi997;
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Osterlund and Engstrand, 1995). However, these techniques do not detect interstrain
variation in many cases. Other than full-genome sequencing, modified PFGE and mult
locus sequence tying (MLST) methods are currently the most accuratg typthods
employed (Carricet al., 2006; Enrightt al., 2001). Results suggest that

polymorphisms may be present even within the same PFGE profile (Desai M, 1998),
suggesting that genetic diversification may be occurring withimsttaat are closely
enough related to be considered clonal.

Genetic variation within th& pyogenes genome is extensive and well-
documented (Scoét al., 2008; Podbielski, 2007; Burrus and Waldor, 2004; Reviewed by
Bankset al., 2002). There is a conserved core genome and a more variable region that
has differences in genic content and a higher frequency of single nucleotide
polymorphisms (SNPs) (Lefebure and Stanhope, 2007). The core genome of strains from
different M genotypes varies by ~14,000 SNPs, whereas Rgyggenes strains of the
same M serotype still differ by several hundred SNPs (Reviewed by é@isekusser,

2010; Berest al., 2006). Approximately ten percent@&fpyogenes genic content is

derived from prophages and integrated conjugative elements (ICEs), and egjitaas r

of the genome are prone to insertions of ICEs, such as the fibronectin-collzgeigdn
(FCT) region. The FCT region is an 11-16 kb region, with significant variation between
strains. It typically includes genes for RALPs, an adhesin, a collagen binditegpr

(Cpa), the MsmR regulator, and 20 other genes in various combinations (Podbielski,
2007; Reviewed by Banleg al., 2002). In many cases, genes encoding virulence factors
are located near ‘hotspots’ for mobile genetic elements (McMeatlah, 2007) which

may alter expression of these virulence factors. Genomic analysis cdidsulates
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from successivé. pyogenes epidemics revealed large numbers of SNPs and Indels in the
core genome. Even modest changes in the core genome led to large changes in the
transcriptome of the isolates (Bertsl., 2010).

Diversification during survival

Our laboratory has developed two in vitro models to study survival of
pyogenes. In the first,S pyogenes CS101 was inoculated into Todd-Hewitt (TH) broth
and incubated statically at %7 for >12 weeks without the input of fresh nutrients. The
aged culture was plated on TH plates to isolate survivor strains (&/abd2009; Wood
et al., 2005). The second model incubated CS101 with A549 human lung epithelial cells
in 12-well plates in the presence of penicillin and gentamicin, which do not enter
eukaryotic cells and would kill extracellular bacteria. The co-culturenveabated for 5
days, at which time the eukaryotic cells were lysed and plated onto TH plates. The
resulting colonies were derived from strains that survived intracellldygan and
Buttaro, submitted).

The survivor strains derived from these two models demonstrated altered colony
morphologies. The strains from long-term culture gave either small colonies, et
not express capsule, or atypical large colonies which still expressedecpsuadet al.,
2005). Co-culture derived strains had only small colony phenotypes or appeared similar
to wild-type (Morgan and Buttaro, submitted). These changes in colony morphology
were stable and did not change after >200 generations (& abd2005). Analysis of
two of the small colony survivor strains from long-term culture, Alt. 1 and Alt. 2, showed
common and unique changes in their proteomes compared to each other and compared to

their parental strain CS101 (Woetal., 2005). These changes appeared to be random
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since analysis of the common changes were not detected in other survivor strains
(unpublished observations).

During exponential phase growth in TH culture, glucose is abundant, and it is the
primary carbon source during this phase. In exponential phase, in the presence of a
primary energy sourc&, pyogenes are homofermentative and they produce
predominantly lactic acid. Upon glucose depletion, the cultures enter into stationary
phase. During stationary phase, continued metabolism is heterofermentahviiaewi
production of formate, acetate and ethanol. When the survivor strains were regrown in
TH broth, the cultures produced large amounts of formate, acetate, ethanol, and ammonia
during exponential phase suggesting heterofermentative metabolism israrouthe
presence of glucose. The increase in formate and acetate suggests tipnexfuize
pyruvate to acetate (PA) pathway (Fig. 2A), the increase in ethanol siggesgulation
of the pyruvate to ethanol (PE) pathway (Fig. 2A), and the increase in ammoniasugges
amino acid catabolism (Fig. 2B). Chaussee’s group has showa fiyagenes
catabolize arginine, serine, and histidine to generate energy during stapibase, and
this metabolic switch is caused by the growth phase dependent regulatoopig/R
(Chausseet al., 2004; Chaussest al., 2003). Each survivor strain’s metabolic profile is
unique when they are compared to each other and to CS101, even between multiple
strains isolated from the same culture (Webd ., 2009). Varied levels of metabolic
endproducts suggest altered metabolic flux through the pathways. The metabolic
diversity between the survivor strains is important in culture to maintain the pH ti@ove
critical threshold of 5.6 Ammonia production by some strains balances out the acid

production by other strains. E11 is a survivor strain isolated from co-culture. When
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Figure 2. Metabolic pathways upregulated during long term survival. A: Thed&grto

Acetate (PA) and the Pyruvate to Ethanol (PE) pathways generate ATRA&cbM

converting pyruvate to acetate and ethanol. B: The arginine deiminase pathway

produces ATP and N C: The serine dehydratase pathway producesaxH

pyruvate, which can feed into the PA or PE pathway.
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regrown in TH broth, E11 upregulates expression of the PA pathway, similar to the
survivor strains isolated from long-term stationary phase cultures (MonglaBLdataro,
submitted). Further analysis of multiple co-culture derived strains iddlat@ the same
well showed that these strains did not upregulate PA pathway expression (unpublished
data). This observation suggested that metabolic diversification may bermgaat

only during long term stationary phase survival, but possibly during intraaredutvival,

reflecting what may be occurring during carriage in the host.

Project Aims
Previous studies in the laboratory suggestedShatogenes diversify to form a
polyclonal population during survival. Diversification of their proteome and metabolis
has been observed during survival in eukaryotic cells and in stationary phase cultures.
The specific aims of this project were

1. To determine whether metabolic diversification occurred during active
infection.

2. To determine if in vitro survival leads to diversification in virulence factor
expression.

3. To determine whether changes in virulence factor expression affected the
survivor strains’ level of virulence in the zebrafish model of infection and
ability to survive in human blood.

4. To investigate the mechanism leading to strain diversification duringan vit

survival.
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CHAPTER 2

MATERIALS AND METHODS

Bacterial Strains

All strains used in these studies w&r@yogenes strains. S. pyogenes strain
CS101 was kindly provided by P. Cleary (University of Minnesota). Clinicahst2f1,
Sfr321, and MK322 were provided by A. Podbielski (University Hospital Rostock,
Germany). Strains 64P, 64BP9L, and 64BP9S were provided by M. Boyle (Juniata
College). Strain JRS4 was provided by J. Scott (Emory University). Alhstoatained
from 14 week cultures of CS101 were designated with ‘Alt.” and were randomlynchose
colonies. Strains derived from 5 day co-culture with A549 human lung epithelial cells
were designated with ‘E’ before the strain number. The survivor strains Alt. llad A
were characterized in a previous study (Weial., 2005). Survivor strains Alt. 4A
through Alt. 5D were patrtially characterized in a separate study (\&a@bg 2009). The
survivor strain E11 was previously characterized (Morgan and Buttaro, submitted)
Other survivor strains were previously obtained (Morgan and Buttaro, unpublished data),

and are used in this study. All strains are listed in Table 1.
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Table 1. Streptococcus pyogenes strains used in this study

Strain  Strain Characteristics Source

CS101 Parental Strain (Haanest al., 1992)
Mucoid colony phenotype

Alt. 1 CS101 derived survivor strain (Woodet al., 2005)
Small colony phenotyfe

Alt. 2 CS101 derived survivor strain (Woodet al., 2005)
Small colony phenotyfe

Alt. 4A  CS101 derived survivor strain (Woodet al., 2009)
Atypical large colony phenotype

Alt. 4B CS101 derived survivor strain (Woodet al., 2009)
Small colony phenotyge

Alt. 4AD  CS101 derived survivor strain (Woodet al., 2009)
Atypical large colony phenotype

Alt. 5SA  CS101 derived survivor strain (Woodet al., 2009)
Atypical large colony phenotyfe

Alt. 5B CS101 derived survivor strain (Woodet al., 2009)
Atypical large colony phenotyfe

Alt. 5C  CS101 derived survivor strain (Woodet al., 2009)
Small colony phenotyfe

Alt. 5D  CS101 derived survivor strain (Woodet al., 2009)
Small colony phenotyfie

E11l CS101 co-culture derived survivor strain -~ Morgan and Bulttaro,
Small colony phenotyge submitted

E47.5 CS101 co-culture derived survivor strain -~ Morgan and Buttaro,
Large colony phenotype unpublished results

E47.6 CS101 co-culture derived survivor strain Morgan and Buttaro,
Small colony phenotype unpublished results

E47.7 CS101 co-culture derived survivor strain -~ Morgan and Buttaro,
Large colony phenotype unpublished results

E47.8 CS101 co-culture derived survivor strain -~ Morgan and Buttaro,
Small colony phenotype unpublished results

64P Parental M64 Strain (Regsal., 1984)

64BPIL Isolate from 9 passages of 64pin human blo(lRlaedert al., 2000)
Large colony phenotype
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64BP9S Isolate from 9 passages of 64pin human blo@hedert al., 2000)
Small colony phenotype

64/14 Isolate from 14 passages of 64P in BALB/c (Reiset al., 1984)
mice

1-18 Strains isolated from 6 week survival culture$his study
of M64 strains

19 - 37 Strains isolated from 7 week survival cultureshis study
of M64 strains

15 Isolate from 42 day survival culture of 64/14 This study

Small colony phenotype
26 Isolate from 49 day survival culture of 64p This study

Small colony phenotype
221 M49 clinical isolate from tonsillar material. (Podbiektlal., 2003)
Sfr321  MA49 clinical isolate from tonsillar material. (Podbiettkl., 2003)
MK322 M6 clinical isolate from tonsillar material. (Podbielskal., 2003)
JRS4 M6 wild type strain (Scadt al., 1986)

@ Randomly chosen colony isolated from an independent 14 week old stationary
phase CS101 culture

® Randomly chosen colony isolated from a second, independent 14 week old
stationary phase CS101 culture

¢ Randomly chosen colony isolated from a third, independent 14 week old stationary
phase CS101 culture

9 Randomly chosen colony isolated from a fourth, independent 14 week old
stationary phase CS101 culture

¢ Isolated from an independent well of a 5 day old co-culture of CS101 with A549
human epithelial cells

"Isolated from a second, independent well of a 5 day old co-culture of CS101 with
A549 human epithelial cells
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Bacterial Growth Media and Incubation Conditions

S pyogenes strains were grown in Todd Hewitt (TH) broth (Appendix A; Difco;
Detroit,MI). TH agar was made by adding 1.5% w/v agar (Difco; Detroit, &/TH
broth (Appendix A). A freezer stock of each strain was maintained in 30% gly&&rol/
TH stocks at -8%C. Cultures ofs. pyogenes were inoculated directly from freezer stocks
into TH broth. All growth was carried out static al@5% CQ.

Survival Assays

S pyogenes strains were inoculated into 20 to 30 ml of TH broth directly from
freezer stocks. The cultures were placed in°€ BP6 CQ incubator static. The cultures
were removed at the indicated timepoints for sampling. In a sterile flow hoanlthes
was pipette up and down twice with a 1 ml pipettor and 20 ul samples were removed and
spotted onto a TH plate. The cultures were placed back in the incubator. The plates wer
air dried for ~10 minutes in the laminar flow hood. Once the spots were dry, the plates
were placed in a 3T 5% CQ incubator overnight. In the morning, plates were scored +
or — for growth. If there were no signs of growth, the cultures were removed adain a
100 pl samples were spread and incubated onto a TH plate to verify if the cultures had
fewer than 10 CFU/ml viable bacteria.

Growth Curve

S pyogenes were inoculated directly from freezer stocks into 20 ml TH broth.
The cultures were incubated static in 83%% CQ incubator. Cultures that were no
older than 15 hrs were diluted 1:100 in TH broth by adding 0.4 ml of the culture to 39.6
ml of THB. The diluted cultures were placed back in the incubator and growth was

monitored by spectrophotometry until @0.5. The cultures were then diluted back

45



1:10 into THB by adding 4 ml to 36 ml THB. 1 ml was removed for immediatgOD
reading, and 1 ml was removed every half hour to monitor the growth of the cultures.
Once the cultures reached gp~0.6, only 0.5 ml was removed and diluted 1:2 with

THB before analysis to prevent saturation of the spectrophotometric readings.

Generation of Northern Probes and Sequencing of Regulator Genes

Isolation of Genomic DNA Fror. pyogenes

10 ml of TH broth was inoculated from a freezer stoc& @logenes. The
cultures were placed in 32 static overnight. The bacteria were harvested by
centrifugation at 6000 rpm. The pellets were resuspended in 2 ml of DNA lysis buffe
(Appendix A) and 1 ml was added to 0.8 g of zirconia silica beads with 50ul 10% SDS in
bead beater tubes. The bacteria were lysed by bead beating 3 times fot 480 a
rpm followed by a 1 min pause (Biospec Products, Bartlesville, OK). The DNA was
extracted from the lysate with phenol as follows. 750 pl of the lysate was adaded to a
equal volume of phenol (pH 6.6 Fisher Scientific). The mixture was shaken by hand and
centrifuged at 13,000 rpm for 20 min. 600 pul of the aqueous phase (the top layer) was
added to an equal volume of phenol/chloroform/isoamyl alcohol (50:49:1, pH 6.7 Fisher
Scientific). This was centrifuged at 13,000 rpm for 10 min. The
phenol/chloroform/isoamyl alcohol extraction was performed two more timbS@if
less volume each time. 450 pl of the aqueous phase was mixed with an equal volume of
chloroform/isoamyl alcohol (24:1, Acros Organics). DNA was precipitated 4@l
of the aqueous solution by adding 40 ul of 3 M NaAc (Appendix A) and 800 ul of cold

100% ethanol. The DNA was placed in a°Q@reezer overnight to precipitate the DNA.
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The DNA was then isolated by centrifuging the tubes at 13,000 rpm for 20 ni.at 4

The supernatant was discarded, and the pellet was washed with 70% ethanol. The pelle
was resuspended in 40 pl of #H The DNA was treated with 2 pl of RNase (10mg/ml)

for 30 min at 37C. The DNA was reprecipitated as above and resuspended in 20 pl of
dH,O. The DNA was stored at -ZD. The isolated DNA was quantitated at £

Polymerase Chain Reaction (PCR)

Oligonucleotide primers for PCR are listed in Table 2. Oligonucleotides wer
generated by Integrated DNA Technologies (Coralville, IA). PCRioees were carried
out on a Thermocycler 2400 with heated lid (Perkin-Elmer Corp., Foster City, CA) or on
a PTC 100 Programmable Thermal controller (MJ Research Inc., Waltham ¥ igh
does not have a heated lid. A layer of mineral oil (Fisher Scientific, Pittsiderg was
added to the top of the PCR reaction when using the PTC cycler.

Taq polymerase PCR reaction for production of Northern blot probes

PCR reactions for Northern blot probe generation were carried outagith
polymerase. PCR reactions were carried out according to manufactusatistions.
The final concentrations in each PCR reaction containedtad. golymerase buffer
(10X, Roche Diagnostics; Indianapolis, IN), 0.2 mM of each dNTP (Promega; dadis
WI), 0.4 uM FWD primer, 0.4 uM REV primer, and 2 U/10Qag polymerase. The
PCR reactions were as follows: an initial step §9®r 5 minutes; 30 cycles of 95
for 30 seconds, 5C to 60C for 30 seconds depending on oligonucleotide Tm, and then
72°C for 1 minute/kb of product; 7€ for 7 minutes; then a holding step 8€4until the

tubes were removed from the thermocycler.
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Table 2. Oligonucleotides used in this study

Name Sequence (5'-3") Assay used
lctO FWD AGCACCTGTAGCGGCTCATAAACT Northern
IctO REV ATACCTGATGCTCCTGCGTCCAAT Northern
acoA FWD GCTTGCTGGTAAAGCAACTGGTGT Northern
acoA REV ATAGCTGGACCATTTCCACCACGA Northern

pfl FWD TCGTCTTGCTCTTTACGGTGCTGA Northern
pfl REV TCTGGCAGTTGGTCAGTCCAAAGA Northern
pta FWD TGACACTGTTCGTCCAGCTCTTCA Northern
pta REV GCCATCAAGTGCCAAATCAGGGTT Northern
ackA FWD CGTGTTGTTGCTGGTGGTGAACTT Northern
ackA REV AAGTGGTGTAAAGCCCATCGAGGT Northern
gyrA FWD ACAGGTCGGGAACGTATTGTGGTT Northern
gyrA REV GTTCCAAACCAGTCAAACGACGCA Northern
codY FWD 1 ACAAGCTAGTGCTTATCTCC Sequencing
codY FWD 2 TATCCAGGAGGTCTAACGAC Sequencing
codY REV AAACAGGGAAACCTCTCCCC Sequencing
ropB FWD 1 AAGCGACTATCATCCGAAAC Sequencing
ropB FWD 2 ACTTGGAGTCACTATGAGAC Sequencing
ropB REV AAGCTAACACCATAAGAGCG Sequencing
cCcPAFWD 1 AAAGTGGTTACAAATCATGC Sequencing
ccpA FWD 2 ACGCTCTCGTACTCCAGTTG Sequencing
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ccpA REV
srv FWD 1

srv FWD 2

srv REV
SPy1548 FWD
SPy1548 REV
relA FWD 1
relA FWD 2
relA REV
SPy0145 FWD 1
SPy0145 FWD 2
SPy0145 REV
SPy1630 FWD
SPy1630 Rev
CovRS FWD 1
CovRS FWD 2
CovRS FWD3
CovRS FWD 4

CovRS REV

RALP 0189c FWD 1

RALP 0189c FWD 2

RALP 0189c REV

RALP 0566¢c FWD 1

AGATGGTGCTCATAATTCAC

TACTATCAAAGGGCATTAGC

TGTATGTTAACTAACGGCCG

TGCAGATCCAGATCAAAGCC

GGAACGTATGAGTTGGTGAC

TTCTTTACCGGGTCTGTGGAGC

ACTAAGCGCTTTCTTAGCAG

TCGCATCAAATGGGAACTAG

TTGACCCGTTGCAAGACAAG

TCAAGAGCAAAGGTGGTGAGAGGA

CCAGTGACAGGTCAATTGTC

GAGGCACAAGCTGCCGAAGC

AGCTGAGCGGGTTAAGCGTATCAT

TGGCTTGTCCGTTTGCATCAATGG

GATAGATTAAGAGGATAAGGGTTGGT

TGTTTGGAAATATGATGAAGCCGT

TGGTCCTATCGGTCGTGTGTATCA

TGAGGCTGACCGTATGGCAATCAT

CATCAGCTTCTAACCAGTTGTGGC

CGCGTGTTCTTAGCTCTCTC

TGTGGACAATACTGTGATCG

CTGGTGCAAGGCTAAGATGG

TTAAACACGCGTCACCATTG
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Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing

Sequencing



RALP 0566¢ FWD 2
RALP 0566¢c REV

mga FWD seq NZ131
mga FWD 2 seq NZ131
mga FWD 3 seq NZ131

mga REV seq NZ131

emn49 RT FWD
emn¥9 RT REV
so RT FWD
soRT REV
prtF2 RT FWD
prtF2 RT REV
speB RT FWD
speB RT REV
proSRT FWD

proSRT REV

CCATCACACTTAATGATGCC
CGTTCAGTTCCCTCACCTTG
GCGTCGTTGACCGCTTCCCT
ACTGTGAACGCCTATTGAGC
GCCTTTGTGACAAGTGTCGA
GACCTTACCTCTATGGGCTG
AAGAGCCTAAGCCGTGACCTTGAA
GACGGCTTGCGTCTGAGATTTGTT
AGCTCCGCCACTCTTTGTGAGTAA
CTGCACTAAAGGCCGCTTCAACAT
TACATTTGTCGAAACCGCAGCACC
AGCGTCACCTTTAGTTGCTTTGCC
CACCAAATCAACCGTGGCGACTTT
AGAAGTTACGTCCGTCAGCACCAT
TCTTGATCGCTGGGTGGTTCTTGA

CATCCAAGCAGCCAATTCTGCCTT

Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR

RT-PCR
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Pfu polymerase PCR reaction for regulatory gene sequencing

Pfu polymerase has a proof reading function and, therefore, is less error-prone
thantaqg polymerase, and it was used for sequencing PCRs. The final concentrations in
each PCR reaction were as follows: pfx polymerase buffer (Aligent; Santa Clara,

CA), 0.2 mM of each dNTP (Promega; Madison, WI), 0.4 uM FWD primer, 0.4 uM
REV primer, and 5 U/100 pl gffu polymerase (Aligent; Santa Clara, CA). The PCR
reactions were as follows: an initial step of®@%or 5 minutes; 30 cycles of 95 for 30
seconds, 5t to 60C for 30 seconds, and then®@Xor 2 minute/kb of product; 7€ for
7 minutes; then a holding step dAuntil the tubes were removed from the
thermocycler.

Agarose Gel Electrophoresis

PCR products were visualized on a 0.8 — 1.2% agarose gel (Fisher Scientific; Fair
Lawn, NJ), depending on DNA fragment size. Agarose was prepared in 1X Tagacet
buffer (TAE; Appendix A). Electrophoresis was run with 1X TAE buffer between 115
and 140 volts (Hoefer Scientific Instruments, San Francisco, CA). The aga®sean
submerged in an ethidium bromide bath until bands were detectable by UV light.
Pictures were taken using either a Polaroid MP4 land camera (Polaroid, WaitAam
or a Geldoc XR molecular imager using Quantity One software (Rio-Radulds, CA).

Set-up and Analysis For Sequencing Reactions

DNA sequencing was carried out either by the Kimmel Cancer Center @Bhom
Jefferson University School of Medicine, Philadelphia, PA), Segwright (FishentSic,
Houston, TX) or Genewiz (South Plainfield, NJ). The PCR products were cleaned up

prior to sequencing using a Qiaquick PCR Cleanup Kit (Qiagen; Germantown, MD)
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according to manufacturer’s instructions, and the clean PCR products wereiegantif
OD.0 The FWD primers used for sequencing are listed in Table 1. Sequence analysis
was performed using Chromas 2.33 software. The resulting sequences weck aligne
using the ClustalW2 program (http://www.ebi.ac.uk/Tools/clustalw2/index.html).
Sequencing was performed once for most strains except for those that showatiammut
compared to CS101. DNA was isolated, amplified, and sequenced two additional times

for any strain that showed a mutation.

RNA Isolation, Detection, and Comparison

Isolation of Total RNA front. pyogenes

S pyogenes strains were inoculated from freezer stocks into 20 ml of TH broth
(Appendix A). The cultures were incubated static 8&% CQ. In the morning (<15
hrs), the cultures were diluted 1:10 by adding 4 ml of culture to 36 ml of TH broth. The
diluted cultures were placed back in the incubator and monitored for growths@t OD
When the cells reached the indicatedsg[the cultures were centrifuged at 6000 rpm
for 5 minutes at 2. The supernatant was discarded, and the pellet was resuspended in
1.5 ml of RNA lysis buffer (Appendix A). This was transferred to two bead beater tube
(Sarstedt; NUumbrecht, Germany) which contained 1.5 g 0.1 mm zirconia silica beads
(Biospec Products, Inc.; Bartlesville, OK). The tubes were placed in a bead bea
(Biospec Products, Inc.; Bartlesville, OK), and the tubes were beat twe atd&00 rpm
for 1 minute, each time followed by 1 minute on ice. The supernatant was removed and
600 pul was added to each of two tubes and heated@tf@01 minute. Total RNA was

then isolated using a modified hot phenol extraction method of Shaw and Clewell (Shaw
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and Clewell, 1985). An equal volume of hot phenol (pH 4.3;6Bisher Scientific;
Pittsburgh, PA) was added to each tube. The tubes were incubaté@ atréfnutes
then 5 minutes on ice. The tubes were then centrifuged at 15,000 rpm 1%mifhe
extraction was carried out two more times with 50ul less volume each time, tAritDwi
min centrifuge steps. 450 pl of the aqueous phase was then mixed with an equal volume
of chloroform/isoamyl alcohol (24:1, Acros Organics; Morris Plains, NJ) andfogetd
at 15,000 rpm 10 min. RNA was precipitated from 400 ul of the agueous solution by
adding 40 pl of 3 M NaAc (Appendix A) and 800 pul of cold 100% ethanol, and this was
placed in a -2%C freezer overnight to precipitate the RNA. The RNA was then harvested
by centrifuging the tubes at 15,000 rpm for 20 min°&t 4The supernatant was
discarded, and the pellet was washed with 70% ethanol. The pellet was resuspended in
20 pl of DEPC dHO (Appendix A). The RNA was treated with 1 pl SUPERase-In
RNase inhibitor (Ambion; Austin, TX) and 1 ul DNase (Ambion; Austin, TX) in 1x
DNase buffer (Ambion; Austin, TX) for 30 min at®7 The reaction was then stopped
by incubating at 5% for 5 min. RNA was then stored at °Z0

RNA for RT-qPCR received an additional DNase reaction after the second phenol
extraction. 2 pl of DNase (Ambion; Austin, TX) was added to 500 ul of the aqueous
solution in 1X DNase buffer (Ambion; Austin, TX). The reaction was carried out at
37°C. Immediately afterward, hot phenol was added for the third extraction, and the

remainder of the protocol was continued.
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Generation of Probes for Northern Blotting

DNA was prepared from CS101 as described above. PCR reactions were set up
as described above, usitag| polymerase. The labeled probes were generated by PCR
using the primer pairs listed in Table 2. For each probe, two reaction tube®tugre s
with one tube receiving 1 ul of Digoxigenin (DIG)-dUTP (Roche Diagnostics;
Mannheim, Germany), which incorporates into the PCR product. PCR products were run
on an agarose gel and visualized with UV light. Incorporation of DIG-dUTP was
confirmed by a slower running band than the non-DIG control. The PCR product was
cleaned up with a Qiaquick PCR Cleanup Kit (Qiagen, Germantown, MD). Thedabel
probe was then quantitated at £§using a Spectronic Genesys 5 spectrophotometer
(Milton Roy; Warminster, PA). The probe was then diluted to 10ng/ul for use in
Northern blotting.

Northern Blotting

A 1.4% denaturing agarose gel was prepared by adding 3.5g agarose (Fisher
Scientific; Fair Lawn, NJ) to 217.5 ml DEPG®! (Appendix). The suspension was
microwaved until the agarose melted, and it was cooled’®.585 ml of 5X MOPS
(Appendix A) and 7.5 ml of 37% formaldehyde (Fisher Scientific; Fair Lawn, NiB we
added to the agarose, and the solution was poured into an RNase Zap (Ambion; Austin,
TX) treated gel tray until it solidified. Running buffer (Appendix A) was poureepn t
of the gel until it covered the surface.

The isolated RNA was quantitated at £9§) Denaturing agarose gel
electrophoresis and Northern blotting were done on dilutions of the RNA representing 5,

2.5, and 1.2g of total cellular RNA. The RNA was diluted into DEPC water
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(Appendix A). RNA marker was also diluted to its appropriate concentration by adding
3.5 pul RNA marker (Promega, Madison, WI) to 1.5 ul DERPO HThe appropriate

amount of sample and RNA marker were added to 17.5 ul of premix (Appendix A) to
denature the RNA at 86 for 20 minutes. 1.5 pl of RNA loading dye (Appendix A) was
added to each sample prior to loading. Each RNA sample was then loaded into the wells
of the gel and run at 25 V until the samples were clearly within the agarose, latiwiac

the voltage was increased to 70 V.

Even loading of total RNA was first confirmed by visualization of ethidium
bromide stained gels, which was present in the loading dye. The RNA was then
transferred overnight by capillary action to a MagnaGraph nylon membraneif@sm
Inc., Minnetonka, MN) using 20X SSC (Appendix A). In the morning, the RNA was
crosslinked to the membrane using a Stralinker UV Crosslinker (Stratagedel)d,

CA) set for 120,000 mJ.

The membranes were pre-hybridized with 20 ml hybridization solution (Appendix
A) at 65°C for 2 hours while rotating end-over-end. After 2 hours, 10 pl of the 10 ng/ul
probe (described above) was added to 50 pOdHIhe probe was boiled 5 minutes then
placed on ice for 5 minutes. The probe was then added to the hybridization solution, and
the membrane was hybridized overnight &X355

The membrane was removed from the hybridization oven and washed as follows:
5 minutes at room temperature in prewarmed@y%vash solution 1 (Appendix A), 10
minutes at room temperature in prewarmed@%vash solution 2 (Appendix A), 20
minutes at 5% in prewarmed (5%) wash solution 3 (Appendix A), 2 minutes at room

temperature in Boerhinger wash buffer (Appendix A). The membrane was then
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incubated on a rocker for 30 minutes with 50 ml blocking buffer (Appendix A). 5 ul of
alkaline phosphatase coupled anti-digoxygenin antibody was added to the solution
(Roche, Indianapolis, IN). The membrane was then washed twice for 15 minutes each i
Boerhinger wash buffer (Appendix A), followed by 3 minutes in Buffer 3 (Appendix A).
The membrane was then incubated for 5 minutes with a 1:100 dilution of disodium-3-(4-
methoxyspiro[1,2-dioxetane-3'2'-(5-chloro)tricyclo(3.3%f)decan]-4-

yl)phenylphosphate (CSPD) (Roche, Indianapolis, IN), and exposed to Xmay fil
(Thermo; Rockford, IL). Detection giyrA served as a loading control. The Northern
blots represent the result of independent experiments using freshly isdk®#eldiReach

blot.

Real Time PCR (RT-gPCR)

Generation of cDNA from RNA

RNA was isolated as described above, using the procedure for RT-gPCR. RNA
concentrations were determined by a Nanodrop ND-1000 spectrophotometegat OD
(Thermo; Rockford, IL). cDNA was prepared using a Thermo Verso cDNA systies
according to manufacturer’s instructions (Thermo; Rockford, IL). 100 ng of RNA wa
mixed with 1 pl (400 ng) random hexamers, 4 pl 5X buffer (final 1X), 2 pl dNTP mix
(final 500 pM each), 1 ul RT enhancer, and 1ul Verso enzyme mix (Thermo; Rockford,
IL) to generate the cDNA. The reaction consists of 1 cycle % 42 30 min then 9%
for 2 minutes. The concentration of cDNA was determined by an ND-1000 Nanodrop

spectrophotometer at Qg (Thermo; Rockford, IL).
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Real Time PCR

Real Time PCR was run using the 5Prime RealMasterMix SybrROX mix
(5Prime; Gaithersburg, MD). Primers were generated that wereahterthe gene of
interest and are listed in Table 2. All primer sequences, except for &matndp, were
based on the SF370 sequence available on the KEGG website
(http://www.genome.jp/kegg/). Theenm49 primer set was based upon a published
CS10lemm sequence (Haanes and Cleary, 1989). Real time conditions were as follows:
50 ng cDNA was mixed with the sybrROX mix according to manufacturer’s conditions.
11.25 of the SybrRox mix was added to each 25 pul reaction. The FWD and REV primers
were added at a final concentration of 250 nM. Real-time PCR was run on an Eppendorf
Mastercycler ep. The cycles were run as follows: 1 cycl€ 25min; 40 cycles of 9&
30 sec, 5% 30 sec, 6& 30 sec; and then melting steps of®35 sec then 6C to
95°C over 20 minutes. Data analysis was performed using Eppendorf realplex 1.5
software. Each sample was run in triplicate, along with a non-templateldonteach
primer set. Results are reported as the relative expression of the gaeeest to the
housekeeping geneoS 2°“* (C; gene of interest<®f proShousekeeping gene).
Statistical differences in relative expression levels between sustraons and CS101
were determined using the SPSS statistics program (SPSS Inc., CHigadtqual
variances were assumed for the samples, and they were analyzed by gxdQ¥a4

using Tukey’s post-hoc test.
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Metabolic Profiles for S. pyogenes

Culture supernatants used for metabolite analysis were collectedt&tbonary
phase or exponential phase cultures. An overnight (<15 hour) cultBreyaigenes was
diluted 1:100 in fresh medium. Growth of newly inoculated cultures was monitored by
spectrometry at Of3o and samples were removed from each tube at the indicated time
points. Culture samples were filter sterilized through a 0.22 pum syritegeMillipore;
Billerica, MA) and subsequently heat inactivated at 90°C for five minutes deforg
stored at -20°C. The samples were diluted 1:5 igOdldnd L-lactate, formate, and
acetate concentrations were determined from culture supernatants Biogharm test
kits (Marshall, Ml), as described by the manufacturer. Each data point represe

metabolite concentrations from at least two independent cultures.

Zebrafish Virulence Assays

Zebrafish Danio rerio) were maintained according to protocols previously
published (Phelpet al., 2009). Zebrafish studies were carried out in the laboratory of
Melody Neely, Ph.D. at Wayne State University School of Medicine, Detrait,Hidh
were maintained in 5 to 25 gallon tanks filled with tap water and treated with Atoque
remove chlorine. The temperature was maintained’at.28

Mortality

The zebrafish were placed in a solution of Tris-buffered tricaine (3-amimosloe
acidethylester, Sigma; St. Louis, MO), pH 7.0, 168 ug/ml to anesthetize tlortopr
intramuscular injection. £@o 1@ log phase bacteria were injected into the dorsal

muscle of 6 fish with a 10 pl volume, and the fish were maintained@t Zhe
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remaining culture was serial diluted and plated on Columbia colistin-nalatid agar
(CNA) plates for CFU enumeration. Survival of the fish was scored eaalpdayfive
days. Experiments were done twice with 6 fish for each trial with the eaneqyfti
CS101.

Spleen Dissemination

To determine bacterial dissemination, spleens were dissected and endificerate
CFU. First, the fish were placed in 336 pg/ml Tris-buffered tricaine (3-ab@naoic
acidethylester, Sigma; St. Louis, MO), pH 7.0 for 25 minutes to euthanize. Thesktebra
were dissected, and the spleens were removed and placed in a 1.5 ml micrgeentrifu
tube containing 300 pl phosphate-buffered saline (PBS pH 7.2) (Appendix A). The
suspension was homogenized with a microcentrifuge tube tissue grinder (Kortes, Fis
Scientific; Fair Lawn, NJ), and serial dilutions were prepared in THY &earlated for
enumeration on Columbia colistin-nalidixic acid agar (CNA) plafée. protocols for the
zebrafish infections were approved by the Wayne State University Irstatnimal
Care and Use Committee and followed all federal regulations regarding¢henchuse

of laboratory animals.

Whole Blood killing Assay
The direct test protocol by Lancefield (Lancefield, 1957) was used with
modifications. S pyogenes strains were incubated in TH broth for less than fifteen hours
at which point the cultures were diluted 1:10 into TH broth.gdf@®as monitored by
using a Spectronic Genesys 5 spectrophotometer (Milton Roy; Warminstean@ A)id-

exponential bacteria (Qlgy0.4 — 0.5) were centrifuged at 8000 rpm for 5 minutes. The
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cells were resuspended in phosphate buffered saline (PBS; Appendix A) to a
concentration of ~6xT@CFU/mI. 50 pl of the resuspended bacteria was mixed with 850
ul heparinized normal human blood to a final concentration of32EQ/ml and

incubated for 3 hours at 37 5% CQ with end-to-end rotation. For each bacterial strain,
blood from 4 healthy volunteers was used. Aaid at 3 hours, 150 pul samples were
removed. 100 pul of this was plated onto TH agar (lower limit of detection 10 CFU/ml).
The remainder 50 pl was used to make serial 1:10 dilutions in PBS up.td&46h

dilution was plated onto TH agar and enumerated for CFU after an overnight incubation
in a 37C 5% CQ incubator. Change in colony forming units (CFU) was calculated by

subtracting CFU atglfrom CFU at E.
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CHAPTER 3
RESULTS

Survivor Strains Upregulate Transcription of the PA Pathway Genes

Previous studies isolated survivor strains from 14 week cultur@gppbdgenes
CS101 in TH broth (Woodt al., 2009; Woockt al., 2005). In these studies, two
survivor strains, Alt. 1 and Alt. 2, grew as small colonies and had unique and common
proteomic changes when compared to CS101 and each other. Additionally, nine survivor
strains, some isolated from the same culture, were characterized f@xih@nential
phase metabolic activities. Seven of the nine survivor strains had high levels déforma
acetate and ethanol, and ammonia levels were increased for six of the mse Jine
metabolite levels were unique for each strain (Wetad., 2009). The accumulation of
these metabolites suggested an increased expression of the Pyruvatetto(Régta
pathway, the Pyruvate to Ethanol (PE) pathway, and/or amino acid catabolism. The
Pyruvate to Acetate (PA) pathway converts the lactate produced by fatiowe af
glucose into acetate and formate (Figure 2A). This pathway produces ATP, and is
therefore used for generating energy during stationary phase survivayiubese is
depleted. First, lactate is converted to pyruvate through lactate oxidaSg. (Ryruvate
is then converted to acetyl-coenzyme A (AcCo-A) through one of two reactioosie)
pyruvate formate lyase (PFL) produces formate as a byproduct. In thetiotheyruvate
dehydrogenase complex (PDH) produces @®a byproduct. It is worth noting that PFL

iIs an oxygen-sensitive enzyme (Yamatlal., 1985). The AcCo-A produced by either
61



enzyme is then converted to acetyl phosphate then acetate through phosphoffassacet
(Pta) and acetate kinase (AckA), respectively. This final step produces ATP
Alternatively,S. pyogenes possesses enzymes that can convert AcCoA to ethanol
through the PE pathway (Fig 2A), which does not produce ATP, but it does produce
reducing potential through the production of NAD

Additionally, S. pyogenes can catabolize amino acids to generate energy during
stationary phase survival. Previous studies have showB. ihyaigenes can utilize
serine, arginine, and histidine during exponential phase when the growth-phase
dependent regulator Rgg/RopB is mutated (Chausgsge 2004; Chausseat al., 2003).
Studies by Woodt al. showed that some survivor strains produce high levels of
ammonia during exponential phase, and this ammonia production was necessary to
maintain the pH of the culture above the toxic level of 5.6 (Wabatl, 2009). Two
amino acid pathways have been proposed to generate energy during stationary phase
survival. The arginine deiminase pathway (Fig. 2B) converts arginine thiomiCQ
and ammonia through three enzymes encoded bgrthaperon. This pathway
independently generates ATP. The serine dehydratase pathway (Fign®€its serine
to pyruvate and ammonia. The pyruvate can then enter the PA pathway to gen€rate AT
Both of these pathways generate ammonia, which balances the pH within thehong-te
stationary phase culture.

To investigate whether the increased metabolite levels corresponded to
transcriptional upregulation of the genes of the PA pathway, Northern blotting was
performed on CS101, Alt. 1, and Alt. 2. Total RNA was isolated from CS101 and the

survivor strains Alt. 1 and Alt. 2 at mid-exponential phasesd@5 to 0.65. The RNA
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was used for Northern blotting using probes generated for genes involved in the PA
pathway (Fig. 2A). Transcription &dtO, pfl, pta, andackA were up-regulated during
exponential phase growth in Alt. 1 and Alt. 2 compared to CS101 (Fig. 3). This
upregulation reflects the increased production of formate and acetate in Alt. 1taad Al
seen in previous studies (Woeital., 2009), suggesting that this increase corresponds to
enzymatic levels. Transcription afoA, a gene encoding one of the subunits in the
pyruvate dehydrogenase (PDH) complex, was equal between the thnee stihe RNA
gels were confirmed for even loading by both visualization with ethidium bromide

staining and detection of the transcript for the housekeeping gene gyf@s&A

Changes in PA Pathway Expression were Observed Only After Survival @mot in
Strain Variants Isolated from Passage in Mice or Human Blood

During survival the bacterial population is in an environment lacking primary
energy sources. The selection of strains with altered metabolism in thergyirvivi
population may reflect the necessity to use secondary energy sources sutioasas
and lactic acid for survival. During multiple passages in the mouse peritoneum ar huma
blood, strains arise with distinct changes in colony morphology and virulence factor
expression patterns (Raeaenl., 2000; Boyleet al., 1994; Raeder and Boyle, 1993;
Raeder and Boyle, 1993). Under these conditions, the bacteria may grow rapidiy and a
probably not under nutrient stress. If PA pathway metabolic diversificatian i
characteristic selected for during survival, these strains may not havgeshin

metabolism as seen in the survivor strains.
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Figure 3 Survivor strains Alt. 1 and Alt. 2 upregulate transcription of the PA pathway
genes during exponential phase. Total RNA was isolated from mid-exponersial cel
(ODg0onm0.50 - 0.65) grown in TH broth. RNA concentrations were determined by
spectrophotometric absorbance at 260nm. 5.0, 2.5, 1.25 ug of total RNA was separated
on a denaturing agarose gel. RNA gels were Northern blotted and the binding of DIG-
labeled DNA probes was detected by CSPD development followed by autoradiography
Equal loading was confirmed by ethidium bromide staining of the gel and by probing f
DNA gyrase gyrA). RNA concentrations in pg are noted above the lanes in each image.
Fresh RNA was isolated for each experiment, and the results presentadehere

representative of three independent preparations.
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In order to determine whether variants generated from multiple passagssexpre
the PA pathway as a marker of metabolic diversification, we analyzedtR&aa
transcription in four addition&. pyogenes strains kindly provided by Michael Boyle.
Previous studies in Boyle’s laboratory showed that the M64 strain, 64P, changes its
morphology and virulence factor expression patterns upon passaging in human blood or
by passaging in BALB/c mice (Smithal., 2005; Raedesgt al., 2000; Raeder and Boyle,
1993; Reisxt al., 1984). Passaging is very different from survival assays, and it models
acute infection rather than carriage. During human blood passaging, 0.1 ml of the
bacterial culture was mixed with 0.4 ml heparinized human blood and incubaté@ at 37
overnight. Every 24 hours, 0.1 ml of the subsequent blood/bacteria mixture was added to
0.4 ml fresh blood. Passaging in mice was performed by injecting 0.5 ml oveénight
pyogenes 64P culture IP into a mouse. Spleens were removed after death or
euthanization after illness, mashed, and 0.1 ml of the suspension was injected IP into
another uninfected mouse. We obtained the parental strain, 64P, and three of its
passage-derived strains. Each strain was streaked onto TH agar nekdiof@ &
visual comparison (Fig. 4). Strains 64BP9L and 64BP9S were obtained from 9 passages
in human blood. 64BP9L has a large colony phenotype, and 64BP9S has a small colony
phenotype. Strain 64/14 was isolated from 14 passages in human blood, and its colonies
appear large although not as mucoid in appearance as 64BP9L. These passage-derived
strains demonstrate an alternate colony morphology without encountering kurviva
conditions.

S pyogenes 64P and its passage-derived strains were regrown in TH broth and

RNA was isolated in mid-exponential phase. The RNA was used in Northern blotting
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Figure 4. Colony morphologies 8f pyogenes 64P and its passage-derived strains. 64P
is an M64 strain. 64/14 was isolated from 14 passages in human blood. 64BP9S and
64BPI9L were isolated from 9 passages in human blood and display a small and large
colony phenotype, respectively. CS101, a parental M49 strain, is shown for comparison.

All strains were plated onto TH agar and incubated overnight’@t 3% CQ.
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with probes for three genes in the PA pathwaly:pta, andackA. CS101 was analyzed
as a reference control, and Alt. 1 was used as a positive control for PA pathway
upregulation. The housekeeping gene encoding for gyrag@ A) (was detected as a
control for even loading. Alt. 1, as already seen in Fig. 3, had increased explessls
in all three genes analyzed. 64P, 64BPIL, 64BP9S, and 64/14 all had similar levels of
expression, which were also similar to that of CS101 (Fig. 5). This indicates tha
passaged strains, despite alternate colony morphology and virulencesfqussion
patterns, do not upregulate expression of the PA pathway.

To determine if survival of these strains would cause increased expression of the
PA pathway, CS101 and each M64 strain was inoculated into TH broth and agé&@ at 37
5% CQ. Random survivor strains were isolated at 6 and 7 weeks survival and stored as
40% glycerol freezer stocks. 37 isolated survivor strains were regrown, theatape
was filtered and heated at®@for 2 minutes, and formate levels were determined.
Formate was detected using a metabolic test kit (R-biopharm), which islatvapstep
assay. Because of the ease of this assay and its correlation with eshéAgsathway
activity in previous studies (Woad al., 2009; Woockt al., 2005), the 37 strains were
screened for expression of the PA pathway by detection of formate productiot. Alt
levels were also analyzed as a positive control for PA pathway upregulation. As
expected, some of the survivor strains up-regulated production of formate wheresas othe
did not (Fig. 6). Surprisingly, the percentage of formate producing strains varied,
depending upon the survivors’ parental strain. 100% of 8 randomly selected survivor
strains isolated from a CS101 culture upregulated formate production. CS101-derived

survivor strains from previous studies had varied expression levels (#/alod2009).
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Figure 5. Transcription of genes for the PA pathway was not upregulaepywgenes

64P and its passage-derived strains. Total RNA was isolated from mid-exponential
bacteria (Oyonm0.50 - 0.65) grown in TH broth. RNA concentrations were determined
by spectrophotometric absorbance at 260nm. 5.0, 2.5, 1.25 ug of total RNA was
separated on a denaturing agarose gel. RNA gels were Northern blotted and tige bindi
of DIG-labeled DNA probes was detected by CSPD development followed by
autoradiography. Equal loading was confirmed by ethidium bromide staining of the gel
and by probing for DNA gyras@yrA). RNA concentrations in pg are noted above the
lanes in each image. Fresh RNA was isolated for each experiment, and tise result
presented here are representative of three independent preparations. CS104 & show
comparison for typical parental expression levels. Alt. 1 is shown as a positiva contr

for PA pathway upregulation.
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Figure 6. Survivor strains obtained fr@npyogenes strains CS101, 64P, and the 64P
passaged strains demonstrate variable levels of formate production. Thal sraint is
shown above the barS. pyogenes strains were grown statically in TH broth under a 5%
CO, atmosphere and 24 hour culture samples were removed, filter sterilized, at heat
to 9F°C for 2 minutes. Formate levels were determined using a formic acidtt@®t ki

Biopharm). Each concentration is an average of two independent cultures.
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100% upregulation of the PA pathway in 6 randomly selected survivor strains was also
seen for strains isolated from a 64P culture. 57% of 7 survivor strains from 64BP9L
produced increased levels of formate, but this increase was more modest than that of
survivor strains from other cultures. No strains from 64BP9S produced high formate
levels, and 14% of the 7 strains from 64/14 had formate upregulation. These differences
may reflect the random nature of the mutations and the random selection process for
survivor strains. Further testing would be required to determine if thereak a re
difference in the ability of strains to change their regulation of the EAwpg.

To further verify the formate production data, and to investigate whether the
increase in formate production was due to an increase at the transcription detheyiN
blotting was performed on selected M64 survivor strains. As predicted by irttrease
formate levels (Fig. 6), strain 15 (isolated from a 6-week culture of 64/14julated
expression opfl, pta, andackA (Fig. 7). Strain 26 (isolated from a 7-week culture of
64P) also upregulated expression of these three genes. In addition, Northern blatting wa
performed for two strains that did not have increased formate levels: 29 (a 7solegk |
from 64BP9L) and 34 (a 7-week isolate from 64BP9S). Both of these strains showed
similar transcription levels gifl to 64BP9S (Fig. 7). These data suggest that increased
PA pathway expression during exponential phase occurs after survival, but is cietisele

by multiple passages in mice or human blood, which mimic acute infection.
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Figure 7. Survivor strains that produce high levels of formate increase tpanscoif

genes for the PA pathway. Total RNA was isolated from mid-exponentsl C&loonm

0.50 - 0.65) grown in TH broth. RNA concentrations were determined by
spectrophotometric absorbance at 260nm. 5.0, 2.5, 1.25 ug of total RNA was separated
on a denaturing agarose gel. RNA gels were Northern blotted and the binding of DIG-
labeled DNA probes was detected by CSPD development followed by autoradiography
Equal loading was confirmed by ethidium bromide staining of the gel. RNA
concentrations in pg are noted above the lanes in each image. The results presented he
represent one RNA isolation to verify the results found in Fig. 6. CS101 is shown as a

comparison for typical parental expression levels.
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One of Three Clinical Isolates Upregulated PA Pathway Expression
In the closed environment of long term stationary phase cultures, metaboligtyigers
necessary to maintain the pH above the toxic threshold of 5.6 (&ab@2009; Wood
et al., 2005). To see whether metabolic diversification could be detected in vivo, PA
pathway expression was analyzed in three clinical isolates. The stamssalated
previously from tonsillar material from 3 males 20, 21 and 22 years of age thatdepor
suffering from recurrent tonsillitis (Podbielsdtial., 2003). S. pyogenes were cultured
from the tonsil swab and surgical specimen from one patient (isolate 221) éusivestg
from the surgically removed tonsil material of two patients (isolates 5a88 MK322)
(Podbielskiet al., 2003). In all tonsillar samples, intracelluapyogenes could be
visualized by immunohistochemistry and light microscopy with antibodies elirect
against the streptococcal cell wall (Podbiektlal., 2003). Like CS101, strains 221 and
Sfr321 were M serotype 49 strains. MK322 was M serotype 6. One complication of
these studies is that only the survivor strains and not the parental strain afida¢ cl
isolates were available, therefore, matched serotype controls wer®utes
analysis of clinical isolates; CS101 for M49 and JRS4 for M6. Northern blotting was
performed on the three clinical isolates and their serotype controls. Probess$oripts
in the PA pathway were usetttO, pfl, pta, andackA. The gene encoding Gyrase A
(gyrA) was used as a loading control. Only strain 221 increased transcription of the PA
pathway, while Sfr321 and MK322 had similar transcript levels as that of CS101 and

JRS4 (Fig. 8).
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Figure 8. Transcription of genes for the PA pathway was upregulated in one of three
clinical isolates. Total RNA was isolated from mid-exponential bac{®fi®oonm 0.50 -

0.65) grown in TH broth. RNA concentrations were determined by spectrophotometric
absorbance at 260nm. 5.0, 2.5, 1.25 ug of total RNA was separated on a denaturing
agarose gel. RNA gels were Northern blotted and the binding of DIG-labeled DNA
probes was detected by CSPD development followed by autoradiography. Equmeg loadi
was confirmed by ethidium bromide staining of the gel and by probing for DNAegyra
(gyrA). RNA concentrations in jLg are noted above the lanes in each image. Fresh RNA
was isolated for each experiment, and the results presented here esentgive of

three independent preparations.
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To further verify that strain 221 was the only strain to upregulate PA pathway
transcription, metabolite expression was measured. Lactate, foandtacetate levels
were measured during exponential growth using metabolic test kits (R-Biopha
During PA pathway utilization, lactate is consumed, and formate and acetate ar
produced. As expected, strain 221 significantly increased formate and acetate
production, with a corresponding decrease in lactate (Fig. 9). Both MK322 and Sfr321
had no increase in acetate or formate production, and the levels of lactatemilardi
that of the serotype controls. These data suggest that it is possible to mddatdlular
survivors, such as strain 221, that have increased PA pathway expression during
exponential growth. In the studies by Podbieélkdl. only a single strain from each
tonsillar sample was saved (Podbiektkal., 2003). Previous in vitro data showed
diversity amongst strains in a closed environment, so it would be interesting to obtai
multiple strains from one tonsil specimen to analyze for diversity within on@.orga

To further confirm that parental, non-surviving strains do not have increased
levels of PA pathway expression, multiple parental strains were testaérction of
formate. Strains from multiple M-types (M1, M2, M49, and M64) were compared. All
of the strains expressed low levels of formate, except for NZ131 (M49) which praaluced
moderate amount of formate, 7.5 mM (Fig. 10). NZ131 is an isolate from a case of post-
streptococcal glomerulonephritis, so it is possible that the bacteria suwithdin the
host beyond the primary acute infection before isolation of this strain (SmcoRearetti,

1991).
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Figure 9. One of three clinical isolates produced increased levels of thieafites

involved in the PA pathwayS. pyogenes strains were grown statically in TH broth under

a 5% CQ atmosphere and exponential cell density was monitored by culture absorbance
at 600nm. Late exponential phase ¢®.80 - 0.90) culture samples were removed,

filter sterilized, and (A) lactate, (B) acetate, and (C) formadee determined using
metabolic test kits (R-Biopharm). Metabolite concentrations presentiie Jterbroth

are represented in each graph by the bar at the left. Each bar represents teueea

from at least three independent cultures. The standard deviation of the mean is

represented by the error bars.
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Figure 10. Parent& pyogenes strains produce low levels of format& pyogenes
strains were grown statically in TH broth under a 5% @nosphere, and 24 hour
culture samples were removed, filter sterilized, and heated@®f®02 minutes.
Formate levels were determined using a formic acid test kit (R-Bigyha&ach

concentration is an average of two independent cultures.
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S. pyogenes Survivor Strains Diversify Virulence Factor Expression

Survivor strains isolated from long term cultures diversify metabolic facamd
this was suggested by the clinical isolates. Therefore, we were iatemresnvestigating
whether virulence factor expression was altered upon survival. Survivor stoams f
both in vitro survival systems were used. Four strains (Alt. 1, Alt. 2, Alt. 4A, and Alt.
4B) were isolates from 14-week CS101 cultures. Five strains (E11, E47.5, E47.6, E47.7,
and E47.8) were intracellular isolates from 5 day co-cultures of CS101 with A549 human
lung epithelial cells. Alts. 4A and 4B as well as E47.5 — E47.8 were isolated from the
same culture or well, respectively. The other survivor strains were eadkdsola
independently.

S pyogenes possess >13 well-characterized virulence factors (Reviewed by
Musser and Shelburne, 2009). Four key virulence factors were chosen for
characterization; the anti-phagocytic M protein, the cysteine proteaptosbccal
pyrogenic exotoxin B (SpeB), the pore-forming cytolysin streptolysin @jSand
fibronectin binding protein (PrtF2), which plays a role in binding and invasion into
eukaryotic cells. The transcription of the genes for these selected kenearfdetors
during exponential phase was compared between the parental and survivor strains by
real-time quantitive PCR (RT-gPCR).

Transcription of eim, which encodes M protein, varied between the strains (Fig
11A). Alt. 1, E11, E47.6, and E47.8 showed decreased expression levels compared to the
parental strain CS101, while Alt. 2, Alt. 4A, Alt. 4B, E47.5, and E47.7 had similar
expression levels as CS101. Expression levagbstBP were similar between each

survivor strain and CS101 (Fig. 11B). Expression levessoah the survivor stains were
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Figure 11 Virulence factor transcription varies between survivor strains. Phsératia
CS101 and 9 survivor strains derived from CS101 were analyzed by real-time PCR for
expression levels of three virulence factor genes@), (B) prtF2, and (C)do. Alt.

strains were isolated from 14-week cultures of CS101 in TH (Continued on Page 79)
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broth. E11 and E47.5-E47.8 were isolated from 5-day co-cultures of CS101 with the
A549 human lung epithelial cell line. The RNA was isolated from mid-exponential
cultures in TH broth. Transcription pfoSwas used as a control and data are expressed
as relative expression of the gene of interept¢® (2*“"). The data shown is an average
of 3 independent RNA isolations for each strain. The standard deviation is represented
by the error bars. The values for the survivor strains were compared to CS101. (*)
represents a significant difference of p<0.5, and (**) represents a sagnifiifference of

p<0.05.
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varied with the strains Alt. 1, Alt. 4B, E11, and E47.8 showing decreased expression,
while strains Alt. 2, Alt. 4A, E47.5, E47.6, and E47.7 retained similar expression levels
to CS101 (Fig. 11C). Therefore, a large amount of variation in expressiondéygelses

encoding virulence factors was seen between survivor strains and CS101.

speB Expression is Variable and Growth-Phase Dependent

SpeB is a cysteine protease whose exact role in virulence is unclear. cBpeB a
upon both host and bacterial proteins. In some strains it has been shown to be important
for tissue damage, bacterial invasion, inhibition of phagocytosis, and degradation of
complement proteins (reviewed by Chiang-Ni and Wu, 2008). There was no significant
change in transcription gpeB for Alt. 1, Alt. 2, Alt. 4A, and Alt. 4B. All of the
survivors from eukaryotic cell co-cultures except E11 displayed a maat@de
expression level compared to CS101 and the culture-derived survivors (Fig. 12A).
However, at this OB, between 0.5 and 0.68eB transcription was highly variable
between experiments. Sing@B transcription has a rapid increase during the transition
from late exponential to stationary phase (Reviewed by Kietzman andoGap@do;
Chiang-Ni and Wu, 2008; Loughman and Caparon, 2006), it is possible that the
variability was caused by different cultures being at slightly diffegrowth states. To
determine if there were other stages of growth that showed less variatpeB in
transcription, CS101 and E47.8 were compared ab6IL2 and at each 0.1 increment
between 0.5 and 1.0, corresponding to early through late exponential phase. E47.8
increased transcription at an earlier growth phase than CS101 (Fig.sp2B).

expression is extremely low in CS101 until §ébf 1.0. However, expression in E47.8
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Figure 12.speB expression is variable, and its expression increases earlier for survivor
strain E47.8 than CS101. (A) Parental strain CS101 and 9 survivor strains derived from
CS101 were analyzed by real-time PCR for expression levete®f The RNA was

isolated from mid-exponential cultures, 0.5 — 0.65 in TH broth. Transcription of
proSwas used as a control and data are expressed as relative expression of the gene of
interest toproS (2*“Y). The values for the survivor strains were compared to CS101.

(**) represents a significant difference of P<0.05. (Continued on Page 82)

81



(B) Parental strain CS101 and E47.8 were analyzed by real-time PCR faysexpre

levels ofspeB at ODy00.2, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 representing early through late
exponential phase. The data shown is an average of 3 independent RNA isolations for
each timepoint. Open diamonds represent one experiment, closed squares represent a

second experiment, and closed diamonds represents a third experiment.
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was already slightly upregulated at £80.2 with a massive increase in expression as
growth continued. There was still variation between cultures, suggesting some
disregulation ofpeB transcription with a tendency for increased expression in survivors
from eukaryotic co-culture (Fig. 12B). As a control for growth kinetics, a ijrowve

of CS101 and E47.8 revealed that their growth is nearly identical (Data not shown).

Survivor Strains Show Diverse Virulence Characteristics

With a large number of virulence factors and a complex regulation system
controlling them, we wanted to see whether the diversity in virulence facter ge
transcription applied to changes in virulen& pyogenes infection of zebrafish¥anio
rerio) has been established as a simple and accurate model of virulence asyit closel
mimics results seen in human infections (Miller and Neely, 2004). CS101 and the
survivor strains were each injected into the dorsal muscle of zebrafish. iatahe
fish was scored for survival each day for 5 days. The parental strain CS101 caused 100%
mortality by Day 2 (Table 3). In contrast, all of the stationary phasaretderived
survivor strains (Alt. 1, Alt. 2, and Alts. 4A, 4B, and 5A) showed decreased virulamce. |
addition, the co-culture derived survivor strains E11 and E47.8 showed decreased
virulence. However, fish injected with E47.5-E47.7 showed high mortality rates. This
study showed that there were changes in virulence between the surviva, $twdithis
did not correspond to changes in any one virulence factor studied (Figs. 11 and 12, and

Table 3).
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Table 3. Survivor strains showed variable virulence in zebrafish

Incidence of zebrafish dedth

Strain Day 1 Day 2 Day 3 Day 4 Day 5 Mortality
Cs101 22 8 30/30
Alt. 1 1 3 4/12
Alt. 2 2 2/12
Alt. 4A 2 3 5/12
Alt. 4B 4 4/12
Alt. 5A 1 1/6
Ell 1 1 2/12
E47.5 7 5 12/12
E47.6 3 7 10/12
E47.7 3 8 11/12
E47.8 1 1 2 4/12

210 - 1¢° of log phase bacteria were injected into the dorsal muscle of the zebrafish.
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Avirulent Survivor Strains Are Cleared

To further investigate whether the strains with low virulence dissemanalte
survive in the zebrafish, bacterial load in the spleen was analyzed at 24 hours and 3 days
(Table 4). Alt. 1 was not detected in 4/5 animals 24 hours post-infection.and1847.8
were cleared faster than wild-type and essentially eliminatéawone day. The fish
infected with CS101 had ~4@FU in the spleen at Day 1 and were dead by Day 3. Alt.
4A infected fish also had ~A@FU in the spleen at Day 1, but the bacteria were cleared
by Day 3. Alt. 5A infected fish had ~46plenic CFU at 24 hours. Since fish do not
have tonsils or nasal associated lymphoid tissues, dissemination to and survival in the

spleen are used as measures of virulence.

Survivor Strains Are Killed Upon Incubation with Human Blood

Neutrophils are the primary cells responsible for phagocytosis and deatsh
pyogenes from the human (reviewed by Voyiehal., 2004). Since the strains were
cleared in the zebrafish model and many of the strains lah@expression, a whole
blood killing assay was used to determine whether the survivor strains could survive in
human blood. CS101 and each survivor strain were incubated with normal human blood
from four volunteer donors. CS101 displayed a 4.5-log increase in bacterial numbers
upon a 3-hour incubation with the blood (Fig. 13). In contrast Alt. 1, E11, E47.6, and
E47.8 had decreased CFU after 3 hours, suggesting that the bacteria were kithedis T
a correlation betweeamm expression and the ability of CS101-derived strains to be

killed by whole blood (Fig. 11A and Fig. 13).
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Table 4. Attenuated survivor strains are cleared from zebrafish spleens

Strain Spleen CF24 hours Spleen CF3 days
CS101 2.5x1H(10/10) Dead (0/5)
Alt. 1 12 (1/5) 1 (1/5)
Alt. 4A 1.5x10 (5/5) 16 (2/4)
Alt. 5A 2.6x10 (N/A) N/A

E11 5 (5/5) 0 (0/5)
E47.8 40 (5/5) 14 (1/5)

@Spleens were homogenized and plated on CNA medium. The number in parenthesis
represents how many fish have remaining CFU, and the average CFU is reported for
those fish.

® One fish died before harvesting the spleen
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Figure 13. Whole blood killing varies between survivor strafigyogenes CS101 and
survivor strains were added to heparinized human blood from healthy donors at a
concentration of ~300 CFU/ml. The bacteria/blood mixtures were incubate¥Cafo87
3 hours. Samples were taken at Time 0 and 3 hours for CFU enumeration. The data

show the log, difference in CFU (FTy) for each of four donors, and the black bars

represent the mean for each strain.
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The Generation of Diversity in Survivor Strains May Be Due to Random Mutaion

S pyogenes virulence factor expression is controlled by a complex interplay of
global regulators , including multiple stand-alone regulators, and 13 two component
response regulators (Reviewed by Kreikemeyat., 2003). Many of these regulators,
such as Mga, CovR/S, and RopB/Rgg regulate multiple factors, including metabolism
and virulence factor expression. Figure 1 shows a partial diagram of theezompl
regulation system, focusing on Mga and the regulation of SpeB.

Strains isolated from the same long-term stationary phase cultures are
metabolically diverse when compared to each other, even between straind fsotate
the same culture. These phenotypes are stable even after multiple passggesting
the changes may be genetic. Accumulation of mutations in long-term stafhaese
cultures has been well documentedtirtoli (Reviewed by Zinser and Kolter, 2004). To
determine if mutations in global regulatorsSopyogenes could be detected in strains
isolated from surviving cultures, the genes of 10 known regulators were amplified by
PCR and sequenced in each of the survivor strains. The sequences were then compared
to the parental CS101 strain to look for mutations in these genes or their promoter
regions. Three strains showed three different types of mutations (Tal?\.5).had a
point mutation incodY. This mutation codes for an amino acid change at position 128 of
glycine to glutamic acid. CodY is a repressor that responds to levels of hiahche
amino acids. Its structure has been determined (Leveéikaly, 2006), and position 128
lies within the N-terminal cofactor binding domain. It is possible that a rontatithis
area could affect its regulatory actions. A different mutation was found.i@ AA 12

base pair insertion that is a direct repeat of the sequence in front of it occulred in t
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Table 5. Sequencing survivor strain regulators reveals random mutations

Sequencing Result as
Compared to Parental
Strain CS101

Function

codY Point mutation of G to A in Controls expression of stationary genes by
Alt. 1. Causes AA #128 to repressing exponential phase genes (Mdle.,
change from G to E. 2006).

CCPA No mutations Repressor that plays a role in catabolite
repression (Deutscheral., 2005).

srv No mutations Homologous to a member of Crp/Fnr family
(involved in the acetate switch). Regulates
virulence factors irs. pyogenes(Reidet al .,

2004).
SPy1548 Alt 2 showed an insertion FNR-like protein, which is involved in the
of 12 bases. Adds lle-Val- acetate switch. FNR is an activator of the Arc
Val-Ala. Insertion is a operon inS. gordonii (Donget al., 2004).
repeat of sequence
preceding it.
relA No mutations Converts GTP to pppGpp during the stringent
response (Malket al., 2006).
rgg/ropB No mutations A mutation ingg causes utilization of serine
and arginine in the presence of carbon. Rgg
affects growth phase proteins associated with
AA utilization (Chausseet al., 2004; Chaussee
et al., 2003).
SPy1630 No mutations Omega subunit of RNA polymerase. Has a role
in stringent response & coli (Vrentaset al.,
2005).
SPy0145 No mutations Homology to AldR, which is a negative
regulator of transcription for genes involved in
amino acid metabolism ib. lactis (Goupil-
Feuilleratet al., 1997).
COVRS No mutations Two-component response regulator that acts as a
repressor ~15% of the GAS genome. Has a role
in stress response and regulation of multiple
virulence factors (Churchwasd al., 2009).
mga Single A insertion in Alt.  Multiple gene activator of GAS, which controls
5A after a string of As expression of ~10% of the genome. It has
preceding it. Causesa  effects upon multiple virulence factors, including
frameshift mutation mid-  activation ofspeB andemm (Hondorp and
gene. Mclver, 2007).

RALPs  No mutations RofA-like proteins (RALPSs) control multiple

virulence factors includingrtF2 andspeB.
They also regulate other regulators, including
mga (Kreikemeyeret al., 2003).
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SPy1548 gene. SPy1548 is a hypothetical protein in the GAS genome that has homology
to an Fnr-family (fumarate nitrate reductase) prot&meptococcus gordonii produces

Flp (Fnr-like protein) that activates the arginine deiminase operon (@a@hg2004).

Fnr proteins are involved in the acetate switch in bacteria su¢hcal, in which the

cells switch from producing acetate during exponential phase to cataboliziatgace

during stationary phase (Kumatial., 2000). A mutation was also detected in Alt. 5A.

A single nucleotide insertion occurred in the middle of the gene, inserting aosatke

Using a predictive translational website, this mutation at AA229 would introduce
numerous stop codons after the mutation. Since this is a mutation mid-gene, lthis like
would lead to a truncated protein that could be present in the cell or degraded. The Mga
protein has two helix-turn-helix (HTH) domains on N-terminal end, upstream of the
insertion. The middle of the protein, where the mutation occurs, has a
phosphotransferase system (PTS) regulatory domain (PRD). The PRD is resdonsibl
phosphorylation of conserved histidines within its own domain via the PTS phosphorelay
(Hondorp and Mclver, 2007). It is uncertain what effect the SNRymmay have upon
virulence. These mutations were found only in single strains and were not pmesent i

other strains, even those isolated from the same stationary phase culture.
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CHAPTER 4

DISCUSSION

Genic diversification oftreptococcus pyogenes has been seen in detailed studies
of clinical isolates (Beredt al., 2010), and the mutations seen in successive outbreaks of
subclones suggest the strains may be mutating in the host. Although it is well known that
S pyogenes strains are diverse, the niche where diversification occurs is stillauncle
During studies on two in vitro models of carriage (survival in stationary phase and
survival in eukaryotic cells) we observed the formation of polyclonal populations with
respect to proteomes and metabolism (Weiad., 2005; Woockt al., 2009). Metabolic
diversification was detected only in strains during survival, suggestingcicefor
changes in metabolism during survival. The strains also showed diverse patterns
transcription of genes encoding virulence factors. These changes teght@ton of a
majority of the survivor strains, although the mechanism causing attenuamade&
vary in the zebrafish model. In human blood, attenuation correlated to changes in M-
protein expression. Sequencing of global regulators suggested that the enamyds
necessarily due to mutations in global regulators and the mechanism contiwdintges
in gene expression are likely to be different for each strain. Despite thg@onst
observed, MLST was not altered in the survivor strains. Taken together, these data
suggest that conditions encountered during survival drive random mutation. The nature

of the diverse population reflects both random mutation and selective pressures.
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Metabolic Diversification is Selected During Survival

Since the metabolic systems in bacteria need to reflect the availabéntsuémd
chemical composition of the environment, bacteria need to adjust metabolism tdegenera
energy, control the pH of the system, create a reducing environment, and toegenerat
molecules for growth and cell maintenance. Metabolic changes allow tleei®aot
utilize alternate sources of energy from the environment or utilize metgdikle lactic
acid, that are byproducts of exponential phase metabolism. The stresses present i
culture and co-culture may drive and select for the diversification of dolietlly
heterogeneous population $fpyogenes.

Todd-Hewitt broth is a nutrient rich medium. Glucose is present during
exponential phase, ar&lpyogenes utilizes glycolysis to generate energy followed by
fermentation. During exponential phaSepyogenes is homofermentative and it
produces large quantities of lactic act.pyogenes lacks the genes that would encode
the enzymes of the TCA cycle and electron transport chains, tharetayd carbon
cycling and eliminating the ability to obtain energy by respiration. The pyierergy
sources such as glucose present in bacterial culture are depleted duriegriong t
survival. After depletion of the primary carbon sou®eyogenes can ferment lactate by
the PA pathway to obtain energy with the production of formate, acetate and ethanol a
byproducts. They can also catabolize amino acids providing both energy and a source of
ammonia to help prevent drops in culture pH caused by lactate fermentation..

The intracellular environment of eukaryotic cells is also nutrient-laniteboth

phagocytic vesicles as well as in the cytosol (Gee#t., 2001). Studies with.
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monocytogenes in macrophages have shown that the metabolism of intracellularly
growing bacteria was very different from bacteria growing ghugose containing
medium (Eyleret al., 2008). One study that selected for replication-defe&ive
typhimurium mutants in non-phagocytic cell lines found that the bacterial mutants were
auxotrophs for purines, pyrimidines, aromatic amino acids, and histidine. These strains
were attenuated in mice, suggesting these components are limited inabel lunitr
environment (Leung and Finlay, 1991). Additionally, a mutaticsraA in S,
typhimurium gave rise to avirulent strains since mammals do not metabolize the aromatic
compounds paraaminobenzoic acid and dihydroxybenzoic acid, for which the bacteria
were auxotrophic (Stoket al.,1983). Therefore, the environment inside eukaryotic cells
as well as in long term culture may select for strains with changestabolism.

When the isolated survivor strains were regrown in Todd-Hewitt broth, many of
the strains displayed a heterofermentative phenotype, even with glucose stiit pne
the medium. These strains had increased transcription of genes for the PA pathway
Although protein levels and activity were not measured, the production of formate,
acetate, and ammonia suggested that increased transcription of genes involved in the
metabolic pathways corresponded to increased enzyme levels. In ad&ipyngenes
can generate energy during stationary phase by catabolizing amino amite ad
arginine both contribute to the stationary phase metabolism, and their usage produces
ammonia as a byproduct. Some of the survivor strains produced ammonia during
exponential phase, suggesting amino acid catabolism in the presence of gluchse. Int
closed system of long-term survival in TH broth, the pH was greatly affectdu by

byproducts of these stationary phase metabolites. In order to offset the higidy ac

93



environment produced by mixed acid fermentation in some strains, ammonia production
kept the pH above the critical level of 5.6 (Wa@l., 2009). Therefore, the metabolic
diversity of strains generated from a closed in vitro environment may have been driven
by the need for pH stabilization.

One strain derived from co-culture of CS101 with A549 human lung epithelial
cells, E11, had been previously characterized. E11 survived intracellularly, and
mutations in both metabolism and virulence would have a selection in this environment.
Theoretically, the intracellular environment of eukaryotic cells posséss®esn
buffering system, and metabolic diversification would not be necessary to cboetpiit
of the surroundings, in contrast to the closed environment of TH broth. E11 upregulated
expression of the PA pathway during exponential phase (Morgan and Buttaro,
submitted). Additional co-culture derived survivor strains did not increase express
the PA pathway, as detected by formate production (data not shown), suggesting that
metabolic diversity may be occurring intracellularly. Intracellulatrient limitation may
have selected for diversification of the co-culture derived survivor strainse $trass
were not fully characterized for metabolic profile, so it is possible trahstother than
E11 may upregulate the PA pathway or amino acid utilization pathways tatgener
energy during survival.

The metabolically diverse survivor strains also had alterations in colony
morphology. The development &fpyogenes strains with alternate colony morphologies
have been seen in other studies. When an inducing agent such as penicillin is added to
the medium, som8&. pyogenes become cell wall deficient L-forms. Some of these strains

are unstable and revert to parental phenotype, while some strains retaiioime
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morphology upon removal of penicillin, suggesting mutational changes (Reviewed by
Domingue and Woody, 1997). Mouse models have shown that L-forms disseminate to
the organs, particularly the spleen, after intraperitoneal injection of $tdbten strains

of S pyogenes (Kaganet al., 1976). An osmotically stable L-form was able to destroy
Girardi human heart cells in human tissue (Leon and Panos, 1976). Intraperitoneal co-
infection of rats with penicillin-generated L-forms and the A-49 parenjdb(8s ofS
pyogenes showed that L-forms persisted for more than 30 days whereas the parental
strain was only detected up to 15 days post infection (Michagioala, 2000). In the
present studies, alternate colony morphologies were observed upon survival io e tw
vitro survival systems, but no L-forms were detected.

S pyogenes M64 strains that were passaged multiple times in blood or in mice
resulted in phenotypic changes in colony morphology including small colonies @mith
al., 2005; Raedexst al., 2000; Raeder and Boyle, 1993; Reaial., 1984) like those
isolated in our survival assays (Woeidl., 2005; Leonardt al., 1998; Morgan and
Buttaro, submitted). Alterations in colony morphology in environments of multiplesstre
factors have been seen in other systems. Upon invasion of eukaryotif @eligus
forms small colony variants (SCVs) which, as their name suggestsnalters
appearance when compared to the parental strains. SCVs are small begausecthe
accumulated mutations in metabolic genes. Under aminoglycoside selectiors such a
gentamicin, some of these mutations interfere with production of heme-containing
cytochromes. This changes energy production from respiration to predominantly
fermentation because of defect in the electron transport system (E&Bhentation

yields less ATP so cells grow slower such that they form smaller esloSince the

95



electrochemical gradient generated by the ETS is reduced, the impartrafglycosides

is reduced, leading to antibiotic resistance (Chetatl, 1997). Other mutations result

in amino acid auxotrophies. When the amino acids were introduced into the growth
medium, the colonies regrew with the characteristics of the parental Reaie\yed by
Garzoni and Kelley, 2009). TI& pyogenes strains that were isolated with atypical

colony morphology were not an SCV phenotype. The survivor strains grew with similar
growth kinetics to the parental strain CS101. The small colony phenotype could be
contributed to a reduction in capsule expression.

In addition to having changes in colony morphology, the M64 passaged strains
had altered expression of several virulence factors incliggeigjand genes in thega
regulon (Raedesat al., 2000; Boyleet al., 1994; Raeder and Boyle, 1993; Raeder and
Boyle, 1993). The alteregbeB expression led to changes in post-translational
modifications of M protein, affecting its expression (Raetlet., 2000).

However, unlike most strains isolated from late stationary phase cultures or
eukaryotic cells, these passaged strains did not express the PA pathway during
exponential growth. Only upon inducing survival by regrowing each strain in lang ter
TH cultures did the strains upregulate expression of the PA pathway. This finding
suggests that metabolic diversification is probably selected for under cosdfi

survival but not by sequential passage in animal models.
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Survival in Stationary Phase and Eukaryotic Cells Led to the Development of

Polyclonal Populations With Respect to Virulence Factor Expression

We observed that there was virulence factor diversification in straineeddrom
stationary phase culture (Summarized in Table 6). Amongst the culture-deriviedrsur
strains, one had reduced levelswinm expression (Alt. 1), and two had reduced levels of
do expression (Alt. 1 and Alt. 4B). Alt. 4A and Alt. 4B were both isolated from the same
culture. The level aflo transcription in these two strains were different from one
another, suggesting that diversification in virulence factor transcripticuri@d between
multiple strains from one population. We had already seen that metabolic variation
occurred within one population, and this virulence factor variability suggests that
conditions encountered during survival allow for the development of a polyclonal
population of bacteria.

Levels ofprtF2 andspeB were similar to those of CS101. Each of the culture-
derived strains expressed low levelsmdB at mid-exponential phase, which is similar to
that of CS101. The expressionspEB typically increases in late-exponential/early-
stationary phase, so this low level of expression was not surprising. It viayinit
unexpected to see changes in virulence factor expressiemifoandsio in these strains
since the bacteria were not in contact with eukaryotic cells that would corieci\e
advantage for changes in these virulence factors. However, the mativeqlegssures
that are present in this limited, closed environment would include oxidizing conditions
and nutrient limitation. These pressures might also be found in environments in the
human host such as the intracellular niche. Mutations in regulators that affect both

virulence factors and metabolic genes would explain the changes in virulerce fact
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Table 6. Summary of virulence properties in survivor strains

Virulence Factor Expression

Cg:ggy prtF2*  slo®  emm” speB® Virulent Cleared Gr?nwth

(capsule) Blood"
CS101 Large = H H L Y N Y
Alt. 1 Small = L L L N Y N
Alt. 2 Small = H H L N Y
Alt. 4A Large = H H L N Y Y
Alt. 4B Small = L H L N Y
Ell Small = L L L N Y N
E47.5 Large = H H H Y Y
E47.6 Small = H L H Y N
E47.7 Large = H H H Y Y
E47.8 Small = L L H N Y N

¥ = represents equal expression amongst the strains analyzed
® H represents High expression, L for Low

°Y represents Yes, N for No
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expression, and there most likely would be no selection in culture againstegither
increase or decrease in virulence. These regulators, such as CovR/S, CodY, Srv, and
Rgg/RopB, sense changes in nutrient availability and are activated or represssedrba
these environmental conditions. Therefore, altered regulators genegraiteaibm

mutation may be positively selected during survival due to nutrient levels, anehdye
alter the expression level of virulence factors even though the cellsaactosed
environment. Indeed, a mutation in CodY was detected in Alt. 1.

The second survival model incubated eukaryotic cells with CS101 in the presence
of extracellular penicillin and gentamicin. The isolated strains had pasértatal levels
of sensitivity to these antibiotics, suggesting they were surviving insidedtexiad
niche of eukaryotic cells (Morgan and Buttaro, submitted).

The levels oemm andslo expression were variable between strains isolated from
the same co-culture well. Two of the four strains, E47.5 and E47.7, showed high levels
of emm expression. Although it is unknown whether all four strains survived within the
same eukaryotic cell, they were isolated from the same well. E47.8 had reduced
transcription levels odlo compared to the three other co-culture strains isolated from the
same well. Thus, virulence factor diversity was generated during survistaddeta a
polyclonal population.

In addition to nutrient limitation and oxidative stress, invasion efficiency could be
a selective force for survival in eukaryotic cells. E11 had a 10-fold increasetmvas
rate into A549 cells and a 2 fold increase in attachment (Morgan and Buttaro, sdjomitte
Capsule interferes with attachment mediated by attachment proteins sutff2aasnid M

protein. Strains that produce small colonies, like E11, do not produce capsule, so they
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would have an increased invasion rate. However, not all the strains isolated from
eukaryotic cells gave small colonies. There were no changetg-transcription in the
co-culture derived strains, despite their increased attachment ratehilS®xF2 is
important in attachment of the bacterium to the host cell, this increased atdachte
must be due to factors other thamF2 expression. In addition, three of the co-culture
survivor strains, including E11, had decreased levedenfexpression. M protein plays
a role in the avoidance of phagocytosis as well as in attachment. Thereémges in
attachment cannot be accounted for by changes in expression of genes emcoding f
known attachment proteins or capsule.

Strain E11 had the most significant decreastamexpression levels of all the
strains studied. Studies have shown that SLO plays a role in internalization. Ardeleti
in SLO resulted in increased internalization of the mutant into human keratisiocyte
although the mutant was attenuated in virulence (Briekal:, 2005; Brickert al.,

2002). These observations would be consistent with the generation of a carriagd-adapt
strain. In previous studies by our group, E11 had a slightly higher level assetiation

with A549 cells, and a greater than 10-fold increase in invasion percentage abtopare
CS101 (Morgan and Buttaro, submitted). It is possible that the decreshs@expression

led to the increased invasion rate of E11, although it could also be an interplay of
multiple virulence factors that affected the invasion rate, including SpeB.

Transcription of another virulence factgpeB, was also variable in co-culture
derived survivors. The expressionspéB appeared to be dysregulated in many of these
strains. Expression gpeB appeared to be increased in E47.5-E47.8, but due to high

variability between experiments, E47.8 was the only strain with a stdhstgmificant
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increase. Transcription gpeB is regulated on multiple levels (Fig. 1). The growth-
phase dependent regulators CcpA, LacD.1, and Rgg/RopB lead to incregmss in
expression during the transition from exponential to stationary phaser(isietand
Caparon, 2010; Chiang-Ni and Wu, 2008; Chaussak, 1999). Comparison of CS101
to the survivor strain E47.8 at early, mid and late exponential phase revealed that E47.8
began to upregulagpeB expression at an earlier growth phase, and the expression
showed high levels of variabilityspeB expression is influenced by at least six additional
regulators that could be responsible for variable levedpal transcription (Vfr, Srv,
RALPs, Mga, RopB/Rgg, and CovR/S) (Kietzman and Caparon, 2016t &1a2009;
Reidet al., 2006; Kreikemeyeet al., 2003). SpeB production has been implicated in
increased epithelial cell invasion in some strains (disai, 1998), yet also leads to
apoptosis in phagocytic cells (Chagigal., 2007; Tsagt al., 1999). The increased levels
of gpeB transcription suggest that in the CS101 background SpeB may be partially
responsible for increased invasion efficiency. The early expressspeBtould result

in increased invasion throughout growth, allowing better spread of the bactemebet
eukaryotic cells.

Therefore, in the intracellular niche, random mutations may have led to alierati
in virulence factor transcription leading to the development of a polyclonal population
with regard to virulence factors. Phenotypically altered strains would be fotimd tiie
polyclonal population. Some of these strains may be better adapted for increased
invasion and carriage, such as E11. Although not among our randomly selected strains,
it is formally possible that other strains may increase virulence prapeatid these

strains may re-emerge to cause disease.

101



Some but not all Survivor Strains were Attenuated in a Zebrafish Model ath
Attenuation was not Correlated with any Particular Virulence Factor Expression
Pattern
Since virulence factor transcription was varied, we hypothesized that veulenc
would also be diverse in survivor strains. Indeed, this is what was observed. However,
there was no correlation between virulence factor profiles and virulezebrafish
(summarized in Table 6). We had looked at transcription levels for four virulence
factors, butS pyogenes encodes over 13 virulence factors. It is possible that there may
be a correlation between virulence and one of the factors that we had not yetcnalyz
All four of the culture-derived strains were attenuated for virulence in z&loraf
despite varying levels of virulence factor expression. Most of the attentiaied,s
except Alt. 4A and Alt. 5A, showed low numbers or were not present in the zebrafish
spleen at 24 hours post-infection, suggesting clearance from the fish. Thist iskely
due to clearance, but the bacteria may have been killed by immune cells, such as
macrophages or neutrophils, at the site of infection and never made it to the spleen. M
protein is a major determinant of survival in the phagocytic cells. Three daténeaed
strains analyzed — Alt. 1, E11, and E47.8 —expressed low levaisoénd presumably
M protein. The attenuated strains Alt. 2, Alt. 4A and Alt. 4B expressed high levels of
emm. Both M+ and M- strains can be internalized into human neutrophils, and those with
high M expression can avoid phagocytic killing (Statdl., 2003). It is possible that
the M- strains, such as Alt. 1, E11 and E47.8 are killed by neutrophils at the injection site

therefore very few bacteria enter the spleen. However, attenuated $ishiesgress M
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protein may be internalized by the neutrophils without immediate killing. The
neutrophils containing bacteria would then enter the spleen to be cleared frash.the f

In the case of CS101, the bacterial load within the spleen at 24 hour$ iEF10
CS101 expresses high levels of M as well as capsule, which would preventéaatea
and eventually lead to lethality. All fish infected with CS101 were dead by 3 days pos
infection. Alt. 4A gave similar levels of bacterial load to CS101 at 24 hours, asd it al
expressed high levels emm as well as capsule, as seen by its large colony morphology
(Wood et al 2005). However, for unknown reasons, Alt. 4A had attenuated virulence and
was cleared by day 3 despite its high splenic load at 24 hours. The other M+ sttains, A

2 and Alt. 4B, had attenuated virulence even though they still exprassed

Reduced Survival in Human Blood Correlated with Changes immm Transcription

A significant characteristic d&. pyogenes virulence is its ability to survive in
blood. Strains that cause bacteremia in the host need to express virulence fdctors tha
would allow for survival inside phagocytic vesicles as well avoidance of therhiogtrie
response. We found that there was a drastic variability in the ability stithiror
strains to survive in human blood.

The strains with higlemm expression, such as CS101, had a ~4.5 log increase in
bacterial numbers during a three hour incubation in human blood, which implies a rapid
doubling rate of approximately 15 min. The strains that were killed in human blood were
almost entirely eliminated after a three hour incubation. This difter in survival is
striking, and it reflects the rapid and severe onset of disease upon Streptococcal

bacteremia. Of the four culture-derived survivor strains, only Alt. 1 wasdkitl human
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blood. Strains E11, E47.6, and E47.8 were derived from co-culture and were killed as
well. All killed strains expressed low levelsafm. Hyaluronic capsule and M protein
often both contribute to phagocytosis resistance and growth in blood. Earlg studie
looking at the role of capsule on growth in human blood showed that an acapsular mutant
does not grow in human blood, and it was sensitive to phagocytic killing (Wessak]s

1994; Wesselst al., 1991). In contrast, later studies showed that capsule is important for
resistance to phagocytosis in 10% serum and in mouse infections, but M protein rather
than capsule was the major determinant for growth in human blood (Etasesl997).

Our results support this conclusion. Although levels of capsule expression were not
directly measured, previous studies have shown that capsule expression corresponds
directly to colony size (Wood al., 2005; Leonard (Buttare al., 1998), and colony

size did not show a direct correlation with whole blood killing, as can be seen by the
difference in survival between the two small colony strains Alt. 1 and Alt. Zhd# (6.
pyogenes strains have been shown to be internalized by human neutrophils whether they
are M+ or M-, but only M+ strain avoid phagocytic killing. This suggests that ini@aldit

to the anti-phagocytic properties of M protein, M protein aids in intracellularvslimi
phagocytic cells (Staadt al., 2003), but it is not essential for survival in epithelial cells

like those used for co-culture experiments.

Changes in Survivor Strains are Likely Generated by Random Mutation
We found that random mutations occurred during survival. Sequencing multiple
regulator genes in the survivor strains identified unique mutations that atoutheee

genes in three separate strains in the limited number of regulators thaaleed. The
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S pyogenes genome is characterized by a high number of genic and allelic changes.
Approximately 10% of its 1.9 Mb genome is comprised of prophages and integrated
conjugative element (ICEs) (Podbielski, 2007; Baetla., 2002). A large amount of
genic variation occurs i8. pyogenes during infection based on analysis of clinical
isolates. Even closely related epidemic strains varied by as many as RB82&iN
Indels. The SNPs occurred at a rate that would be expected for randomly gccurrin
mutations: based on genome sequencing, 69% were non-synonymous (i.e. amino acid-
altering) whereas 31% were synonymous, and they were evenly distributedibetw
coding sequences and intergenic regions (Batrals, 2010). Although these SNPs or
Indels have been detected, they haven't been directly analyzed for affentsegulator
activity. A mutation leading to altered function of the regulator proteins could have
significant effects upon metabolism and virulence of the strains.

In our survivor strains, the first mutation observed was a SNH&ivin Alt. 1
which led to a change in amino acid sequence from a non-polar glycine to the pola
charged glutamic acid. CodY is a global regulator that affects the sxpres multiple
genes involved in metabolism, stress response, quorum sensing, and virulence. CodY is
induced by amino acid starvation via mechanisms separate from the strirsgenisee
(Steiner and Malke, 2001). The location of the SNP is a conserved residue in the active
site of CodY. The mutation occurred at amino acid 128, which is predicted to be located
within the GAF domain based upon the crystal structure of CodY Bigubtilis. This
domain is present in many signaling and sensory proteins (Levdilaby 2006). Since

CodY has effects upon metabolic as well as virulence properties, it is possiltlesthat
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mutation may have contributed to virulence attenuation and metabolic changesfound i
Alt. 1.

A second mutation was found in the gene for the multiple gene regutag@y it
Alt 5A. The mutation was a single nucleotide insertion of an adenine after a $tring o
seven adenines. This type of mutation has been seen irSoflyegenes strains. In one
study, 85% of the Indels studied among 87 strains were due to a single nucleotide
insertion following a homopolymeric nucleotide tract, without regard to the nidgeot
type (Berest al., 2010). This genic insertion would cause a predicted alteration in
amino acid sequence in the middle of the phosphotransferase system (PTSpregulat
domain at amino acid 229. This regulation domain is located in the central region of the
Mga protein downstream of two helix-turn-helix (HTH) domains (Revieweddnddrp
and Mclver, 2007). This stand-alone regulator controls ~10% & thy@genes
genome, and it is itself regulated by many proteins (Fig. 1) (Reviewed by Hboguaidr
Mclver, 2007). In addition to other virulence factors, Mga influences éduothandspeB,
which were not analyzed in Alt. 5A. Howevemm andspeB transcription were altered
in multiple strains that did not have a mutatiomgg, so a direct correlation between
this mutation and changes in transcription level would need to be tested. Still, the Alt.
5A survivor strain was attenuated in virulence. There are conflicting studiesdaatki
the effect of anmmga mutation upon virulence. Two studies suggested thaian
mutation led to reduced virulence in mouse studies after skin infectiore(lalip2008;
Kihlberget al., 1995). However, inactivation afga in strain 64/14 did not reveal any
changes in virulence in a mouse skin infection model when compared with thgpeld-t

strain (Boyleet al., 1998). Further, a study by Podbielski’s group found that Mga in
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CS101, which produces high amounts of capsule, and the strains M2 and 591, low
capsule producers, showed conflicting roles in attachment/invasion. Mutatioga im
CS101 and M2 led to decreased binding of host matrix proteins as well as serum proteins,
but the mutations led to increased attachment and internalization in Hep-2rcé49
strains, Mga activates Nra, which is a repressor of genes for fibnohauating proteins.
Therefore, although an inactivationrofa would represemm expression, it may lead to
an increase in other fibronectin binding proteins (Fieetlat., 2010). Overall these
studies show that the regulation of- and regulation by- Mga is a complex interaction of
virulence factors and at this point it is difficult to determine whetheritiggesnucleotide
insertion found in Alt. 5A caused attenuation in zebrafish.

The third mutation observed was a 12 base insertion found in Alt. 2 in the
Spy1548 gene. The predicted protein from this ORF has 43% identical residudsewith t
FNR-like protein (Flp) irS gordonii. FNR (fumarate nitrate reductase) is a member of
the cAMP receptor protein (CRP)/FNR superfamily, which are activaglanaerobic
conditions. E. cali has the best characterized CRP/FNR proteins, where they act as
oxygen sensors. FNR regulators are found in both Gram-negative as well as Gram-
positive bacteria. The regulator has been extensively studieatah, in which it is the
primary protein responsible for the switch between aerobic and anaerobic grdvRh. F
acts to activate genes in anaerobic metabolism such as nitrate redubt&s2, D
reductase, and fumarate reductase. It also represses genes in aevahisgch as the
genes for succinate dehydrogenase and NADH dehydrogenase Il. In addiois, FN
sensitive to nitric oxide (NO) which renders it unable to bind DNA (Reviewed bk Crac

etal., 2008). Alt. 2 was isolated from a 14-week culture of CS101 in TH broth. The
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cells were incubated statically in 5% & Qo the cells are in a micro-aerophilic
environment. Under these limiting oxygen conditions, FNR would most likely be
activated. FNR proteins play a role in inducing the arginine deiminassrsysP.
aeruginosa andB. licheniformis (Donget al., 2004). Stationary phase cultures of CS101
began accumulating high amounts of ammonia by ~12 weeks of culture, suggesting tha
the bacteria were metabolizing amino acids, such as arginine, to gesrexagg during
stationary phase survival. In exponential phase, however, Alt. 2 did not produce
increased amounts of ammonia. The 12 bp insertion in Spy1548 was detected in this
strain, but it is not known whether this affects the function of the protein. Trargscript
analysis was not performed on this regulator gene, so we were not able tarseterm
whether the mutation in Spy1548 or other sources of transcriptional diversificaien w
responsible for the low ammonia production.

In looking atspeB expression as a function of growth phase, the co-culture
survivors expressed high levelsspEB at an earlier timepoint, suggesting that it was a
growth-phase dependent regulator that was affected. Rgg is a growtldppasdent
regulator, and it activatespeB transcription. We had sequenced/ropB for all the
survivor strains derived from stationary phase cultures, and we did not dstetiaamges
in the nucleotide sequences. However, the strains that showed a large incspei3e in
expression were all co-culture derived survivor strains. We sequeygteapB for
mutations in these strains, and no changes were detected in the co-culture darnsed st
(data not shown). It was surprising to find that there were no mutatiogg/iopB,
especially because studies from Musser’s group had founchtifedpB had the highest

rate of nucleotide diversification amongst genes in the core genome in a lalgefst
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isolates from invasive disease. The SNPs detected in this study wesasaihonymous
mutations, suggesting that there was a selection for phenotypic variation due to random
mutation (Beregt al., 2010). Interestingly, the clinical isolates analyzed were strains
isolated from invasive disease, which typically produce high levels of SpeB. giitlitou
would stand to reason that inactivatiorrgd/ropB via mutation would reduce the
amount ofspeB produced (Reviewed by Olsen and Musser, 2010), the regulation system
in S. pyogenes is complex, especially in relation $peB expression (Fig. 1). A loss of
Rgg/RopB function can affect other regulators as seen in Fig. 1. In partictégreisses
mga, which also regulatespeB; therefore inactivation afgg/ropB could lead to
activation ofmga leading to an upregulation gbeB. It is possible that additional growth
phase-dependent regulatorsspéB, such as CcpA or LacD1, were mutated in one or
more of the co-culture derived survivor strains leading to disregulatispeBf
transcription.

The mechanism and niche for the generation of random mutati@pyogenes
has not been determined. The average mutation rate for most bacteria is applp8mat
x 10° mutations/genomef/replication. This value is based upon analysis of genetic
mutations occurring within the genome, regardless of alteration in phenotype. Some
bacteria have higher mutation rates driven by a mutator phenotype @ehkel998).
CertainS. pyogenes strains demonstrate a mutator phenotype in stationary phase. The
mutSmutL operon is responsible for mismatch repair. In some strains a prophage
integrates between these genes causing a laoktbfexpression and a mutator
phenotype. This was originally observed in strain SF370, where the prophage SF370.4

integrates between these genes. During early exponential phage, th@erextises, so
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that the mismatch repair system is functional with a mutation rate“ab100°
mutations/generation. These mutation rates are based on a phenotypic change, the
resistance to ciprofloxacin, which would have a lower mutation rate than ifiomstat

the genetic level were analyzed. In late exponential phase and stationatiphas
prophage reintegrates, inactivating the mismatch repair system andiingree

mutation rate to I0to 10® mutations/generation. In general, strains like SF370 and
NZ131, which both express the prophage, have bacterial mutations at a rate of 3.3x10
mutations/generation and 3.2x1futations/generation, respectively. This is as much as
100 fold increase in mutation rate from the non-phage encoding strains like JRS1, with a
rate of 5.3x13° mutations/generation (Scattal., 2008). In M49 serotypes,

approximately 20% of strains examined have the mutator phenotype (Sevarov

2009). Analysis of CS101 revealed that it did not possess the prophage, suggesting that
its mutation rate would be that of non-mutator typeyogenes strains (McShan,

personal communication). However, mutation rates can increase due to alteénations
other factors.

Random mutation also can occur as a result of environmental stress. During
survival in eukaryotic cells and in long term stationary phase cultures, tlegibact
encounter adverse conditions such as nutrient limitation, starvation, and immuse stres
These conditions would be encountered during intracellular carriage; howeveiarthe
stress conditions that could occur during active infection. For example, somg, stra
especially those that are M-, may be taken up by neutrophils or macrophages. Some
additional stresses encountered upon neutrophil uptake include oxidative damage,

antimicrobial proteins, antimicrobial peptides, defensins, and proteases (Rebigwe
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Urbanet al., 2006). S pyogenes has multiple mechanisms of defense against neutrophil
stress. lItis able to avoid oxidative stress due to the regulator Peri®t@&ral., 2005;
Trainoret al., 1999; Reviewed by Urbaat al., 2006), it can avoid phagocytosis, it can
survive intracellularly mostly due to expression of H and M proteins, and it can lyse
neutrophils through the actions of streptolysin S and streptolysin O (Miyoshaihkist
al., 2005; Sieriget al., 2003; Reviewed by Urbaat al., 2006). Random mutation would
be beneficial t& pyogenes to generate a subpopulation of strains that increase
expression of these defense factors. Passagiggbgenes in human blood and the
mouse peritoneal cavity gave rise to strains with stable changes in virtdetare
expression (Raeder and Boyle, 1993) supporting the idea that multiple stresiseendi
including survival, may lead to random mutation.

There are multiple mechanisms by which these stressors can causensiuta
within bacteria. The SOS system can drive bacterial mutation rates byngaurcerror
prone DNA polymerase, such as DinB (Reviewed by Galhetrdio, 2007). S. pyogenes
encodes a DinB homolog called DinP (Kyoto Encyclopedia of Genes and Genomes). In
addition, stress can induce mutations within bacterial populations by affed¢tingatoh
repair, post-replication error correction, or transposon mobility. This strdgsdd
mutation is prevalent in nature, and bacteria sud¢h asruginosa can develop extremely
high mutation rates. Further, stress-related mutation is most often ddteonathin the
environmental niche due to stress factors (Reviewed by Galbaatlp2007).

Here, we observed three unique mutations in regulators of three different survivor
strains. As discussed in the above paragraphs, studies from other groups of teese thre

regulators - CodY, SPy1548, and Mga — showed effects upon virulence properties and/or
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metabolic properties. At this point, it is unknown whether the specific mutatioeawe

had effects upon the function of the regulator proteins. The mutations appeared to be
random which may have been induced by stress factors encountered during survival. The
changes seen were in three of the nine survivor strains tested. We selesded the
regulators for analysis since they play a role in metabolism and/or virulemeever,

random mutation could occur anywhere within the genome. It is likely that mutations
other than those seen in the regulators occurred during survival. The effectstafmauta

to the phenotypic changes observed were most likely due to an interplay of multiple
mutation events, not just a single mutation in a global regulator. Random mutégion of

aids in the survival of bacterial populations, as may be the caSepimgenes.

Survival Gives Rise to a Phenotypically Polyclonal Population with the SamdLST
Type

We found random mutations within survivor strains, suggesting that survival
within the tonsils may provide a protected niche for the generation of diversity in vivo
The ability to diversify may confer phenotypic plasticity to the populati®mpyogenes
could encounter stress during intracellular survival during antibioticniezdt The
diversification may allow for a subset of bacteria to survive intracefulavioiding
antibiotics and immune detection, by expressing low levels of virulence fa&oother
subset of bacteria may emerge with increased virulence and cause rieactivdisease,
or invade systemically causing severe invasive diseases. The geneti¢ydoardie the
result of single nucleotide polymorphisms and insertion/deletion events leaditedito a

diversity. As seen by changes in morphology, proteome, metabolism, virulerare fact
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transcription, virulence, and growth in human blod&gyogenes acquired random
mutations, and the environmental niche selected for phenotypic diversification.

Despite the three random mutations detected in the survivor strains from
sequencing only a handful of potential regulators, the multi-sequence locusvi/fsa)(
of the survivor strains did not reveal any mutations, indicating that all of thragesst
would be considered clonal based upon their MLST-type. MLST is a sequence-based
system for determining clonality of clinical isolates. ~500 bp from eachvehsgenes
in the core genome are sequenced, and any sequence divergence would indicate a
separate clone. To date, MLST as well as PFGE seem to be the most agpurgte
methodologies, short of full-genome sequencing. In addition to the random mutations
observed within the genome, these strains had large divergence in phenotyperas see
metabolic as well as virulence properties. This suggests that MLST, dithurg
accurate than many typing methods, has great limitations in determiningtglasal
defined by strains with an identical genome. Our survivor strains had not only ciranges
gene transcription, but, in particular, large differences in levels of vireleimca clinical
setting, this could have a significant effect upon disease outcome.

MLST as a predictor of clonal outbreaks obviously lacks in thorough recognition
of the small genic changes that lead to large phenotypic diversity within aapopulin
order to fully determine whether a strain is truly clonal, whole genome seqgencst
be performed on the strains. This is demonstrated in a study that analyzed 844 clini
isolates by full genome sequencing and found a large number of SNPs and Indels within
population subclones (Beressal., 2010). Since the first bacterial genome sequenced in

1995, whole genome sequencing in recent years has become relatively cheap and
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efficient, and it is emerging as a preferred method for accurate sedyeimge(Pearson
et al., 2009). Additionally, analysis of genic content can be performed by genome
hybridization with a microarray imprinted with each of the distributed genes of a
bacterial species (the genes that are separate from the core genorm&)jlowsi for a

more accurate typing method than MLST, but with similar cost @all, 2010).

General Conclusions

Heterogeneous bacterial populations are commonly found amongst pathogenic
species (Reviewed by Doretral., 2009; Hilleret al., 2007; Reviewed by Ehrlicét al.,
2005; Sheret al., 2005). Current studies suggest tRgtyogenes consists of a mixed
population of strains as seen by changes in morphology and virulence in vivet(azjz
2010; Berest al., 2010; Berest al., 2006; Sumbyt al., 2006; Raedest al., 2000;
Boyleet al., 1994). As seen in the results presented here, one of three strains isolated
from patients with recurrent pharyngitis up-regulated expression of getiesRA
pathway during exponential phase. These strains were most likely cathéd tive
tonsils of each patient, and therefore were examples of in vivo survivor stratheugk
the study was limited in sample number, it does suggest that metabolic andypossibl
virulence diversity may be occurring in vivo.

Multiple bacterial species have high mutation rates and show diversity upon
survival. Helicobacter pylori, Pseudomonas aeruginosa, andHaemophilus influenzae all
are significant human pathogens, and they modify their genome during survival.
However, genetic diversification is not a singular predisposing factor farvalr

Mycobacterium tuberculosis survives within alveolar macrophages. It does this by
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altering expression of virulence and metabolic factors, but this alteration is giness-
sensing transcriptional regulators rather than mutation. The results witlbatterial
species have interesting implications for diversificatiof. gfyogenes in the human host.

We observed here that survival gave polyclonal populations in two different in
vitro systems, as seen by diversity in metabolism as well as virulestoe éxpression.
We found that these changes led to attenuation in virulence in most survivor strains, but
there was no direct association between attenuation and virulence factesexpre
profile; however, growth in human blood correlates directly wmim transcription. The
phenotypic and transcriptional changes observed were most likely due to random
mutation followed by environmental selection. Lastly, we found that MLST did not
change in the survivor strains.

Although it is well documented th&t pyogenes clinical isolates are diverse, the
in vivo niche that allows for generation of diversity is still unknown. Duringecti
infection, such as bacteremia, growth is rapid, there is significant coimpé&tdm other
bacteria in the environment, and the immune system is active. Based on our results, we
propose that CS101 could invade eukaryotic cells where the bacteria would be ghrotecte
from antibiotics such as penicillin and also protected from the immune response. Under
these conditions CS101 could mutate into a population of diverse strains which retain
their MLST type, but have altered virulence and metabolic properties givini tise
kind of clinical strain diversification that has been observed by Musser andrkers
when they sequenced sequentially-isolated epidemic strains @ate2010).

S pyogenes are not typically intracellular pathogens, so the intracellular environment

may be nutrient limiting and cause oxidative stress. These conditions may $tiggs-
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induced mutations leading to random mutation. Some mutations may lead to phenotypic
changes in the bacteria, and environmental factors within the eukaryotic ceélenay

select for a polyclonal population with alterations in metabolic propertieongitinese
polyclonal strains, some strains may be more adapt at continuing to be carhed. Ot
strains may then arise with alterations in virulence properties that @arterge to

cause acute or invasive disease.
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APPENDIX A
MEDIA AND SOLUTIONS

Blocking Buffer
Boehringer Blocking Reagent
Buffer 1
Dissolve by microwaving
Cool to room temperature before use.

Boehringer Wash Buffer
Buffer 1
Tween 20
Make immediately before use.

Buffer 1 (5X)
Maleic Acid
NacCl
NaOH
Water
Adjust pH to 7.5 with NaOH pellets
Autoclave and store at room temperature.

Buffer 3
Tris Base
Water
Adjust pH to 9.5 with HCI
Autoclave and store at room temperature.

DEPC Water
DEPC
Water
Shake well and allow to sit at least 1 hour.
Autoclave and store at room temperature.

DNA Lysis Buffer
Tris
NacCl
0.5 M EDTA, pH 8.0
Water
Autoclave, allow to cool and add the following:
SDS
Store at room temperature.

EDTA, 0.5 M, pH 8.0
134

05¢g
50 mi

100 ml
300l

58¢
43.8 g
359
tol.0L

12.11g
10.17 g
to 1.0 L

1ml
to 1000 ml

2449

11.7 ¢

6.0 ml

to 1000 ml

509



EDTA (Disodium salt)

Water

Add NaOH until solution reaches pH 8.0
Autoclave and store at room temperature

Loading Dye
EDTA (pH 8.0)
Bromophenol Blue
Glycerin
DEPC Water
Autoclave and store at room temperature.

MOPS Buffer (10X)
MOPS
NaAcetate
0.5M EDTA (pH 8.0)
DEPC
Water
Autoclave and store at room temperature.

Phosphate Buffered Saline (0.1 M)
0.2 M KHPQO,
0.2 M KH,PO,
Water
Autoclave and store at room temperature.

Prehybridization Solution
20X SSC
50X Denhardts (KD Medical, Columbia, MD)
10% SDS
Sheared Salmon Sperm DNA (10 mg/ml)*
Water

186.12 g
to 1000 ml

2 mi
0.25¢
50 ml

to 100 ml

20.93 g
2.05 ¢
10 ml
1mil

to 500 ml

87.7 ml
12.3 ml
to 200 ml

6 ml
2 mi
1mi
200
to 20 ml

*Salmon Sperm is denatured before use: 5 minutes boil, then 5 minutes ice.

RNA Lysis Buffer
Tris
EDTA
NaCl
Water
DEPC
Bring to pH 8.0
Autoclave then add the following
SDS
Store at room temperature.

RNA Premix Solution

135

1.21g
0.56 g
5.84¢g

to 500 ml
1ml

259



10x MOPS

37% Formaldehyde
Formamide

DEPC HO

Made immediately before use.

SDS, 10%
SDS
Water

Sodium Acetate, 3M
Sodium Acetate
Water
pH to 5.5 with Glacial Acetic Acid
Store at room temperature

SSC (20X)
NaCl
NaCitrate
Water
Store at room temperature.

Todd Hewitt Broth (THB)
THB (Difco)
Water
Autoclave and store at room temperature.

2Qu
38
100l

345l

10.0¢g
to 100 ml

24649
100 mi

175.3 g
88.2 g
to 1000 ml

309
to 1000 ml

Agar: Add 1.5% Agar (Difco) before autoclave and store at 4°C.

Tris-Acetate Buffer (TAE) (50X)
Tris Base Solution
Glacial Acetic Acid
EDTA, 0.5M, pH 8.0
Water
Autoclave and store at room temperature.

Wash Buffer 1 (2X SSC, 0.5 % SDS)
20X SSC
SDS
Water

Wash Buffer 2 (2X SSC, 0.1 % SDS)
20X SSC
SDS
Water

Wash Buffer 3 (0.1X SSC, 0.1 % SDS)
136

24209
57.1¢g
100 ml

to 1000 ml

50 ml
2.5¢
to 500 ml

50 ml
0.5¢g
to 500 ml



20X SSC 0.25 ml
SDS 0.5g
Water to 500 ml
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