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ABSTRACT 
 
Title of Dissertation: Identification and Characterization of Genes Involved in Biofilm 

Growth and Antibiotic Tolerance in Streptococcus pyogenes  

 

Jeffrey Freiberg, Doctor of Philosophy, 2016 

 

Dissertation Directed by: Mark Shirtliff, Associate Professor, Department of Microbial 

Pathogenesis, School of Dentistry  

 

Group A Streptococcus (GAS; Streptococcus pyogenes) causes an array of 

diseases of varying severity resulting in over 500,000 deaths annually. GAS is invariably 

susceptible to penicillin in vitro, but treatment failures still occur. This microbial 

pathogen has been previously shown to form biofilms (defined as complex microbial 

communities that adhere to a surface, secrete an extracellular matrix, and demonstrate 

tolerance to antimicrobial agents).  However, there is a paucity of data regarding the 

specific role of this phenotype in GAS pathogenesis.  

In preliminary studies, we found that the GAS biofilm mode of growth was 

tolerant to antibiotics when compared to their planktonic counterparts in vitro and in a 

mouse model of GAS infection. To identify the gene products that are involved in biofilm 

growth and antibiotic tolerance in GAS, planktonically-grown bacteria were compared to 

bacteria grown in an in vitro biofilm. An unbiased global transcriptomic, proteomic, and 

immunoproteomic approach identified differentially-regulated genes and proteins that 

may contribute to biofilm growth in S. pyogenes.  Among the proteins highly up-



 

 

regulated during biofilm growth were those within the arc operon, which is important for 

maintaining pH homeostasis in response to acid stress. Further investigation into the 

function of the arc operon through the use of insertion mutants revealed the operon to 

have a biofilm-specific role both in growth and susceptibility to antibiotics. Elimination 

of Arc protein production resulted in a return of penicillin sensitivity of GAS biofilms in 

a pH-dependent manner in vitro, but did not alter penicillin susceptibility in planktonic 

culture. This return to penicillin sensitivity was also apparent in a mouse model of 

nasopharyngeal infection, demonstrating that the biofilm phenotype, and specifically the 

arc operon, could play a key role in the clinical antibiotic treatment failure observed with 

GAS.  

These studies are the first to: (1) show recalcitrance of antimicrobial therapy in a 

relevant GAS infection model, (2) use the combined global approaches of RNAseq, LC-

MS/MS, and immunoproteomics to study microbial biofilms, (3) identify key factors in 

the antibiotic tolerance in GAS biofilms both in vitro and in vivo, and (4) to readily 

demonstrate a potential cause of clinical recalcitrance of GAS to clearance by 

antimicrobial agents. 
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CHAPTER 1: STREPTOCOCCUS PYOGENES BIOFILMS AND 

THEIR ROLE IN INFECTIONS 

 

INTRODUCTION 

The medical relevance of the Gram-positive organism Streptococcus pyogenes (Group A 

Streptococcus; GAS) has long been appreciated. This bacterial species was first identified 

and named by Friedrich Rosenberg in 1884, but reports from as early as Hippocrates in 

the 5th century BC described cases of scarlet and rheumatic fever (91, 234). The last 

quarter of the 20th century saw the understanding of GAS pathogenesis furthered mainly 

through the study of surface antigens, virulence factors, and transcriptional regulation. It 

was not until the beginning of the 21st century, however, that the study of S. pyogenes 

included the study of biofilms. Although this new research field was initially an 

afterthought, there has been a growing appreciation of the role biofilms may play in S. 

pyogenes infections. 

 

BASIC BIOLOGY 

S. pyogenes are Gram-positive cocci approximately 0.6 to 1 µm in diameter that grow 

arranged in long chains. Although it is capable of invading and growing in eukaryotic 

cells, GAS is traditionally thought of as an extracellular pathogen. GAS is a facultative 

anaerobe. Its classification as group A β-hemolytic Streptococcus is based on the 

bacteria’s ability to cause complete lysis of red blood cells (β-hemolysis), and the original 

identification of its surface antigen as carbohydrate A by Dr. Rebecca Lancefield in 1933 

(155).  
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GENOMICS AND GENETIC VARIATION 

As members of the Firmicutes phylum, S. pyogenes genomes have low G+C content, 

averaging around 38.5% (189). GAS genomes are around 1.85 Mbp long and have 

between 1700 and 2100 genes (189). There are approximately 1224 genes in the core 

genome, 177 of which are considered essential (158). S. pyogenes strains have 

traditionally been separated into different serotypes (M types) based on variation in the M 

protein, a highly variable cell-wall protein encoded by the emm gene. Serotyping has 

been replaced by molecular typing of the emm gene itself, resulting in the identification 

of over 200 different emm types. There is a strong relationship between the emm type of a 

strain and the clinical disease from which it is isolated. Certain emm types have a 

predilection to infect the throat, while other emm types are more commonly found in skin 

infections. There is also an association between emm types and disease severity, and M1 

and M3 strains are the most common serotypes isolated from invasive infections (198). 

The emm gene is often found adjacent to other emm-like genes in the genome, and the 

specific pattern of these genes is used to classify strains into five emm pattern groups (A-

E). Emm patterns A-C are associated with pharyngitis, while pattern D is more associated 

with skin infections (195). Strains exhibiting Pattern E are considered “generalists” that 

are equally capable of causing throat or skin infections (195). 

 In addition to M type, S. pyogenes strains were also traditionally classified 

according to their trypsin-resistant surface antigen serotype, or T type. The T antigen has 

since been revealed to be the major pili protein (204), which is encoded as part of the 

Fibronectin-binding, Collagen-binding, T antigen (FCT) region. The FCT region 

represents an 11 to 16 kb section of the GAS chromosome that encodes the components 
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of the GAS pilus and other adhesins involved in binding human extracellular matrix 

components (26, 204). There are at least 9 different FCT types, with most of them 

representing multiple emm types (94). 

 

GAS VIRULENCE FACTORS 

The success of GAS as a pathogen can be attributed to its wide array of virulence factors. 

Although not every strain expresses every virulence factor, the majority of these 

virulence factors are conserved across most strains. The main exceptions are 

streptococcal superantigens and adhesins, both of which vary greatly from strain-to-

strain. There is a correlation between certain virulence factors and tissue tropism, 

especially among adhesins (25). Broadly speaking, GAS virulence factors can be broken 

down into three overlapping groups based on their different functions: adherence, 

immune evasion, and cytolysis or tissue destruction. 

Adherence 

Although the M protein is important for adhesion and loss of the M protein results in 

reduced adherence to epithelial cells (72), GAS also expresses a number of other 

adhesins. These include lipoteichoic acid (LTA), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) or plasmin receptor (Plr), pili, enolase, and a variety of 

different fibronectin-binding, collagen-binding, laminin-binding and plasminogen-

binding proteins (67, 72, 97, 110, 169, 204, 221, 238, 248, 276, 277, 296). GAS also 

produces a hyaluronic acid capsule, synthesized by the protein products of the hasABC 

operon, that is believed to possibly play a role in adherence (248). 
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Immune Evasion 

GAS produces a number of virulence factors involved in evading or frustrating the host’s 

immune response. The M protein and hyaluronic acid capsule both are important for 

resisting phagocytosis and preventing opsonization (198, 293). The M protein has been 

shown to be necessary for survival in blood (226). S. pyogenes can also interfere with the 

complement system by producing streptococcal inhibitor of complement (SIC), which 

inhibits complement-mediated lysis (1), and C5a peptidase, which cleaves C5a to prevent 

its chemotactic effects (294). GAS also secretes the multifunctional streptococcal 

cysteine protease, SpeB, which can cleave complement components, chemokines, and 

cytokines (208). SpyCEP, another streptococcal protease, cleaves IL-8 to prevent 

neutrophil killing by inhibiting chemotaxis (90, 304). GAS displays resistance to 

antimicrobial peptides, which is mediated through D-alanylation of teichoic acids by the 

products of the dltABCD operon (153), and SpeB, which can cleave LL-37 (139). The 

protein G-related α2-macroglobulin-binding (GRAB) protein also functions as a virulence 

factor by binding α2-macroglobulin and trapping SpeB on the surface of GAS (213, 281). 

SpeB can also cleave human immunoglobulin, as can the endoglycosidase EndoS (56, 

57). In addition, GAS also produces SibA and IdeS, two proteins that bind 

immunoglobulin to prevent its normal functioning (93, 147). 

 A special subset of GAS virulence factors are the streptococcal superantigens 

(SAg). SAgs disrupt normal T cell functioning by triggering non-specific T cell 

activation (232). The SAgs do this through binding and facilitating an interaction 

between the T cell receptor and the major histocompatibility complex on antigen 

presenting cells (232). Not only does this prevent the immune system from responding 
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appropriately to a GAS infection, but it can also lead to streptococcal toxic shock 

syndrome due to the release of massive amounts of inflammatory cytokines. There are at 

least eleven different streptococcal SAgs, SpeA, SpeC, SpeG, SpeH, SpeI, SpeJ, SpeK, 

SpeL, SpeM, SSA, and SmeZ (22, 82, 140, 203, 231, 233, 261). The genes encoding 

SpeG, SpeJ, and SmeZ are chromosomally located, while the rest of the streptococcal 

SAg genes are phage encoded (100). No strain encodes all eleven of the SAgs, and no 

single SAg gene is found in every GAS strain (100). 

Cytolysis or Tissue Destruction 

GAS produces several different types of enzymes designed to target and destroy host 

cells and tissues. This includes SpeB, which in addition to degrading other streptococcal 

proteins can also degrade host extracellular matrix (208). GAS produces two main 

hemolysins, streptolysin O and streptolysin S (280). Streptolysin O is a cholesterol-

dependent pore forming toxin (284). It is required for translocation of another toxin, a 

NADase encoded by the nga gene, into the cytoplasm (173). Together, these two toxins 

enhance cytolysis. Streptolysin S also causes cytolysis by generating pores in cell 

membranes in a mechanism that is believed to be similar to complement-mediated lysis 

(41). 

 GAS also encodes several different DNases that degrade the DNA in neutrophil 

extracellular traps, allowing for immune evasion and dissemination of the bacteria (287). 

These DNases include SdaD2, SdaI, S5nA, Spd3, SdaB, SpnA, and SpdI1 (111, 112, 269, 

302), although a single strain will contain at most four of these (127). GAS causes further 

destruction of host tissue through the production of a streptokinase encoded by the ska 

gene (49, 126). The bacteria also encodes both a chromosomal hyaluronidase and one or 
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more phage-derived hyaluronidases that can degrade both the host hyaluronic acid and 

the GAS capsule (16, 128, 129). 

 

CLINICAL SIGNIFICANCE OF S. PYOGENES 

Lacking any other known hosts, S. pyogenes is very well adapted to persisting and 

causing disease in humans. GAS causes approximately 700 million infections worldwide 

each year and is responsible for over 500,000 deaths (40). Treatment is made more 

challenging by the fact that S. pyogenes can cause a myriad of infectious maladies. 

Although it is most commonly found as an asymptomatic colonizer, GAS causes a variety 

of conditions ranging from self-limiting, superficial infections to invasive, life-

threatening diseases. GAS is also associated with several post-infection autoimmune 

diseases, something that has complicated the development of a vaccine against this 

microbial species (118). Despite the universal susceptibility of GAS to penicillin 

antibiotics, S. pyogenes continues to rank among the top ten infectious diseases in terms 

of mortality (236). The clinical impact of GAS can be broken up into four categories, 

asymptomatic carriage, superficial infection, invasive disease, and post-infection 

autoimmune sequelae. 

Asymptomatic Carriage 

GAS is a frequent colonizer of the pharynx in asymptomatic healthy individuals, 

harbored by between 10-20% of school-age children and 1-3% of adults (20, 123, 144, 

188, 257, 267). Despite these relatively high carriage rates in children, GAS is not 

considered part of the normal flora. Asymptomatic colonization with S. pyogenes is 

poorly understood and even the definition of what constitutes GAS carriage is still 
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debated (81). Definitions of asymptomatic carriage focus either on the presence of a 

positive GAS throat culture from an asymptomatic individual without evidence of an 

immune response or on the presence of GAS in the throat after appropriate antibiotic 

therapy (142, 143, 275). While not directly harmful to a patient, evidence suggests that a 

high carriage rate in a patient’s contacts is a risk factor for invasive GAS infections (52, 

92, 205, 291), and asymptomatic colonization has been associated with higher antibiotic 

treatment failure rates (102). Multiple outbreaks of invasive GAS have been attributed to 

asymptomatic carriage by healthcare workers (24, 191, 196, 235, 252, 254, 303). 

Furthermore, the inability to distinguish actual disease from carriage in the context of 

pharyngitis likely leads to the overuse of antibiotics to treat viral pharyngitis in patients 

who are S. pyogenes carriers. 

Superficial Infections 

Superficial infections make up the largest burden of GAS disease. These include 

pharyngitis, pyoderma, impetigo, erysipelas, scarlet fever, and cellulitis. S. pyogenes is 

the most common bacterial cause of all of these diseases with the exception of pyoderma, 

where it ranks second after S. aureus (11, 27, 29). Estimates of the prevalence of GAS 

culture-positive pharyngitis suggest that nearly one out of every six school-age children 

will experience a case in any given year (40). However, the majority of GAS pharyngitis 

cases are self-limited, and resolve on their own without the use of antibiotics (306). The 

main benefit of antibiotic treatment in pharyngitis is actually in the prevention of post-

infection sequelae (246). Repeated superficial infections are associated with an increased 

risk of rheumatic fever and rheumatic heart disease (28). While GAS pharyngitis almost 

never leads to an invasive infection in the same patient, it is highly contagious and the 
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bacteria are easily spread via respiratory droplets. Superficial skin and soft tissue 

infections, including cellulitis and erysipelas, are more likely to progress to an invasive 

infection. 

Invasive Disease 

Invasive GAS disease is a rare outcome of an infection, with approximately 3.5 cases per 

100,000 people in the US each year (214). However, an invasive GAS infection is almost 

always a very severe and life-threatening condition. Invasive GAS disease includes 

necrotizing fasciitis, streptococcal toxic shock syndrome (STSS), bacteremia, and less 

frequently myositis or osteomyelitis. The mortality rate for patients with invasive disease 

is between 15-40%, and is significantly higher when STSS is present (79, 146, 264, 272). 

Despite universal clinical susceptibility to penicillins, antibiotic treatment is often 

unsuccessful in cases of invasive GAS disease, in part due to the rapidly progressive 

nature of these infections (146). 

Post-infection Auto-immune Sequelae 

In addition to acute manifestations of a GAS infection, post-infection autoimmune 

sequelae such as glomerulonephritis and acute rheumatic fever can be triggered following 

an infection with S. pyogenes. Acute rheumatic fever (ARF) is usually temporally 

associated with streptococcal pharyngitis or scarlet fever (28). Repeated episodes of ARF 

can lead to rheumatic heart disease, one of the most common global causes of acquired 

heart disease, with over 15 million cases a year (40). As previously mentioned, antibiotics 

are given in cases of GAS pharyngitis to prevent the development of ARF and rheumatic 

heart disease (246). Due to molecular mimicry between the M protein and certain host 

proteins, autoantibodies can develop after infection with certain M types of GAS (107). 
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The reason that this occurs in only a subset of patients infected with GAS appears to be 

due, in part, to host genetic factors (37). However, despite a clear genetic component, 

studies have differed as to which HLA type, B-cell alloantigen, or other genetic 

polymorphism might cause a predisposition to ARF (37).  

Another post-infection complication that occasionally follows GAS infection is 

post-streptococcal acute glomerulonephritis (AGN). Like ARF, AGN is strongly 

associated with certain M types of GAS, although these are different from the M types 

associated with ARF (72). Unlike ARF, there is no strong evidence to suggest that 

antibiotic treatment reduces the incidence of post-streptococcal AGN (290). 

 

S. PYOGENES BIOFILMS AND THEIR ROLE IN PATHOGENESIS 

As mentioned above, the ability of GAS to form biofilms and the role in pathogenesis of 

this microbial mode of growth has only recently attracted the attention of researchers. A 

biofilm is a microbially-derived sessile community characterized by cells that secrete an 

extracellular matrix while attached to a substratum, an interface, or to each other (87). 

This matrix allows for the formation of a highly structured community where cells grow 

in enclosed micro-colonies that are separated by networks of open channels (266). The 

individual expressome of a given bacteria in a biofilm is defined not only by its genetic 

code, but also by the spatial niche it fills within the community. This leads to one of the 

defining characteristics of biofilm bacteria. They have phenotypes and 

transcriptomic/proteomic profiles that are distinctly different from that of planktonic 

bacteria (62). These communities demonstrate tolerance to antimicrobial agents due to 

diffusion limitations, up-regulation of stress response genes, and reduced bacterial 

metabolic rate. As a result, elimination of a biofilm requires 100-1000 times higher 
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concentrations of antimicrobial agents than their free-floating, planktonic counterparts 

(162). As opposed to the planktonic growth phenotypes traditionally studied in 

laboratories, biofilms make up the majority of bacteria in most natural and pathogenic 

ecosystems (266). This has important clinical implications because biofilm formation is 

associated with increased resistance to conventional antibiotic treatment and is associated 

with a greater frequency of disease reoccurrences (64).  

 

CHARACTERISTICS OF IN VITRO GAS BIOFILMS 

The ability of GAS to form a biofilm was first demonstrated in the laboratory setting in 

1991 when the formation of a S. pyogenes biofilm in a polyethylene contact lens case was 

shown to increase the bacteria’s resistance to certain disinfectants (295). However, the 

formation of a GAS biofilm was not conclusively demonstrated by microscopy until 

several years later. Static GAS biofilms formed on plastic coverslips were imaged using 

both confocal laser scanning microscopy and electron microscopy (122). Although GAS 

is still usually examined under planktonic conditions, there have been many attempts to 

characterize the growth of GAS biofilms in vitro. As discussed in the following sections, 

these studies have addressed biofilm structure, optimal growth conditions, differences 

between strains, and the time course of biofilm development. 

GAS Strain Variation and Biofilms 

Differences exist in the biofilm-forming ability of strains of different emm types. 

However, there is also variability in biofilm formation between different strains of the 

same emm type (17). M6 strains have consistently been shown to form dense biofilms, 

but a number of different emm types have all shown the ability to form a biofilm in static 
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and/or flow conditions (17, 48, 58, 161, 218). Overall, the ability to form a biofilm 

appears to be widespread in clinical GAS isolates. One study examined 289 clinical 

isolates and found that over 90% were able to form biofilms (17), while another study 

found that all 99 of the clinical strains examined could form biofilms (58). 

GAS biofilm formation may be more directly associated with FCT-type than emm 

type. In a study of 183 different clinical isolates, the correlation between FCT type and 

biofilm formation superseded any association between emm type and biofilm formation 

(151). Furthermore, the few strains that shared an emm type, but differed in their FCT 

types, cluster more closely with strains from their respective FCT types in regards to 

biofilm formation. However, since most strains of a given emm type share the same FCT-

type, this could explain the observed correlation between emm types and biofilm-forming 

ability.  

Strain differences in biofilm formation have also been characterized relative to 

other strain attributes. While some studies found that strains isolated from throat swabs or 

non-invasive infections exhibited greater biofilm formation than strains from invasive 

infections (17, 260), another study found that for the 113 different clinical isolates looked 

at there was no association between biofilm formation and the site from which the strain 

was isolated (151). There is also contradictory evidence on the relationship between 

biofilm formation and other potential antibiotic evasion strategies. Strains that were more 

susceptible to macrolides were found to have greater biofilm production in two studies, 

suggesting that biofilm formation was an alternative method of antibiotic resistance (17, 

278). However, this may be limited to a subset of strains as a third study encompassing a 

larger number of strains found no association when looking at resistance to multiple 
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different classes of antibiotics (151). Similarly, while there is some evidence supporting 

an inverse relationship between biofilm formation and the ability of S. pyogenes strains to 

invade eukaryotic cells (17), there is also evidence that intracellular invasion is increased 

by biofilm formation (185). 

Effect of Growth Conditions on Biofilm Formation 

No consensus exists on the optimal growth conditions for GAS biofilms. As a result, 

attempts to grow biofilms have used a variety of different conditions. While greater 

biofilm formation was found at 23°C in one case (48), another study found no 

dependence on temperature (17). Most studies continue to grow GAS biofilms at 37°C, 

although a recent comparison of biofilms grown at 34°C versus 37°C found that the 

biofilms grown at 34°C were more resistant to antibiotics (185). Low environmental pH 

has also been associated with increased biofilm formation (183). This is believed to be 

associated with the increased expression of GAS pili triggered by the drop in pH. The 

increase in biofilm formation seen with the addition of glucose (171), is likely due to the 

acidification that results from sugar metabolism (183). Additionally, a slight increase in 

the number of strains able to form a biofilm was found when S. pyogenes was grown in 

anaerobic conditions as opposed to room air or 5% CO2 (17). 

Culture Media and Substrate Effects on Biofilms 

The appropriate culture media for biofilm growth is also an unresolved issue. Although 

an early study using an M14 strain noted biofilm formation to be the best with peptide-

rich and carbohydrate poor C medium (48), a later study found Todd Hewitt broth 

supplemented with yeast extract (THY-B) to be the best for inducing biofilm formation in 

an M4 strain (68). Other studies found Brain Heart Infusion media (BHI) to be the most 
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appropriate for biofilm formation (151, 161). These discrepancies are surprising, 

especially since the most comprehensive of the studies found consistent results among the 

113 different strains tested (151). In that study, strains were grown in THY-B, Tryptic 

Soy Broth (TSB), BHI, and C-medium. The greatest biofilm formation was seen in BHI 

and the least in C-medium, with THY-B and TSB falling somewhere in between the other 

two media. The only exception was FCT-type 1 strains which display strong biofilm 

formation regardless of the culture media used. A variety of media continues to be used, 

with some recent studies using a chemically defined media (CDM) instead (42, 61, 185, 

186, 194). It is therefore important to consider the type of growth media used when 

comparing results between different studies. 

While the majority of GAS biofilm experiments have used either uncoated 

polystyrene microtiter plates or glass slides as a substrate, several studies have used biotic 

surfaces. The presence of different human extracellular matrix components has variable 

effects on biofilm formation, depending on a strain’s emm type. For example, an M18 

strain was only able to form a biofilm on plastic coated with Collagen I or IV, while an 

M2 strain could form a biofilm on a number of different surfaces including uncoated 

polystyrene (161). Interestingly, in the same study an M6 strain showed the greatest 

biofilm formation on the abiotic surface. Coating abiotic surfaces with fibronectin was 

also found to increase the biofilm formation for a number of strains (161, 217). Other 

additives tested include human serum and saliva. Increasing concentrations of human 

serum led to increased biofilm formation on a material commonly used for root canal 

fillings (273), while the presence of saliva reduced biofilm formation in some strains and 

conditions (96, 174). These studies used a very limited number of strains, however, 



14 

 

reducing the conclusions that can be drawn from their results. More recently, the use of 

fixed or live keratinocytes was shown to facilitate the formation of GAS biofilms that 

more closely represented those seen in actual in vivo samples (185), suggesting that some 

of the complexity of GAS biofilms may be lost in studies that use strictly abiotic 

substrates. These studies serve as an important reminder of the need for subsequent in 

vivo studies before extrapolating results from in vitro-grown biofilms. 

Biofilm Community Structure & Time Course 

GAS biofilms exhibit a structure similar to other bacterial species’ biofilms. S. pyogenes 

forms a dense, multilayered structure that peaks between 48-96 hours in static cultures 

and then partially disintegrates after 120 hours (161). In a flow chamber, significant 

biofilm growth can be observed after 24 hours (86). Structural differences in GAS 

biofilms also exist among strains with different emm types (161, 218).  

The composition of GAS biofilms may differ from those of other bacteria, 

however. Polysaccharides appear to play less of a role in S. pyogenes biofilms. Based on 

experiments using Proteinase K, DNase I, and NaIO4, an oxidizer of polysaccharides, 

protein and DNA seem to be the most important components of the GAS biofilm 

extracellular matrix (86).  

The majority of GAS biofilm studies have utilized static growth conditions, most 

often in a microtiter plate. While this method allows easier quantification and greater 

numbers of replicates, growth under continuous flow may be the more physiologically 

relevant condition for testing biofilm growth (263). Only five studies so far have used 

flow conditions when studying GAS biofilms (48, 86, 99, 161, 259), and those that 
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compared static to flow conditions noted several differences in the biofilms grown under 

the two conditions.   

In vitro Genetic Studies of GAS Biofilms 

To date, there has been only one published attempt to systematically and globally 

characterize genes important for GAS biofilm growth. Using microarrays to characterize 

the transcriptome of GAS biofilms in vitro, Cho and Caparon, found an approximately 

30% difference in regulation between planktonic and biofilm growth phenotypes in an 

M14 strain (48). A large portion of the observed changes in regulation involved the up-

regulation of genes responsible for carbohydrate transport and metabolism in the biofilm 

growth phase. On the other hand, a number of genes involved with energy production and 

conversion and cell cycle control were down-regulated.  

In addition to their microarray studies, Cho and Caparon also identified several 

individual mutations that interfered with biofilm formation in the laboratory. Mutants 

deficient for either Mga or CovR failed to form a biofilm (48). Mga and CovR are major 

transcriptional regulators in GAS that control the expression of approximately 10% and 

15% of the genes in GAS, respectively (105, 242). The importance of Mga for biofilm 

growth was confirmed by a subsequent study that found a reduction of biofilm formation 

in a mga mutant (171). Additional studies also showed that mutations in CovS, the other 

component of the CovR/S two component regulatory system, also decreased biofilm 

formation for most strains (125, 268). Among the serotypes included in the studies, all 

M1, M2, M18, M49 strains and two out of four M6 strains showed a decrease in biofilm 

formation when CovS was mutated. Paradoxically, the other two M6 strains showed 
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increased biofilm formation in covS mutants, suggesting that there might be strain 

differences in the role of CovR/S, even within a given M type.  

Several other transcriptional regulators have been implicated in the control of 

biofilm growth. Mutation of codY or srv, which encode transcriptional regulators that 

affect expression of a number of different proteins, results in decreased biofilm formation 

(86, 194). There is also strong evidence that quorum sensing can play a role in the 

regulation of GAS biofilms. The rgg family is made up of a set of four paralogous genes 

that are either known or predicted to be part of quorum sensing systems. The proteins that 

these genes encode are highly conserved between different strains of GAS and all have 

been demonstrated to influence biofilm growth. Two of these genes, rgg2 and rgg3, 

encode transcriptional regulators with opposing functions in the same quorum sensing 

system (42). Rgg3 decreases biofilm formation whereas Rgg2 increases biofilm 

production in an M49 strain (42), although this relationship may not be the same in all 

strains as Rgg2 decreases biofilm formation in an M1 strain (131). The Rgg2/3 system 

responds to short hydrophobic peptides (SHPs) that are produced within the bacteria, 

exported to the extracellular environment, and then imported back into cells to signal in 

an autocrine or paracrine manner (42). The presence of these SHPs promotes Rgg2 

binding to the shp promoter, leading to increased expression of SHPs and providing a 

positive feedback loop for quorum sensing (157). Although the targets of Rgg2 that are 

responsible for its effects on biofilm formation are still unknown, the addition of 

exogenous SHPs has been shown to increase biofilm mass, suggesting this quorum 

sensing mechanism can have a major role in biofilm regulation (42).  
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Rgg4, also known as ComR, is part of the quorum sensing system involved in 

regulating competence genes in a number of streptococcal species, including S. pyogenes 

(190). ComR is required for both natural competence and biofilm formation (185). 

Unsurprisingly, biofilm formation is associated with increased uptake of genetic material 

in GAS (185). 

The best characterized member of the Rgg family is rgg1, which is better known 

as ropB. Although RopB is likely able to respond to imported extracellular signals, its 

role in quorum sensing has never been demonstrated (138). RopB regulates transcription 

of a number of different genes, although the list of genes it regulates is highly variable 

among different GAS strains (85). Mutation of ropB is associated with increased biofilm 

production in NZ131, an M49 strain, suggesting that it is normally a suppressor of 

biofilm formation (42). 

Another less conserved regulatory system, the Sil system, has also been 

demonstrated to regulate biofilm growth in M14 and M18 strains. Mutants deficient for 

SilC, a signaling peptide for the putative quorum sensing system, have reduced biofilm 

formation (161). However, the sil locus is only found in approximately 16% of GAS 

strains (230), as opposed to rgg2/3, which is found in every sequenced GAS strain (42). 

Common among the majority of the aforementioned transcriptional regulators is 

the ability to regulate SpeB expression. CodY, Srv, and CovR all repress the expression 

of SpeB, while RopB, Mga, and CovS promote its expression (59, 86, 105, 113, 172, 194, 

199, 242, 270). However, the full extent of the relationship between SpeB expression and 

biofilm formation is not entirely clear. Derepression of SpeB in srv mutants causes a 

degradation of biofilm matrix and a subsequent decrease in the ability of S. pyogenes to 
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form a biofilm (59, 86). The biofilm phenotype was easily restored in a srv mutant by the 

addition of a SpeB inhibitor or by knocking out the speB gene (243). This inverse 

relationship between SpeB expression and biofilm formation fits with the phenotypes 

described above for CodY, CovR, and RopB. Mutations in codY or covR result in 

increased SpeB and decreased biofilm whereas ropB mutants have decreased SpeB and 

increased biofilm. However, covS mutants and mga mutants both have decreased SpeB 

expression and decreased biofilm formation. The current understanding of the impact of 

these regulatory networks on biofilm growth is shown in Figure 1.1. 

 

Figure 1.1: Regulatory network involved in GAS biofilm formation.  Reprinted with permission from 
Frontiers in Cellular and Infection Microbiology (95) under the terms of the Creative Commons Attribution 
License. 

This parallels some of the controversy as to whether SpeB increases or decreases 

virulence in vivo (54, 60, 124, 141, 167, 168). Furthermore, there are conflicting results 

as to whether SpeB is increased or decreased under biofilm growth conditions in wild-
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type strains (48, 185). It is possible that SpeB expression is irrelevant to biofilm 

formation, but most likely the results indicate that the regulation of SpeB is complex, 

serotype-specific, and multi-dimensional. Therefore, even though overexpression of 

SpeB in mutants can clearly inhibit GAS biofilm formation in vitro and lead to increased 

disease severity in vivo (59, 60, 86, 171), it is still unclear how much of a role SpeB plays 

in biofilm growth during a natural infection.  

Also associated with decreased biofilm formation is the serine protease SpyCEP. 

In addition to cleaving IL-8, SpyCEP also reduces biofilm formation (10). SpyCEP is 

normally repressed by CovR/S and SilC (120, 271). Increased SpyCEP expression may 

explain the decrease in biofilm formation in covS mutants where SpeB is paradoxically 

low. 

Other studies have focused on cell wall proteins involved in GAS biofilm 

production. Multiple genes in the Mga regulon have been linked to biofilm formation. 

This includes the M protein, which is important for biofilm formation in a number of 

different M types (48, 68). However, in some strains containing multiple M protein 

family genes other members of the M protein family are more important for biofilm 

growth (68). Interestingly, expression of M protein has been shown to be down-regulated 

in more mature biofilms, even in some of the same M types for which it is required for 

biofilm growth (48, 99, 185). This would suggest that M protein is required early for 

biofilm formation but is quickly down-regulated once a biofilm is established. Although 

it has yet to be determined whether this same phenomenon occurs during in vivo biofilm 

growth, recent data support an association between decreased M protein expression and 

increased pharyngeal adherence, colonization, and persistence (9). 
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Also part of the Mga regulon, the streptococcal collagen-like protein Scl1, also 

known as SclA, is an important component in GAS biofilm formation (218). Scl1 is 

hypothesized to affect biofilm formation by increasing the hydrophobicity of GAS. It also 

targets cellular fibronectin, which is expressed during tissue repair, and may be an 

important factor for forming a biofilm within host tissue (217).  

Genes within the FCT region, in particular those responsible for the production of 

GAS pili, are also critical for biofilm formation. These include the genes encoding pilus 

backbone proteins, ancillary proteins, and the sortases necessary for pilus expression, all 

of which have been shown to be important for biofilm formation in a number of S. 

pyogenes strains (18, 148, 171, 183, 184, 207). The ectopic expression of an entire pilus 

locus from a strong biofilm producer was shown to enhance biofilm production in 

another GAS strain (148). Also encoded in the FCT region is the fibronectin binding 

protein PrtF2, which has been shown to be important for biofilm growth in an M53 strain 

(171). Another study found that in M28 strains the FCT pilus was not as important for 

biofilm formation, but instead AspA, a protein with homology to cell wall adhesins in 

oral streptococci, was required for biofilm formation on saliva-coated surfaces (174). 

The hyaluronic acid capsule, encoded by the gene hasA, also has been shown to 

have an effect on biofilm growth. A hasA mutant derived from an M14 strain could not 

form a biofilm in a flow chamber, although it could under static conditions (48). 

However, deletion of hasA increased biofilm production under static conditions in a covS 

mutant derived from an M1 strain (125). As mentioned previously, the majority of 

biofilm studies have only used static microtiter assays. Therefore, it is unclear what other 
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cell-surface components might be required for biofilm growth if altered flow conditions 

are incorporated into the analysis. 

Interspecies Biofilm Formation 

Biofilm growth is a potentially important aspect of the interaction between GAS and 

other bacterial species. When residing in the pharynx, GAS normally shares its niche 

with many different bacterial species, including other streptococcal species. An M49 

GAS strain that was a poor biofilm former was found to have increased biofilm 

production as a result of synergy with S. salivarius or S. oralis strains (96). This 

interaction may be mediated through the rgg2/3 quorum sensing system. GAS is able to 

recognize and respond to homologous signaling peptides from other streptococcal species 

and upregulate its own quorum sensing system, leading to increased biofilm formation 

(61). It remains to be seen whether this mechanism is important for allowing GAS to 

assimilate into different microbial communities. It is possible that a host’s oral 

microbiota influences the likelihood of an individual becoming a persistent carrier or a 

frequent GAS host. 

 

CHARACTERISTICS OF IN VIVO GAS BIOFILMS 

While the in vitro studies described above have added immensely to the fledgling field of 

GAS biofilm research, the presence of in vivo biofilms with pathogenic consequences for 

the host has demonstrated that GAS biofilms are not just an experimental artifact. 

Animal Models of GAS Biofilms 

The ability of S. pyogenes to form an in vivo biofilm was first demonstrated in 2003. 

Tissue biopsies from a murine model of a superficial skin infection were stained with a 
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FITC probe conjugated to concanavalin A (ConA), a lectin with specificity for 

glycoproteins (2). These stained samples revealed the first images of S. pyogenes micro-

colonies surrounded by a glycocalyx, a defining aspect of biofilms. Subcutaneous mouse 

models of GAS infection have also demonstrated in vivo biofilm formation (59, 60). S. 

pyogenes was injected into mice subcutaneously and infected tissue samples were 

evaluated using hematoxylin and eosin (H&E) staining, Gram staining, and 

immunofluorescence (59, 60). The imaging results revealed micro-colonies in tissue 

samples infected with an M1T1 GAS clinical isolate, MGAS5005. Tissue samples from 

mice infected with an isogenic MGAS5005 mutant known to be deficient for biofilm 

formation in vitro did not produce the same pattern of micro-colonies. In another study 

that looked at S. pyogenes in a zebrafish myositis model, examination of regions of 

necrosis by electron microscopy revealed streptococcal cells enclosed in a membranous 

network indicative of a biofilm (48). Recently, we demonstrated that GAS forms a 

biofilm in a rabbit model of chronic osteomyelitis (99). In this model, GAS biofilm 

formation was observed within an infected rabbit tibia using PNA-FISH probes. 

 The presence of biofilms has also been shown in animal models of two common 

types of GAS otorhinolaryngological infections, pharyngitis and mastoiditis. The mouse 

NALT colonization model is considered to be an appropriate model for GAS pharyngitis 

and asymptomatic colonization (51, 223, 224). Visualization of NALT tissue excised 

from this model revealed in vivo GAS biofilm formation (185). S. pyogenes is also an 

important cause of acute mastoiditis (247). Mastoiditis is the most common complication 

of acute otitis media (32), and biofilms have been shown to exist in a GAS otitis media 

infection model in chinchillas (243). Chinchillas inoculated transbullarly had tissue 
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samples taken from their middle ears. These samples were observed to have GAS micro-

colonies using light microscopy, and biofilm formation was visualized using scanning 

electron microscopy. A summary of all of these animal studies is included in Table 1.1.  

 
Table 1.1: Summary of studies visualizing GAS biofilms in animal infection models 

 

 
 While several studies have shown biofilms in animal tissues, few have tried to 

separate the significance of the biofilm formation from other GAS virulence factors. The 

most direct comparison found an increased duration of bacterial colonization when 

NALT was inoculated with an M3 strain expressing a biofilm phenotype, but increased 

virulence and invasion when the inoculum was in the planktonic phase (185). All other in 

vivo biofilm studies have looked at differences between wild type strains and strains with 

mutations in the genes previously discussed. Although attempts to draw conclusions 

about the role of biofilms can be made based on these types of studies, it is impossible to 

make any definitive statements since most mutations also affect the regulation of 

Study 
Animal 
Model Infection Type 

Visualization 
Techniques 

Akiyama et al. 2003. Mouse Superficial Skin infection CM 

Cho and Caparon. 2005. Zebrafish Myositis LM, EM 

Roberts et al. 2010. Chinchilla Otitis Media Infection EM, LM 

Connolly et al. 2011a. Mouse Subcutaneous Infection LM 

Connolly et al. 2011b. Mouse Subcutaneous Infection LM 

Marks et al. 2014a. Mouse NALT colonization CM 

Freiberg et al. 2014. Rabbit Osteomyelitis LM, CM 

 
NALT – Nasal Associated Lymphoid Tissue, LM-Light Microscopy, EM-Electron Microscopy, 

CM-Confocal Microscopy 
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additional phenotypes besides biofilm growth. There may be an association between 

reduced biofilm-forming ability and reduced survival in whole blood (18, 207). It also 

appears that mutations that cause a reduction in biofilm growth are associated with 

increased lesion size in subcutaneous mouse infections (59, 60, 77, 120, 207).  

Evidence of GAS Biofilms in Clinical Samples 

In comparison to studies utilizing animal models, there is a dearth of studies looking for 

GAS biofilms in human infections. In addition to looking at biofilms in a mouse model as 

described above, Akiyama et al. also found evidence of GAS biofilms in patient tissue 

samples (2). Tissue biopsies from patients with impetigo due to S. pyogenes showed 

patterns of micro-colonies surrounded by a glycocalyx, similar to what was observed in 

the animal tissues. GAS biofilms were also identified in tissue specimens from children 

who underwent tonsillectomies due to adenotonsillar hypertrophy or recurrent GAS 

tonsillopharyngitis (244). Approximately one third of the tonsils that were examined 

showed the presence of GAS biofilms by immunofluorescence or scanning electron 

microscopy. Together, these two studies provide evidence of S. pyogenes’ ability to form 

biofilms in two of the most common types of GAS infections. Unfortunately, due to the 

paucity of studies using actual patient samples, these also provide the only direct 

evidence of GAS biofilms from clinical settings.  

There have been a number of studies that have looked at the ability of clinical S. 

pyogenes isolates to form biofilms in vitro. Conley et al. looked at the difference in 

antibiotic resistance between the same strains grown as a biofilm and in the planktonic 

form (58). That study found that the MBEC (minimum biofilm eradication concentration) 

indicated penicillin insensitivity for 60% of the strains, while the MIC (minimum 
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inhibitory concentration) for the same strains failed to show any insensitivity to 

penicillin. The MBEC also correlated better with clinical failure of penicillin treatment, 

giving a higher sensitivity and greater positive predictive value than the MIC when it 

came to predicting treatment outcomes.  

These results are not unexpected as biofilm formation has been shown to increase 

the failure of antibiotic treatment in a number of other bacterial infections (64). Although 

all known clinical strains of S. pyogenes are still susceptible to penicillins, a number of 

studies have shown treatment failure of 20-40% when using antibiotics to treat GAS 

infections (228). The ability of GAS to form biofilms with its inherent tolerance to 

antibiotic clearance has been gaining support as one explanation for these treatment 

failures (17, 215).  

Significance of GAS Biofilms during Infections 

Based on the current evidence, the biofilm mode of growth contributes to asymptomatic 

colonization and superficial GAS infections. It is likely that most, if not all of the 

individuals colonized by GAS harbor the bacteria in a biofilm state. This assumption is 

supported both by the recent recognition of the large contribution of biofilms to 

otorhinolaryngological infections (285), and by the direct observation of GAS biofilms in 

the tonsils of asymptomatic controls (244). This long-term persistence of microbes is due 

to an inability of the host immune response to effectively clear the bacteria and is a 

characteristic property in biofilm-mediated infections. Further supporting the contribution 

of the biofilm phenotype to long-term carriage is the evidence that inoculating mice with 

biofilm-grown GAS, as opposed to planktonic grown GAS, resulted in less mortality and 

longer colonization in a nasal-associated lymphoid tissue (NALT) infection model (185). 
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The persistence of GAS seen in the pharynx of patients with recurrent pharyngitis (275), 

is also likely to be mediated by biofilm formation. Like many biofilm-associated 

infections, the infections are recalcitrant to antimicrobial therapy, as shown by the 

symptoms of chronic pharyngitis returning and/or the same isotype of GAS that was 

present in the original infection being re-isolated in subsequent infectious exacerbations 

even after appropriate antibiotic treatment (228).  

The involvement of GAS biofilms in superficial GAS skin infections is evident 

from both the patient samples and the animal samples discussed earlier. However, biofilm 

formation is likely down-regulated when a GAS infection progresses from superficial to 

invasive. The biofilm phenotype, which is characterized by slow, indolent bacterial 

growth, is unlikely to underlie the rapid disease processes seen in acute, invasive 

infections such as GAS necrotizing fasciitis or STSS. Our current understanding of the 

genes involved in GAS biofilms supports this hypothesis. Expression of SpyCEP, which 

decreases biofilm formation, has been shown to increase the invasiveness of GAS (90, 

120, 304). There is also strong evidence supporting the idea that de novo mutations in 

covS are associated with reduced biofilm formation and the in vivo transition from 

superficial to invasive infections (9, 125). Further support for the hypothesis that biofilm 

expression helps maintain superficial infections comes from the fact that invasive covS 

mutants are outcompeted by wild-type strains in superficial infection models (4, 125). 

GAS biofilms may also play a significant role in person-person transfer since biofilm 

growth enhances the survival of GAS on fomites and causes the bacteria to retain their 

infectivity longer (186). 
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CONCLUDING REMARKS 

As is often the case with components responsible of GAS pathogenesis, the regulation 

and role of biofilms is complex, multifaceted and requires a great deal of further study. 

How an increased understanding of GAS biofilms will impact treatment of GAS 

infections remains to be seen. At the very least, it may mean a better understanding of 

antibiotic treatment failure in S. pyogenes infections. At the most, it may become an 

important part of the paradigm of GAS pathogenesis, the carrier state, and the transition 

from a superficial GAS infection to an invasive one. Regardless, the biofilm phenotype 

should continue to be included in future studies of S. pyogenes. Future experiments 

targeted at understanding the biofilm phenotype should help elucidate the specific places 

where biofilms are important for GAS infection and lead to improved treatment, 

prevention, and diagnostic strategies.  
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CHAPTER 2: A GLOBAL ANALYSIS AND COMPARISON OF 

THE TRANSCRIPTOME AND PROTEOME OF GROUP A 

STREPTOCOCCUS BIOFILMS. 

 

INTRODUCTION 

The human pathogen Streptococcus pyogenes (Group A Streptococcus; GAS) is a major 

cause of morbidity and mortality worldwide. In addition to asymptomatic pharyngeal 

carriage, GAS can cause a wide variety of different health conditions. These range from 

simple, superficial infections, such as pharyngitis or impetigo, to severe life-threatening 

infections, such as necrotizing fasciitis or streptococcal toxic shock syndrome. The 

breadth of diseases that GAS can cause is due, in part, to its ability to differentially 

regulate expression of its genome depending on the local environment and the conditions 

it encounters. One mechanism by which GAS can adapt to different environments is 

forming a biofilm. Biofilms are defined as sessile, microbially-derived communities 

where cells secrete extracellular matrix while growing either attached to a surface or as a 

floating microbial conglomerate. Biofilms represent an altered growth phenotype with 

gene expression and protein production that differs from planktonic growth (87). GAS 

has been shown to form biofilms in vivo in several different types of infections both in 

animal models and in clinical samples (3, 48, 59, 60, 99, 185, 243, 244).  

Despite this strong evidence for the involvement of the biofilm phenotype during 

GAS infections, very little is known about the genes and proteins involved in GAS 

biofilm growth. A handful of studies have examined genes involved in biofilm formation 

and growth in GAS using targeted approaches (10, 42, 60, 68, 86, 125, 161, 174, 184, 
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185, 194, 218, 243, 268). While these studies found multiple genes that appear to play a 

role in GAS biofilms, most of the genes they chose to analyze were virulence factors or 

transcriptional regulators that were already well studied, but for their roles during 

planktonic growth. There has only been one study to date that used a global approach to 

measure gene expression in GAS biofilms. Cho and Caparon (48) used microarrays to 

compare the global RNA expression of GAS biofilms to both exponential and stationary 

phase planktonic growth in an M14 strain. Although they identified a number of genes as 

being differentially regulated, they only compared planktonic growth to a single biofilm 

time point. Furthermore, no global characterization of protein expression in GAS 

biofilms has ever, to our knowledge, been attempted.  

In this study, we characterized and compared both the transcriptome and the 

proteome of GAS biofilms at multiple stages of growth. Using a combination of high-

throughput RNA sequencing (RNA-seq) and liquid chromatography tandem mass 

spectrometry (LC-MS/MS) shotgun proteomics, we identified genes and proteins that are 

differentially regulated between planktonic and biofilm growth. We were also able to 

identify differences in the biofilm and planktonic expression patterns of GAS virulence 

factors. This comprehensive in vitro characterization of GAS biofilms will be useful to 

better understand the role that GAS biofilms play in different types of S. pyogenes 

infections. 

 

MATERIALS AND METHODS 

Bacterial strain and growth conditions.  

For this study, GAS strain 5448 was used. 5448 is an M1T1 strain representative of the 
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clone circulating globally, which has been previously described (43). For all experiments 

involving liquid culture, GAS was grown at 37°C in Todd Hewitt broth (BD 

Laboratories) that was supplemented with 0.2% yeast extract (Sigma) and then diluted 

1:5 in H2O (1:5 THY-B). 

Planktonic cultures were inoculated from an overnight culture of GAS. The overnight 

culture was diluted 1:100 in side-arm flasks containing 1:5 THY-B. Growth in side-arm 

flasks allowed for the monitoring of optical density without adding additional oxygen to 

the culture. Samples from planktonic cultures were harvested at 4, 6, 8, and 48 hours after 

inoculation, which corresponded with early log phase, late log phase, early stationary 

phase, and late stationary phase, respectively. 

Biofilm cultures were grown as previously described (99). Briefly, an overnight 

culture of GAS was diluted 1:100 into prewarmed THY-B and incubated at 37°C until 

exponential growth began. The exponential-phase culture was inoculated into a 

continuous flow reactor system (35) containing 1:5 THY-B and allowed to rest without 

flow for 3 hours before flow was restored at a rate of 0.8 ml/min. Samples from biofilm 

cultures were harvested from the silicone tubing in the flow reactor at 8 hours, 16 hours, 

6 days, and 10 days after restarting flow, which corresponded with an early biofilm, a 

maturing biofilm, a mature biofilm, and a late stage biofilm, respectively, as determined 

by microscopic analysis. 

Sample collection.  

At the designated time points, separate aliquots were collected from the cultures for 

transcriptomic and proteomic analysis. Aliquots to be used for transcriptomic analysis 

were harvested by combining the sample with RNAprotect Bacteria Reagent (QIAGEN) 
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in a 1:1 ratio and then centrifuging the sample for 10 min at 4,000 × g and 4°C. The 

resulting pellets were resuspended in 1 ml RNAprotect and frozen at -80°C until RNA 

extraction could be performed. Aliquots to be used for proteomic analysis were harvested 

by centrifuging the sample for 10 min at 4,000 × g and 4°C. The resulting pellet was 

resuspended in 1 ml of ice-cold protein preservation solution (PPS; 2.8 mM 

phenylmethylsulfonyl fluoride [PMSF], 50 mM Tris-Cl, 1 mM EDTA [pH 8.0], and 

0.01% sodium azide). Samples were recentrifuged for 1 min at 16,000 × g and 4°C. The 

resulting supernatant was discarded, and the cell pellets were frozen at -20°C until protein 

extraction could be performed. 

RNA isolation.  

RNA was isolated from frozen cell pellets using the Direct-zolTM RNA Miniprep kit 

(Zymo Research) following the manufacturer’s instructions with the addition of an extra 

step for cell disruption using glass beads. The quality and concentration of the isolated 

RNA was verified both by gel electrophoresis and using a Nanodrop spectrophotometer 

(Thermo Scientific). Due to the inability to isolate high quality RNA from any of the late 

stationary planktonic samples, this time point was not included in the transcriptomic 

analysis. Genomic DNA was removed from the remaining total RNA samples using the 

TURBO DNA-free™ kit (Ambion) according to the manufacturer’s instructions. 

Ribosomal RNA (rRNA) was removed from the remaining sample using the Ribo-Zero™ 

Gram-Positive Bacteria rRNA Removal Kit (Epicentre Technologies) and purified with 

the Agencourt RNAClean XP kit (Beckman Coulter) according to the manufacturer’s 

instructions. cDNA libraries were prepared from the purified RNA using the Epicentre 

ScriptSeq v2 RNA-seq library preparation kit (Epicentre Technologies) according to the 
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manufacturer’s instructions. The resulting cDNA was purified using the Agencourt 

AMPure XP system (Beckman Coulter) and then quality and quantity was verified using 

an Agilent 2100 Bioanalyzer (Agilent Technologies). 

RNA sequencing.  

cDNA libraries were submitted to the University of Maryland-Institute for Bioscience & 

Biotechnology Research (UM-IBBR) Sequencing Facility located at the University of 

Maryland, College Park. Sequencing data in the Sanger FastQ format were generated 

using an Illumina HiSeq1500 (Illumina) in rapid run mode (100-nt, single end reads). 

Biological triplicates were sequenced for each time point.  

Transcriptome bioinformatic analysis.  

RNA sequencing datasets in FastQ format were analyzed for quality using FastQC (12). 

Reads were trimmed and Illumina adapters were clipped using Trimmomatic v0.32 (34) 

with a leading and trailing minimum score of 3 and a 4-base sliding window minimum 

score of 15, which resulted in an average of 99.98% of reads surviving (range: 99.93%-

99.99%). Reads were mapped to the GAS MGAS5005 genome (NC_007297.1, NCBI) 

using Bowtie2 v2.2.4 (156) run in end-to-end mode with default settings for an average 

overall alignment rate of 98.80% (range: 95.72%-99.38%). Transcript abundances were 

calculated in Fragments Per kilobase per Million mapped reads (FPKM) using Cufflinks 

v2.2.1 (283) with a ribosomal masking file for all 5S, 16S, 23S, and tRNA loci, 

(NC_007297.1.gff, NCBI). Cuffdiff (282), a program within the Cufflinks package, was 

used to calculate differential expression values for genes with a false discovery rate 

adjusted p-value (q-value) less than 0.01. Operon structure was predicted from the 

resulting Bowtie2 alignment files using Rockhopper v2.03 (193, 279). 
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Protein isolation.  

The cell wall and cellular protein fractions were isolated separately from each protein 

sample. The cell wall protein fraction was isolated using PlyC, a bacteriophage lysin 

previously shown to be effective in isolating cell wall proteins from S. pyogenes (152). 

Briefly, the frozen cell pellets were resuspended in 1 ml PlyC lysis buffer (50 mM 

ammonium acetate [pH 5.2], 5 mM EDTA, and Roche Complete protease inhibitors). 

Equal numbers of cells from the samples, as determined by the optical density at 600 nm, 

were transferred to fresh tubes. The cells were pelleted and resuspended in 1 ml lysis 

buffer containing 40% (wt/vol) sucrose and 1 µg/ml PlyC. Cells were digested for 1 h at 

37°C with constant rotation and then centrifuged for 8 min at 16,000 × g. The resulting 

supernatant containing the cell wall protein fraction was separated from the pelleted 

protoplasts containing the cellular protein fraction. The supernatant was recentrifuged for 

1 min at 16,000 × g, and the supernatant from this second centrifugation step was used as 

the cell wall fraction. The pelleted protoplasts containing the cellular fraction were then 

resuspended in 1 ml PlyC lysis buffer (without sucrose). The protoplasts were lysed by 

adding 0.7 g of 0.1-mm-diameter silica beads to the sample and then beating the samples 

using a FastPrep instrument. 

The protein concentrations in the cell wall and the cellular protein fractions were 

determined using an Advanced protein assay (Cytoskeleton, Denver, CO). Twenty 

micrograms of each protein sample were subsequently purified by TCA precipitation. 

The precipitated proteins were then rehydrated in 250 µl of rehydration buffer (7.5mM 

TCEP, 8M urea, 100mM ammonium bicarbonate) at 37°C for 1 hour. After removing the 

rehydration buffer by centrifuging the samples in a 3 kDa molecular weight cutoff filter 
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(Sigma), the samples were alkylated by adding 250 µl of alkylation buffer (500 mM 

iodacetamide, 8 M urea, 100 mM ammonium bicarbonate) for 1 hour at room 

temperature. The samples were then washed with 50 mM ammonium bicarbonate by 

centrifugation in a 3-kDa molecular weight cutoff filter and then trypsin-digested at 37°C 

using 1 µg of Mass Spectrometry Grade Trypsin Gold (Promega). After 12 hours, 10% 

Trifluoroacetic acid was added to the trypsin-digested protein samples to acidify the 

samples to a pH of less than 5 and prevent further digestion.  

LC-MS/MS mass spectrometry.  

The acidified samples were submitted to the laboratories of Dr. David Goodlett at the 

University of Maryland, Baltimore. Quantitative proteomics data for all of the biofilm 

samples along with the early log, late log, and late stationary planktonic samples were 

generated by electrospray ionization in the positive ion mode on a hybrid quadrupole-

orbitrap mass spectrometer, Q Exactive™ (Thermo Scientific). Proteomics data for early 

stationary planktonic samples were generated using a Thermo Orbitrap Elite™ Hybrid 

Ion Trap- OrbitrapTM Mass Spectrometer (Thermo Scientific). Nanoflow HPLC was 

performed by using a Waters NanoAcquity HPLC system (Waters Corporation, Milford, 

MA). Peptides were trapped on a fused-silica pre-column (100 μm i.d. 365 μm o.d.) 

packed with 2 cm of 5 μm (200 Å) Magic C18 reverse-phase particles (Michrom 

Bioresources, Inc., Auburn, CA). Subsequent peptide separation was conducted on a 75 

μm i.d. x 180 mm long analytical column constructed in-house using a Sutter Instruments 

P-2000 CO2 laser puller (Sutter Instrument Company, Novato, CA) and packed with 5 

μm  (100 Å) Magic C18 particles,. The mobile phase A was 0.1% formic acid in water 

and mobile phase B was 0.1% formic acid in acetonitrile. Peptide separation was 
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performed at 250 nL/min in a 95 min run. Mobile phase B started at 5%, increased to 

35% at 60 min, 80% at 65 min, followed by a 5 min wash at 80% and a 25 min re-

equilibration at 5%. Ion source conditions were optimized by using the tuning and 

calibration solution recommended by the instrument provider. Data were acquired by 

using Xcalibur (version 2.8, Thermo Scientific). MS data was collected by top-15 data-

dependent acquisition. Full MS scan of range 350 – 2000 m/z was performed with 60K 

resolution in the orbitrap followed by collision induced dissociation (CID) fragmentation 

of precursors in iontrap at normalized collision energy of 35. Technical triplicates of 

biological duplicates were analyzed for each time point. 

Proteome bioinformatic analysis.  

The MS datasets were searched against a S. pyogenes serotype M1 database (Uniprot) 

using the Andromeda search engine (71) from the MaxQuant software package (70). 

Search results were filtered with a false discovery rate cutoff of 0.01. Label-free 

quantification (LFQ) was performed using MaxQuant (69). Because LC-MS/MS was 

performed on the early stationary proteomic samples using a different mass spectrometer, 

we were unable to include this time point in the LFQ analysis with the rest of the 

samples. Data from the early stationary time point were analyzed in a second, separate 

MaxQuant LFQ analysis, and therefore were not adequate for comparison to the 

proteomic data from the other time points. Perseus v1.5.1.6, a software package for 

shotgun proteomics data analysis (http://www.perseus-framework.org/), was used to 

calculate differential expression from the resulting LFQ intensity values. Differential 

expression values with a false discovery rate adjusted p-value (q-value) less than 0.01 

were considered significant. 
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Data accession.  

The RNA-seq data and analysis discussed in this publication were deposited in the NCBI 

Gene Expression Omnibus (GEO) under the accession number GSE80659. 

 

RESULTS 

Transcriptomic analysis of GAS biofilms.  

Principal component analysis of the data obtained from RNA sequencing revealed that 

the transcriptomes of the biofilm and planktonic samples at various time points 

assembled separately from each other into distinct, isolated clusters (Figure 2.1). Further  

 

Figure 2.1: Clustering of biofilm and planktonic samples based on transcriptomic data. Principal 
Component Analysis (PCA) of log2 FPKM expression values from each sample. PCA plot represents 1781 
genes for which expression values were available. Biological triplicates are shown by matching symbols. 
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analysis of the transcriptomes revealed a large number of genes with differential 

expression between biofilm and planktonic cultures. There were 1039 genes, representing 

approximately 58% of the S. pyogenes genome, that showed a significant difference 

(q<0.01, log2 fold change > 1 or <-1) between at least one biofilm time point and one 

planktonic time point. The functional breakdown of these 1039 genes by their assigned 

Cluster of Orthologous Groups (COGs) classification is shown in Figure 2.2. Because  

Figure 2.2: Characterization of differentially expressed genes based on their COG classification. 
Genes that were determined to have a significant 2-fold difference in expression between at least one 
biofilm and planktonic time point were categorized based on their COG classification. The number of 
genes in each COG classification are shown for the 1039 genes with differential expression based on 
transcriptome data. Letter designations refer to the standard COG abbreviations. Numbers sum to greater 
than 1039 due to some genes fitting in more than one COG. 
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the six day biofilm and 10 day biofilm transcriptomes were nearly identical with only two 

genes showing significant differences in expression, only the 10 day (late stage) biofilm 

was used for further determining significant differences between biofilm and planktonic 

growth. To determine whether any particular COG was over-represented in our data, the 

differentially expressed genes at each of the nine biofilm-planktonic time point 

comparisons were analyzed using the R-package for Bacterium and virus analysis of 

Orthologous Groups (BOG) (225). BOG analysis revealed that the lists of differentially 

expressed genes for eight out of the nine comparisons were significantly (adjusted p-

value <0.05) enriched with genes involved in carbohydrate transport and metabolism 

(COG cluster G) (Figure 2.3). No other COG was significantly over-represented for 

more than one of the nine comparisons. 

To determine which genes were consistently up- or down-regulated during 

biofilm growth, we restricted the list of 1039 genes to only those that showed a 

significant difference for more than 75% of the biofilm vs planktonic time point 

comparisons. This restriction generated a list of 38 genes with consistently higher 

expression during biofilm growth and eight genes with significantly lower expression 

during biofilm growth compared to planktonic growth (Table 2.1). These genes are 

predicted to make up a total of 35 operons, suggesting that only a small handful of 

transcripts are consistently up or down-regulated over time during biofilm growth. 

Twelve of the 46 genes have functions that are unknown or are poorly characterized. Of 

those with COG classifications, the majority of the consistently up-regulated transcripts 

fell into one of three groups involved in the cellular processes of signal transduction (T), 

defense mechanisms (V), or cell wall and membrane biogenesis (M). Among the  
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Figure 2.3: Differential regulation of biofilm versus planktonic transcriptome according to COG 
classifications. The numbers of genes in each COG differentially regulated at each biofilm versus 
planktonic time point are shown. Dark bars indicate the number of genes in the COG up-regulated and light 
bars indicate the number of genes down-regulated. COGs were analyzed with the R-package BOG (225) to 
identify COGs with a statistically greater than expected number of genes showing differential expression. 
*=adj. p-value < 0.05 according to the Mann-Whitney Rank Sum test. 
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Table 2.1: Genes with consistent differential expression in the GAS transcriptome, biofilm vs 
planktonic time points 

   

  

Early 
Biofilm 

vs.

Maturing 
Biofilm 

vs.

Late 
Biofilm 

vs.

Early 
Biofilm 

vs.

Maturing 
Biofilm 

vs.

Late 
Biofilm 

vs.

Early 
Biofilm 

vs.

Maturing 
Biofilm 

vs.

Late 
Biofilm 

vs.

Gene Gene Description
3

Spy0076 rpmJ 1.98 1.63 1.56 1.45 1.67 1.33 1.25 50S ribosomal protein L36 I

Spy0446 1.55 1.07 1.37 1.81 1.33 1.63 1.24 1.06
Serine kinase, regulates 

carbohydrate metabolism
T

Spy0447 1.87 1.7 1.43 1.96 1.79 1.52 1.59 1.42 1.15
Glycosyltransferase involved in 

cell wall biogenesis
M

Spy0494 1.75 1.6 3.02 2.87 1.8 3.25 3.1 2.03 hypothetical protein -

Spy0652 1.4 1.38 2.17 2.14 1.46 1.82 1.79 1.11
Predicted flavin-nucleotide-binding 

protein
R

Spy0653 czcD 3.04 2.94 1.82 3.18 3.08 1.96 2.53 2.43 1.31
Cobalt-zinc-cadmium resistance 

protein
P

Spy0716 3.93 3.98 2.6 2.5 2.55 1.17 2.15 2.19 0.82 hypothetical protein -

Spy0787 1.02 0.95 1.05 1.11 1.04 1.15 1.18 1.11 1.21 Fe-S-cluster containining protein R

Spy0806 srtA 5.42 4.21 2.97 4.39 3.19 1.95 4.07 2.86 1.62 Lantibiotic streptin precursor -

Spy0807 srtT 4.07 3.66 3.93 3.06 2.65 2.92 2.48 2.07 2.34
Subtilin transport ATP-binding 

protein
V

Spy0808 srtF 3.99 3.54 4.36 2.41 1.96 2.78 1.95 1.5 2.32
Lantibiotic transport ATP-binding 

protein
V

Spy0809 srtE 3.6 3.35 3.32 2.19 1.94 1.91 2.57 2.32 2.29
Lantibiotic transport permease 

protein
-

Spy0810 srtG 3.52 3.54 4.01 2.06 2.07 2.54 1.95 1.96 2.43
Lantibiotic transport permease 

protein
-

Spy0812 2.43 2.13 2.49 2.12 1.82 2.18 1.63 1.34 1.69 hypothetical protein -

Spy0921 2.72 2.39 2.24 2.14 1.82 1.67 1.82 1.5 1.35
ABC transporter ATP-binding 

protein
R

Spy0922 pdxK 3.14 2.68 2.33 2.67 2.22 1.86 1.93 1.47 1.12
Putative membrane spanning 

protein 
S

Spy0923 3.17 2.89 2.22 2.37 2.09 1.42 1.9 1.63 0.95 Putative pyridoxal kinase H

Spy0924 4.12 3.64 3.18 2.16 1.68 1.22 1.96 1.48 1.02
Predicted transcriptional regulator 

of pyridoxine metabolism
K,E

Spy0948 ciaR 3.51 3.45 3.42 2.28 2.22 2.19 1.26 1.2 1.17
Two component system DNA-

binding response regulator
T,K

Spy1147 comEC 1.57 1.24 1.5 1.56 1.23 1.48 1.12 1.05
Late competence protein ComEC, 

DNA transport
R

Spy1168 2.75 2.3 2.87 1.86 1.41 1.98 1.56 1.11 1.68 Phage protein -

Spy1265 1.06 0.95 1.65 1.63 1.51 2.21 1.23 1.11 1.81 Ribose operon repressor K

Spy1282 msrA 2.97 3.2 2.78 1.85 2.07 1.66 1.45 1.68 1.26
Peptide methionine sulfoxide 

reductase MsrA/MsrB
O

Spy1283 tlpA 2.53 2.77 2.7 1.64 1.88 1.81 0.97 1.2 1.14
Thiol-disulfide isomerase or 

thioredoxin
O

Spy1284 ccdA 2.18 2.5 1.88 1.58 1.9 1.29 1.05 1.38
Cytochrome c-type biogenesis 

protein
C,O

Spy1374 1.42 1.94 1.69 1.16 1.69 1.43 0.96 1.49 1.23 hypothetical protein -

Spy1720 mga 0.8 1.08 1.08 1.87 2.15 2.15 1.61 1.89 1.88
M protein trans-acting positive 

regulator
-

Spy1721 1.34 1.4 2.03 2.09 2.14 2.78 1.6 1.66 2.3
Uncharacterized mga-associated 

protein
-

Spy1722 0.98 1.3 2.19 0.99 1.31 2.2 1.19 1.51 2.4
Uncharacterized mga-associated 

protein
-

Spy1723 isp 2.55 3.16 3.29 2.26 2.88 3 1.45 2.06 2.18 Immunogenic secreted protein M

Spy1724 ihk 1.76 1.92 2.91 1.52 1.67 2.66 1.08 1.23 2.22
Two-component system histidine 

kinase
T

Spy1725 irr 2.97 3.12 3.27 2.56 2.72 2.86 2.21 2.36 2.51
Two-component system response 

regulator
T,K

Spy1726 2.25 2.48 2.74 1.93 2.16 2.42 1.7 1.93 2.19
ABC-type antimicrobial peptide 

transport system
V

Spy1727 2.61 2.55 3.63 2.49 2.42 3.51 1.65 2.67
ABC-type lipoprotein export 
system, ATPase component

M

Spy1728 2.42 3.11 3.93 2.12 2.81 3.63 1.27 1.96 2.78 Multidrug efflux pump subunit M,V

Spy1729 3.48 3.66 3.76 3.11 3.29 3.39 1.7 1.88 1.98 hypothetical protein -

Spy1798 spxA 2.09 1.72 1.7 2.35 1.99 1.97 1.96 1.59 1.57 Transcriptional regulator P

Spy1815 rpmF 1.57 1.97 0.64 2.61 3.01 1.67 2.39 2.78 1.45 50S ribosomal protein L32 J

Operon 

Structure5

Genes upregulated in >75% of Biofilm vs Planktonic time point comparisons

Log Fold Change
1,2

M5005 
Locus 

COG 

Cluster
4Early Log Phase Late Log Phase Early Stationary Phase
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consistently down-regulated transcripts, the majority was involved in carbohydrate 

transport and metabolism (G). 

In addition to the 46 genes that were consistently up or down-regulated in biofilm 

samples, another group of 48 genes spread across 27 operons showed significant 

differences in gene expression between the majority of biofilm and planktonic time points 

(Table 2.2). These 48 genes were all more highly expressed at every biofilm time point 

when compared to early log phase planktonic cultures. However, these same genes all 

showed even greater expression in the late log and stationary phases of planktonic growth 

when compared to all biofilm time points. As with many other genes showing differential 

expression between biofilm and planktonic growth, the majority of these 48 genes were 

involved in carbohydrate transport and metabolism. 

 

Spy1843 1.54 1.64 1.5 2.2 2.3 2.16 1.3 1.4 1.26
Soluble lytic murein 

transglycosylase
M

Spy0233 plr -1.61 -1.53 -1.46 -1.9 -1.81 -1.74 -1.32 -1.24 -1.16
Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 
G

Spy1384 glyS -2.17 -2.13 -1.46 -2.16 -2.11 -1.44 -1.68 -1.64 -0.97 Glycine--tRNA ligase beta subunit J

Spy1481 manN -2.44 -2.42 -1.97 -2.03 -2 -1.56 -1.05 -1.03
PTS system, mannose-specific IID 

component 
G

Spy1666 rpsO -3.34 -3.27 -2.17 -2.2 -2.13 -1.03 -2.01 -1.94 -0.85 30S ribosomal protein S15 J

Spy1679 pulA -1.62 -1.18 -0.93 -2.23 -1.79 -1.54 -2.47 -2.03 -1.79
Pullulanase/glycogen debranching 

enzyme
G

Spy1681 dexB -1.2 -0.9 -1.12 -2.96 -2.67 -2.88 -2.77 -2.47 -2.69 Dextran glucosidase G

Spy1682 msmK -0.99 -1.18 -1.24 -2.3 -2.49 -2.56 -1.77 -1.96 -2.02
Multiple sugar transport ATP-

binding protein
G

Spy1683 lrp -1.59 -1.73 -1.44 -1.38 -1.51 -1.22 -1.21 -1.34 -1.05 Leucine rich protein K

1
Numbers represent log2 fold change between biofilm and planktonic time point.

2
Missing numbers indicate differential expression was not statistically significant for the given comparison.

3
Gene descriptions derived from NCBI and/or Uniprot database

4
Letters refer to the functional categories of the assigned Cluster of Orthologous Group (COG)  (http://www.ncbi.nlm.nih.gov/COG)

5
Extended black bars indicate genes predicted to be in the same operon according to analysis by the program Rockhopper.

Genes down-regulated in >75% of Biofilm vs Planktonic time point comparisons
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Table 2.2: Genes up-regulated during biofilm vs early log planktonic growth, down-regulated during 
biofilm vs late log and stationary phase

 

M5005 
Locus 

Early 
Biofilm 

vs.

Maturing 
Biofilm 

vs.

Late 
Biofilm 

vs.

Early 
Biofilm 

vs.

Maturing 
Biofi lm 

vs.

Late 
Biofi lm 

vs.

Early 
Biofilm 

vs.

Maturing 
Biofilm 

vs.

Late 
Biofilm 

vs.

Gene Putative Function
3

Spy0040 adhA 1.93 2.02 2.2 -2.73 -2.64 -2.46 -1.86 -1.77 -1.59 alcohol dehydrogenase R

Spy0118 1.4 1.33 -1.03 -1.09 -1.45 -1.47 -1.53 -1.89
LysR family transcriptional 

regulator
K

Spy0151 ulaD 1.69 -2.57 -2.46 -2.02 -1.88 -1.77 -1.33
3-keto-L-gulonate-6-phosphate 

decarboxylase
G

Spy0152 1.55 1.86 -3.05 -2.89 -2.58 -2.03 -1.87 -1.56
putative L-xylulose 5-phosphate 3-

epimerase
G

Spy0153 araD 1.68 -3.89 -2.84 -2.35 -3.13 -2.08 -1.59
L-ribulose-5-phosphate 4-

epimerase
G

Spy0212 2.02 1.85 1.61 -1.96 -2.13 -2.38 -1.7 -1.86 -2.11
N-acetylmannosamine-6-phosphate 

2-epimerase
G

Spy0213 1.82 1.83 1.55 -2.07 -2.05 -2.34 -1.83 -1.82 -2.1
N-acetylneuraminate-binding 

protein
G

Spy0214 1.08 1.08 -1.4 -1.41 -1.63 -1.34 -1.34 -1.57
N-acetylneuraminate transport 

system permease 
G

Spy0340 lctO 5.77 5.57 5.17 -2.6 -2.8 -3.2 -2.28 -2.47 -2.88 L-lactate oxidase C,I

Spy0341 4.37 4.72 4.2 -2.27 -1.93 -2.45 -2.7 -2.36 -2.88 lactocepin O

Spy0534 2.31 2.18 2.8 -1.63 -1.77 -1.14 -1.74 -1.87 -1.25 acetoin reductase I,Q

Spy0790 gabD 1.7 1.92 2.01 -1.34 -1.12 -1.04 -1.83 -1.61 -1.52
succinate-semialdehyde 

dehydrogenase
C

Spy0834 4.06 3.77 3.47 -0.85 -1.14 -1.44 -0.83 -1.12 -1.42
Zn-dependent alcohol 

dehydrogenase
E

Spy0971 1.09 1.42 2.11 -1.74 -1.41 -0.72 -2.91 -2.58 -1.89 Gls24 family general stress protein S

Spy0974 1.14 1.41 2.75 -2.26 -2 -0.66 -2.71 -2.45 -1.11 small integral membrane protein S

Spy0975 1.85 2.1 2.83 -1.68 -1.43 -2.22 -1.97 -1.24 hypothetical protein -

Spy1062 malA 1.65 1.69 2.63 -2.15 -2.11 -1.17 -2.53 -2.49 -1.55 maltodextrose utilization protein G

Spy1063 malD 2.59 2.5 2.16 -1.32 -1.41 -1.75 -1.37 -1.46 -1.79
maltodextrin transport system 

permease protein
G

Spy1064 malC 3.04 2.85 2.27 -0.95 -1.13 -1.71 -1.25 -1.44 -2.01
maltose transport system permease 

protein
G

Spy1065 amyA 2.62 2.52 2.79 -1.1 -1.2 -0.93 -1.73 -1.83 -1.56 alpha-amylase G

Spy1066 amyB 2.27 2.05 2.33 -1.51 -1.73 -1.44 -1.78 -2.01 -1.72 cyclomaltodextrinase G

Spy1067 malX 3 2.76 2.78 -1.32 -1.56 -1.54 -1.62 -1.85 -1.84
maltose/maltodextrin-binding 

protein
G

Spy1093 3.09 2.98 2.63 -1.84 -1.95 -2.3 -1.69 -1.81 -2.15 hypothetical protein R

Spy1270 arcC 4.2 4.39 5.17 -3.65 -3.46 -2.68 -3.67 -3.48 -2.7 carbamate kinase E

Spy1271 arcT 5.42 5.42 5.7 -2.85 -2.85 -2.58 -2.66 -2.66 -2.39 Xaa-His dipeptidase E

Spy1272 arcD 4.63 4.76 4.92 -3.53 -3.39 -3.24 -2.94 -2.8 -2.65 arginine/ornithine antiporter R

Spy1273 arcB 4.73 4.72 4.72 -3.6 -3.6 -3.61 -2.62 -2.63 -2.63 ornithine carbamoyltransferase E

Spy1274 4.82 4.92 6.04 -3.94 -3.84 -2.72 -3.32 -3.22 -2.1 acetyltransferase -

Spy1275 arcA 5.4 6.02 5.9 -3.54 -2.92 -3.05 -2.63 -2 -2.13 arginine deiminase E

Spy1314 hyl 1.12 1.35 1.17 -1.72 -1.5 -1.67 -1.7 -1.48 -1.65 hyaluronoglucosaminidase -

Spy1316 1.04 2.03 1.66 -1.72 -0.72 -1.09 -2.11 -1.12 -1.49 hypothetical protein S

Spy1376 tal 1.14 1.35 1.38 -1.96 -1.74 -1.71 -1.92 -1.7 -1.67 putative translaldolase G

Spy1395 lacD.1 3.34 3.58 3.45 -1.75 -1.5 -1.63 -1.55 -1.3 -1.43 tagatose 1,6-diphosphate aldolase G

Spy1396 3.37 3.8 4.18 -2.49 -2.07 -1.69 -2.4 -1.97 -1.6 tagatose-6-phosphate kinase -

Spy1397 lacB.1 3.21 3.48 4.08 -2.6 -2.32 -1.73 -2.22 -1.95 -1.36
galactose-6-phosphate isomerase 

subunit LacB
G

Spy1398 lacA.1 3.56 3.84 4.16 -2.32 -2.04 -1.72 -2.14 -1.86 -1.54
galactose-6-phosphate isomerase 

subunit LacA
G

Spy1399 4.39 4.46 4.47 -2.95 -2.89 -2.88 -2.51 -2.44 -2.43
PTS system, galactose-specific IIC 

component
G

Spy1400 4.61 5.81 5.78 -3.16 -1.97 -2 -2.61 -1.44
PTS system, galactose-specific IIB 

component
G

Spy1401 4.3 4.48 5.03 -3.34 -3.16 -2.6 -2.2 -2.02 -1.47
PTS system, galactose-specific IIA 

component
G,T

Operon 

Structure5

Genes upregulated in biofi lm vs early log phase, down-regulated in biofilm vs late log and stationary phase

Log Fold Change
1,2

COG 

Cluster
4

Early Log Phase Late Log Phase Early Stationary Phase
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Proteomic analysis of GAS biofilms.  

LC-MS/MS was able to identify nearly one-third of the proteins in the predicted S. 

pyogenes proteome. Similar to what was seen with the transcriptomic data, the proteomes 

from the biofilm samples clustered together separate from the planktonic proteomes 

(Figure 2.4). Between the cell wall and the cellular fractions, a total of 586 proteins were 

identified. Of these, only 54 proteins were identified solely in the cell wall fraction. To 

avoid analyzing expression differences that were unlikely to be biologically relevant, 

extremely low abundance proteins (average MS/MS spectral count <1) were excluded 

from further analysis. Among the remaining proteins, 467 showed a significant difference 

(q<0.01, log2 fold change > 1 or <-1) between at least one biofilm time point and one 

planktonic time point in one of the protein fractions. Of these proteins, 147 had 

significant differences between biofilm and planktonic time points in the cell wall protein 

fraction, 91 had significant differences in the cellular protein fraction, and 229 had 

significant differences in both fractions. The functional breakdown of these differentially 

expressed proteins is shown by their assigned Cluster of Orthologous Groups (COGs) 

classification for the cellular and cell wall fractions in Figures 2.5A and 2.5B,   

Spy1632 lacG 1.62 2.67 2.2 -2.85 -1.81 -2.28 -2.03 -0.99 -1.46 6-phospho-beta-galactosidase G

Spy1633 lacE 2.69 3.99 3.08 -3.63 -2.33 -3.24 -2.52 -1.22 -2.13
PTS system, lactose-specific IIBC 

component
G

Spy1634 lacF 3.54 4.8 4.1 -3.44 -2.17 -2.87 -2.44 -1.88
PTS system, lactose-specific IIA 

component
G

Spy1635 lacD.2 3.99 5.45 4.37 -2.92 -1.45 -2.53 -1.99 -1.6 tagatose 1,6-diphosphate aldolase G

Spy1636 lacC.2 3.21 4.26 3.41 -3.19 -2.14 -3 -1.7 -1.51 tagatose-6-phosphate kinase G

Spy1637 lacB.2 4.1 5.17 3.54 -2.11 -1.03 -2.66 -1.05 -1.61
galactose-6-phosphate isomerase 

subunit LacB
G

Spy1638 lacA.2 3.82 4.91 4.11 -2.51 -1.41 -2.21 -1.72 -1.42
galactose-6-phosphate isomerase 

subunit LacA
G

Spy1744 1.93 2.28 2.41 -1.9 -1.56 -1.42 -1.52 -1.18 -1.04
PTS system, cellobiose-specific 

IIC component
G

Spy1758 2.04 2.14 2.22 -1.29 -1.19 -1.11 -1.54 -1.44 -1.36 dipeptidase B E

Spy1769 ahpF 1.39 1.22 1.08 -0.9 -1.07 -1.21 -2.14 -2.31 -2.46
peroxiredoxin reductase 

(NAD(P)H)
V

Spy1783 dexS 3.44 3.28 3.87 -1.51 -1.67 -1.08 -1.87 -2.04 -1.44 trehalose-6-phosphate hydrolase G

Spy1784 3.54 3.04 3.35 -1.65 -2.15 -1.83 -1.87 -2.37 -2.05
PTS system, trehalose-specific 

IIBC component
G

1
Numbers represent log2 fold change between biofilm and planktonic time point.

2
Missing numbers indicate differential expression was not statistically significant for the given comparison.

3
Gene descriptions derived from NCBI and/or Uniprot database

4
Letters refer to the functional categories of the assigned Cluster of Orthologous Group (COG)  (http://www.ncbi.nlm.nih.gov/COG)

5
Extended black bars indicate genes predicted to be in the same operon according to analysis by the program Rockhopper.
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Figure 2.4 Clustering of biofilm and planktonic samples based on proteomic data. Principal 
Component Analysis (PCA) of log2 LFQ intensity values from each sample in either the cellular proteome 
(A), or the cell wall proteome (B). PCA plot represents 532 proteins (cellular proteome) or 489 proteins 
(cell wall proteome) for which expression values were available. Technical triplicates are shown by 
matching symbols and colors. Biological duplicates are shown by matching symbols. 



45 

 

 

Figure 2.5: Characterization of differentially expressed proteins based on their COG 
classification.Proteins that were determined to have a significant 2-fold difference in expression between at 
least one biofilm and planktonic time point were categorized based on their COG classification. The 
number of proteins in each COG classification are shown for the 320 proteins with differential expression 
based on cellular proteome data (A), and the 376 proteins with differential expression based on cell wall 
proteome data (B). Letter designations refer to the standard COG abbreviations. Numbers sum to greater 
than 320 or 376 due to some proteins fitting in more than one COG. 
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respectively. BOG analysis revealed relatively few COGs to be significantly enriched at 

any of the time point comparisons (Figures 2.6 & 2.7). The notable exception was a 

significant enrichment in differentially expressed proteins involved in carbohydrate 

transport and metabolism in the cell wall protein fraction. In comparing all of the cell 

wall protein fractions from the different samples, all of the stationary phase vs. biofilm 

phase time point comparisons had a greater number of differentially expressed proteins in 

COG cluster G than expected according to BOG analysis (Figure 2.7). 

Similar to the transcriptome analysis, we restricted the list of significantly 

differentially expressed proteins to those that that showed a significant difference for 

more than 75% of the biofilm vs. planktonic time point comparisons. This narrowed 

down the 467 proteins to 41 proteins that were either consistently up-regulated or 

consistently down-regulated over time during biofilm growth. Of these 41 proteins, 8 had 

differential expression in only the cell wall fraction, 17 had differential expression in only 

the cellular fraction, and 16 had differential expression in both fractions (Tables 2.3 & 

2.4). Over 80% of the differentially expressed proteins were up-regulated during biofilm 

growth with only 8 of the 41 proteins being consistently down-regulated during biofilm 

growth. 

Correlation between transcriptome and proteome.  

Despite both the biofilm transcriptome analysis and the biofilm proteome analysis 

revealing differential expression of a large number of genes or proteins involved in 

carbohydrate transport and metabolism, the overlap between the individual genes and 

proteins that were identified by each method was modest. Since we were only able to 

identify and obtain quantitative data for approximately a third of the proteins in the  
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Figure 2.6: Differential regulation of biofilm versus planktonic cellular proteome according to COG 
classifications. The number of cellular proteins in each COG differentially regulated at each biofilm versus 
planktonic time point are shown. Dark bars indicate the number of cellular proteins in the COG up-
regulated and light bars indicate the number of cellular proteins down-regulated. COGs were analyzed with 
the R-package BOG (225) to identify COGs with a statistically greater than expected number of cellular 
proteins showing differential expression. *=adj. p-value < 0.05 according to the Mann-Whitney Rank Sum 
test. 
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Figure 2.7: Differential regulation of biofilm versus planktonic cell wall proteome according to COG 
classifications. The number of cell wall proteins in each COG differentially regulated at each biofilm 
versus planktonic time point are shown. Dark bars indicate the number of cell wall proteins in the COG up-
regulated and light bars indicate the number of cell wall proteins down-regulated. COGs were analyzed 
with the R-package BOG (225) to identify COGs with a statistically greater than expected number of cell 
wall proteins showing differential expression. *=adj. p-value < 0.05 according to the Mann-Whitney Rank 
Sum test. 
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Table 2.3: Proteins with consistent differential expression in the GAS cellular proteome, biofilm vs 
planktonic time points 

 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Gene Protein Description
3

Spy0751 acoA 1.69 1.93 2.39 1.36 1.81 1.16 1.41 1.87
pyruvate dehydrogenase E1 

component alpha subunit
C

Spy0752 acoB 1.64 1.91 2.24 1.29 1.56 1.89 1.16 1.43 1.76
pyruvate dehydrogenase E1 

component beta subunit
C

Spy0753 acoC 2.03 1.99 2.92 1.55 1.51 2.45 0.89 0.85 1.78
branched-chain alpha-keto acid 

dehydrogenase subunit E2
C

Spy0755 acoL 1.84 2.1 2.2 1.96 2.22 2.32 1.9 2.17 2.27 dihydrolipoamide dehydrogenase C

Spy0778 msrB 4.09 4.05 2.8 3.39 3.34 2.1 3.68 3.63 2.38 methionine sulfoxide reductase B O

Spy0781 ptsB 5.54 5.3 5.19 5.29 5.05 4.95 2.12 1.88 1.77
PTS system mannose/fructose 

family IIB subunit
G

Spy0790 gabD 4.46 4.58 3.24 4.92 5.04 3.7 4.7 4.82 3.48
succinate-semialdehyde 

dehydrogenase
C

Spy0792 1.57 1.53 1.58 2 2.05 1.56 1.51 1.57
NAD(P)H-dependent quinone 

reductase
C

Spy0851 pta 2.79 2.7 2.32 1.37 1.27 0.9 1.4 1.3 0.92 phosphotransacetylase C

Spy0867 glyA 1.18 1.49 1.41 1.54 1.46 1.78 2.1 2.02 serine hydroxymethyltransferase E

3.24 2.95 2.91 2.01 1.72 1.68 2.13 1.84 1.8 hypothetical protein -

Spy1067 malX 3.85 3.57 4.13 3.06 2.77 3.34 2.12 1.83 2.4
maltose/maltodextrin-binding 

protein
G

Spy1235 4.87 4.96 4.4 2.43 2.52 1.96 2.46 2.55 1.99 phosphoglucomutase G

Spy1270 arcC 5.99 5.78 4.77 3.34 2.33 3.63 3.42 2.42 carbamate kinase E

Spy1271 arcT 4.74 4.87 3.67 4.48 4.61 3.41 3.66 3.79 2.59 Xaa-His dipeptidase E

Spy1273 arcB 5.81 5.87 5.08 3.35 3.41 2.62 3.98 4.04 3.25 ornithine carbamoyltransferase E

Spy1275 arcA 7.5 7.29 6.64 5.39 5.18 4.53 2.97 2.76 2.11 arginine deiminase E

Spy1329 cysM 1.92 1.9 1.93 1.63 1.61 1.64 1.68 1.66 1.69 cysteine synthase E

Spy1356 pepC 0.95 0.87 1.04 1.35 1.26 1.43 2 1.91 2.08 aminopeptidase C E

Spy1387 2.31 2.59 3.18 1.07 1.65 0.78 1.07 1.65 aldo/keto reductase Q

Spy1388 nagA 2.03 2.01 1.18 1.86 1.85 1.02 1.75 1.74 0.91
N-acetylglucosamine-6-phosphate 

deacetylase
G

Spy1400 2.92 3.08 2.54 3.59 3.75 3.2 2.05 2.21 1.66
PTS system, galactose-specific IIB 

component
G

Spy1587 udp 4.14 4.05 2.56 2.35 2.26 2.39 2.3 uridine phosphorylase F

Spy1635 lacD2 3.63 3.68 2.27 3.16 3.22 1.81 2.41 2.47 1.05 tagatose 1,6-diphosphate aldolase G

Spy1678 3.26 3.34 2.62 1.91 1.98 1.26 1.95 2.03 1.31 thioredoxin O

Spy1734 6.49 6.97 5.64 3.59 4.07 2.74 3.54 4.02 2.69 Streptopain inhibitor -

Spy1768 ahpC 2.26 2.41 2.62 2.04 2.19 2.4 0.94 1.1 1.31
peroxiredoxin reductase 

(NAD(P)H)
V

Spy0249 oppA -2.23 -2.55 -2.79 -1.96 -2.28 -2.52 -0.77 -1.09 -1.33 oligopeptide-binding protein E

Spy1076 glnH -2.28 -2.37 -4.07 -2.1 -3.79 -1.01 -1.1 -2.79 transporter E,T

Spy1597 -3.21 -3.22 -3.97 -2.59 -2.6 -3.35 -1.7 -1.71 -2.46
MerR family transcriptional 

regulator
K

Spy1719 emm1.0 -6.46 -9.16 -12.93 -6.15 -8.85 -12.62 -3.03 -5.73 -9.5 M protein D

Spy1842 sdhA -1.4 -1.53 -1.72 -2.01 -2.2 -1.45 -1.59 -1.78 L-serine dehydratase E

Spy1848 -1.69 -1.83 -1.78 -1.54 -1.68 -1.63 -1.5 -1.63 -1.58 hypothetical protein D

1
Numbers represent log2 fold change between biofilm and planktonic time point.

2
Missing numbers indicate differential expression was not statistically significant for the given comparison.

3
Gene descriptions derived from NCBI and/or Uniprot database

M1GAS476_1104
5

Cellular proteins down-regulated in >75% of Biofilm vs Planktonic time point comparisons

Log Fold Change
1,2

COG 

Cluster
4

Early Log Phase Late Log Phase Late Stationary Phase

Cellular proteins upregulated in >75% of Biofilm vs Planktonic time point comparisons

M5005 
Locus

4
Letters refer to the functional categories of the assigned Cluster of Orthologous Group (COG)  (http://www.ncbi.nlm.nih.gov/COG)
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Table 2.4: Proteins with consistent differential expression in the GAS cell wall proteome, biofilm vs 
planktonic time points

 

 

predicted S. pyogenes proteome, our comparison between transcriptomic and proteomic 

data was limited to the genes for which corresponding proteins were identified by LC- 

MS/MS. Of the 46 genes found to be consistently up or down-regulated in the biofilm 

transcriptome (Table 2.1), only nine of them had a corresponding identified protein 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Early 
Biofilm 

Maturing 
Biofilm 

Late 
Biofilm 

Protein Protein Description
3

Spy0270 2.14 2.43 3.47 1.76 2.05 3.09 -0.23 1.1
Cysteine ABC transporter, 
substrate-binding protein

E,T

Spy0627 gor 1.98 2.34 3.72 1.27 1.62 3.01 -0.74 1 Glutathione reductase C

Spy0751 acoA 1.49 1.44 1.11 1.06 3.68 3.63 2.68
pyruvate dehydrogenase E1 

component alpha subunit
C

Spy0752 acoB 1.84 1.62 1.34 1.12 3.24 3.02 2.07
pyruvate dehydrogenase E1 

component beta subunit
C

Spy0753 acoC 1.71 1.63 1.12 1.34 1.25 0.74 3.69 3.61 3.09
branched-chain alpha-keto acid 

dehydrogenase subunit E2
C

Spy0755 acoL 1.61 1.56 2.61 1.31 1.26 2.31 1.83 1.78 2.83 dihydrolipoamide dehydrogenase C

Spy0781 ptsB 6.42 5.93 4.43 5.97 5.48 3.98 4.15 3.66 2.16
PTS system mannose/fructose 

family IIB subunit
G

Spy0790 gabD 4.92 5.41 7.13 4.45 4.94 6.66 0.57 1.05 2.77
succinate-semialdehyde 

dehydrogenase
C

Spy0792 1.51 1.35 3.04 2.87 1.58 5.41 5.24 3.95
NAD(P)H-dependent quinone 

reductase
C

Spy1067 malX 5.16 5.68 6.06 2.48 2.99 3.37 0.68 1.06
maltose/maltodextrin-binding 

protein
G

Spy1145 sodA 2.4 2.53 3.57 1.05 1.19 2.23 1.32 Manganese superoxide dismutase P

Spy1235 3.12 3.06 1.81 1.79 1.74 5.94 5.89 4.63 phosphoglucomutase G

Spy1270 arcC 5.41 6.21 7.3 3.51 4.3 5.4 1.82 carbamate kinase E

Spy1271 arcT 4.11 4.75 3.95 4.57 5.21 4.41 2.68 3.32 2.52 Xaa-His dipeptidase E

Spy1273 arcB 7.1 7.77 9.04 2.8 3.46 4.74 0.65 1.92 ornithine carbamoyltransferase E

Spy1275 arcA 6.47 7.07 8.24 2.72 3.33 4.49 1.06 2.23 arginine deiminase E

Spy1376 tal 3.11 3.48 4.56 3.17 3.54 4.62 1.49 putative translaldolase G

Spy1400 1.98 2.14 1.72 1.98 2.14 1.72 1.76 1.92
PTS system, galactose-specific IIB 

component
G

Spy1732 prsA2 1.87 2.41 1.12 0.99 1.54 2.73 3.27 1.98
Peptidylproline cis-trans-

isomerase
O

Spy1734 3.75 4.29 4.31 3.03 3.57 3.59 1.65 2.19 2.21 Streptopain inhibitor -

Spy1769 ahpF 1.54 1.6 1.49 1.55 2.85 2.91 1.42
peroxiredoxin reductase 

(NAD(P)H)
V

Spy1709 -1.66 -1.64 -2.59 -1.42 -2.84 -2.82 -3.77 hypothetical protein S

Spy1714 -3.43 -3.68 -3.13 -3.33 -3.58 -3.03 -3.07 -3.32 -2.77 Fibronectin-binding protein D

Spy1719 emm1.0 -3.05 -4.26 -5.72 -3.45 -4.66 -6.12 -3.3 -4.51 -5.98 M protein D

1
Numbers represent log2 fold change between biofilm and planktonic time point.

2
Missing numbers indicate differential expression was not statistically significant for the given comparison.

3
Gene descriptions derived from NCBI and/or Uniprot database

4
Letters refer to the functional categories of the assigned Cluster of Orthologous Group (COG)  (http://www.ncbi.nlm.nih.gov/COG)

Cell wall proteins upregulated in >75% of Biofilm vs Planktonic time point comparisons

Cell wall proteins down-regulated in >75% of Biofilm vs Planktonic time point comparisons

Log Fold Change
1,2

M5005 
Locus 

COG 

Cluster
4

Early Log Phase Late Log Phase Late Stationary Phase
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product in either the cellular or cell wall protein fractions. None of the corresponding 

proteins were among the proteins consistently up or down-regulated in the biofilm 

proteome (Tables 2.3 & 2.4). However, seven out of the nine corresponding proteins 

show a trend in their expression that matched the regulation pattern of their 

corresponding transcript, despite not meeting the criteria for inclusion in Table 2.3 or 2.4 

(data not shown). 

Interestingly, there was a strong relationship between the 48 genes with the 

distinct pattern of transcript expression shown in Table 2.2, and the proteins that were 

consistently up-regulated. Out of the 27 operons represented in Table 2.2, 13 had 

corresponding protein data for at least one protein encoded by the operon. Of those 

operons with both transcriptomic and proteomic data, 85% (11 out of 13) showed 

significantly greater protein expression for a majority of the biofilm vs. planktonic time 

point comparisons, despite showing the highest transcript levels during late log and 

stationary planktonic growth. 

Overall, the modest correlation between the S. pyogenes transcriptome and 

proteomes could be seen at every time point examined (Figure 2.8, Figure 2.9). All time  

 
Figure 2.8: Correlation between transcriptome and proteome. Expression values within each time point 
were normalized by z-scoring, and the Pearson correlation coefficient was calculated for all genes with 
corresponding proteins identified in either the cellular proteome (A), or the cell wall proteome (B).  
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Figure 2.9: Multiple scatter plots showing correlation between planktonic and biofilm time points. 
Scatter plots show the z-scored proteome expression values plotted against the transcriptome expression 
values for all possible time point combinations. All genes with corresponding proteins identified in either 
the cellular proteome (A), or the cell wall proteome (B) are shown. The numbers in the upper left-hand of 
each box indicate Pearson correlation coefficients. 
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points had Pearson correlation coefficients less than 0.55, with the highest correlation 

being found at the early log time point. The cellular proteome showed better correlation 

with the cellular transcriptome than the cell wall proteome did with the cell wall 

transcriptome, and the planktonic proteomes and transcriptomes showed stronger 

correlations than the biofilm proteomes and transcriptomes (Figure 2.8). 

Differential regulation of virulence factors.  

Based on an extensive review of the literature, we identified 52 genes that had been 

previously identified as S. pyogenes virulence factors (1, 39, 49, 57, 67, 82, 93, 97, 101, 

110-112, 120, 128, 140, 147, 153, 169, 170, 204, 220, 233, 238, 265, 269, 276, 277, 280, 

292-294, 296, 302). In addition, our transcriptome analysis revealed the transcription of 2 

putative phage hyaluronidase genes. The transcriptome expression profiles for these 54 

genes are shown in the heat map in Figure 2.10A. It is not surprising that only three of 

these virulence factors (GAPDH/plr, emm1, spyCEP) are identified in the globally and 

continuously up or down-regulated genes shown in Table 2.1 since GAS transiently 

expresses these virulence factors depending on disease stage.  

A number of the genes showed distinct patterns of differential expression. The 

majority of adhesins showed greater expression during planktonic growth, along with a 

number of virulence factors that help GAS avoid the innate immune system. During 

biofilm growth there was greater expression of genes involved in combating the adaptive 

immune response, including the streptococcal superantigens. There was also increased 

expression of a number of genes that encode destructive enzymes during biofilm growth. 

Of the 54 virulence factors identified in the transcriptome, 14 and 11 were found 

in the cellular and cell wall proteome, respectively (Figure 2.10B & 2.10C). The subset  
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Figure 2.10: Expression profiles of GAS virulence factors during planktonic and biofilm growth. (A) 
Z-scored expression values for 54 characterized and putative GAS virulence factors genes. The putative 
phage hyaluronidase genes are denoted with the symbol “hyl” followed by their predicted molecular 
weight. (B) Z-scored expression values for the 14 out of the 54 GAS virulence factors with corresponding 
proteomic data in the cellular fraction. (C) Z-scored expression values for the 12 out of the 54 GAS 
virulence factors with corresponding proteomic data in the cell wall fraction. 
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of virulence factors found in the proteome samples showed expression patterns similar to 

what was seen in the transcriptome. Adhesins and proteins involved in defense against 

the innate immune response showed greater expression during the planktonic time points, 

as was seen in the transcriptome. The only exceptions were the proteins involved in D-

alanylation of lipoteichoic acid, which showed more mixed expression patterns in the 

proteome. As was the case with the transcriptome, the expression of SpeB was greater in 

the biofilm proteomes, and expression increased as the biofilm aged. 

 

DISCUSSION 

As the first study to comprehensively and globally characterize both the transcriptome 

and the proteome of in vitro GAS biofilms, our results give a great deal of new insight 

into gene expression and protein production in the context of a biofilm. Despite there 

being evidence for differential regulation of more than 50% of both the transcriptome and 

the identified proteome at some point during biofilm growth, only a small handful of 

genes and proteins could be classified as having biofilm-specific expression patterns. 

Furthermore, the correlation between the GAS transcriptome and proteome was only 

modest. Although a moderate correlation was seen during the early log time point (0.539 

for the transcriptome vs. the cellular proteome, 0.503 vs the cell wall proteome), the 

correlation rapidly decreased for later planktonic time points and was weak for all of the 

biofilm time points (Figure 2.8). This finding that bacterial transcription does not 

strongly correlate with translation or protein abundance recapitulates the findings of 

multiple other studies. Namely, these studies have found that the correlation between 

bacterial transcriptomes and proteomes is highly variable based on the experimental 
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conditions being tested. The correlation coefficients reported ranged from 0.41 to 0.73, in 

line with the values that we found in our study.(23, 108, 132, 137, 165, 181, 192, 209, 

219). 

The fact that the strongest correlations were found during the earliest planktonic 

time points was unsurprising. Bacterial cells in this stage of growth express transcripts 

that are quickly translated for proteins needed by the cell. These cells also lack high 

amounts of pervasive proteins that were produced in other growth phases but were not yet 

degraded. As growth progresses and both protein products and cellular waste 

accumulates, the cells and their environment become more complex. This change can be 

expected to lead to a greater divergence between the transcriptome and proteome. The 

fact that there were lower correlations between the biofilm transcriptome and proteome 

was also unsurprising. In addition to all of the post-transcriptional mechanisms that are 

responsible for the normal discrepancy seen between mRNA and protein levels (181), 

biofilm cultures have an additional element of spatial heterogeneity. The most 

metabolically and transcriptionally active cells in a biofilm tend to reside in the outer 

layers of a biofilm (237). Because bacterial mRNA has an average half-life of less than 

10 minutes (202, 255), the transcriptional profile of these cells is overrepresented in the 

transcriptome. Bacterial proteins have a significantly longer average half-life, bordering 

on the order of days (182). The half-life for individual proteins, however, is highly 

variable, and this variation in protein half-life has been shown to account for the majority 

of the disagreement between bacterial transcriptomes and proteomes (181). Since we 

sampled the entirety of the biofilm at once without regard for spatial structure, the 

proteomic profile we observed was more representative of the collection of stable, 
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accumulated proteins throughout the entire biofilm growth process while the 

transcriptomic profile was more representative of recent transcription in the outer layers 

of the biofilm.  

Despite these differences between the GAS proteome and transcriptome, this 

study demonstrates the benefit of examining both of these datasets in conjunction. Protein 

expression levels are more representative of function than transcript levels, and as 

detailed above conclusions drawn from transcriptomic data could lead to erroneous 

conclusions unless actual protein expression or function is verified. Likewise, while 

label-free liquid chromatography tandem mass spectrometry provides an excellent tool 

for measuring protein expression by quantitative shotgun proteomics, we were still 

limited by which proteins we were able to identify and quantify. Although fractionating 

the proteome into cell wall and cellular samples increased the number of proteins we 

could identify by approximately 10%, we were still only able to identify roughly one-

third of the predicted GAS proteome. A survey of recent studies utilizing shotgun 

proteomics to map prokaryotic proteomes revealed a wide range of proteome coverage 

(6, 50, 134, 135, 179, 212, 219, 229, 298, 301). For the eleven different species of 

bacteria used in these studies, proteome coverage ranged from 5.3% to 88% of the 

predicted proteome. Coverage levels varied depending on the complexity of the 

organism, the quality of its genomic annotation, the number of growth conditions tested, 

the cell fractionation methods used, and which specific LC-MS/MS equipment was 

employed. Even more directly comparable to our results, a study by Okamoto and 

Yamada (216) used shotgun LC-MS/MS to analyze the proteome of the S. pyogenes M1 

strain SF370 during three different planktonic growth conditions. Okamoto and Yamada 
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identified 567 proteins by analyzing three different cellular fractions: supernatant, 

soluble, and insoluble. Specific fractionation and recovery of both the supernatant 

fraction and the insoluble cell membrane fraction would have increased our proteome 

coverage. 

Strikingly, many of the proteins that we found in high abundance in the cell wall 

fraction are predicted to be cytoplasmic proteins. There are already reports of several of 

these proteins being located extracellularly (114, 115, 197, 256). It is also possible that 

these cytoplasmic proteins have been released by autolysis and adsorbed onto the surface 

of the bacteria, as was recently shown to occur in Staphylococcus aureus biofilms (98). 

The possibility remains, however, that despite our careful washing steps some of the 

cytoplasmic proteins found in the cell wall extracts are the result of an imperfect isolation 

process. Therefore, it is possible that contaminating cytoplasmic proteins are masking our 

ability to identify some of the differences in cell wall protein expression between the 

planktonic and biofilm stages.  

The shortcomings of our proteomic dataset were apparent for a number of the 

well-studied GAS virulence factor genes, shown in Figure 2.10, whose protein products 

were not apparent in the proteome. The fact that many of the GAS virulence factors are 

secreted proteins, a fraction of the proteome that we did not isolate in our study, likely 

contributed to our ability to identify corresponding proteins for only 20-25% of these 54 

virulence factors. Nevertheless, the majority of the virulence factors identified in the 

proteome fractions showed similar expression patterns in the transcriptome. The majority 

of adhesins were up-regulated during planktonic growth but had lower expression 

throughout biofilm growth in both the transcriptome and proteome. This list includes M 
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protein encoded by the emm gene, an important and well-studied virulence factor with 

multiple functions (198). One of the primary roles of the M protein is attachment to host 

tissues in an infection (66). Although M protein has previously been shown to be required 

for biofilm formation in an M14 strain, the same study found that expression of its 

transcript was down-regulated during biofilm growth compared to exponential or 

stationary planktonic growth (48). Decreased expression of the emm transcript during 

biofilm growth was also reported in a more recent study utilizing an M3 strain (185). 

While M protein and other adhesins are likely involved in initial attachment during 

biofilm growth, they appear to be down-regulated at later biofilm time points. Given that 

the earliest biofilm time point examined in our study was 8 hours after inoculation, it is 

possible that these adhesins were transiently expressed early and then quickly down-

regulated in the majority of the biofilm before sampling ever occurred. 

Although not statistically significant, a number of genes involved in protecting 

GAS from the innate immune response also showed higher expression, during planktonic 

growth. This list includes virulence factors that inhibit complement and degrade immune 

chemotactic factors (1, 120, 294). Down-regulation of the IL-8 protease gene, spyCEP, 

during biofilm growth agrees with the inverse relationship found between SpyCEP 

expression and biofilm production in 5448 (10). The immunoevasion-related virulence 

factors that were up-regulated during biofilm growth, however, were those targeted 

against the adaptive arm of the immune system. This category includes both genes that 

encode proteins that cleave immunoglobulin (ndoS and ideS) along with the streptococcal 

superantigen exotoxins that disrupt normal T cell functioning (57, 145, 147).  
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Despite these differences in the expression of virulence factors, the most 

significant differences between biofilm and planktonic growth were in genes and proteins 

involved in metabolism (Figure 2.2). This result is similar to what was found in the only 

previous study examining the GAS biofilm transcriptome (48). In addition, studies 

analyzing the biofilm transcriptome or proteome of other Gram-positive bacteria have 

also found differential expression of a number of genes or proteins involved in 

metabolism (133, 201, 239-241, 251, 258, 299). Given that a biofilm represents a 

dramatically different approach to growth and requires radically different strategies of 

nutrient acquisition (266), it is not surprising that these studies have found strong 

differences in expression patterns in metabolism genes. 

While our study comprehensively characterizes gene expression and protein 

production of GAS biofilms in vitro, questions still remain about the correlation to in vivo 

expression patterns. Although future studies are necessary to fully understand the 

relationship between the in vitro biofilm and in vivo global expression, several lines of 

reasoning suggest that in vitro GAS biofilms provide a useful model. As was seen both in 

our study (Figure 2.10), and in the earlier biofilm transcriptome paper (48), expression of 

the cysteine protease SpeB was significantly higher during biofilm growth compared to 

planktonic growth. This elevated expression of SpeB mimics patterns of SpeB expression 

seen in soft-tissue infections (48, 164). Additionally, our earlier work that used 

immunoproteomics to identify in vivo expressed proteins during a biofilm-mediated GAS 

infection identified 28 such immunogenic proteins (99). Of those 28 proteins, 26 of them 

were also identified by LC-MS/MS in this present study. We found that 15 of those 26 

proteins (58%) had significantly higher expression during in vitro biofilm growth, while 
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only 6 of them (23%) had higher expression in planktonic growth. This correlation 

suggests that the GAS in vivo-expressed proteome matches the in vitro biofilm proteome 

better than it matches the in vitro planktonic proteome. 

In taking a global approach to understanding the GAS biofilm phenotype, we 

have elucidated the potential contributions that a number of previously ignored genes 

may be playing in S. pyogenes biofilm growth. In addition, as the first study comparing 

the GAS transcriptome with its proteome under any growth condition, our results 

demonstrate that for the majority of GAS genes non-transcriptional mechanisms likely 

play a substantial role in determining protein abundance. This work provides a 

framework to reach a better understanding of the control of protein expression in GAS 

biofilms.  
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CHAPTER 3: IN VIVO EXPRESSION OF STREPTOCOCCUS 

PYOGENES IMMUNOGENIC PROTEINS DURING TIBIAL 

FOREIGN BODY INFECTION1 

 

INTRODUCTION 

Streptococcus pyogenes (Group A Streptococcus; GAS) is an important human pathogen 

that can cause a wide range of diseases in human hosts. Although it is most commonly 

responsible for self-limiting, superficial infections such as impetigo and pharyngitis, GAS 

can also cause more invasive diseases such as necrotizing fasciitis, streptococcal toxic 

shock syndrome, or osteomyelitis (227). These invasive diseases are of great concern 

because they cause much higher morbidity and mortality (262). Altogether, GAS causes 

approximately 700 million infections worldwide each year and is responsible for over 

500,000 deaths (40).  

Currently, there is no commercially available licensed vaccine against GAS (115). 

Such a vaccine would provide be beneficial in preventing invasive GAS infections, which 

are often identified too late for effective medical intervention (264). A vaccine would 

also be useful in preventing rheumatic heart disease, a post-infection complication 

commonly encountered in the developing world and a leading cause of heart disease 

globally (40).  

Although all known clinical strains of S. pyogenes are still susceptible to 

                                                           

 

1
 Freiberg JA, McIver KS, Shirtliff ME. In vivo expression of Streptococcus pyogenes immunogenic 

proteins during tibial foreign body infection. Infect Immun. 2014 Sep;82(9):3891-9. 
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penicillins, a number of studies have shown treatment failure of 20-40% when using 

antibiotics to treat GAS infections (228). Several hypotheses have been put forward as 

possible explanations for this failure of antibiotic treatment. One explanation that has 

been put forward is the ability of GAS to form biofilms (17). A biofilm can be classified 

as a sessile, microbially-derived community where cells grow attached to a surface or a 

floating microbial conglomerate and secrete an extracellular matrix (87). When in the 

biofilm mode of growth, the majority of S. pyogenes strains display tolerance towards 

penicillin, making this antibiotic ineffective at microbial clearance (58). Since the ability 

of GAS to form a biofilm was first recognized over a decade ago, there has been only a 

modest appreciation of the role of GAS biofilms in an infection. Along with an initial 

study showing evidence of GAS forming a biofilm in a skin infection, GAS 

microcolonies indicative of in vivo biofilm formation have also been found in children 

who underwent tonsillectomies due to recurrent GAS infections (2, 244). A complex 

relationship between S. pyogenes and other respiratory tract streptococci has been 

demonstrated, and suggests that the formation of a multi-species biofilm with the resident 

oral microbiota might be involved in asymptomatic GAS persistence (96). Also, it has 

been found that GAS survival in fomites is enhanced by growth as a biofilm, thereby 

providing important clinical implications in the transmission of GAS from infected hosts 

(186). Biofilms have also been implicated in increased in vivo survival and 

transformability of GAS, thereby contributing towards genomic diversity (185).  

Several additional studies have found evidence of GAS biofilms in animal models 

of infection with M1 and M14 GAS strains (48, 59, 60, 243). In addition, cellular 

fibronectin, a component of the extracellular matrix, has been shown to enhance GAS 
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biofilm formation (217). However, these previous studies have focused mainly on 

superficial GAS infections and largely ignored the role of biofilms in an invasive S. 

pyogenes infection. For our study, we examined the role of GAS biofilms in 

osteomyelitis and foreign body infection. Osteomyelitis and infections of foreign bodies 

can result from primary seeding (e.g. perioperative contamination or trauma) or 

secondary seeding from a distal site of infection. In particular, GAS osteomyelitis has 

important clinical significance, especially in the pediatric population. Approximately 6-

10% of all cases of pediatric osteomyelitis are due to GAS (15, 130, 250). In addition, 

GAS has also been isolated along with Staphylococcus aureus in cases of polymicrobial 

osteomyelitis (130). The difficulty in resolving GAS osteomyelitis by treatment with 

antibiotics suggests that biofilm formation has a potential role in osteomyelitis due to 

GAS.  

In this study, we demonstrated the presence of GAS biofilm in a rabbit model of 

tibial osteomyelitis and foreign body infection. This is, to our knowledge, the first GAS 

osteomyelitis model. In addition, we characterized differences in cell wall protein 

expression between the biofilm and the planktonic growth phases for GAS. Using in vitro 

cultures and convalescent serum from infected rabbits, we were able to identify GAS 

antigens expressed in vivo by two-dimensional gel electrophoresis (2DGE) and 

immunoblotting followed by matrix-assisted laser desorption ionization-time of flight 

tandem mass spectrometry (MALDI-TOF/TOF MS). These proteins have potentially 

important implications in understanding the regulation of GAS biofilms in an infection 

and are also potential targets for vaccines and therapeutics to treat GAS infections. 
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MATERIALS AND METHODS 

Bacterial Strain and growth conditions.  

The strain of GAS used in this study was 5448, an M1TI strain previously described (43). 

Unless indicated otherwise, GAS cells were grown in Todd Hewitt Broth supplemented 

with 0.2% yeast extract (THYB; BD laboratories) at 37°C.  

Production of osteomyelitis.   

Strain 5448 was grown overnight in a mixture containing THYB and 10 mg/ml dextran 

beads (Cytodex® microcarrier beads, Sigma) representing a foreign body. The overnight 

culture was spun down and washed with saline. Two New Zealand White female rabbit 

(Charles Rivers Laboratory), eight weeks of age and weighing 1.5 - 2.0 kg, were used. 

The rabbits were anaesthetized using an intramuscular injection of 35 mg/kg Ketamine 

(Vetalar® - Boehringer Ingelheim Vetmedica, Inc., St. Joesph, MO), 10 mg/kg xylazine 

(AnaSed®- Akorn, Decatur, Illinois), and 0.015 mg/kg buprenorphine (Buprenex®-

Reckitt Benckiser Healthcare (UK) Ltd., Hull, England). A bacterial infection was 

introduced following the previously described method (35). Briefly, an 18-gauge needle 

was inserted into the intramedullary cavity of the left tibial metaphysis. 0.1 ml of a 5% 

(w/v) solution of sodium morrhuate (Eli Lilly, Indianapolis, Indiana), 0.1 ml of the GAS 

mixture (~2 x 107 CFU) and 0.2 ml of sterile saline were injected sequentially (175-178, 

211). Serum was collected prior to inoculation and 28 days post inoculation. All 

procedures were performed as per humane criteria set forth by University of Maryland, 

Baltimore Animal Care and Use Committee. 
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Organ cultures.   

After 28 days, the rabbits were sacrificed by an intravenous injection of sodium 

pentobarbital. Both tibias (right and left) were removed, dissected free of all soft tissue, 

and processed for bacterial cultures and histology. The bones were split into small pieces, 

and a sample of the infected tibia was fixed in 4% paraformaldehyde (PFA) for further 

imaging. The remaining bone fragments were then pulverized and suspended in three ml 

of sterile 0.85% saline per gram of tissue. In addition, both kidneys and the spleen were 

removed and suspended in three ml of sterile 0.85% saline per gram of tissue, as well. All 

the organs were homogenized and then serial ten-fold dilutions were spotted onto Todd 

Hewitt agar plates supplemented with 0.2% yeast extract to determine the presence of 

GAS. 

Imaging of infected tissue.  

The PFA fixed bone fragment was decalcified and embedded in paraffin at the University 

of Maryland Histology Core. Slides prepared from the paraffin embedded sample were 

Gram and H&E stained and peptide nucleic acid fluorescent in situ hybridization (PNA-

FISH) with a fluorescein isothiocyanate (FITC)-labeled Universal bacterial probe was 

performed as per the manufacturer's instructions (AdvanDx, Woburn, MA). The slides 

were then examined with a Zeiss LSM 510 confocal scanning laser microscope (Carl 

Zeiss, Thornwood, NY) for green fluorescence using a FITC filter and a 63X objective. 

Growth of GAS in vitro.  

Planktonic GAS cultures were grown as described above. Planktonic cultures were 

harvested by centrifugation for 10 minutes at 4000 × g, 4oC. Planktonic cultures were 

harvest at time points corresponding to early log phase, late log phase, and early 
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stationary phase (4,6, and 8 hours after subculture, respectively). The pellets were 

resuspended in 1 ml of ice-cold protein preservation solution (PPS; 2.8mM PMSF, 50mM 

Tris-Cl, 1mM EDTA pH 8.0, and 0.01% Sodium azide). Samples were re-centrifuged for 

1 minute at 13 000 rpm, 4oC. The resulting supernatant was discarded and the cell pellets 

were frozen at -20oC until protein extraction could be performed. 

In vitro GAS biofilm samples were obtained using a flow reactor system, 

allowing for reproducible biofilm growth as previously described (35), with the addition 

of a bubble trap (BioSurface Technologies Corporation, Bozeman, MT) upstream of the 

pump. Briefly, the reactor consisted of silicon tubing through which a 1:5 dilution of 

THYB broth flowed in a once-through fashion to a waste container under the control of a 

peristaltic pump. An overnight culture of GAS was diluted 1:100 into pre-warmed THYB 

and allowed to grow at 37°C until exponential phase was reached. 10 ml of the 

exponential phase bacterial culture were injected into each silicon tube through an 

injection port.  The system was allowed to incubate without flow for 3 hours, giving the 

bacteria time to adhere to the inside of the tubing. The flow was then restored at a flow 

rate of 0.8 ml/min providing a 7.5 min residence time. The entire flow reactor system was 

contained within a 37°C incubator the entire time. 

Biofilm cultures were harvested at time points corresponding to early stage 

biofilm, mid stage biofilm, and late stage biofilm (16 hours, 6 days, and 10 days after 

restarting flow, respectively). Biofilms were harvested by squeezing the biofilm from the 

tubing into 10 ml ice cold PPS. The tubing was then flushed with an additional 10 ml of 

PPS and the entire collected sample was centrifugation for 10 minutes at 4000 × g, 4oC. 
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The pellets were resuspended and prepared for storage in the same manner as the 

planktonic samples described above. 

Purification of cell wall fraction.  

The cell wall protein fraction was isolated using a modified version of the previously 

described protocol for S. pyogenes cell wall extraction (53). Briefly, cell culture pellets 

were resuspended in 1 mL lysis buffer (50 mM ammonium acetate; pH 6.2, 10 mM 

CaCl2, 1μM DTT, and Roche Complete Protease Inhibitors). An equal number of cells 

from each sample, as determined by optical density at 600 nm, were transferred to fresh 

tubes. The cells were pelleted and resuspended in lysis buffer containing 20% sucrose, 

125 U of mutanolysin/ml, and 5 mg of lysozyme/ml. Cells were digested for 3 hours at 

37oC with constant rotation. Following digestion, the samples were centrifuged and the 

supernatant containing the cell wall fraction was saved for further analysis by 2DGE. 

Two-dimensional gel electrophoresis (2DGE).   

In order to conduct two-dimensional electrophoresis, the crude cell wall protein fraction 

was first extracted by adding a 1/10th volume of an ice cold 1:10 mixture of 

trichloroacetic acid (Sigma, St. Louis, MO):acetone.  The resulting pellet was then 

resuspended in 0.2 ml saline and quantified using Advanced Protein Assay 

(Cytoskeleton, Denver, CO). From the resuspended fraction, 0.1 mg of protein was 

further purified using the Perfect-FOCUS™ kit (G-Biosciences, St. Louis, MO) 

following the manufacturer’s instructions. The resulting pellet was solubilized in 

rehydration buffer (0.1mM urea, 25 μM thiourea, 0.35 μM DTT, 0.5% w/v CHAPS, and 

1.6% Pharmalyte 3-10). These samples were applied to 11 cm, pH 4-7 (linear) 

Immobiline Dry-Strips (GE Healthcare, Piscataway, NJ).  The isoelectric focusing, which 
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separated the proteins based on their pI, was performed using a Multiphor II from 

Amersham as per manufacturer’s directions.  Prior to the second dimension, the IPG 

strips were equilibrated (as per manufacturer’s directions) and subsequently applied to 

SDS-PAGE gels.  For the resolution of GAS protein extracts in the second dimension, the 

Bio-Rad Criterion™ Cell (Bio-Rad, Hercules, CA) was used. Proteins were separated on 

a 12.5% resolving gel and then either transferred to a PVDF membrane for western 

blotting or stained using SYBRO® Ruby Protein Gel Stain (Lonza, Basel, Switzerland). 

Western blotting.  

Bacterial proteins that were transferred to a PVDF membrane following 2DGE were  

blocked in 5% nonfat dry milk in Tris-buffered saline-Tween 20, pH 7.6, (TBS-T) (20 

mM Tris, 137 mM NaCl, 0.1% Tween-20) overnight at 4°C. The membrane was treated 

with convalescent sera from one of the rabbits (diluted 1:10) in TBS-T for 60 minutes 

and then washed two times for 20 minutes in TBS-T at 25°C. Goat Anti-rabbit IgG 

horseradish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad, Hercules, CA) 

was used at a dilution of 1:2500 for 60 minutes in TBS-T, followed by two washes as 

described above. Immunogenic proteins were detected using the SuperSignal 

chemiluminescent substrate (Pierce, Rockford, IL) as described by the manufacturer. The 

treated membranes were then imaged using a FluorChem™ 8900 Imaging System and 

the associated imaging software (AlphaEaseFC™). Western blotting was performed in 

triplicate for each combination of growth condition and time point. Images of the 2DGE 

gels and western blots were compared to identify immunogenic protein spots.  These 

spots were excised and identified using MALDI-TOF/TOF MS. 
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MALDI-TOF/TOF MS.  

For identification of immunogenic proteins, an Applied Biosystems Voyager-DE STR 

MALDI-TOF mass spectrometer was used operated in the positive-ion mode with a-

cyano-4-hydroxycinnamic acid matrix for ionization. At least 100 laser shots per 

spectrum were averaged. Mass spectral peaks with a signal-to-noise ratio greater than 5:1 

were deisotoped and the resulting mono-isotopic masses were used for protein 

identification using mass fingerprint analysis. The software used for protein identification 

was the Profound search engine using the Genomic Solution's Knexus software (ver 

2004.03.15) and the database used was the latest NCBI non-redundant database obtained 

from NIH. Proteins with an expectation score of 1×10-3 or less were considered positive 

identities. 

 

RESULTS 

Characterization of rabbit S. pyogenes osteomyelitis model.  

A novel rabbit model of tibial osteomyelitis and foreign body infection was developed to 

evaluate the architecture, phenotype, and proteomic character of GAS biofilms in vivo. In 

this model, the left tibiae of rabbits were inoculated with a mixture of dextran beads 

(which served as a deeply implanted foreign body representing an implanted medical 

device) and S. pyogenes. The rabbits were followed for 28 days. Rabbits developed 

manifestations of inflammation and pain, as demonstrated by non-weight bearing on the 

infected limb over the course of the first week, persisting until the third week. At the end 

of 28 days, the rabbits were euthanized and the tibias, kidneys, and spleen were 

harvested. The infected left tibias showed significant inflammation and bone thickening, 
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weighing greater than 2 times the uninfected tibia on average (11.91 g vs 5.42 g). A set of 

left and right tibias removed from the same rabbit post-infection is shown in Figure 3.1. 

Bacterial colonies were only recovered from left tibias (Table 3.1), thereby 

demonstrating the production of a chronic and localized osteomyelitis. 

 

Figure 3.1: Left (infected) and right (uninfected) tibia from rabbit. 

Table 3.1: Recovery of S. pyogenes M1T1 (5448) from tissue 

 

 

 

Visualization of S. pyogenes biofilm.  

In addition to the gross examination, one of the infected left tibias was examined 

histologically for the presence of a biofilm. Histological sections were prepared from the 

infected and uninfected tibia and stained using H & E stain (Figure 3.2A) and Gram stain 

(Figure 3.2B). Microscopic analysis of these sections confirmed the presence of a GAS 
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Figure 3.2: Stained histologic sections from infected rabbit tibia. (A) H & E stained, dextran bead 
(asterisk) surrounded by inflammatory infiltrate. (B) Gram stained, S. pyogenes microcolonies (arrows) 
within damaged bone. 

infection as shown by inflammatory infiltrate surrounding the implants in H & E stained 

samples as well as chains of cocci contained within the bone in Gram stained sections. In 

addition, the presence of a biofilm was visualized in the infected tibial tissue using 

confocal microscopy. Following the staining of tissue samples with Protein Nucleic Acid 

– Fluorescent In Situ Hybridization probe for the bacterial 16S rRNA, the presence of 

fluorescent S. pyogenes growing in dense microcolonies was readily identified (Figure 

3.3). 

 

Identification of immunogenic proteins.  

Due to the difficulty in recovering bacteria-specific protein from a mammalian host, an 

alternative approach was taken to examine protein expression. S. pyogenes was grown in 

the laboratory and harvested under both planktonic and biofilm growth conditions. Cells 

were harvested at multiple time-points to account for temporal variations in protein 

production. To target proteins that are likely to be accessible to the immune system, the 

cell wall protein fraction was preferentially isolated. Cell wall protein extracted from the  
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Figure 3.3: Histologic sections from infected rabbit tibia stained with PNA-FISH FITC-labeled 
Universal bacterial probe. (A) Dextran bead (asterisk) surrounded by S. pyogenes biofilm (arrows). (B) 
and (C) S. pyogenes microcolonies and chains of cocci (arrows) adherent to lacunae within bone. 
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harvested cells was separated by 2DGE and examined by western blot using serum 

obtained from infected rabbits. Three biological replicates were carried out for each time-

point. Representative sets of 2DGE gels and western blots are shown in Figure 3.4. 

Immunogenic spots appearing on two out of the three replicates were excised and 

analyzed by MALDI-TOF/TOF MS. Based on the MALDI-TOF/TOF MS results, 28 

proteins were identified (Table 3.2). 15 of these proteins were expressed under both 

planktonic and biofilm growth conditions, 7 were up-regulated under planktonic 

conditions, and 6 were up-regulated during biofilm growth. 

 

Figure 3.4: Representative 2DGE and Western blots of group A Streptococcus cell wall protein. (A) 
2DGE-Biofilm cell wall protein (B) Western blot-Biofilm cell wall protein (C) 2DGE-Planktonic cell wall 
protein (D) Western blot-Planktonic cell wall protein. Note: Some spots listed in Table 2 are not present as 
not all spots were visible in every sample at every time point. 
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Table 3.2: Identities of cell wall antigens 
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DISCUSSION 

While several studies have shown the presence of a biofilm during a GAS infection in 

vivo, none have done so in a mammalian model of deep tissue infection. Not only did this 

study demonstrate the presence of a GAS biofilm during a deep tissue infection model, it 

is the first animal model of streptococcal osteomyelitis. This model recreated the 

conditions that might occur during an orthopedic implant-associated infection in humans, 

including bone remodeling, inflammation, and involucrum formation that occurred in the 

infected tibia. Also, similar to many orthopedic implant-associated infections, the 

infection was persistent, but remained localized. After 28 days, the host was only able to 

reduce the bacterial populations to a single log below the number of bacteria initially 

injected into the tibia. This suggests that the bacteria had established a mode of growth 

that allowed it to survive, protected from the rabbit’s immune system.  

Using several different visualization techniques, GAS biofilm could be seen in the 

infected tibia. As shown in Figure 3.2, the dextran beads injected into the rabbit could be 

seen under a light microscope with extensive inflammatory infiltrate and chains of cocci. 

When examined using confocal microscopy with PNA-FISH probes, the presence of a 

dense GAS biofilm could be seen on the surface of the beads (Figure 3.3A). 

Additionally, GAS microcolonies growing in a dense extracellular matrix could be seen 

adhering to bone, independent of the beads (Figure 3.3B & C). Together, all of the visual 

evidence supports the idea that GAS biofilms are playing a role in this persistent, 

localized osteomyelitis model. As the formation of a biofilm has often been found to be 

associated with persistent infections (87), it was not surprising to find evidence of a 

biofilm in the histological samples. 
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In addition to demonstrating the presence of a biofilm in a GAS deep tissue 

model, this study aimed to examine protein expression in GAS biofilms during an 

infection. Since host proteins vastly outweigh bacterial proteins in vivo, the GAS proteins 

produced in vivo could not be determined through proteomics. Instead, an 

immunoproteomic approach was employed. Convalescent serum from the infected rabbit 

was used to identify S. pyogenes antigens from in vitro grown cultures. The benefit of 

this approach is four-fold. First, since proteins must be expressed in vivo to trigger the 

production of antibodies that recognize the protein, any immunogenic proteins identified 

will have been expressed during the infection. Second, the proteins are readily identified 

following isolation from their respective 2DGE gel and then subsequent MALDI-

TOF/TOF MS. Third, this method only identifies S. pyogenes proteins that are 

immunogenic and thus likely to be candidate antigens for a vaccine. Lastly, the proteins 

are produced in vitro and in vivo, and as such, are more amenable to recombinant protein 

expression.  

One potential limitation of this study was the use of serum from a single animal in 

identifying immunogenic proteins. Not only does this leave open the possibility that we 

have missed some potentially important antigens, there is no guarantee that the proteins 

we identified will be uniformly immunogenic across multiple animals. However, utilizing 

sera from both of the rabbits included in this study, we were able to broadly compare 

patterns in antigen recognition between two animals. As shown in Figure 3.5, western 

blots of all the cell wall extracts separated on 1-dimension gels showed similar banding 

patterns regardless of which rabbit’s sera was used. 
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Figure 3.5: Western blots of cell wall protein extracts. All nine samples for each growth condition were 
separated by 1D SDS-PAGE, transferred to a PVDF membrane, and then western blots were performing 
using sera from either rabbit 1 or rabbit 2. 

 

In addition, identifying immunogenic proteins by visually matching spots on a 

western blot to spots on a 2D gel and then cutting them out for identification by MALDI-

TOF/TOF introduces the possibility that the protein sent for identification is actually the 

immunogenic protein on the western blot. We did not make an attempt to verify every 

single protein identified by immunoproteomics. However, we did recombinantly express 

several of the immunogenic proteins (two versions of carbamate kinase, lipoprotein 

Spy_1228, and MtsA, a metal-binding ABC transporter) and test their immunogenicity. 

As shown in Figure 3.6, all of these recombinant proteins were recognized by day 28 

convalescent rabbit serum, but not by naïve serum. 
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Figure 3.6: Western blot of recombinant proteins. Recombinant carbamate kinase, lipoprotein, and a metal-binding  
ABC transporter were separated by 1D SDS-PAGE, transferred to a PVDF membrane, and then western blots 
were performing using either naïve rabbit sera or sera from a rabbit 28 days after inoculation. 

  

In this screen, only the S. pyogenes cell wall protein fraction was screened for 

immunogenic proteins. We specifically chose to exclude the secreted protein fraction in 

our analysis. Secreted proteins shown to be involved in GAS virulence include 

streptococcal pyrogenic exotoxins such as SpeA and SpeC, the cysteine protease SpeB, 

secreted inhibitor of complement (sic), streptokinase, streptolysins, hyaluronidase and 

DNases (200) However, in spite of the important role of secreted proteins in virulence, 

we felt that proteins attached to the cell surface were most likely to be good candidates 

for in vivo diagnostics or a protective subunit vaccine that induces opsonophagocytosis. 

While our strategy limits the number of proteins that can be identified, it does increase 

the odds that identified proteins will be relevant surface-exposed antigens. Some potential 
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antigens are also likely missed due to our method of 2DGE. The majority of S. pyogenes 

proteins have isoelectric points (pIs) that are approximately 5.5 but there are also a 

minority of proteins with a pI greater than 9 (72, 84). As is evident from the 

immunogenic spots appearing on the right side of the 2D gels that were not identifiable 

by mass spectrometry, some immunogenic spots with pIs greater than 7 were not found. 

However, it would appear our approach was still able to identify a majority of the 

immunogenic cell wall proteins. 

To verify that the proteins identified were, in fact, cell wall associated proteins, 

the amino acid sequences of the identified proteins were analyzed using pSORTb (300). 

This only confirmed a small subset of the proteins as being non-cytoplasmic. However, 

this is due to the fact that many of the proteins identified are anchorless surface proteins 

(55), which lack the LPXTG motif and other signal sequences that are traditionally used 

to predict cell wall associated proteins. The cell wall associated proteins that were 

identified in this study were validated by other such studies in S. pyogenes. Two other 

studies both identified a similar set of cell-wall associated proteins from GAS (55, 115). 

Although these studies focused on planktonic cultures, 20 out of the 22 proteins we 

identified as being found in planktonic cultures were also identified as such in Cole et al 

(55). Additionally, a number of the proteins we identified were homologous to cell wall 

proteins identified from Staphylococcus aureus using a similar immunoproteomic 

approach (35). 

Several proteins stand out in particular from the list of the 28 immunogenic 

proteins. Although most immunogenic proteins identified were expressed in both 

planktonic and biofilm samples, some of the more immunogenic proteins were the ones 
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that were expressed only under one condition. This suggests that both the planktonic and 

biofilm growth conditions are involved in the host immune response.  

The presence of three ABC transporter components (lipoprotein, ABC transporter 

substrate-binding protein, and ABC transporter metal binding protein) among the proteins 

up-regulated in a biofilm is not entirely surprising. Bacterial ABC transporters have a 

very important role in, among other things, nutrient uptake (78, 121). Within a biofilm 

there are various niches where bacteria experience nutrient deprivation, because the 

bacteria have limited access to nutrient rich fluids (8, 21, 31, 63, 237, 245). By increasing 

the expression of ABC transporters, the biofilm bacteria can enhance their ability to 

scavenge the limited resources. The three biofilm-specific ABC transporter proteins 

identified in this study are all lipoprotein components of ABC transporters for three 

different substrate types. GAS lipoproteins have been previously identified as possible 

vaccine targets as they have been shown to have potential to trigger the production of 

bactericidal antibodies (160). One of these biofilm-specific ABC transporter proteins, 

mtsA (SPy453),  is part of the mtsABC transporter system which has been shown to be 

important for the function of the Mn-dependent superoxide dismutase and for full 

virulence in GAS (136). Additionally, the homolog of mtsA in Streptococcus 

pneumoniae, psaA, has been shown to provide protection from S. pneumoniae when 

injected as a vaccine in mice (274, 289), and the homologous protein in Staphylococcus 

aureus has been successful utilized in a multivalent vaccine (36). 

Notably absent from the list of proteins expressed in the biofilm samples is M 

protein. M protein is a major S. pyogenes virulence factor and a highly antigenic surface 

protein (198). M protein was previously demonstrated to be required for biofilm 
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formation in an M14 strain (48). However, both that study and our in vitro 

transcriptomics and proteomics work (Chapter 2) found that expression of the M protein 

and/or the emm gene was down-regulated during in vitro biofilm growth. It is possible 

that the method of growing in vitro S. pyogenes biofilms employed in this study caused a 

down-regulation of M protein that could not be identified via immunoproteomics. 

However, we do not believe this to be the case. Instead, we feel it is more likely that the 

M protein is required for initial biofilm attachment, but is quickly down-regulated, as 

early as 16 hours after inoculation. As the M protein has already been shown to be 

involved in attachment and adherence (210), it is conceivable that it is only initially 

expressed in a biofilm. Once a biofilm is formed, it could be advantageous for the biofilm 

bacteria to hide such an immunogenic protein if the M protein is no longer required to 

protect the bacteria from the host immune system. 

Once the prime target for a vaccine against GAS, M protein has been largely 

abandoned due to its tendency to trigger antibodies that cross react with human cardiac 

myosin, leading to rheumatic heart disease (73). There are some studies still pursuing an 

M protein-based vaccine using a subunit approach that appears to alleviate concerns 

about cross-reactivity (76, 106). However, if the M protein is down-regulated early on in 

the formation of a biofilm during an infection, it raises questions about its role as a 

vaccine target. A vaccine based solely on the M protein may have an inherent gap in 

protection if it cannot recognize the bacteria once it has reached the biofilm stage. 

Whatever the cause, the absence of the M protein in the biofilm cell wall fractions is 

worthy of further investigation as it has the potential to cause a reevaluation of the role of 

the M protein in GAS pathogenesis. 
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At least one protein expressed under both growth conditions has already been 

tested as a protective antigen. Arginine deiminase was shown to provide protection when 

used to vaccinate mice prior to a challenge with S. pyogenes (115, 117). The fact that, out 

of the proteins identified by this study, the one protein besides M protein that has been 

tested as a vaccine candidate has provided some degree of protection, further validates 

this method for identifying vaccine targets. It is possible that several of the proteins 

identified in this study could be utilized together to make a multivalent vaccine that is 

sufficient to protect against S. pyogenes. 

As has been shown with many other pathogens, the biofilm growth phenotype is 

an important part of understanding pathogenesis in a GAS infection. The significance of 

GAS biofilms in an infection can be seen both directly in infected tissue and through the 

immunoproteomic fingerprint it leaves. Any vaccine strategy designed to target GAS 

should take both its planktonic and biofilm growth phases into account. To that extent, 

this study has identified several immunogenic cell wall antigens expressed under both 

planktonic and biofilm conditions that have potential to be useful vaccine antigens. This 

work will hopefully contribute to the successful identification of components of a future 

vaccine and diagnostic targets against GAS. 
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CHAPTER 4: THE ARGININE DEIMINASE PATHWAY 

CONTRIBUTES TO BIOFILM GROWTH AND ANTIBIOTIC 

TOLERANCE IN THE HUMAN PATHOGEN GROUP A 

STREPTOCOCCUS 

 

 
INTRODUCTION 

Streptococcus pyogenes, or group A Streptococcus (GAS), is a significant human 

pathogen responsible for over 500,000 deaths a year (40). GAS belongs to the order 

Lactobacillales, a group of Gram-positive bacteria that produce lactic acid during glucose 

fermentation. As energy is produced by fermenting glucose, the lactic acid by-product 

acidifies the environment, making it a constant struggle for GAS to maintain pH 

homeostasis for redox reactions, transport, and membrane potential. One common 

strategy employed by bacteria within this order to buffer against acidic environments is 

the degradation of arginine through the arginine deiminase (ADI) pathway (65). The ADI 

pathway involves three enzymes, arginine deiminase (ArcA), ornithine 

carbamoyltransferase (ArcB), and carbamate kinase (ArcC), that work in conjunction to 

convert L-arginine into L-citrulline, L-citrulline into carbamoyl phosphate and L-

ornithine, and finally carbamoyl phosphate into CO2 and ATP (Figure 4.1A). This 

process raises pH by releasing two moles of ammonia for every mole of L-arginine 

degraded, which in turn reduces acid stress. 

Although the genes encoding the enzymes in the ADI pathway are found in many 

different organisms, bacteria within the Lactobacillales order have the most complex 
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clusters of these genes (305). This complexity is reflected in the arc operon of the lactic 

acid bacterium S. pyogenes, shown in Figure 4.1B. In the M1T1 GAS strain 5448, the 

arc operon not only encodes ArcA, ArcB, and ArcC, but also encodes a putative 

arginine-ornithine antiporter (ArcD), dipeptidase (ArcT), and acetyltransferase 

(SP5448_RS03095) (Figure 4.1B). In addition, two regulators (AhrC.2 and a putative 

ArcR family transcriptional regulator) are found directly upstream of the arc operon 

(Figure 4.1B). 

 
Figure 4.1: Overview and construction of arginine deiminase pathway mutants. (A) Overview of the 
conversion of L-arginine into ATP, CO2, and NH3 through the arginine deiminase pathway. (B) The arc 
operon in S. pyogenes strain 5448. Arrows indicate the insertion site for the pSinS-derived plasmid used to 
make each mutant. 

 

 While the arginine deiminase pathway already has an established role in tolerance 

to acid stress in GAS (74, 75, 80), several lines of evidence suggested that the arc operon 

may have significance that extends beyond pH regulation. Two recent studies from our 

lab identified an association between GAS biofilm growth and increased expression of 

the Arc proteins (99)(Chapter 2). A similar increase in arc expression has also been 

reported in biofilms of Streptococcus pneumoniae (5), Staphylococcus aureus (19, 35, 

241), and Staphylococcus epidermidis (297). Further investigation of the arc operon in S. 
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epidermidis biofilms revealed that the ability of the operon to regulate pH was influential 

in biofilm growth (163). 

 In addition, studies have suggested a link between the arc operon and antibiotic 

tolerance. Caldelari et al. (38) found that penicillin-tolerant Streptococcus gordonii 

mutants had increased levels of ArcA and ArcB expression, while Chaussee et al. (44) 

found that mutation of the transcriptional regulator Rgg in S. pyogenes results in a 

penicillin-tolerant mutant that was characterized, in part, by increased expression of the 

arc operon. More recently, one study found that upregulation of arcA could restore 

antibiotic tolerance in a susceptible Enterococcus faecalis strain (154). However, these 

and subsequent studies failed to demonstrate a direct relationship between the arc operon 

and antibiotic tolerance (30, 38, 44).  

 Because we previously found the Arc proteins to have significantly higher 

expression during biofilm growth (99)(Chapter 2), we hypothesized that the arginine 

deiminase pathway influences biofilm formation in GAS. We further hypothesized that 

the arginine deiminase pathway contributes to the antibiotic tolerance associated with 

biofilm growth (17, 58, 215). To test our hypotheses, we made polar mutations in the 

arginine deiminase pathway and examined the resulting mutants using both an in vitro 

biofilm assay and an in vivo animal infection model. Our results demonstrate that in 

GAS, the arc operon has a significant effect both in vitro and in vivo on both biofilm 

growth and antibiotic tolerance. This represents the first definitive connection between a 

genetic component, biofilms, and antibiotic treatment failure in GAS. 
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MATERIALS AND METHODS 

Bacterial strain and growth conditions.  

The previously described M1T1 GAS strain 5448 was used in this study (43). GAS was 

routinely grown at 37°C in Todd Hewitt broth (BD Laboratories) supplemented with 

0.2% yeast extract (Sigma) (THY-B), except when otherwise noted. Solid culture 

medium (THY-A) was obtained by adding agar (Fisher Scientific) to THY-B at a 

concentration of 15 g/L. Escherichia coli strain TOP10 was used as a host to construct 

the plasmids required to generate GAS mutants in this study. E. coli was grown in LB 

Broth (Fisher Scientific). When appropriate, antibiotics were used for selection as 

follows: kanamycin (Sigma) 50 µg/ml for E. coli and 300 µg/ml for S. pyogenes; 

spectinomycin (Research Products International Corp) 100 µg/ml for both E. coli and S. 

pyogenes. THYL-arg was made by adding a 1 M stock solution of filter sterilized L-

arginine (Sigma) to THY-B to a final concentration of 10 mM. THY6.5 was made by 

making up THY-B in 90% ddH2O and 10% 1 M stock solution of 2-(N-

Morpholino)ethanesulfonic acid (MES; Sigma) buffered to pH 6.5. THY7.5 was made by 

making up THY-B in 90% ddH2O and 10% 1 M stock solution of  4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; Sigma) buffered to pH 7.5. 

THY6.5+L-arg was made by adding a 1 M stock solution of filter sterilized L-arginine to 

THY6.5 to a final concentration of 10 mM. 

Construction and rescue of arc mutants.  

Mutations in select genes in the arc operon were constructed using the previously 

described pSin/pHlp mutagenesis system for stable plasmid integration in the GAS 

chromosome in addition to standard laboratory techniques for genetic manipulation of 
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GAS (158, 159). Briefly, a region, 170 to 360 base pairs long, downstream of the start 

codon of the gene of interest was cloned out of the 5448 genome using the primers shown 

in Table 4.1. The resulting PCR fragment was inserted into pSinS, which is a 

spectinomycin-resistant (SpR) suicide plasmid that only replicates in GAS when the 

kanamycin-resistant (KmR) temperature sensitive helper plasmid, pHlpK is present.  The 

resulting construct was transformed into pHlpK-containing 5448. Transformants that 

were SpR, KmR were selected for at 30°C, the permissive temperature for replication of 

the pHlpK plasmid. SpR, KmR transformants were isolated and grown at the non-

permissive temperature of 37°C in the presence of spectinomycin to select for clones with 

chromosomal integration of the mutagenic plasmid. Loss of the pHlpK plasmid was 

confirmed by subsequent SpR, KmS phenotype, and chromosomal integration at the site of 

homology was confirmed by PCR. This method results in a polar mutation with 

disruption of operon expression downstream of where the construct is inserted, as 

represented by the schematic in Figure 4.2. 

 

Table 4.1: GAS strains and plasmids used in this study 
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Figure 4.2: Schematic representing insertion of suicide shuttle vector pSinS into target gene. A single 
cross-over event results in the construction of a polar mutation with a loss in expression in the target gene 
and the rest of the operon downstream of the insertion site 

To rescue the arc mutation, the pHlpK plasmid was reintroduced into the mutant 

strain by electroporation. Kanamycin and spectinomycin selection at 30°C was used to 

establish reintroduction of the pHlpK plasmid. Transformants were subsequently moved 

to 37°C, and SpS, KmS clones representing mutant rescues were identified by replica 

plating. The loss of the mutagenic plasmid from the rescues was confirmed by PCR. The 

five strains constructed for this study are detailed in Table 4.1. In addition, a non-coding 

region outside of the arc operon was cloned into pSinS to make the control strain 5448-

NC, which is a SpR variant of 5448 where the pSinS integration into the GAS 

chromosome has no effect on transcription. 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR).  

RNA was isolated from early stationary phase GAS cultures using the ISOLATE II RNA 

Mini Kit (Bioline), and contaminating DNA was removed using the TURBO DNA-

free™ kit (Ambion) according to the manufacturer’s directions. Transcript levels were 

quantified using the qRT-PCR probes listed in Table 4.2 and the iTaqTM Universal SYBR 

Green One-Step Kit (Bio-Rad) according to the manufacturer’s instructions. The qRT-

PCR reactions were performed using an iQ5 Real-Time PCR Detection System (Bio-
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Rad). Expression values were calculated by the ΔΔCt method, with gyrA mRNA levels 

used for normalization. GyrA was chosen as a suitable target for normalization because it 

was demonstrated, in earlier work, to maintain consistent expression levels (Chapter 2).  

Planktonic growth conditions.  

Overnight planktonic cultures of GAS were diluted 1:100 into prewarmed THY-B in 

side-arm flasks to allow for the monitoring of optical density without adding additional 

oxygen to the culture. Cell growth was monitored using a Klett-Summerson photoelectric 

colorimeter. At designated time points (8 hours, 24 hours, and 48 hours after dilution), 

sample aliquots were removed from the culture flask to enumerate the number of viable 

bacteria via serial dilution. Ten microliters of 10-fold serial dilutions of the samples were 

plated in triplicate on THY-A and incubated for 24 hours at 37°C to determine the 

number of CFUs per ml. 

Biofilm growth conditions.  

Stationary biofilms were grown on membrane filters in a manner similar to Anderl et al. 

(7). Briefly, sterile, polycarbonate membrane filters (19 mm diameter; 0.2 µm pore size) 

(Whatman) were placed on top of THY-A agar culture medium. Overnight planktonic 

cultures of GAS were diluted 1:100 in THY-B, and 10 µL of the dilution was used to 

inoculate the center of a filter. The agar plates containing the filters were incubated at 

37°C, 5% CO2. Filters were transferred to fresh THY-A plates every 24 hours. At 

designated time points, filters were removed from the agar and either prepared for 

confocal microscopy or used to determine the number of viable bacteria. Filters used to 

enumerate the number of viable bacteria were placed into 8 mL of sterile phosphate-

buffered saline (PBS) (Sigma) and homogenized on ice for 40 seconds to disrupt the  
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Table 4.2: Primers used in this study 

 

Primer Description Sequence

5KOarcA-EcoRI cloning arcA 7-187 into pSinS to make 

pJAF118-forward primer

GAGGATGAATTCGCTCAAACACCAATTCATGTTTATTC

3KOarcA-HindIII cloning arcA 7-187 into pSinS to make 

pJAF118-reverse primer

CACGCAAAGCTTGGGCAAAAG

5Up-arcA to check chromosomal insertion of pJAF118, 
primer in GAS chromosome

ACTAGGAATATAAGCAAGAGTTAAGAATCTTG

3Down-pSinS to check chromosomal insertion of pJAF118, 
primer in pSinS

GAGCGGATAACAATTTCACACAGG

5KOarcD-EcoRI cloning arcD 22-378 into pSinS to make 

pJAF117-forward primer

GGTTTTAGAATTCCTTCTTCTTACAC

3KOarcD-HindIII cloning arcD 22-378 into pSinS to make 

pJAF117-reverse primer

GTGAACTAAGCTTGATTAAAATAGCAATCAGCATTTTTTC

5Up-arcD to check chromosomal insertion of pJAF117, 
primer in GAS chromosome

GTAAGAGGTAATCATTATGACAGAAG

5KOcontrol-EcoRI cloning ahrC.2 298  to 123 bp after stop codon 

into pSinS to make pJAF123-forward primer

GAGGTAGAATTCCTGGACTAGCCCAATCCTTTG

3KOcontrol-HindIII cloning ahrC.2 298  to 123 bp after stop codon 

into pSinS to make pJAF123-reverse primer

GTCTAAGAAGCTTGCGAGTAAACGAATGTCCTGTC

5Up-control to check chromosomal insertion of pJAF123, 
primer in GAS chromosome

GCGTTAGCCATTTCACAAACC

qrtArcAF qRT-PCR primer for arcA , forward primer CATTTGCCATCGACCCAATGCC

qrtArcAR qRT-PCR primer for arcA , reverse primer CCTTCAATGCGAGTGGTTTCATTACGG

qrtArcBF qRT-PCR primer for arcB , forward primer CATCAACTCGTACGCGTGCAG

qrtArcBR qRT-PCR primer for arcB , reverse primer GCACACCTGAGAATTCTGCCAATTC

qrtArcDF qRT-PCR primer for arcD , forward primer CTCAAATTGGGTGTCTAGCCTCCAC

qrtArcDR qRT-PCR primer for arcD , reverse primer CCTTGTCTGCAACCAATGATTTACTTGGG

qrtArcCF qRT-PCR primer for arcC , forward primer GCCATGACAGAAGGTAGCATCGG

qrtArcDR qRT-PCR primer for arcC , reverse primer GCACCAGACTCCGCCATTTG

qrtAsnAF qRT-PCR primer for asnA , forward primer GCC GCG CTC CTG ACT ATG 

qrtAsnAR qRT-PCR primer for asnA , reverse primer GGGCCTCTTCATCCACACG

qrtGyrAF qRT-PCR primer for gyrA , forward primer CAGTAGTATTACCAGCTCGCTTTCC

qrtGyrAR qRT-PCR primer for gyrA , reverse primer CAGTCGGAAAGTCAGGTCCAG
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biofilms prior to plating serial dilutions. 10 µL of 10-fold serial dilutions of the 

homogenized samples were plated in triplicate on THY-A and incubated for 24 hours at 

37°C to determine the number of CFUs per filter. When indicated, THY-A plates were 

substituted with THY-AL-arg, THY-A6.5, THY-A7.5, or THY-A6.5+L-arg plates. 

In vitro biofilm imaging.  

Filters containing biofilms to be used for confocal microscopy were transferred to glass 

slides and incubated for 15 minutes in the dark with the SYTO 9 stain provided in the 

LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes) according to the 

manufacturer’s recommended concentrations. After 15 minutes, the stain was removed 

with a pipette, VECTASHIELD Mounting Medium (Vector Laboratories) was added, and 

the samples were overlaid with a coverslip. The slides were imaged with a Zeiss LSM 

510 Meta confocal scanning laser microscope (Carl Zeiss). A total of 3 z-stacks were 

obtained at random from 2 biological replicates for each sample. These z-stacks were 

analyzed to determine biofilm biomass and average thickness using the program 

Comstat2 (www.comstat.dk) (119, 286). Biofilms older than 16 hours were too thick to 

be imaged by a top-down confocal approach. Instead, older biofilms were embedded in 

Tissue-Tek® Optimum Cutting Temperature (O.C.T.) Compound (Sakura Finetek USA), 

frozen on dry ice, and then stored at -80°C prior to sectioning. O.C.T. embedded biofilms 

were cross-sectioned using a Leica CM1950 cryostat (Leica Biosystems) and mounted 

onto Tissue Path Superfrost™ Plus Gold Slides (Thermo Scientific) and stored at -20°C 

prior to staining with SYTO 9 as outlined above. A total of 3 cross-sections from 2 

biological replicates for each sample were measured to determine the maximum thickness 

of the biofilm using ImageJ (253). 
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Planktonic penicillin susceptibility.  

Planktonic cultures were grown as described above. For each culture, once the culture 

reached mid log phase (50-60 Klett Units), three 40 mL aliquots were removed and 

penicillin G (Sigma) was added. Penicillin was added to two of the aliquots to a 

concentration of either 0.5 µg/ml or 5 µg/ml, while the third aliquot received no penicillin 

as a control. An additional sample was taken and serial dilutions were plated to determine 

the starting number of CFUs prior to administration of penicillin. At 4 and 24 hours after 

the addition of penicillin, samples were taken to enumerate the number of viable bacteria 

remaining. Prior to plating serial dilutions, the samples were pelleted by centrifugation to 

remove the penicillin, and then resuspended in an equal volume of PBS. Serial dilutions 

were determined as described for planktonic cultures above. Susceptibility to penicillin in 

planktonic cultures is reported as a log-fold reduction either versus the initial 

concentration of cells or versus the untreated control. These numbers are represented by 

the following formulas: 

 

log fold reduction�������� =  −�����

����/!" #$ %&'(%') �(!*�'

����/!"  *&#�& %� ())#%#�$ �+ *'$#,#��#$  
 

 

log fold reduction-�.�/�./0 =  −�����

����/!" #$ %&'(%') �(!*�'

����/!" #$ 1$%&'(%') �(!*�'
 

 

The same method described above was also repeated with aliquots taken from a late 

stationary phase culture (24 hours after inoculation), but penicillin concentrations of 5 

µg/ml and 500 µg/ml were used instead. 
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Biofilm antibiotic susceptibility.  

Filter biofilms were grown as described above. After 48 hours of growth, the membrane 

filters containing the biofilms were transferred to either fresh THY-A plates or fresh 

THY-A plates containing antibiotics (Sigma) at one of the following concentrations: 

penicillin G (5 µg/ml, 20 µg/ml, or 500 µg/ml), ampicillin (5 µg/ml), cefoperazone (150 

µg/ml), rifampin (7 µg/ml), erythromycin (2 µg/ml), and clindamycin (14 µg/ml). After 4 

or 24 hours of antibiotic exposure, the filters were removed to enumerate the number of 

viable bacteria as described above for membrane filters. Susceptibility to penicillin in 

biofilm cultures is reported as a log fold reduction versus the untreated control as 

represented by the following formula: 

 

log fold reduction2��3��4 =  −�����

����/+#�%'& #$ %&'(%') �(!*�'

����/+#�%'& #$ 1$%&'(%') �(!*�'  
 

 

When indicated, THY-A plates were substituted with THY-AL-arg, THY-A6.5, THY-A7.5, 

or THY-A6.5+L-arg plates with and without antibiotics. 

Animals.  

A mix of male and female mice aged 6-8 weeks were used in this study with each group 

containing equal numbers of each gender. C57BL/6J IL-17A-/- mice were obtained from 

Yoichiro Iwakura (University of Tokyo, Japan)(206). All mice were housed in the 

University of Maryland, Baltimore Dental School Animal Biosafety Level 2 facility. 

Animal experiments were approved by the University of Maryland, Baltimore 

Institutional Animal Care and Use Committee.  
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Murine Nasal-Associated Lymphoid Tissue (NALT) infection model.  

Mice were anesthetized with isoflurane followed by an intraperitoneal injection of 0.1 ml 

of a solution of ketamine (20 mg/ml) and xylazine (2 mg/ml). Mice were inoculated in 

each nostril with 2.5 µL of a 2x1010 CFUs/ml solution of GAS for a total of 1x108 

CFUs/mouse. At designated time points, mice were euthanized to harvest their nasal 

tissue. Euthanized mice were decapitated and nasal tissue was extracted following the 

previously described method (14), which the exception that the NALT tissue was kept 

with the rest of the nasal tissues (nasal turbinates, septum, lateral walls, and palate) for 

further processing. The dissected nasal tissue was placed in 1 ml PBS and homogenized 

on ice for 90 seconds prior to plating 10-fold serial dilutions. Dilutions were plated in 

triplicate on both THY-A + spectinomycin (100 µg/ml) and Trypticase Soy Agar with 5% 

Sheep Blood (BD Laboratories). Total CFUs/mouse were determined based on CFU 

counts on the THY-A + spectinomycin plates. The identity of colonies as S. pyogenes 

was confirmed by the presence of beta-hemolysis on the blood agar and by latex 

agglutination using the StreptocardTM Acid Latex Test Kit (BD Laboratories).  

Penicillin treatment of murine NALT infection model.  

Three days post inoculation (dpi) with GAS by the above NALT infection model, mice 

were weighed and given a single 50,000 U/kg dose of penicillin G (Henry Schein Animal 

Health) in the form of a 50 µL intramuscular injection into their left thigh. Mice 

exhibiting signs of systemic disease (weight loss greater than 20%) prior to antibiotic 

treatment were euthanized in accordance with the University of Maryland, Baltimore 

Institutional Animal Care and Use Committee’s guidelines on humane end points in 

rodents. This resulted in less than 22 mice for two of the groups. After an additional 48 
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hours (5 dpi), all mice were euthanized to harvest their nasal tissue for CFU counts as 

outlined above. 

Imaging of infected nasal tissue.  

To image in vivo biofilm formation, nasal tissue was dissected as described above for 

mice infected with the NALT infection model. The dissected tissue was embedded in 

Tissue-Tek® Optimum Cutting Temperature (O.C.T.) Compound (Sakura Finetek USA), 

snap-frozen in liquid nitrogen, and then stored at -80°C prior to sectioning. O.C.T. 

embedded tissue samples were sectioned using a Leica CM1950 cryostat (Leica 

Biosystems). Ten micrometer-thick coronal sections were mounted onto Tissue Path 

Superfrost™ Plus Gold Slides (Thermo Scientific) and stored at -20°C prior to staining. 

To prepare the samples for staining, the slides were fixed for 5 minutes with 10% 

formalin (Sigma), blocked for 30 minutes at room temperature with 1% bovine serum 

albumin (Sigma) in PBS (1% BSA-PBS), and rinsed with 0.1% Triton-X (EMD 

Millipore) in PBS. The slides were then stained for 30 minutes at 37°C with anti-GAS-

FITC conjugated rabbit antibody (Thermo Scientific) diluted 1:500 in 1% BSA-PBS. The 

stained slides were rinsed again with 0.1% Triton-X in PBS, counterstained for 30 

minutes at room temperature with 1 µg/ml DAPI (Sigma), rinsed with ddH2O, covered 

with VECTASHIELD Mounting Medium and cover slips. The slides were then imaged 

using a Zeiss Axio Imager Z.1 fluorsecence microscope with the ApoTome.2 module 

(Carl Zeiss). 

Statistical analysis.  

Data were analyzed using either a two-tailed Student’s t-test, a two-tailed ANOVA, or a 

two-tailed Fisher’s exact test, when appropriate. All statistical analysis was done using 
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GraphPad Prism v5.0 (GraphPad Software). A p value of <0.05 was considered 

significant. 

 

RESULTS 

The arginine deiminase pathway is transcribed as a single operon.  

To study the role that the arginine deiminase pathway plays in GAS biofilm growth, we 

constructed three mutants with mutations within and near the arc operon (Table 4.1 & 

Figure 4.1B). Although the arc operon is predicted to be transcribed as two separate 

operons of three genes each in GAS strain 5448, we found that insertion of the pSinS 

plasmid into the beginning of arcA in strain JF155 suppressed expression of arcA along 

with downstream genes in the operon (Figure 4.3). 

 

Figure 4.3: Quantitative real-time PCR derived transcription levels for genes in and adjacent to the 
arc operon in strain JF155. Transcription levels for each gene were normalized to gyrA expression levels 
for that strain and then expressed as a percentage of the expression level in 5448 (WT). Data presented 
represent the mean±SD of two independent experiments. 
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The arginine deiminase pathway does not have a significant role in exponential phase 

planktonic growth in rich medium.  

To determine the role of the arc operon during planktonic growth, the arc mutant, JF155, 

was grown in THY-B both with and without supplementation with 10 mM L-arginine 

(THYL-arg). The WT and arc mutant displayed similar growth curves and doubling times 

(not shown), along with similar numbers of CFUs/ml at early stationary time points 

(Figure 4.4). Although there was a decrease in the number of CFUs/ml in both strains 

after 24 hours, there was a significantly greater decrease in the JF155 strain at both 24 

and 48 hours (Figure 4.4). The addition of L-arginine did not make a difference for any 

time point less than 24 hours. However, the presence of excess L-arginine caused greater 

survival at 24 and 48 hours in the wild-type strain, but not in JAF155 (Figure 4.4).  

 
Figure 4.4: Comparison of WT and JF155 during planktonic growth. 5448 (WT) and JF155 were 
grown for 48 hours in THY-B both with and without supplementation with10 mM L-arginine. CFUs/ml of 
each culture at indicate time points (8 hours, 24 hours, or 48 hours after inoculation). Data presented 
represent the mean±SD of four independent experiments. * = p <0.05, ** = p <0.01, *** = p <0.001. 
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The arginine deiminase pathway enhances biofilm growth in the presence of excess 

arginine through pH regulation.  

Based on the fact that the Arc proteins are very highly up-regulated during GAS biofilm 

growth, we anticipated that the arcA mutation in strain JF155 would have a very large 

effect on biofilm growth. However, an obvious phenotype was not observed when we 

grew wild type and JF155 GAS biofilms fed by THY (Figure 4.5 & 4.6). There was an 

insignificant decrease in biofilm thickness in the mutant strain (Figure 4.6), and there 

was only a minor decrease at two time points in the total number of CFUs (Figure 4.5A). 

However, a significant difference was seen when the two strains were grown on THY 

plates supplemented with excess arginine (THYL-arg). The presence of excess arginine 

made no difference to the mutant strain, but there were significant increases in both 

biofilm thickness and total CFUs in the WT strain (Figure 4.5B & 4.6). 

Since the arginine deiminase pathway is known to be responsible for responding to acid 

stress in GAS (74, 75, 80), we tested whether this enhancement of biofilm growth was 

related to pH regulation. To test this, we compared biofilm formation and growth of the 

WT and arc mutant strains on media buffered at pH 6.5 (THY6.5), media buffered at pH 

7.5 (THY7.5), and media buffered at pH 6.5 supplemented with 10 mM L-arginine 

(THY6.5+L-arg). As shown in Figure 4.5C, when grown at a pH of 7.5, both strains 

resembled the WT strain grown in the presence of excess arginine (Figure 4.5B). In 

contrast, when the two strains were grown at a pH of 6.5 they both resembled JF155 

grown on unbuffered media. However, when grown on THY6.5+L-arg,, only the WT strain 

showed enhanced growth, suggesting that the WT strain’s ability to utilize the excess 

arginine allows it to overcome the effects of media buffered at an acidic pH. 
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Figure 4.5: Comparison of WT and JF155 CFUs during biofilm growth.  Wild type strain 5448 and arc 

mutant strain JF155 were grown in biofilms on polycarbonate filter membranes for up to 8 days (192 
hours). Biofilms were grown on either THY-A (A), THY-AL-arg (B), or buffered THY-A (C). Total CFUs 
per filter biofilm were measured by plating serial dilutions of homogenized biofilms at the indicated time 
points. Data presented represent the mean±SD of three independent experiments. * = p <0.05, ** = p <0.01, 
*** = p <0.001. 
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Figure 4.6: Comparison of WT and JF155 biofilm thickness.  Wild type strain 5448 and arc mutant 
strain JF155 grown in biofilms on polycarbonate filter membranes were imaged at 8 hours, 48 hours, and 
144 hours (6 days) after inoculation. (A) Representative images of 144 hour WT and JAF155 biofilms 
formed on THY or THYL-arg. Maximum biofilm thickness (B) was measured as outlined in the methods 
section using either COMSTAT2 or ImageJ to analyze images obtained by confocal microscopy at 
indicated time points. Data presented represent the mean±SD. White bar represents 100 µm. * = p <0.05, 
** = p <0.01, *** = p <0.001. 

 
The arc operon contributes to antibiotic tolerance only during biofilm growth.  

Since increased tolerance to antibiotics is a key characteristic of biofilms (87), and the 

arc operon had previously been implicated in penicillin tolerance in S. gordonii (38), we 
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tested the antibiotic tolerance of strain JF155. During exponential planktonic growth, 

there was no difference in penicillin tolerance between 5448 and JF155 (Figure 4.7A). 

Mid-log phase bacteria were predictably highly susceptible to penicillin at both 0.5 and 5 

µg/ml. As expected, overnight stationary phase bacteria were much less susceptible to 

penicillin because penicillin does not kill GAS in stationary phase (89). Even when 

excess arginine was added to the media no difference in penicillin tolerance was observed 

(Figure 4.8). Although the wild-type strain appears to actually be more susceptible to 

penicillin in stationary phase after 24 hours of exposure to 5 µg/ml (Figure 4.7B), this 

was an artifact due to the difference in long-term survival between the two strains. Due to 

the high level of bacterial cell death even in the untreated JF155 strain, the effect of 

penicillin was not as pronounced. However, when the number of CFUs remaining after 

penicillin treatment was compared to the original number of CFUs 

(log fold reduction��������) there was no significant difference between the two strains 

(1.597±0.102 for 5448 vs. 2.929±0.984 for JF155). 

When grown as biofilms, however, the two strains showed significant differences 

in their penicillin tolerance. The WT strain had decreased susceptibility to penicillin, 

even after 24 hours of penicillin exposure, while JF155 displayed susceptibility to 

penicillin that more closely resembled that of planktonic GAS (Figure 4.7C). This effect 

was seen both at a 5 µg/ml concentration of penicillin and also at 500 µg/ml. Given the 

fact that there was no significant difference between 5 and 500 µg/ml of penicillin, we 

settled on 20 µg/ml for all subsequent experiments because it represents the peak serum 

concentration during antibiotic therapy (103).  
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Figure 4.7: Penicillin tolerance of WT and arc mutants during planktonic and biofilm growth. 
Planktonic cultures of 5448 and JF155 were grown either to mid-log phase (A) or for 24 hours (B), and 
exposed to the indicated concentrations of penicillin for 4 and 24 hours. Data presented represent the 
mean±SD of three independent experiments measuring the log10 fold reduction in CFUs versus an untreated 

culture (��� +��) &')1,%#�$-�.�/�./05.  Insert in (B) shows data expressed in % reduction instead of log 
fold reduction. Biofilm cultures of 5448 and JF155 (C) or 5448, JF155, JF183, 5448-NC, and JF155-RS 
(D) were grown for 48 hours and exposed to the indicated concentrations of penicillin for 4 and 24 hours. 
Data presented represent the mean±SD of three independent experiments measuring the log10 fold reduction 

in CFUs versus an untreated biofilm culture (��� +��) &')1,%#�$2��3��45. * = p <0.05, ** = p <0.01, *** = 
p <0.001. 
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Figure 4.8: Penicillin tolerance of WT and arc mutants during planktonic growth in excess L-
arginine.  Planktonic cultures of 5448 and JF155 were grown in THYL-arg to mid-log phase (A) or for 24 
hours (B), and exposed to the indicated concentrations of penicillin for 4 and 24 hours. Data presented 
represent the mean±SD of three independent experiments measuring the log10 fold reduction in CFUs 

versus an untreated culture (��� +��) &')1,%#�$-�.�/�./05. Insert in (B) shows data expressed in % 
reduction instead of log fold reduction. * = p <0.05, ** = p <0.01, *** = p <0.001. 

 

In addition to testing JF155, we also tested the penicillin tolerance of strain JF152 

(arcDTC-). We found that JF152 displayed a similar increase in penicillin susceptibility 

(Figure 4.7D). Furthermore, insertion of the pSinS plasmid in a non-coding region 

outside of the arc operon (5448-NC; Figure 4.1B) did not have any effect, and rescue of 
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the arc mutation in strain JF155 (strain JF155-RS) reversed the observed phenotype, 

confirming that the mutant’s penicillin susceptibility is due to disruption of the arc 

operon (Figure 4.7D). The loss of the function of the arc genes also made GAS more 

susceptible to multiple different antibiotics. JF155 showed decreased biofilm survival in 

the presence of ampicillin, cefoperazone, rifampin, erythromycin, and clindamycin, while 

the WT strain biofilm was tolerant to all of the antibiotics tested (Figure 4.9). 

 
Figure 4.9: Tolerance of WT and JF155 biofilms to multiple antibiotics. Biofilm cultures of 5448 and 
JF155 were grown for 48 hours and exposed to the following concentrations of the indicated antibiotic: 
AMP (ampicillin-5 µg/ml), CFP (cefoperazone-150 µg/ml), RIF (rifampin-7 µg/ml), ERY (erythromycin-2 
µg/ml), CLI (clindamycin-14 µg/ml). Cultures were exposed to antibiotics for either 4 hours (A) or 24 
hours (B). Data presented represent the mean±SD of three independent experiments measuring the log10 

fold reduction in CFUs versus an untreated biofilm culture (��� +��) &')1,%#�$2��3��45. * = p <0.05, ** = 
p <0.01, *** = p <0.001. 

 

Antibiotic tolerance mediated by the arginine deiminase pathway is dependent on pH 

regulation.  

As was the case with the enhancement in biofilm growth, the increased antibiotic 

tolerance during biofilm growth was due to the arc operon’s ability to respond to acid 

stress. When 5448 and JF155 were grown in THY7.5 there was no difference in terms of 
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penicillin sensitivity; both strains formed biofilms that were highly resistant to killing by 

penicillin (Figure 4.10). When the two strains were grown at a pH of 6.5, however, they 

were both highly susceptible to penicillin. While the addition of excess arginine allowed 

5448 to overcome the effects an acidic pH, JF155 remained highly susceptible to 

penicillin because it was unable to utilize arginine (Figure 4.10). 

 
Figure 4.10: Effect of pH and L-arginine on penicillin tolerance in WT and JF155 biofilms. Biofilm 
cultures of 5448 and JF155 were grown for 48 hours on either THY-AL-arg, THY-A7.5, THY-A6.5, or THY-
A6.5+L-arg and then exposed 20 µg/ml penicillin G for either 4 hours (A) or 24 hours (B). Data presented 
represent the mean±SD of three independent experiments measuring the log10 fold reduction in CFUs 

versus an untreated biofilm culture (log fold reduction2��3��45. * = p <0.05. 

 

Loss of the arginine deiminase pathway reduces in vivo biofilm formation in a murine 

NALT infection model.  

Since the Arc proteins were previously shown to be expressed and highly immunogenic 

in an in vivo model of a biofilm-mediated GAS infection (99), we wanted to test the role 

of the arginine deiminase pathway in in vivo biofilm growth. To test whether the arc 
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operon was important for in vivo biofilm formation, we employed a murine GAS nasal 

infection model. In mice, GAS is known to colonize the nasal-associated lymphoid tissue 

(NALT), which can be considered analogous to the colonization of human tonsils (224). 

Clearance of GAS from the pharynx is believed to be dependent on a Th17 immune 

response. Failure to generate a strong Th17 response with subsequent release of the 

cytokine IL-17A is believe to contribute to GAS persistence in humans, and mice 

deficient in IL-17A have been shown to have higher rates of GAS colonization for longer 

durations than wild-type mice (83, 288). Therefore, to establish a model that 

appropriately mimicked chronic GAS carriage, we used IL-17A knockout mice (IL-17A-/-

)(206). Mice were inoculated intranasally with a total of 1x108 CFUs of either 5448-NC, 

an isogenic 5448 WT strain with spectinomycin resistance, or JF155. Cryofixation of the 

infected nasal tissue and staining with a GAS specific FITC-tagged antibody revealed the 

formation of microcolonies in the NALT tissue of mice inoculated with the wild-type 

strain 5448-NC as early as one day post inoculation (Figure 4.11A & 4.11B). Mice 

inoculated with JF155, however, lacked the dense microcolonies seen in the WT strain, 

and instead had smaller clusters of more isolated bacteria (Figure 4.11C & 4.11D). 

Despite this apparent difference in biofilm formation, the two strains displayed similar 

numbers of CFUs (Figure 4.11E), suggesting the difference in phenotype was due to a 

deficiency in biofilm formation, and not an overall growth deficiency. 

The arc operon is important for in vivo biofilm penicillin tolerance.  

To test whether the arginine deiminase pathway is involved in penicillin tolerance in vivo, 

we adapted the NALT infection model to include a penicillin treatment step.  
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Figure 4.11: Colonization of C57BL/6 IL-17A-/- mouse nasal tissues in the NALT infection model. 
Nasal tissues harvested from mice at 1 day post inoculation (DPI) were cryosectioned and stained with 
FITC conjugated anti-GAS antibody (green) and DAPI (blue) in order to visualize the formation of GAS 
microcolonies within the NALT (A-D). Nasal tissues from C57BL/6 IL-17A-/- mice inoculated with either 
5448-NC or JF155 were harvested at the indicated time points and cultured to determine the total number of 
CFUs/mouse present (E). n = 6 mice per bacterial strain per time point. 

 

Three days after initial intranasal inoculation with GAS, mice received either a single 

intramuscular dose of penicillin G, or else sterile saline as a control. Two days following 

the penicillin treatment, nasal tissue was collected and plated to determine the number of 

CFUs remaining (Figure 4.12A). In the absence of penicillin treatment, no difference in 

clearance was observed between the 5448-NC-infected mice and the JF155-infected 

mice. When the mice infected with 5448-NC GAS were treated with penicillin there was 
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no significant improvement in clearance rates versus the untreated controls. However, the 

mice infected with JF155 showed a significant increase in clearance after penicillin 

treatment (Figure 4.12B), suggesting that the arc operon is important for penicillin 

tolerance during an in vivo biofilm infection.  

 
Figure 4.12: In vivo penicillin tolerance of JF155 in the NALT infection model. C57BL/6 IL-17A-/- 
mice inoculated intranasally with 5448-NC or JF155 were treated with penicillin G or a placebo. (A) Nasal 
tissues were harvested two days after treatment (5 DPI) and cultured to determine the total number of 
CFUs/mouse present. (B) Mice were determined to have cleared the infection if their CFU count was below 
the limit of detection (33 CFUs/mouse). n = 20-22 mice per group. Data represents the combination of 5 
independent experiments. Statistical significance was determined by a two-tail Fisher’s exact test. * = p 
<0.05. 
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DISCUSSION 

The arginine deiminase pathway has long been understood as an important 

mechanism for adaptation to acidic environments in a number of different bacteria, 

including GAS (80, 187). While the pathway has been identified as being upregulated in 

multiple models of biofilm growth (5, 19, 35, 99, 241, 297), this is the first demonstration 

of a role for the arginine deiminase pathway during GAS biofilm growth. Furthermore, 

this is the first evidence, to our knowledge, of a genetic component to the increased 

antibiotic tolerance observed in GAS biofilms. 

 Through the use of targeted mutations, we were able to able to demonstrate the 

significance of the arginine deiminase pathway during GAS biofilm growth. Similar to 

what other studies have demonstrated in planktonic growth (74, 75, 80), having a fully 

intact arginine deiminase pathway was necessary in order for GAS to be able to utilize 

arginine for protection against acid stress. An arc operon mutant showed significantly 

less biofilm formation in the presence of excess arginine when compared with a WT 

strain (Figure 4.5 & 4.6). The mutant was also unable to form a robust biofilm in an 

acidic environment, even when excess arginine was added (Figure 4.5C). 

Although other studies found strong effects in arc operon mutants during 

planktonic growth, we did not see comparable effects during exponential phase or early 

stationary growth. These differences were likely due in part to differences in the growth 

conditions used in the different studies. Degnan et al. (80) found decreased survival of 

arcA mutants within 6 hours, but only in media that had been artificially acidified to a pH 

of 5 or lower. Cusumano et al. (75) found decreased final growth yields in arc operon 

mutants, but similar to our study they saw no difference in the growth curves and 
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doubling times between the mutants and the wild type strain. In addition, Cusumano et al. 

(75) used low glucose C medium as opposed to the glucose-rich THY medium employed 

in our study. Glucose is known to repress expression of the arc operon in GAS (45, 149), 

hence revealing a potential reason we did not see any effects from the arc operon mutant 

until late stationary phase (Figure 4.4). The reduced survival of JF155 at 24 and 48 hours 

fits in the context of delayed glucose depletion in THY medium leading to derepression 

of the arc operon at a later time point than would be seen in C medium. However, our 

earlier work demonstrated that although increased transcription of the arc operon is seen 

by late log/early stationary phase time points, expression of Arc proteins (ArcA, ArcB, 

and ArcC) even at 48 hours into stationary phase is significantly less than expression 

during biofilm growth (Chapter 2). 

Regardless of the role the arginine deiminase pathway plays in protecting against 

acid stress during stationary growth, it is clear that its role in antibiotic tolerance is 

specific to biofilm growth. Not only did mutation of the arginine deiminase pathway fail 

to influence penicillin susceptibility during exponential growth (Figure 4.7A), but 

stationary phase bacteria demonstrated a strong resistance to killing by penicillin 

regardless of whether or not the arc operon was intact (Figure 4.7B). This characteristic 

antimicrobial tolerance seen in stationary phase bacteria has previously been thought to 

contribute, to some degree, to the resistance seen in biofilms (104). However, in contrast 

to what was seen with stationary phase bacteria, the loss of the arc operon caused a sharp 

increase in susceptibility to penicillin in biofilm cultures (Figure 4.7C & 4.7D).  

Although this effect was mediated by the arginine deiminase pathway’s ability to use 
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arginine to regulate pH (Figure 4.10), arginine supplementation made no difference in 

antibiotic tolerance during planktonic growth (Figure 4.8). 

 The role of the arc operon in biofilm antibiotic tolerance does not appear to be 

limited to penicillin. Two other beta-lactams (ampicillin and cefoperazone), along with 

antibiotics from three different classes all showed a similar effect (Figure 4.9). This is 

particularly surprising since clindamycin and erythromycin are considered bacteriostatic 

antibiotics. The increased cell death observed with multiple antibiotics that are both 

bacteriostatic and bactericidal and function both at the cell well and inside the cell 

suggest that a potentially non-traditional mechanism of antibiotic-mediated killing is 

occurring in the JF155 biofilms. 

 Following up on our in vitro observations about GAS biofilms, we tested our 

observed phenotype in vivo. We utilize a murine GAS NALT infection model because it 

effectively models pharyngitis and GAS colonization of human tonsils (224). GAS 

tonsillopharyngitis is frequently associated with antibiotic treatment failure (228), and 

evidence of GAS biofilms has been found both in human tonsils (244) and mouse NALT 

tissue (185). Likewise, we found evidence of microcolony formation in the nasal cavities 

excised from the mice in our study (Figure 4.11). However, JF155 did not seem to 

display the same extent of microcolony formation as the WT strain (Figure 4.11), 

suggesting a deficiency in biofilm formation in vivo. Additionally, the increased 

penicillin susceptibility observed in our in vitro JF155 biofilms was recapitulated in vivo 

by an increased rate of clearance of the arc operon mutant after penicillin treatment 

(Figure 4.12).  
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Taken together, our results suggest that a unique relationship may exist between 

the roles of the arginine deiminase pathway in biofilm growth and antibiotic tolerance. 

The proteins in the arginine deiminase pathway are clearly very highly expressed during 

biofilm growth in GAS and other Gram-positive bacterial species (5, 19, 35, 99, 241, 

297). While this increase in expression is ostensibly due to a decrease in pH within the 

biofilm environment, it also appears to give the biofilm an increased tolerance to 

antibiotics. Although this increased antibiotic tolerance is pH-dependent, it is distinct 

from the role the arginine deiminase pathway plays in regulating pH in stationary 

cultures, given the specificity of the arc-dependent tolerance to biofilm cultures. The fact 

that a pathway as ubiquitous as the arginine deiminase pathway has such a profound 

effect on susceptibility to a number of different antibiotics gives us encouragement that 

our results may be broadly applicable to multiple different bacteria. We are hopeful that 

further understanding of the role the arginine deiminase pathway plays in antibiotic 

tolerance may lead to novel therapies targeting biofilm-mediated infection.  
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CHAPTER 5: CONCLUDING REMARKS 

Despite being in the public eye and the subject of intense study for over a century, there 

is still much that remains unknown about Streptococcus pyogenes. This strictly human 

pathogen still causes outbreaks in developed countries (46, 109, 166), frustrates our 

efforts to target it with a vaccine, obfuscates our ability to distinguish bacterial 

pharyngitis from viral pharyngitis in carriers of GAS, contributes to more acquired heart 

disease worldwide than any other cause, and is responsible for an overwhelmingly high 

mortality in cases of invasive disease. All of this comes in spite of the fact that GAS has, 

surprisingly, never acquired resistance to one of the very first antibiotics ever used, 

penicillin. Through this dissertation work we have added valuable information to the field 

that will move us closer to answering some of these questions and addressing some of 

these problems. 

 The work in this dissertation has focused mainly on the biofilm state of growth. 

Although this is a growth state of GAS that has historically been underappreciated, the 

evidence for GAS biofilm formation during infections is mounting (3, 48, 59, 60, 99, 185, 

243, 244). The work presented here reaffirms the significance of GAS biofilms during 

infections, as we found structures resembling biofilms in every animal model used. In 

addition to the presence of GAS biofilms in a rabbit implant associated infection model 

(Figure 3.3) and a NALT infection model (Figure 4.11), we also found evidence of a 

GAS biofilm in a rabbit abscess model (Figure 5.1). While the presence of a biofilm in 

vivo is hard to verify, these images showing large conglomerates of bacteria provide 

convincing support. Given the fact that biofilms are now believed to be involved in the 
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majority of infections (64, 162, 180), it is not surprising that they would factor so 

prominently in a number of different GAS infections. 

 
Figure 5.1: Stained histological sample from a GAS rabbit abscess model. Tissue excised from an 
abscess 48 hours after inoculation with a GAS 5448 Tn-seq library was fixed in paraffin and stained with 
DAPI and anti-GAS-FITC conjugated rabbit antibody. 

 

 Even more difficult than demonstrating the presence of a biofilm in vivo is 

demonstrating a correlation between an in vitro biofilm and an in vivo biofilm. Through 

an ambitious global-omics approach, we were able to develop the most complete 

characterization of in vitro GAS biofilms to date. But how does this compare to the in 

vivo GAS biofilm? Lots of the differential expression seen in vitro involved genes or 

proteins important for metabolism. Obtaining energy and handling waste products in a 

nutrient-limited, high-density bacterial population is a challenge for microbes within any 

type of biofilm, whether in vitro or in vivo. Although there would be different nutrient 
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sources available in vivo, we can anticipate differential expression of a similar set of 

elements in vitro. Likewise, our characterization of virulence factor expression in vitro 

matches what we expect to see in an in vivo biofilm. Adhesins are down-regulated at later 

biofilm time points, while defense mechanisms against the adaptive immune system are 

up-regulated. Additionally, SpeB expression is highest during biofilm growth in vitro. 

High levels of SpeB expression are associated with the phenotype seen during a GAS 

infection (164). Finally, possibly the most convincing evidence of the relationship 

between our in vitro biofilm model and what occurs in vivo, is the fact that our 

immunoproteomic analysis of immunogenic antigens expressed during a biofilm-

mediated infection (Table 3.2) identified a number of the proteins that were up-regulated 

in an in vitro biofilm. The list of the 28 immunogenic proteins we identified included 11 

out of the 20 proteins with the highest expression in an in vitro biofilm. Again, this 

suggests that the biofilm proteome seen in vitro is similar to the biofilm proteome 

expressed in vivo. 

 Yet, despite the similarities between the in vitro proteome and the 

immunoproteome, the correlation between the in vitro transcriptome and proteome was 

quite underwhelming (Figure 2.7). When I had initially envisioned this project, I naively 

anticipated that the transcriptomic and proteomic data would neatly intersect to provide 

strong evidence of a subset of genes/proteins that were important in biofilm growth. 

Although I anticipated some difference between the features identified by the two 

techniques (such as the identification of secreted genes only by transcriptomics), I was 

unprepared for how divergent the two data sets actually turned out to be. There was 

minimal overlap between the lists of genes and proteins found to be consistently 
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significantly differentially expressed (Tables 2.1, 2.3, & 2.4), although the majority of 

features showed similar trends in differential expression between the transcriptome and 

proteome (Figure 2.8). In retrospect, I should not have been as surprised by this lack of a 

strong correlation. While there has been a great deal of focus in microbiology on using 

RNA expression levels as a surrogate for absolute expression differences, it is no secret 

that there are many steps and factors between transcription and a functional protein 

product. In addition to those factors discussed in chapter 2, phosphorylation, an aspect 

completely ignored in these studies, also influences the ultimate downstream effects of a 

change in transcript levels. It is highly likely, therefore, that even our proteomic analysis 

is missing some important functional differences between biofilm and planktonic 

bacteria. 

The work described in this dissertation joins the growing body of research that 

argues for a more nuanced view of transcriptomic data. While it can be useful for 

studying genes known to be strongly influenced by transcription, caution should be 

applied when interpreting transcript data in genes whose post-transcriptional regulation is 

poorly characterized. The genes listed in Table 2.2 provide prime examples of this 

concept. Based on transcriptomic data alone, these features would have been predicted to 

be more highly expressed in late log and stationary planktonic phase cultures than biofilm 

cultures. However, despite their very high transcript levels during planktonic growth, the 

majority of the corresponding proteins had much greater expression during biofilm 

growth. This list includes the proteins in the arc operon, all of which showed extremely 

high transcript levels during late log and stationary phase growth, but clearly exhibit a 

larger role during biofilm growth. 
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The difference between transcript levels and protein levels for the arc genes and 

other such genes illustrate an important unintended and unexplored use for this type of 

dual-omics data. Comparing proteomic and transcriptomic data can help identify groups 

of genes that are likely to be strongly influenced by post-transcriptional regulation. Given 

the similar patterns between the genes in Table 2.2, it is possible that there is a common 

post-transcriptional regulator controlling their protein expression, possibly in a biofilm 

specific manner. Although this hypothesis was not pursued as part of this project, an 

initial examination of the 5’ untranslated region of the arc operon revealed a predicted 

secondary RNA structure that would sequester the Shine-Dalgarno sequence for the 

operon (Figure 5.2). A cursory investigation did not reveal any homology to any known 

riboswitches or other regulatory RNA features, but it still presents an interesting avenue 

for further investigation. 

Instead, I chose to focus my investigation on the potential function of the arc 

operon during biofilm growth. This focus was driven by the convergence of multiple 

different studies on the potential for the arc operon to have a key role in biofilm growth 

Figure 5.2: Predicted RNA secondary structure in 5’ UTR of the arc operon transcript. 
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and potentially biofilm antibiotic tolerance (5, 19, 35, 38, 44, 99, 154, 163, 241, 297). 

The arc operon has been shown to influence survival in response to acid stress in GAS 

(74, 75, 80), a finding that was recapitulated in my examination of arc mutants both 

during planktonic and biofilm growth. However, unique to my studies was the finding 

that the arc operon contributes to penicillin tolerance. This is clearly the case only during 

biofilm growth, since the wild-type and mutant strains are equally susceptible to 

penicillin when grown in planktonic cultures. The significance of this penicillin tolerance 

was further confirmed using a mouse model, and was shown to be dependent on the 

ability of the arc operon to regulate pH.  

These studies still leave the question of how enhanced antibiotic killing is 

occurring in the mutant strain. It appears, at least in the case of penicillin, that the 

mechanism for the tolerance to penicillin observed during biofilm growth is different 

from the mechanism for tolerance in stationary phase cultures. Stationary bacteria are 

believed to be resistant to killing by penicillin because they are not actively dividing and 

therefore not undergoing cell wall synthesis. However, the biofilm cultures of both 5448 

and JF155 maintain stable numbers of viable bacteria at 48 hours and beyond (Figure 

4.5), suggesting that the arc operon mutant is not replicating at a faster rate than the wild-

type strain. Therefore, a difference in growth rate is not likely to explain the difference in 

penicillin susceptibility. Instead, I believe that the differences between penicillin 

tolerance during biofilm and planktonic growth are due to a deficiency in the oxidative 

stress response in the arc operon mutant. Recent work has brought up the possibility that 

an important secondary mechanism of killing by antibiotics is the induction of oxidative 

stress (88, 150). Despite the fact that biofilms are usually considered to be oxygen-
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depleted environments, there is evidence that limited nutrient availability and low oxygen 

concentration can lead to the formation of reactive oxygen species in bacteria (222). Not 

only do bacteria experience all of these things at various stages in a biofilm, but they also 

up-regulate genes important for coordinating the response to reactive oxygen species (13, 

33, 249). In GAS, the main genes responsible for detoxifying reactive oxygen species are 

alkyl hydroperoxide reductase (AhpC), Glutathione peroxidase (GpoA), NADH oxidase 

(NoxA), and superoxide dismutase (SodA) (116). In addition, the arc operon was 

recently shown to be important for limiting oxidative stress in Staphylococcus 

epidermidis biofilms by maintaining pH in order to prevent the dissociation of free iron 

and the generation of reactive oxygen species by the Fenton Reaction (163). In GAS 

biofilms, we found up-regulation of at least two of these detoxifying enzymes (AhpC and 

SodA) in addition to up-regulation of the Arc proteins (Tables 2.3 & 2.4). From this 

evidence, we can hypothesize a model for how GAS biofilms utilize the oxidative stress 

response to protect themselves against a number of external threats. As shown in Figure 

5.3, an active immune response, antibiotics, low pH, and even the formation of a biofilm 

itself have been shown to cause oxidative stress. However, when GAS forms a biofilm it 

preemptively up-regulates the Arc proteins, SodA, and AhpC in preparation for organic 

acid and oxidative stress. This response primes the bacteria to better survive not only in 

the biofilm, but also in the face of antibiotics or an immune response. However, by 

disabling the arc operon’s function, the balance of survival is tipped in the direction of 

reactive oxygen species and oxidative stress. This explains the decreased survival seen in 

the arc operon, and the increased sensitivity to penicillin. 
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Figure 5.3: Proposed model of oxidative stress and response in GAS biofilms 
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 If this hypothesis is true, then we would expect that knocking out other oxidative 

stress response genes to have a similar phenotype. In fact, this is exactly what is observed 

when we test the susceptibility of a sodA mutant or an ahpC mutant. Disrupting either of 

these genes by insertion of the same vector used to knockout the arc operon results in a 

strain with increased susceptibility to penicillin, similar to what was observed with the 

arc operon mutant (Figure 5.4).           

  
Figure 5.4: Penicillin tolerance of WT and oxidative stress GAS mutants. GAS strain 5448, an arc 

operon mutant, an ahp operon mutant, and a sodA mutant were grown in a biofilm for 48 hours on 
polycarbonate filter membranes before being exposed to 20 µg/ml penicillin G for either 4 hours or 24 
hours. Data presented represent the mean±SD of three independent experiments measuring the log10 fold 

reduction in CFUs versus an untreated biofilm culture (��� +��) &')1,%#�$2��3��45. * = p <0.05, ** = p 
<0.01, *** = p <0.001. 

 

The arc operon may be part of a bigger picture on how biofilms render antibiotics 

useless through combating their ability to cause damage by oxidative stress. However, 

more rigorous testing of the biofilm oxidative stress response in the presence of 

antibiotics is needed before it can be concluded that all of these genes are contributing to 

antibiotic resistance through the same mechanism. It remains to be seen whether this 

oxidative stress response can account for the still unexplained nearly universal ability of 
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biofilms to resist antimicrobial killing. At the very least, it presents a new possible 

approach to target GAS infections.  

The goal at the onset of this project was to better understand S. pyogenes biofilms 

as a means to identify potential targets for a vaccine against GAS. The project succeeded 

in both those aims; by globally characterizing GAS biofilms as discussed in Chapter 2 

and also by generating several vaccine targets that have shown promise in preliminary in 

vitro bactericidal assays. However, the project’s reach has expanded beyond simply a 

biofilm vaccine project. The findings presented here about antibiotic tolerance have the 

potential to reshape how we view the capacity for biofilms to resist antibiotic treatment. 

It is my hope that this new understanding will be the foundation for new methods of 

targeting bacterial biofilm infections for GAS and many different organisms.  
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