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ABSTRACT 

As an opportunistic pathogen, Staphylococcus aureus is a leading cause of skin and soft 

tissue infections. The success of S. aureus as a pathogen stems from its ability to 

produce a plethora of virulence factors that aid in nutrient acquisition and host immune 

evasion as well as adhesion and biofilm formation. Previous studies have shown that the 

global transcriptional regulator CodY integrates nutrient availability with the regulation of 

nearly all virulence genes in S. aureus, including those required for immune evasion and 

biofilm development. Furthermore, a growing body of literature suggests that 

extracellular DNA (eDNA) is a critical factor in biofilm development as eDNA both acts 

as a scaffold for biofilms and can be degraded to aid in the evasion of the host immune 

response during infection. The primary focus of my dissertation research has been to 

understand how the CodY protein integrates the nutritional status of the cell into eDNA 

utilization. My thesis provides two lines of evidence that CodY governs eDNA utilization 

as I discovered: (i) a novel regulatory pathway by which CodY regulates the production 

of secreted nuclease via the S. aureus exo-protein secretion system (Sae TCS) and (ii) 

that CodY mutants produce an eDNA dependent biofilm by using the secreted 

polysaccharide PIA as a molecular sponge. My dissertation work reveals a complex 

regulatory network where both intracellular and environmental signals are integrated 

through CodY to control pathogenesis in the human pathogen S. aureus. 
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Chapter I: Metabolic Versatility and Environmental Sensing Aid in the Success of 

Staphylococcus aureus as an Opportunistic Human Pathogen 

 

1.1 Pathogenesis in Staphylococcus aureus  

In the age of antibiotics, the ability of a bacterial cell to cause life-threatening infections 

is frequently underestimated. However, multi-drug resistance pathogens (MDRs) are 

becoming increasingly prevalent, posing a threat to human health that is akin to the pre-

antibiotic era. Staphylococcus aureus is a Gram-positive, low GC bacterium naturally 

found as part of the human microflora, typically in the nares and upper respiratory tract 

(Kluytmans et al., 1997). Though capable of acting in a commensal capacity, this 

bacterium is an opportunistic pathogen that has been identified by the Centers for Disease 

Control as a serious threat with many drug resistant isolates circulating throughout the 

human population. Drug resistance in this species was first noticed in 1959, when S. 

aureus became resistant to the “wonder drug” penicillin, a naturally occurring β-lactam 

produced by the Penicillium fungi. Then in 1961, S. aureus became resistant to 

Methicillin, a synthetically derived β-lactam. This gave rise to the classification of 

isolates termed Methicillin Resistant S. aureus (MRSA) that cause a multitude of 

infections nearly 60 years later. As S. aureus becomes resistant to an ever-increasing 

array of antibiotics, Multi-Drug Resistant is beginning to be used interchangeably with 

Methicillin Resistance in the MRSA acronym. Given the rise in drug resistance, there is 

an increasing need to understand the basic biology of this pathogen as well as identify 

new druggable targets to better treat infections in the future.   
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Historically, S. aureus infections typically occurred in already sick individuals that came 

in contact with the pathogen in a clinical setting and were thus classified as Healthcare-

Associated MRSA (HA-MRSA) (Weber, 2005). In the past 10 years, however, a shift in 

epidemiology has been observed; it is becoming increasingly common for seemingly 

healthy individuals to become infected, giving rise to aggressive isolates dubbed 

Community Acquired MRSA (CA-MRSA) (Moran et al., 2006; Stryjewski and 

Chambers, 2008). The dogma that has emerged is that CA-MRSA often results in serious 

soft tissue infections, including necrotizing diseases like pneumonia and fasciitis (Miller 

et al., 2005; Pannaraj et al., 2006). It is clear that CA-MRSA and HA-MRSA are 

distinctly different from a genetic (Diep et al., 2006) and phenotypic standpoint as CA-

MRSA appears to display enhanced environmental survival, readily transfers from 

fomites to skin, and is capable of robust colonization (Liu, 2009; Miller and Diep, 2008). 

How the genetic differences result in these phenotypic outcomes is not yet fully 

understood, but multiple groups have implicated the acquisition of a small resistance 

cassette (Type IV SSCmec) containing a potent toxin, Panton-Valentine Leukocidin (PVL) 

(Boyle-Vavra and Daum, 2007; Diep and Otto, 2008; Gordon and Lowy, 2008), which 

increases the resistance to the host immune response. Additionally, it has been shown that 

CA-MRSA isolates have evolved to adhere to damaged epithelium tissue readily, likely 

through the regulation of surface proteins (de Bentzmann et al., 2004; Labandeira-Rey et 

al., 2007). With this in mind, future research must pay particularly close attention to the 

genetic differences that contribute to increased transmission and infectivity.    
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Aside from the evolution of drug resistance and CA-MRSA, S. aureus is able to adapt 

and survive in a variety of environments and cause disease in nearly every site within the 

human body, demonstrating the capability and versatility of this bacterium as an 

opportunistic pathogen. S. aureus has been shown to persist on an array of fomites (Desai 

et al., 2011; Miller and Diep, 2008), including doorknobs, fabric and medical equipment, 

for weeks to months if not properly disinfected, contributing to the spread of the 

bacterium throughout human populations (Desai et al., 2011). It has been estimated that 

approximately 30 percent of the population is persistently colonized with S. aureus in a 

commensal capacity and an additional 20 percent has been transiently colonized at some 

point in their lifetimes (Williams, 1963). Notably, carriage in the nasal cavity has been 

linked with increased likelihood for S. aureus infections at other sites (Verhoeven et al., 

2014). However, carriers have been observed to have a decrease in the severity of a S. 

aureus infection compared to non-carriers, suggesting a role for adaptive immunity that 

appears to arise from antibody production against secreted factors (Wertheim et al., 

2004).   

 

While it is unclear how environmental fluctuations in the host nasopharynx affect S. 

aureus colonization, it has become evident that competition for space and resources with 

other microflora is a strong selective pressure in this environment (Bosch et al., 2013; 

Stubbendieck et al., 2019; Verhoeven et al., 2014). As such, it should be no surprise that 

the genome of S. aureus encodes gene products to enhance it’s competitive edge, 

including adhesins to aid in surface attachment (Hussain et al., 2001; Mongodin et al., 

2002), secreted tissue damaging toxins (Alonzo and Torres, 2013; Otto, 2014; 
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Vandenesch et al., 2012), and nutrient transporters (Beasley et al., 2011; Garai et al., 

2017). For instance, phenol soluble modulins (PSMs), such as delta-toxin, display 

antimicrobial activity against the both bacterial cells, such as Bacillus subtilis (Gonzalez 

et al., 2011) and also host blood cells during an infection. (Cheung et al., 2015; Otto, 

2014). From these lysed host cells, the released proteins are then scavenged by the 

bacterium for scarce nutrients and co-factors, such as iron from heme (Hammer and 

Skaar, 2011) or lipoic acid from lipoylated peptides (Zorzoli et al., 2016). These studies 

clearly demonstrate that S. aureus has evolved multiple systems for obtaining nutrients 

from an array of sources.    

 

The ability to rapidly alter metabolic pathways to alter the cell envelope enables S. 

aureus to respond to a constant barrage of challenges presented in the host environment 

(Clements and Foster, 1999; Liebeke and Lalk, 2014). For example, the cell must cope 

with a range of temperature challenges, such as those presented by the transfer of the cell 

from a fomite to host epidermis and then the dispersion from the host epidermis into 

peripheral tissues or the bloodstream. It has previously been shown that the cell envelope 

is altered to cope with temperature changes in the environment (Singh et al., 2008). The 

S. aureus cell membrane is typically rich in lipids and branched-chain fatty acids, which 

are necessary for the maintenance of membrane fluidity during temperature fluctuations 

(Bowles et al., 1996; Sinensky, 1974). At 37oC, typical host body temperature, the 

membrane is composed primarily of saturated branched fatty acids. As the environmental 

temperature decreases, the proportion of unsaturated branched fatty acids increases, 

improving membrane fluidity to maintain cellular processes (Bowles et al., 1996). Under 
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cold stress the S. aureus cell wall is thickened and amino acid abundance is elevated, 

likely through a proportional increase in cell associated proteins (Onyango et al., 2012). It 

has also been shown that under continual cold conditions (4oC), S. aureus cells transition 

to a persistent state, forming small colony variants (SCV) that take on a quiescent 

metabolic state (Onyango et al., 2012; Proctor et al., 1995). While early studies 

determined that these persister cells arose from mutation in amino acid biosynthesis 

genes (Amato et al., 2014), new evidence provides support for the involvement of RNA 

processing (Proctor et al., 2014). These findings highlight the ability of S. aureus to 

control the flux of molecules throughout the cell to promote survival in the face of 

adverse conditions.   

 

1.2 S. aureus modulates metabolism using nutrient sensors to alter gene expression.  

The pan-genome of S. aureus has been estimate to encode 7,500 genes while the core-

genome found in all species is composed of approximately 1,500 genes, mostly encoding 

genes involved in metabolic functions (Bosi et al., 2016). Further, relatively few 

metabolic functions are encoded in the accessory genome found in only some species or 

on mobile elements. This is consistent with the notion that the wide metabolic versatility 

observed in S. aureus comes from regulation of the genes encoded in the core genome. 

The plasticity of gene expression stems from an overlapping network of gene regulation 

involving many transcriptional activators and repressors. In bacteria, central metabolic 

pathways are often governed by carbon catabolite repression in the presence of a 

preferred carbon source. The low GC, Gram-positive bacteria include a diversity of 

opportunistic pathogens including species found in the Bacillus, Clostriudium, Listeria 
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genera as well as Staphylococcus. The prevailing model in these bacteria as defined in 

Bacillus subtilis is that carbon and nitrogen metabolism is mainly controlled by three 

global transcriptional regulators: TnrA, CcpA, and CodY (Sonenshein, 2007). While a 

functional homolog of TnrA has yet to be discovered in S. aureus, CcpA and CodY are 

highly conserved pleotropic regulators and multiple lines of evidence indicates these 

proteins provide an intricate link between metabolism and virulence in this pathogen.        

 

CcpA. The activity of CcpA is influenced by a range of carbon sources, including 

glucose, sucrose, fructose, mannitol, maltose and ribose (Nuxoll et al., 2012), resulting in 

changes in expression of approximately 10 percent of the genome (Moreno et al., 2001). 

CcpA directly binds DNA at a catabolite responsive element (CRE sequence) to either 

induce or repress transcription of the target gene (Seidel et al., 2005). DNA binding and 

subsequent transcriptional control is dependent on the phosphotransferase HPr and a 

bifunctional kinase-phosphatase, HPrK (Schumacher et al., 2004). In the presence of an 

excess of preferred carbon (e.g. glucose), glycolytic intermediates accumulate, 

stimulating the kinase activity of HPrK and resulting in the transfer of a phosphate group 

to HPr (Schumacher et al., 2004; Warner and Lolkema, 2003). The phosphorylated HPr 

protein forms a complex with CcpA, promoting DNA binding at CRE sites, often acting 

as a repressor. As preferred intermediates become scarce, the levels of glycolytic 

intermediates decrease and HPrK phosphatase activity increases, resulting in lower levels 

of CcpA-HPr complexes enabling transcription of repressed genes. Additionally, it has 

been shown that CcpA can be activated by direct phosphorylation via the sole eukaryotic-

like Ser/Thr kinase/phosphatase found in S. aureus, Stk1, which is thought to monitor cell 
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wall metabolism (Beltramini et al., 2009; Leiba et al., 2012; Ohlsen and Donat, 2010). 

Deletion of CcpA leads to virulence defects, irrespective of glucose abundance, as 

classically studied virulence factors, including RNAIII, hla, and spa, fail to be maximally 

expressed (Seidl et al., 2006), demonstrating the tie between virulence gene expression 

and metabolism.  

 

CodY. A remarkable amount of overlap exists between the CcpA and CodY regulon as 

these regulators act in concert to repress genes required for metabolism of alternative 

carbon sources and carbon-overflow pathways (Sonenshein, 2007). CodY, a main focus 

of this dissertation and discussed in detail in later chapters, is activated by the branched 

chain amino acids (BCAA) valine, leucine, and isoleucine as well as GTP (Ratnayake-

Lecamwasam et al., 2001; Shivers and Sonenshein, 2004). The first clue suggesting a role 

for CodY to affect metabolism when the dipeptide permease gene (dpp) was 

overexpressed in null mutants during exponential growth, as derepression of dpp 

typically occurs in stationary phase as nutrients become limiting (Slack et al., 1995). 

Now, over 20 years later, the full regulon of CodY has become clear and the emerging 

consensus posits that CodY acts as a nutrient sensor in S. aureus to first turn on nutrient 

transporters during slight nutrient limitation, then metabolic synthesis pathways under 

moderate limitation, and lastly tissue damaging enzymes under severe nutrient 

deprivation (Brinsmade, 2017; Waters et al., 2016).   

 

CodY regulates over 200 genes with approximately half of these being subject to direct 

regulation when activated by intracellular pools of BCAA or GTP. Each of these effector 
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molecules binds in separate, distinct locations of the CodY protein changing the 

conformation to enhance interaction with chromosomal DNA (Han et al., 2016; Levdikov 

et al., 2006). The CodY DNA-binding motif was defined as AATTTTCWGAAAATT 

and remains conserved among many species (Brinsmade, 2017; Shivers et al., 2006). 

Most often, the interaction of active CodY with DNA represses gene expression by 

blocking transcription initiation or acting as a roadblock to terminate transcription 

(Belitsky, 2011; Belitsky and Sonenshein, 2011). However, CodY, positively regulates a 

small number of genes, likely indirect through other regulators. 

 

CodY is a fairly unique global regulator, as there are two different nutrient signals (GTP 

and BCAA) that govern the protein’s activity. The onset of stationary phase has been 

linked to a transient drop in these effector molecules when the environmental nutrients 

become limiting and the cell prepares to mount a response (Handke et al., 2008; Lopez et 

al., 1979). In a certain regard, GTP reflects the energy status of the cell. For instance, a 

drop in the GTP pools occurs either because the necessary precursors are depleted or 

because GTP is being converted to the alarmone (p)ppGpp. RelA and SpoT both catalyze 

the synthesis of (p)ppGpp; RelA in response to amino acid starvation while SpoT is able 

to respond to fatty acid stress as well as iron and carbon depletion. The production of this 

molecule activates the stringent response, signaling to other transcriptional regulators that 

uncharged tRNA is entering ribosome; a hallmark of amino acid starvation (Hauryliuk et 

al., 2015; Traxler et al., 2008). By sensing BCAAs, CodY is able to directly monitor the 

intracellular pools of the most abundant amino acids composed in proteins. Additionally, 

BCAAs serve as a precursor to branched-chained fatty acids, which serve as a major 
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component of the cell membrane (Sonenshein, 2007), affecting membrane fluidity as well 

as the ability of the cell to cope with thermal stress and potentially the regulation of two-

component systems.   

 

FakAB. While beyond the scope of this thesis, it is important to mention the emerging 

role of FakAB, a two-component fatty acid kinase, which has recently been demonstrated 

to play a role in virulence gene regulation. The FakAB two-component system is 

responsible for phosphorylating exogenous fatty acids and incorporating them into the 

cell membrane (DeMars and Bose, 2018; Parsons et al., 2014). Mutants lacking these 

enzymes have an altered metabolism biased toward acetate consumption, which is often 

the primary carbon source upon glucose depletion. Further, mutants have a redistributed 

pool of amino acids and increased consumption of environmental amino acids that can be 

converted to pyruvate (DeMars and Bose, 2018), which likely effect both CcpA and 

CodY activity. ∆fakAB mutants alter the transcription of many secreted virulence factors 

(decreases in hla encoding α-hemolysin, efb encoding fibronectin-binding protein (Fnb) 

and increases esx, a secreted toxin (Parsons et al., 2014). It has since been determined 

that FakAB is a positive regulator of the Sae Two-component system (Krute et al., 2017).   

 

1.3 Two-component systems integrate environmental signals into gene expression  

The success of S. aureus as a pathogen is often attributed to coordination and utilization 

of a plethora of virulence factors, mostly through gene expression. While the previously 

discussed metabolic needs of the cell have a profound influence on virulence regulation, 

an equally important aspect of coordinating gene expression comes from inputs from the 
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environment. Two-component systems (TCS) are one of the mechanisms that the 

bacterial cell employs to sense the surrounding environment and adjust gene expression 

in response to current conditions. The prototypical TCS consists of a transmembrane 

protein capable of responding to a stimulus and a cytoplasmic response regulator that is 

activated once the stimuli is sensed. The S. aureus genome contains 16 TCS, at least four 

of which (Agr, Sae, Srr, Arl) play a critical role in pathogenesis (Novick, 2003). 

Recently, the Agr locus has been shown to regulated by CodY (Roux et al., 2014), while 

evidence provided in this dissertation demonstrates the Sae TCS is subject to CodY 

regulation as well.   

 

Though the core genome of S. aureus appears to be reserved for metabolic genes, the 

accessory genome encodes a number of genes, dubbed the virulon, which facilitate 

adherence to host cells as well as promote immune evasion and spreading. It is also 

within the accessory genome where an array tissue damaging factors that enable both 

nutrient acquisition and defense from host immune cells are encoded. The full virulon 

involved in Staphylococcal disease is difficult to define given the redundancy and 

additive effect of secreted exoproteins. The discovery of the accessory gene regulator 

(Agr) TCS made great strides in this area as Agr controls the expression of most of the 

secreted exoproteins (Novick, 2003). It is also perhaps the best studied and most 

understood TCS in S. aureus currently. 

 

Agr. The Agr locus serves as the main quorum-sensing system in Staphylococci and has 

been shown to play a critical role in pathogenesis. Divergent promoters drive the 
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transcription of the locus; promoter P2 is necessary for the transcription of four described 

genes, agrB, agrD, agrC, and agrA that are responsible for quorum sensing, and 

promoter P3 transcribing RNAIII that functions as an intracellular effector molecule (Ji et 

al., 1995). The actual TCS is comprised of AgrC, a transmembrane histidine kinase and 

AgrA, a cytoplasmic response regulator. agrD encodes a small peptide precursor that is 

processed into auto-inducing peptide (AIP) and transported into the extracellular 

environment by the transmembrane endopeptidase, AgrB (Ji et al., 1995). Once a 

threshold of mature AIP is surpassed, activation of the system occurs as AIP binds an 

external domain of AgrC causing autophosphorylation and phosphotransfer to AgrA in an 

AgrC-dependent manner (Ji et al., 1995; Lina et al., 1998; Lyon et al., 2000). Positive 

feed-forward regulation occurs as phosphorylated AgrA increases the transcription of the 

P2 promoter as well as activating the P3 promoter, resulting in the increased production 

of RNAIII.  

 

RNAIII is a bi-functional molecule that contains the open reading frame of hld, encoding 

delta-toxin, and also acts as a small RNA to post-transcriptionally regulate gene targets of 

the Agr regulon (Novick et al., 1993). Primarily acting to block translation, RNAIII 

controls gene expression via antisense base pairing with the 5’ leader region of target 

transcripts to form RNA duplexes (Boisset et al., 2007). The production of RNAIII can 

be thought of as a hallmark of the transition of the cell towards invasive disease as the 

production of cell surface proteins aiding in adherence are turned off and the production 

of secreted virulence factors is increased (Novick et al., 1993; Saravia-Otten et al., 1997). 

This latter effect (on secreted virulence factors) predominantly occurs by antagonizing 
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the repressor of toxin (Rot) transcript, resulting in a dramatic decrease in Rot protein 

levels (Boisset et al., 2007). Rot is a DNA binding protein that regulates the expression of 

many secreted tissue-damaging enzymes, including leukocidins, proteases, and nuclease 

(Said-Salim et al., 2003). Pertinent to this dissertation, an important target of Rot is the 

Staphylococcus aureus exoprotein (Sae) TCS (Geisinger et al., 2006), which is primarily 

responsible for host immune evasion and toxin secretion, and is discussed in detail in 

later chapters. Notably, while most Agr targets are regulated by RNAIII, the phenol 

soluble modulins (PSMs) are one of the few direct targets of AgrA (Queck et al., 2008). 

These small peptide molecules function as toxins to lyse host immune cells and disrupt 

phagosome formation, but also are capable of remodeling mature biofilms and promoting 

dissemination from the infection site (Peschel and Otto, 2013).   

 

Sae. The Sae TCS was first identified when characterizing a Tn551 mutation that lacked 

detectible amounts of α and β hemolysin, nuclease, coagulase, and protein A (Giraudo et 

al., 1994). The Sae TCS is understood to control the expression of over 20 virulence 

factors and it is thought to be primarily responsible for host immune evasion and toxin 

secretion (Goerke et al., 2005; Goerke et al., 2001; Liu et al., 2016; Novick and Jiang, 

2003). The SaePQRS locus encodes four genes that are controlled from an upstream 

inducible P1 promoter that controls the transcription of the entire operon while a weak 

constitutive P3 promoter expresses only SaeRS, the transmembrane histidine kinase and 

response regulator (Giraudo et al., 1999; Jeong et al., 2011; Steinhuber et al., 2003).  
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Under resting conditions, the P3 promoter provides sufficient basal levels of SaeRS to 

respond to environmental signals (Jeong et al., 2012). SaeS is a bifunctional histidine 

kinase capable of both kinase and phosphatase activity to control the phosphorylation 

status of SaeR. The transmembrane domain of SaeS is predicted to feature only 9 amino 

acids exposed to the environment, suggesting that this domain is likely too small to 

physically bind with a cognate signal and likely functions in a “tripwire” like fashion, 

consistent with other intramembrane-sensor proteins (Liu et al., 2015; Mascher, 2014). 

This observation is consistent with reports demonstrating that the Sae TCS responds to a 

wide array of signals including H2O2 (Geiger et al., 2008), antibiotics in some instances 

(Kuroda et al., 2007), calprotectin (Cho et al., 2015), and human neutrophil peptides 

(HNPs) (Benson et al., 2012; Geiger et al., 2008; Zurek et al., 2014). Interestingly, 

multiple groups have noted that the Sae TCS responds to murine neutrophils, despite the 

fact that these immune cells do not produce HNPs, suggesting neutrophils produce 

additional factors sensed by the Sae TCS (Cho et al., 2015; Zurek et al., 2014). The 

potential of this additional signal will be explored in Appendix A. Three naturally 

occurring form of SaeS protein have been identified in clinical isolates of S. aureus. The 

SaeSSK and SaeSSKT variants of SaeS have no impact on the basal kinase activity and are 

inducible in the presence of host signals (Olson et al., 2013; Ramundo et al., 2016), with 

the observation that SaeSSKT appears to be maximally active during exponential growth 

(Ramundo et al., 2016). The SaeSP mutation, first observed in the historically used 

laboratory strain Newman, features highly increased kinase activity resulting in near 

constitutive phosphorylation of SaeR leading to an active Sae regulon (Steinhuber et al., 

2003). 
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Figure I-1.  Regulation of the Sae TCS by AgrA in S. aureus. (A) The P2 promoter 

transcribes agrBDCA. The peptide precursor of autoinducing peptide (AIP), AgrD, is 

processed and transported out of the cell by AgrB (red arrows). Once the concentration of 

AIP in the environment surpasses a critical threshold, the histidine kinase, AgrC, 

phosphorylates the response regulator, AgrA. Upon phosphorylation, AgrA binds the P3 

promoter of the Agr TCS resulting in the transcription of RNAIII, which antagonizes the 

Rot transcript leading to a decrease in the cellular levels of Rot protein (dark blue 

arrows).  (B) The weak P3 promoter of the Sae TCS constitutively transcribes saeRS. 

Environmental signals stimulate the histidine kinase, SaeS, resulting in phosphorylation 

of the response regulator, SaeR (orange arrow). Upon activation, SaeR activates the P1 

promoter of the Sae system resulting in transcription of saePQRS. Multiple regulators 

(Rot, CodY and SaeR) converge at the Sae P1 promoter (purple arrows).   
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Phosphorylated SaeR (SaeR~P) is a DNA binding protein that activates the transcription 

of gene targets using the recognition sequence GTTAAN6GTTAA (Nygaard et al., 2010; 

Sun et al., 2010). The Sae regulon is divided into class I (low affinity) and class II (high 

affinity) targets, defined based on the sensitivity to SaeR~P using the SaeSP variant to 

identify target genes that are overexpressed without a signal (Mainiero et al., 2010). 

These classes also loosely correspond to the number of SaeR binding sites located 

upstream of a particular gene. Class I targets have low-affinity two binding sites in the 

promoter region while Class II targets only have a single high-affinity binding site that 

requires half as much SaeR~P (Liu et al., 2016). Notable gene targets belonging to class 

II include α and β hemolysin as well as the cap locus encoding genes necessary for 

capsular polysaccharide production (Mainiero et al., 2010). Interestingly, the cap locus is 

one of the few targets within the Sae regulon that seem to be repressed as SaeR~P levels 

increase, though the binding site is poorly conserved and it remains to be if the observed 

repression is direct or indirect (Liu et al., 2016; Luong et al., 2011; Mainiero et al., 2010). 

Class I targets are comprised of adherence proteins including fnbA (fibronectin binding 

protein), eap (extracellular adherence protein), efb and fib (both fibrinogen binding 

proteins), and coa encoding coagulase. Notably, saeP is a class I target enabling strong 

auto-induction of the full saePQRS operon (Novick and Jiang, 2003). The functions for 

the auxiliary proteins SaeP and SaeQ, encoding a lipoprotein and transmembrane protein 

respectively, have remained elusive thus far, and both lack homology proteins with 

known functions. While these proteins are dispensable for activation of the system, it is 

thought that SaeP and SaeQ associate with SaeS to stimulate phosphatase activity to turn 

off the Sae TCS after activation (Jeong et al., 2012).   



 16 

Regulation of the Sae TCS is rather complex, as multiple signals (HNPs, calprotectin, 

oxidative stress, antibiotics and nutrient limitation as described in this paper) and at least 

two global regulators (Agr and CodY) converge upon this locus to control the expression 

of key exoproteins. A major regulator of the Sae TCS is the Agr TCS, which is thought to 

integrate the cell density of the surrounding environment indirectly via RNAIII 

antagonizing Rot transcript levels (Novick and Jiang, 2003).  While the exact mechanism 

of Rot regulation at Sae remains elusive, Rot is thought to regulate the inducible, P1 

promoter suggesting some independence between Sae activation and Agr regulation (Liu 

et al., 2016). Data also suggest that WalRK, the only essential TCS in S. aureus, may be 

able to integrate cell wall metabolism into the Sae TCS as a constitutively active form of 

WalR, the response regulator, leads to activation of the Sae regulon in a SaeR dependent 

manner (Delaune et al., 2012). Additionally, the FakAB system responsible for fatty acid 

phosphorylation and membrane incorporation is a positive regulator of the Sae TCS. The 

integration of these diverse signals suggest that the Sae TCS is an integral part of the S. 

aureus virulon.   

 

Our laboratory noticed that nearly every gene known to be part of the Sae regulon was 

overexpressed in a codY null mutant and that secreted nuclease (nuc) overexpression in a 

ΔcodY mutant was dependent on SaeR (Waters et al., 2016). While CodY is a DNA 

binding protein, we posited that direct regulation of each target was unlikely and that the 

observed regulation was likely occurring through the sae locus specifically. Pursuit of 

this is the primary focus of Chapter II of this dissertation.  
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1.4 Biofilm formation in Staphylococcus aureus  

Biofilm is broadly defined as a microbial lifestyle wherein the cell is attached to a surface 

and encased within an extracellular matrix, typically self-secreted. The extracellular 

matrix of bacterial biofilms is composed of proteins, polysaccharides and/or extracellular 

DNA (eDNA) (Flemming and Wingender, 2010). Further, biofilm offers a number of 

advantages over planktonic growth. For instance, the cells within a biofilm are protected 

from the surrounding environment, limiting the exposure to host immune cells as well as 

antibiotics (Costerton et al., 1999; Otto, 2006). The protection afforded by a biofilm 

likely arises from multiple factors. Mechanistically, the dense layering of the 

extracellular matrix can impede the penetrance of molecules, including host anti-

microbial peptides and antibiotics (Hoyle et al., 1992; Stewart, 1998; Xu et al., 2000), 

whereas the size or physical complexity of intact biofilm can hinder phagocytosis 

(Thurlow et al., 2011). An additional factor contributing to the protective properties of 

biofilms is that poor diffusion properties reduce nutrient availability within the biofilm 

causing a subset of cells to slow their metabolism resulting in a reduced growth rate 

(Brown et al., 1988; Costerton et al., 1999). Slowed metabolism and reduced growth rate 

further reduce the efficacy of many antibiotics, as the molecular targets often require 

active growth, such as the cell wall synthesis enzymes or ribosomes.          

 

In recent years, an appreciation has grown for the heterogeneity observed within clonal 

populations of bacterial cells with when found in biofilms. For example, metabolic 

diversity within a biofilm has been observed in numerous bacterial species stemming 

from differences in microenvironments, stochastic gene expression, and genetic 
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alterations including mutation and phase variation (Allegrucci and Sauer, 2007; Boles et 

al., 2004; Chai et al., 2008; Dal Co et al., 2018; Valle et al., 2007; Williamson et al., 

2012). In the opportunistic pathogen Pseudomonas aeruginosa, the cells deepest in the 

biofilm surface feature slowed metabolism in part due to anoxia, whereas cells near the 

surface have more rapid growth (Williamson et al., 2012). Further, it has been 

hypothesized that biofilm communities with cells utilizing different metabolic states 

increases the overall fitness, because metabolic “building blocks” can be traded (Pande et 

al., 2014). Taking these findings together suggests that biofilm communities can function 

as a multicellular organism.     

 

Biofilm development. In S. aureus, particular attention has been paid to the 

developmental stages of biofilm as well as the matrix composition, since an 

understanding of these attributes aid in the development of medical countermeasures. 

Biofilm development is often viewed in multiple stages: initial attachment, growth and 

accumulation, maturation, and dispersal (Moormeier and Bayles, 2017; O'Toole et al., 

2000). To progress through each of these stages cells carefully coordinate the expression 

of surface factors and secreted enzymes. The initial attachment stage is typically 

mediated by bacterial surface proteins that recognize particular substrates found on the 

host cell surface or within the host extracellular matrix (Navarre and Schneewind, 1994; 

Patti et al., 1994; Speziale et al., 2009). Notably, important surface proteins required for 

surface attachment, such as protein A (Nguyen et al., 2000) and the fibronectin binding 

proteins (O'Neill et al., 2008), are regulated by the Sae TCS. In the case of abiotic 

surfaces, such as medically implanted devices, electrostatic charges and/or hydrophobic 
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interactions mediate attachment (Kennedy and O'Gara, 2004; Moormeier and Bayles, 

2017). Once attached, the cells continue to secrete a biofilm matrix as well as undergo 

cell division resulting in the multiplication of cells and the accumulation of biomass. It is 

during this stage that a small subset of cells can be observed exiting the biofilm in the 

form of micro-colonies in a Sae TCS dependent manner, using secreted nuclease seed 

new sites (Moormeier et al., 2014). As the biofilm continues to mature the matrix 

architecture becomes spatially diverse, featuring 3-dimensional structures that appear as 

towers or mushroom caps surrounded by channels for fluid transport (Costerton et al., 

1999; Leid et al., 2002). Recent findings also suggest that biofilm development during 

this time is a more dynamic process than previously thought, as the matrix composition 

and sensitivity to secreted factors change as development progresses (Moormeier and 

Bayles, 2017; Moormeier et al., 2014). The final stage of biofilm development is the 

dispersal stage during which large aggregates of cells release from the matrix in an Agr 

dependent manner that is mediated by both nuclease and the phenol soluble modulins 

(Boles and Horswill, 2008; Moormeier et al., 2014; Otto, 2013b). Further, it is clear that 

despite being of clonal origin, cells within the biofilm heterogeneously express a variety 

of genes encoding surface proteins, autolysins, and matrix remodeling enzymes (Archer 

et al., 2011; Moormeier et al., 2014). These studies demonstrate that the biofilm lifestyle 

presents sophisticated challenges that the cell overcomes by adjusting gene expression 

accordingly.   

 

PIA-dependent. Biofilm development in S. aureus has largely been grouped into PIA-

dependent and PIA-independent mechanisms. In PIA-dependent biofilm formation the 
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icaADBC locus is required to synthesize and secrete polysaccharide-intercellular adhesin 

(PIA), a polysaccharide composed of oligomers of poly-β(1-6)-N-acetylglucosamine 

(PNAG) that is responsible for biofilm formation in many Staphylococcal species (Mack 

et al., 1996; Maira-Litran et al., 2002). IcaA is an N-acetylglucosaminyl transferase 

necessary for the synthesis of PIA.  The enzymatic activity of IcaA is influenced by IcaD, 

which increases the specific activity of IcaA for oligomers of 20 residues in length 

(Gerke et al., 1998). The protein product of icaC mediates the translocation of newly 

synthesized PIA to the cell surface where the overall net charge of the molecule is 

governed by the IcaB, a secreted deactylase (Vuong et al., 2004b). Upon deactylation, the 

PIA molecule becomes positively charged and associates with the negative charges on the 

cell surface, promoting cell-to-cell interactions and biofilm formation. Acetylated PIA 

cannot interact with the cell surface and can be found freely in culture supernatant 

(Vuong et al., 2004a). The component of the cell envelope that provides the negative 

charge for PIA to interact with at the cell surface remains unknown. It was previously 

thought that wall-associated teichoic acids (WTAs) provided the negative charge for PIA 

to interact with the cell surface, given they are the most abundant anions in the cell 

envelope; however, elimination of WTA had little effect on PIA dependent cell 

aggregation or biofilm formation (Vergara-Irigaray et al., 2008), indicating there must be 

another molecule(s). Data presented in Chapter III of this dissertation implicates 

membrane bound lipoproteins as a contributing component involved in PIA adhesion to 

the cell surface.  
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The regulation of PIA synthesis through the transcriptional regulation of ica is complex 

as multiple signals are integrated into this locus (Cue et al., 2012). The Srr TCS is 

responsible for positively regulating genes under aerobic conditions in response to 

changes in respiratory flux and oxidative stress (Mashruwala and Boyd, 2017; Yarwood 

et al., 2001) and has been identified as a positive regulator of the ica locus (Ulrich et al., 

2007).The sigma factor, σB, is responsible for mounting a response to sudden changes in 

environmental conditions such as osmotic stress and temperature shock (Gertz et al., 

2000). When active, σB is a positive regulator of PIA synthesis. However, the role of σB 

regulating PIA synthesis appears to be strain specific and therefore the mechanism 

remains to be fully understood (Rachid et al., 2000; Valle et al., 2003).  Metabolic 

information is integrated into the ica locus by both CcpA (positive regulator) and CodY 

(repressor) (Majerczyk et al., 2008; Sadykov et al., 2011; Seidl et al., 2008). Notably, a 

divergent promoter regulates the expression of the upstream icaR coding sequence that 

acts as a repressor at the icaADBC locus (Conlon et al., 2002a). It is through IcaR 

regulation that additional environmental stressors are integrated into PIA production 

(Conlon et al., 2002a, b; Frees et al., 2004).  

 

PIA-independent. In PIA-independent biofilm formation, the biofilm matrix is 

dependent upon eDNA/protein interactions. Currently, most MRSA strains produce 

biofilms that are not dependent on PIA (McCarthy et al., 2015). The release of genomic 

DNA from a bacterial cell into the environment to seed eDNA is typically accomplished 

by active secretion or cell lysis via autolysis or phage induction (Houston et al., 2011; 

Ibanez de Aldecoa et al., 2017). In S. aureus, CidA and LrgA act as a holin and antiholin, 
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respectively to control cell lysis and promote/prevent genomic DNA release (Ranjit et al., 

2011; Rice and Bayles, 2003; Rice et al., 2007). The insertion of CidA into the membrane 

is thought to lead to disruption and depolarization of the bacterial membrane, and death is 

potentiated by acetate that accumulates as a byproduct of glucose metabolism (Thomas et 

al., 2014). Following death, cid and lrg gene products post-translationally increase 

peptidoglycan hydrolase activity via an unknown mechanism to degrade the cell wall and 

promote lysis. Notably, Atl is a bifunctional N-acetyl-glucosaminidase and alanine 

amidase and is the major autolysin of S. aureus and required for biofilm in eDNA based 

formation (Bose et al., 2012).  When the membrane potential of the cell is lost the pH of 

the cell wall increases leading to an increase in autolysin activity(Rice and Bayles, 2003). 

Thus, the regulation of programmed cell death is a complex process, but is required for 

PIA-independent biofilm formation in S. aureus. 

 

Numerous surface proteins have been reported to play a role in PIA-independent biofilm 

formation as well providing both cell-to-cell and surface adhesion. In vitro data 

demonstrate that in the absence of host factors like serum, unanchored Protein A in 

culture supernatants promote biofilm formation by fostering cell-to-cell interactions 

(Merino et al., 2009). Additionally, the fibronectin binding proteins promote adherence to 

a surface in an Atl dependent manner suggesting that at least the initial interaction with 

eDNA is necessary for adherence and biofilm development (Houston et al., 2011). While 

the Agr TCS regulates both protein A and the fibronectin binding proteins, it also 

controls an array of proteases forcing the cell to carefully balance surface proteins and 

protease activity (Boles and Horswill, 2008). Additionally, cytoplasmic proteins are 



 23 

required for eDNA based biofilm formation and are thought to utilize electrostatic 

interactions with the cell surface enabling eDNA interactions (Dengler et al., 2015; 

Foulston et al., 2014). These findings developed the electrostatic net model for PIA-

independent biofilm formation and help explain why MRSA biofilms are exquisitely 

sensitive both DNase I and Proteinase K.    

 

While working with codY null mutants our lab noticed a “sticky” phenotype along with 

an apparent aggregation and biofilm phenotype in some isolates of S. aureus. While 

previous studies have implicated CodY in biofilm development, its role remained 

unclear. The focus of Chapter III in this dissertation is defining the role of CodY in 

biofilm development. 

 

1.5 Summary of Chapter I  

S. aureus is an adaptable, metabolically plastic, and opportunistic pathogen that elegantly 

controls the expression of an array of virulence genes to acquire nutrients from the host 

environment and seed new infection sites. Part of the success of S. aureus as a pathogen 

stems from its ability to integrate nutrient availability and environmental stimuli with 

expression of key genes. CodY monitors the abundance of BCAA and GTP, some of the 

most abundant nutrients in the cell, to regulate the expression of approximately 10 

percent of the genome, including genes required for toxin secretion and biofilm 

formation. This dissertation focuses on understanding the mechanisms CodY controls 

each of these processes, as toxin secretion and biofilm formation are critical virulence 

factors contributing to the severity of an infection.   
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Chapter II: Nutritional Regulation of the Sae Two-Component System 

 by CodY in Staphylococcus aureus 1   

 

2.1 Introduction 

Staphylococcus aureus is a Gram-positive bacterium that colonizes the nasal epithelium 

of up to ∼30% of the human population (Gorwitz et al., 2008; Graham et al., 2006). As an 

opportunistic pathogen, S. aureus is a leading cause of skin and soft tissue infections, 

health care-associated infections, endocarditis, osteomyelitis, and bacteremia (Lowy, 

1998). While health care-acquired infections have been around as long as health care 

workers, aggressive staphylococcal strains now circulate in the community; multidrug 

resistance has compounded this problem (Rogers et al., 2009; Thurlow et al., 2012). For 

example, community-acquired, methicillin-resistant S. aureus (CA-MRSA) has killed 

tens of thousands of people (Klevens et al., 2007). As a result, CA-MRSA infections 

burden the U.S. health care system with between $560 million and $2.7 billion in annual 

treatment-associated costs (Lee et al., 2013). 

 

The success of S. aureus as a pathogen stems in part from its ability to produce a plethora 

of virulence factors aiding in adhesion, nutrient acquisition, and host immune escape. For 

example, agglutination in the bloodstream, a characteristic of S. aureus but not of related 

coagulase-negative staphylococci, provides a mechanism for survival and dissemination 

                                                
1This chapter was published as follows: Mlynek KD, Sause WE, Moormeier DE, Sadykov     
MR, Hill KR, Torres VJ, Bayles KW, Brinsmade SR. 2018. Nutritional regulation of the Sae two-
component system by CodY in Staphylococcus aureus. J Bacteriol 200:e00012-
18. https://doi.org/10.1128/JB.00012-18. 
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to organs throughout the body (Yu et al., 2017). However, the production of all virulence 

factors simultaneously is costly to the bacterium from a resource and energy conservation 

perspective (Richardson et al., 2015). Thus, the precise location and timing of virulence 

factor production are just as important as the factors themselves, and interfering with this 

choreography represents an exciting approach for developing new treatments and 

therapies. 

 

The SaeR/SaeS (SaeR/S) two-component system (TCS) contributes to the regulation of 

over 20 virulence factors, most notably α-hemolysin, bicomponent leukocidins, surface 

proteins, nuclease, superantigens and superantigen-like proteins, coagulase, and proteases 

(Baroja et al., 2016; Benson et al., 2012; Giraudo et al., 1997; Giraudo et al., 1994; Liu et 

al., 2016; Olson et al., 2013; Pantrangi et al., 2010; Sun et al., 2010; Zurek et al., 2014). 

The organization of the sae locus and its regulation are complex and incompletely 

understood (Figure II-1A) (Liu et al., 2016). The saeRS operon is transcribed 

constitutively from the weak sae P3 promoter and encodes the response regulator SaeR 

and an intramembrane-sensing histidine kinase, SaeS. In the presence of neutrophils or 

factors produced by neutrophils, including human neutrophil peptides 1, 2, and 3 (HNP1–

3), the metal chelator calprotectin, and hydrogen peroxide (Cho et al., 2015; Corbin et al., 

2008; Geiger et al., 2008; Joiner et al., 1989), SaeS is phosphorylated (SaeS∼P) on a 

conserved histidine residue; then the phosphoryl group is transferred to a conserved 

aspartate residue on SaeR. Upon activation, the fraction of activated SaeR (SaeR∼P) rises 

and binds to the inducible sae P1 promoter just upstream of saeP, activating transcription 

of saeRS as well as saeP and saeQ, whose products form a complex in the membrane to 
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stimulate the phosphatase activity of SaeS and, ultimately, reduce the fraction of SaeR∼P 

in the cell (Figure II-1B) (Jeong et al., 2012). 
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Figure II-1. CodY and Sae control virulence gene expression. (A) Schematic of the 

saePQRS locus. The green boxes at promoters denote SaeR binding sites. The weak but 

constitutive P3 promoter drives expression of saeRS; the P1 promoter is inducible and 

drives expression of saePQRS. (B) SaeS responds to multiple stimuli (yellow), and this 

promotes autophosphorylation of SaeS and phosphotransfer to SaeR. SaeR∼P can then 

bind its various targets. (C) Regulatory relationships between Agr, Rot, CodY, and Sae. 

Major global regulators under CodY control and known to affect sae P1 promoter activity 

are shown. The dashed lines indicate a potential indirect mechanism of CodY-mediated 

repression; the solid line indicates potential direct regulation. Question marks indicate an 

unknown or postulated regulatory mechanism. 
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Direct targets of SaeR can be assigned to one of two classes (Figure II-1B) (Liu et al., 

2016; Mainiero et al., 2010). Class II targets have high affinity for SaeR∼P and contain a 

single SaeR binding site (e.g., hla, α-toxin; hlb, β-toxin). Under uninduced conditions, 

low levels of SaeR∼P are sufficient to activate transcription of these promoters. Class I 

targets are low-affinity promoters possessing two SaeR binding sites (e.g., coa, 

coagulase; eap, extracellular adherence protein; efb, extracellular fibrinogen binding 

protein; fnbA, fibronectin binding protein) and require high SaeR∼P levels to activate 

their expression. The sae P1 promoter is also a class I target. Thus, SaeR is a positive 

regulator of its own operon as well as of virulence genes. 

 

In addition to SaeS-specific signals, the Sae system is subject to additional transcriptional 

and posttranscriptional regulation though regulation appears to vary depending on strain 

background or growth conditions. For example, the sae P1 promoter has been shown to 

be repressed by the alternative sigma factor B (σB) and positively regulated by the agr 

locus, an autoinduced global regulatory system sensitive to population density (Balaban 

and Novick, 1995; Bischoff et al., 2004; Liu et al., 2016; Novick and Jiang, 2003). More 

recently, it was shown that RNAIII, the small regulatory RNA effector of the Agr system, 

acts as an indirect, positive regulator of the Sae TCS by antagonizing the production of 

the repressor of toxins (Rot) (Geisinger et al., 2006; Novick et al., 1993). Finally, the 

saePQRS transcript is a target of the endonuclease RNase Y (Marincola et al., 2012). 

RNase Y, a known driver of RNA decay and maturation, cleaves within an intergenic 

region between saeP and saeQ. The resulting mRNA processing has been proposed to 

increase the expression of saeRS (Marincola and Wolz, 2017). 
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CodY is a global transcriptional regulator that directly or indirectly controls the 

expression of dozens of genes in a variety of Gram-positive bacteria with low G+C 

content. In pathogens including S. aureus, CodY links nutrient availability, metabolism, 

and virulence gene expression by sensing branched-chain amino acids (isoleucine, 

leucine, valine [ILV]) and GTP (Brinsmade, 2017; Stenz et al., 2011). Upon binding 

these key metabolites, CodY is activated as a DNA-binding protein and interacts with 

regions of chromosomal DNA containing a core sequence motif (i.e., 

AATTTTCWGAAAATT) (Belitsky and Sonenshein, 2008; den Hengst et al., 2005; 

Majerczyk et al., 2010; Pohl et al., 2009). As the abundance of ILV and GTP drops in the 

cell, so too does the fraction of active CodY molecules, giving rise to prioritized gene 

expression as CodY loses affinity for its target sequences (Brinsmade et al., 2014b; 

Waters et al., 2016). The picture that has emerged is that S. aureus uses CodY to first turn 

on nutrient uptake. As limitation intensifies, the bacterium turns on the expression of 

secreted digestive enzymes and cytolytic, pore-forming toxins, delaying the production of 

these factors until nutrients are critically low (Majerczyk et al., 2008). In essence, 

induction of virulence gene expression when nutrients are depleted may be considered a 

normal response of the bacterium to starvation, and S. aureus potentially produces 

virulence factors to gain access to nutrients in the host in an effort to restore nutrient 

availability. 

 

CodY adjusts the expression of many of the known virulence genes in S. aureus, 

demonstrating the intimate linkage between nutrient availability and virulence gene 

expression (Majerczyk et al., 2010; Majerczyk et al., 2008; Pohl et al., 2009; Waters et 
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al., 2016). However, the mechanistic underpinnings are incomplete. For example, in a 

codY null mutant, about half of the virulence genes are overexpressed because they are 

positively regulated by the Agr system. Here, CodY represses the agr locus, effectively 

blocking the quorum sensing regulatory signal even at low population density as long as 

nutrients are abundant (Majerczyk et al., 2010; Roux et al., 2014). The remaining genes 

are presumably under direct or indirect regulation by CodY. We previously demonstrated 

that CodY controls the expression of nuc (thermonuclease) via the Sae TCS (Waters et 

al., 2016). Since CodY and SaeR regulate an overlapping set of gene targets, we sought 

to define the regulatory circuit responsible for this apparent cascading regulation. The 

genetic and biochemical data presented in this study reveal that CodY binds to the sae P1 

promoter region and appears to block the binding of the positive regulator SaeR. Such 

direct regulation collaborates with indirect regulation via Agr and Rot to tightly control 

the activity of the Sae TCS, the expression of virulence genes, and production of 

cytotoxic exoproteins. 

 

2.2 Results 

CodY regulates the Sae TCS by both Rot-dependent and Rot-independent 

mechanisms. CodY regulates the expression of many of the known virulence genes in S. 

aureus (Majerczyk et al., 2010; Pohl et al., 2009; Waters et al., 2016). However, the 

mechanistic details regarding how CodY accomplishes this feat are relatively obscure. 

For example, nuc, coding for a secreted nuclease that is important for in vivo survival 

(Olson et al., 2013), is overexpressed in the codY null mutant but lacks a definable CodY 

binding site. Moreover, nuc is directly controlled by the SaeR/S TCS, and SaeR is 
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required for nuc overexpression in the codY null mutant, indicating that the CodY 

overexpression phenotype is at least partly routed through the Sae TCS (Waters et al., 

2016). When nutrients are abundant, CodY represses the agr locus (Majerczyk et al., 

2010; Roux et al., 2014). We reasoned that this would promote Rot-mediated repression 

of sae and surmised that this represents an indirect model of nutritional regulation by 

CodY (Figure II-1C). To test this hypothesis, we constructed a suite of single and double 

mutants in two independent S. aureus backgrounds, the methicillin-susceptible 

osteomyelitis isolate UAMS-1 (Gillaspy et al., 1995) and CA-MRSA USA300 LAC 

(Boles et al., 2010), and measured saeP transcript abundance using quantitative, real-time 

reverse transcription-PCR (qRT-PCR). We chose to measure saeP transcript abundance 

because the gene lies immediately downstream of the sae P1 promoter, whose activity is 

known to be influenced by Agr and Rot (Li and Cheung, 2008; Novick and Jiang, 2003). 

During exponential growth, saeP transcript abundance in both UAMS-1 and LAC (wild 

type [WT]) cells is relatively low (0.11 and 0.09 copies relative to the rpoC transcript 

level, respectively) (Figure II-2A). We observed a 3- to 4-fold derepression of saeP 

when the rot gene was knocked out (Figure II-2A, compare rot mutant and the wild 

type). However, an analysis of variance (ANOVA) using Tukey's multiple-comparison 

posttest suggests that the transcript abundances in the rot single mutant are not 

significantly different from wild-type levels. In contrast, we observed a significant 

derepression of saeP (∼12-fold) in the codY knockout strain (Figure II-2A), compare 

codY mutant and the WT). We detected a small yet statistically different transcript 

abundance in the rot codY double mutant compared to that in the codY single mutant in 

the UAMS-1 background. Low levels of RNAIII in UAMS-1 relative to those in other 
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clinical isolates might lead to increased residual Rot protein and may account for this 

discrepancy (Blevins et al., 2002). Deleting the response regulator gene agrA prevented 

full derepression of saeP when codY was knocked out in UAMS-1 (see Figure II-3A), 

consistent with the idea that CodY regulates the sae P1 promoter in part via Rot. 
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Figure II-2. CodY regulates saePQRS in a Rot-dependent and Rot-independent 

manner. Mean transcript abundances are shown for the indicated strains during 

exponential growth (OD600 of ∼0.5) in TSB medium using qRT-PCR. saeP (A) and nuc 

(B) transcripts were normalized to rpoC transcript in two independent lineages of S. 

aureus, UAMS-1 and USA300 LAC. Statistical significance for each condition was 

assessed using one-way ANOVA and Tukey's multiple comparison posttest (*, P < 0.05; 

**, P < 0.01; N.S., not significant). Dotted lines denote significance for the indicated 

background and strains. Error bars represent the standard errors of the means from at 

least two independent experiments. When not visible, error bars are too small to see and 

are obscured by the bars. 
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Figure II-3.  CodY controls SaeR targets indirectly via agr and Rot in UAMS-1. 

Mean transcript abundances of (A) saeP and (B) nuc are shown for a suite of agrA 

mutants during exponential in TSB using qRT-PCR. Transcripts were normalized to rpoC 

transcript. Statistical significance for each condition was accessed using one-way 

ANOVA with Tukey’s multiple comparison post test (**p < 0.01, ***p < 0.001). Error 

bars represent the standard error of the mean from at least two independent experiments. 

Error bars are plotted for all data; occasionally the error bars are too small to see.  
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To determine whether a downstream target of the SaeR/S system exhibits the same 

pattern of regulation, we measured nuc transcript abundance in the same collection of 

strains. In agreement with our previous results, we observed a 17- to 32-fold increase in 

nuc transcript when codY was knocked out in the UAMS-1 and LAC backgrounds 

(Figure II-2B, compare the codY mutant to the wild type) (we note that nuc transcript 

abundance in LAC was generally higher than that in UAMS-1). Interestingly, deleting rot 

had no effect on nuc expression in either the UAMS-1 or USA300 LAC strain (Figure 

II-2B), compare the wild-type strain and the rot mutant), suggesting that SaeR∼P levels 

are insufficient to activate nuc transcription. While we detected a statistically significant 

difference in nuc transcript abundance between the LAC codY and the rot codY strains 

suggesting that Rot does have an effect on nuc in the absence of CodY in this 

background, the effect is less than 2-fold (Figure II-2B). While this could be a strain-

specific difference, its biological significance is unclear at this time. Deleting agrA 

ensured Rot-mediated repression even when codY was disrupted (Figure II-3B). Taken 

together, these results suggest that CodY represses the sae P1 promoter and that CodY 

regulates the sae locus in both a Rot-dependent and Rot-independent manner. 

 

CodY binds within the sae P1 promoter region. Rot-mediated repression appears to 

account for only part of the CodY effect on saeP expression. Seeking the source of that 

missing regulation, we analyzed the upstream region of the sae P1 promoter and 

identified a putative CodY binding motif that resembles the 15-bp CodY binding 

consensus sequence AATTTTCWGAAAATT previously determined in Lactococcus 

lactis, validated in Bacillus subtilis, and refined for S. aureus (Belitsky and Sonenshein, 
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2008; den Hengst et al., 2005; Majerczyk et al., 2010). The motif, located between 

positions −98 and −83 relative to the saeP transcriptional start site (Steinhuber et al., 

2003), has four mismatches with respect to the consensus motif. An additional motif with 

six mismatches with respect to the consensus is located immediately downstream (Figure 

II-4). To test whether CodY interacts with these motifs, we performed electrophoretic 

mobility shift assays (EMSAs) with a 6-carboxyfluorescein (6-FAM)-labeled PCR 

product and purified recombinant, histidine-tagged S. aureus CodY protein (SaCodY-

His6). We synthesized a 235-bp DNA fragment (saeP235p+) containing the saeP 

regulatory region including the putative CodY motifs and the translation start codon and 

found that CodY bound to this fragment with moderate affinity, exhibiting an apparent 

equilibrium dissociation constant (KD) of ∼60 nM (here, KD reflects the concentration of 

CodY required to shift 50% of DNA fragments under conditions of vast CodY excess 

over DNA) (Belitsky et al., 2015) (Figure II-4B). CodY was efficiently competed off the 

saeP235p+ fragment when an excess of nonlabeled DNA fragment was included in the 

binding reaction mixture (Figure II-4C). Further, we determined this interaction to be 

specific, as equivalent amounts of CodY failed to bind and form stable DNA:CodY 

complexes when a DNA fragment lacking a definable binding site was tested (Figure II-

5). 
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Figure II-4. S. aureus CodY interacts with the sae P1 upstream region. (A) The 

region surrounding the sae P1 regulatory region is displayed (coding strand; 5′ to 3′). The 

known translated sequence, transcriptional start site (+1), −10, and −35 sites are 

displayed and annotated in boldface. The identified SaeR∼P footprint is bracketed with 

the direct and indirect repeat motifs indicated above the sequence with a dotted line (Sun 

et al., 2010). A dashed line above the sequence identifies the putative CodY motifs. mm, 

mismatch. (B) Purified SaCodY-His6 protein was incubated with a 6-FAM-labeled 235-

bp DNA fragment containing the upstream regulatory region of saeP in the presence of 

ILV and GTP. The unbound fragment is indicated with open arrows while CodY-DNA 

complexes are indicated by filled arrows. Increasing amounts of CodY monomer were 

incubated with the fragment. The molar concentration (of monomeric protein) used in 

each reaction mixture is indicated above each lane. (C) CodY monomer (120 nM) was 

incubated with the fragment in the presence of a 30× molar excess of unlabeled probe. 

The presence of each protein and unlabeled probe is indicated beneath each lane. 
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Figure II-5.  CodY is unable to bind a DNA fragment lacking a definable binding 

motif.  (A) A 236-bp DNA fragment amplified from an internal portion of the rpoC gene 

(not differentially regulated by CodY), was incubated with increasing concentrations of 

CodY. (B) The saeP235p+ fragment was used as a positive control on the same gel. The 

concentration (nM of monomer) used in each reaction is indicated above each lane.  
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CodY and SaeR compete for binding to the SaeP regulatory region. The proximity of 

the putative CodY motifs to the previously reported SaeR binding site (Sun et al., 2010) 

suggests that the binding sites for the two proteins at least partially overlap. In order to 

identify the CodY binding site, we performed DNase I footprinting experiments using 

automated capillary electrophoresis (Zianni et al., 2006). We found that CodY protected a 

31-bp region from −98 to −67 relative to the saeP transcriptional start site using 60 nM 

and 120 nM SaCodY-His6 protein.  

 

The protected sequence ATTTTCAAATTATTCTTTCTTCAATATTAGT encompasses 

the identified CodY motifs, and all but 4 nucleotides (nt) of the CodY protected region 

fall within the region containing the imperfect repeat sequence previously shown to be 

protected by SaeR∼P and required for activation of sae P1 (Figure II-6) (Sun et al., 

2010). 
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Figure II-6. DNase I footprinting reveals that the CodY and SaeR binding sites 

overlap. A 5′-FAM-labeled saeP235p+ fragment incubated in the presence of 0, 60, and 

120 nM purified CodY or bovine serum albumin (BSA; control) was challenged with 

0.075 to 0.1 U of DNase I. The resulting fragments were separated using capillary 

electrophoresis and aligned to the sequenced PCR product as a reference. Relative 

fluorescence (y axis) is displayed as a function of nucleotide position (x axis). Reaction 

mixtures containing CodY (gray trace) were compared to control reaction mixtures 

containing bovine serum albumin (black trace). A drop in peak intensity at a given 

nucleotide position indicates protection by CodY. CodY binds to a 31-bp region (colored 

nucleotides). Data are representative of at least two independent experiments. 
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The above in vitro EMSAs and footprinting experiments suggested that CodY regulates 

the sae P1 promoter directly. These results led us to determine the extent to which the 

CodY binding site contributes to regulation of the sae P1 promoter during in vitro 

growth. To investigate this, we first constructed a green fluorescent protein (GFP) 

reporter fusion containing the sae P1 regulatory region used in EMSAs and measured 

fluorescence in cells during exponential growth when CodY activity is expected to be 

maximal. We note that no potential CodY binding sites were inadvertently introduced as 

fusion constructs did not result in sequences containing fewer than six mismatches with 

respect to the CodY consensus sequence. Consistent with qRT-PCR results, a fusion 

(saeP235p+-gfp) containing the 235-bp fragment including the entire sae P1 regulatory 

region was regulated ∼5-fold (Table II-1, compare fluorescence levels in the wild-type 

and codY strains). Knocking out rot led to partial derepression of saeP235p+-gfp; similar 

to the results of the qRT-PCR analysis, we observed a small difference in promoter 

activity when we compared GFP fluorescence levels in the codY null mutant and the rot 

codY double mutant (Table II-1). 
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TABLE II-1. CodY mediated regulation of saeP-GFP fusions. 

Fold Regulationb

SRB1008 wild-type saeP235p+ 1663 ± 335
SRB1009 ΔcodY 8991± 1172** 5.4
SRB1042 Δrot 3448± 333 2.1
SRB1043 ΔrotΔcodY 16530± 402** 4.8

SRB1162 wild-type saeP235pscrambled 2086 ± 212
SRB1163 ΔcodY 3442± 170 1.6
SRB1164 Δrot 2367± 731 1.1
SRB1165 ΔrotΔcodY 5108± 992* 2.5

*Indicates	P<0.01;	**	Indicates	P<0.001	using	one-way	ANOVA	with	Tukey's	multiple	comparison	to	SRB1008.

bFold	Regulation	is	reported	as	the		ΔcodY	mutant	RFUs/wild-type	RFUs	or	ΔcodYΔrot	RFUs/Δrot 	RFU.

aRelative Fluorescence Units (RFUs) were determined using the measured fluorescent values 
normalized to OD600 and subtracting background from cells lacking fusion ± the standard error of the 
mean. Reported values are the result of three independent experiments.  

Fusion Strain Genotype Relative 
Fluorescence Unitsa
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To address the role of direct CodY repression of the saeP P1 promoter, we created a 235-

bp fragment of the saeP P1 promoter region in which both CodY binding motif 

sequences were scrambled (saeP235pscrambled). Scrambling the newly identified CodY 

binding motifs prevented the formation of the stable DNA:CodY complexes observed in 

the wild-type fragment (Figure II-7A). We note that we observed a decrease in probe 

signal intensity and smearing as CodY concentration was increased in the presence of the 

scrambled fragment. At this time, we cannot rule out the possibility that at high 

concentrations of CodY, the protein binds nonspecifically to other regions within the 

probe in the absence of the CodY binding site or weakly to the scrambled site. 

Nevertheless, these complexes are unstable during electrophoresis, and we conclude that 

the affinity of CodY for the native saeP promoter fragment is likely higher. Next, given 

the significant overlap between the CodY and SaeR binding sites and the importance of 

SaeR in activating the saeP P1 promoter, we sought to ensure that this interaction was 

unaffected. Using purified cytosolic SaeS histidine kinase (SaeSc), we phosphorylated 

recombinant SaeR protein and found that SaeR∼P alone bound the saeP235p+ fragment 

with an apparent KD of ∼500 nM (Figure II-8). Importantly, there was no apparent 

decrease in affinity of SaeR∼P for the saeP235pscrambled fragment as determined by 

EMSAs (Figure II-7B). 
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Figure II-7. Scrambling the CodY binding site in the SaeP upstream region 

significantly reduces interaction with CodY protein, but not the interaction with 

SaeR~P.  The wild-type saeP235p+ fragment or a fragment with a scrambled CodY-

binding site (saeP235pscrambled) was incubated with increasing concentrations of CodY 

(A) or SaeR~P (B).  The concentration (nM of monomer) used in each reaction is 

indicated above each lane. 
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Figure II-8. SaeR requires phosphorylation to bind the saeP235p+ fragment. The 

wild-type saeP235p+ fragment was incubated with increasing concentrations of SaeR~P. 

Since SaeR requires phosphorylation by SaeSc to interact with DNA (Sun et al., 2010), a 

control reaction containing only SaeR or SaeSC was set up in parallel to ensure 

phosphorylation of SaeR. The concentration (nM of monomer) used in each reaction is 

indicated above each lane.  
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The saeP235pscrambled fragment was then fused to gfp. This mutant fusion showed slightly 

elevated promoter activity in a wild-type background compared to that of the wild-type 

fusion and less than a 2-fold difference when we knocked out codY. However, the 

activities were not significantly different (Table II-1). We note that overall promoter 

activity is decreased with this mutant fusion, complicating the interpretation of these data. 

Given the significant overlap between the CodY and SaeR binding sites and the loss of 

promoter activity, these data do suggest that CodY shares a binding site with the positive 

activator of the SaeR/S system. Taken all together, these results suggest that CodY 

directly represses sae P1. 

 

CodY maintains tight repression of sae P1 across the cell population. The expression 

of the Sae-dependent target nuc was shown to remain shut off in most S. aureus cells 

within in vitro biofilms; only a fraction of the cells within the population express nuc, 

giving rise to a stochastic gene expression phenotype (Moormeier et al., 2014). CodY and 

SaeR have opposing roles in regulating the sae P1 promoter (repression and activation, 

respectively) and appear to compete for the same site. This led us to question whether 

CodY/SaeR competition might contribute to the stochastic expression pattern for SaeR-

dependent genes that require a relatively high cellular abundance of SaeR∼P, including 

saeP and nuc. To test this, we first examined cells carrying one of two reporter 

constructs, saeP235p+-gfp or saeP235pscrambled-gfp, and examined the level of reporter 

expression across the cell population in planktonic cells using fluorescence microscopy 

and flow cytometry. With respect to the wild-type (saeP235p+-gfp) fusion, relatively few 

wild-type UAMS-1 cells expressed the GFP reporter (Figure II-9). Reporter expression 
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in rot mutant cells also appeared stochastic. However, when we knocked out codY, the 

fraction of cells expressing the fusions appeared to be greatly increased using 

fluorescence microscopy. To determine the fraction of GFP-positive (GFP+) cells in the 

population, we turned to flow cytometry analysis. We found that the fraction of cells 

expressing saeP235p+-gfp is very low (∼1%) in wild-type UAMS-1 cells (Figure II-

10A). Knocking out rot increased the frequency of saeP235p+-gfp-expressing cells in the 

population (∼20%), while the frequencies were further increased in the codY mutant and 

rot codY double mutant (∼76 and 66%, respectively). We note not only that the frequency 

of GFP+ cells was increased in these mutants but also that the observed fluorescence 

intensity is increasing. Notably, flow analysis revealed that scrambling the CodY binding 

motifs increased the population of GFP+ cells to ∼70% regardless of strain genotype 

(Figure II-10B), which is in agreement with fluorescence microscopy experiments 

(Figure II-9, compare saeP235pscrambled-gfp and saeP235p+-gfp). This supports the 

notion that in the absence of efficient binding of CodY to the promoter, SaeR∼P is free to 

bind and activate expression from sae P1. 
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Figure II-9. Stochastic expression of SaeR targets is alleviated when codY is knocked 

out.  UAMS-1 cells harboring gfp reporter fusions were grown to exponential phase, 

fixed, and examined using fluorescent microscopy. GFP fluorescence, indicating 

promoter activity, is false-colored green.  DAPI staining is used to visualize all cells and 

is false-colored blue. White arrows indicate regions magnified in inset images (10x). 

Images are representative of at least two independent experiments. 
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Figure II-10. CodY contributes to the stochastic expression pattern of saeP. Flow 

cytometry analysis was performed of UAMS-1 cells harboring either the saeP235p+-gfp 

(A) or saeP235pscrambled-gfp (B) reporter fusions during exponential growth in TSB 

medium. Histograms indicate the relative number of cells (y axis) exhibiting a given 

fluorescence intensity (x axis) and are scaled to 30,000 cells to account for various 

sample sizes. Data are the means ± the standard errors of the means of at least two 

independent experiments. 
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Next, we looked at cells carrying the nuc-gfp reporter plasmid pMRSI-nuc. Congruent 

with fluorescence microscopy and qRT-PCR analyses, <1% of planktonic cells carrying 

the nuc-gfp reporter were GFP+, and knocking out codY turned on the fusion in nearly all 

cells (Figure II-9 and Figure II-11). Last, we examined expression of the nuc-gfp 

reporter fusion during the early stages of in vitro biofilm development under biologically 

relevant flow conditions. As with planktonic cells, we observed that the number of GFP+ 

cells was remarkably higher in the codY mutant than in the wild-type parent strain during 

the early stages of biofilm development (Figure II-12). Taken together, these data 

suggest that in UAMS-1, CodY is a more potent repressor of the sae P1 promoter than 

Rot and that direct repression by CodY blocks activation of SaeR/S and Sae-dependent 

genes when nutrients are abundant. These data also indicate that CodY contributes to the 

regulation of stochastic expression of at least two Sae-dependent genes during both 

planktonic and biofilm growth. 
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Figure II-11. The frequency of GFP-positive cells expressing the nuc-gfp fusion 

increases in the absence of CodY mediated repression. Flow cytometry analysis of 

UAMS-1 cells harboring a nuc-gfp reporter fusion fixed in 4% PFA during exponential 

growth. Event counts were normalized after analyzing at least 30,000 cells. Percent of 

GFP+ cells was determined using events that exceeded the maximal fluorescence of 

reporter-less cells. Histograms displayed are representative of two independent 

experiments.    
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Figure II-12. codY mutant cells express thermonuclease (nuc) at early stages of S. 

aureus biofilm development. S. aureus (UAMS-1) wild-type and codY mutant cells 

containing the nuc-gfp reporter plasmid pMRSI-nuc were grown in the BioFlux 1000 

microfluidic system. Bright-field and epifluorescence microscopic images were acquired 

at a magnification of ×200 after 6 h of biofilm development. Images are representative of 

multiple experiments. 
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CodY restrains Sae-dependent production of leukocidins. The SaeR/S system enables 

S. aureus to produce numerous cell-associated and secreted proteins including the 

bicomponent, pore-forming leukocidins, which contribute to polymorphonuclear 

leukocyte (PMN) lysis (Flack et al., 2014). Since CodY represses the expression of sae 

and appears to suppress the activity of the SaeR/S system, we next assessed the toxicity 

of supernatants prepared from USA300 LAC and its codY null mutant. To do this, we 

exposed human PMNs (i.e., neutrophils) to supernatants of cells grown to exponential 

phase (i.e., after 3 h of growth) and postexponential phase (i.e., after 5 h of growth) in 

tryptic soy broth (TSB) medium and determined the percent killing. At both time points, 

supernatants from cultures of the codY null mutant displayed enhanced PMN killing 

compared to that of its wild-type parent strain (Figure II-13), compare codY and WT 

strains). The toxic effect was more potent at the 5-h time point, as evidenced by the 

increased cell death at relatively low percentages of culture filtrates. Knocking out saeR 

in both the WT and the codY null mutant essentially eliminated toxicity, suggesting that 

the increased PMN killing by the codY mutant is Sae dependent. We conclude that 

nutrient sufficiency, a condition monitored by CodY, restrains the production of factors 

that kill human immune cells via the regulation of the Sae TCS. 
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Figure II-13. CodY-enhanced PMN killing is dependent on the Sae TCS. Primary 

human PMNs were intoxicated with supernatants obtained from codY null mutants at 

either 3 h (A) or 5 h (B) following subculture. Intoxication experiments were performed 

on two independent occasions, with a total of four blood donors. Statistical analysis was 

performed by ANOVA with Dunnett's multiple-comparison test. Asterisks indicate P 

values for comparisons between results for the wild type (LAC) and the codY null mutant 

(**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Error bars represent the standard errors 

of the means. 
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2.3 Discussion 

CodY's role in controlling virulence during infection has been firmly established in 

multiple Gram-positive pathogens, including S. aureus, Listeria monocytogenes, and 

Bacillus anthracis (Bennett et al., 2007; Chateau et al., 2011; Lobel et al., 2015; Lobel et 

al., 2012; Mahdi et al., 2014; Montgomery et al., 2012; Sadaka et al., 2014; van Schaik et 

al., 2009). Surprisingly, a comparison of the set of genes differentially regulated by S. 

aureus CodY in vitro with the gene targets identified using an in vitro DNA:CodY 

pulldown experiment revealed that fewer than half of the virulence genes under CodY 

control are directly regulated (Majerczyk et al., 2010). Thus, how nutrient sufficiency is 

linked mechanistically to virulence gene expression remains incompletely understood. In 

the present study, we demonstrate that CodY indirectly represses the sae P1 promoter via 

Agr and Rot and directly represses sae expression binding to the sae P1 regulatory region 

(Figure II-2, 3 and 10). We further show that loss of CodY regulation at sae results in an 

Sae-dependent increase in the production of cytotoxic factors that kill human neutrophils 

(Figure II-13). Mechanistically, CodY likely funnels the nutrient depletion signal 

(ILV/GTP depletion specifically) through the Sae TCS to upregulate virulence gene 

expression. We posit that CodY acts in part as a physical blockade and generally as a 

nutritional checkpoint protein to prevent SaeR binding and to keep saePQRS tightly shut 

off when ILV/GTP are plentiful. 

 

Our flow cytometry data reveal that some cells fail to express the reporter fusions even in 

the absence of Rot- and CodY-mediated repression (Figure II-10A and II-12) Moreover, 

some areas of the codY mutant biofilm show nuc expression, while other areas remain 
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dark (Figure II-12). This may be due to SaeS phosphatase activity responding to an as 

yet unknown signal, reducing the fraction of SaeR∼P in the cell, since upregulating sae 

P1 by removing CodY repression would lead to an increase in saePQ expression. 

Performing the experiments in an saePQ mutant could test this. Experiments to reveal a 

mechanism for the observed phenotypic heterogeneity are currently in progress. 

 

The logic of nutritional and phagocytosis-associated signals. We note that our study 

focuses solely on the role of nutrient sufficiency (i.e., ILV and GTP levels, specifically) 

on the Sae TCS under noninduced conditions. However, neutrophils provide the primary 

response to S. aureus infection, ingesting the bacteria and exposing them to reactive 

oxygen species and antimicrobial peptides like human neutrophil peptide 1 (HNP-1). 

Interestingly, the sae P1 promoter is induced up to 6-fold in the presence of HNP-1 in 

vitro under conditions that promote high CodY activity (Geiger et al., 2008). Further, 

during invasive disease (most intensely studied in renal tissues), phagocytes degrade 

surrounding tissues, and the resulting necrosis and deposition of fibrin result in the 

formation of distinctive and replicative niches for S. aureus (Cheng et al., 2009; Rigby 

and DeLeo, 2012). These abscesses are bathed in calprotectin, a metal chelator secreted 

by neutrophils known to protect SaeS from inactivation by zinc and iron (Cho et al., 

2015; Corbin et al., 2008). SaeS kinase activity is stimulated by these signals (Liu et al., 

2016; Zurek et al., 2014). Finally, the nutritive properties of host tissues are largely 

unknown, and these environments are potentially nutritionally restricted or depleted of 

key nutrients, including ILV and purine nucleotides (Valentino et al., 2014). Experiments 

to determine the contribution of nutritional regulation by CodY on virulence in vitro and 
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in vivo, with particular focus on whether the nutrient depletion and neutrophil-associated 

signals are independent or exclusive, are in progress. 

 

Working model. A major question that arises from this work is why the cell would 

evolve to have CodY turn on and off the Sae system simultaneously. A straightforward 

strategy for activating the Sae system during nutrient depletion would be to simply 

repress the P3 promoter to control the expression of saeRS. However, the P3 promoter 

has been shown previously to be constitutive, and, more importantly, ectopic 

overexpression of saeRS from an inducible promoter does not increase the expression of 

the Sae regulon when multiple gene targets are interrogated (Mainiero et al., 2010). 

Rather, the fraction of SaeR∼P in the cell determines Sae-dependent gene activation; 

CodY control of saePQRS expression is likely only part of the story. 

 

The sequence of events is potentially very interesting in vivo and informs our working 

model (Figure II-14). That is, under conditions where nutrients are in excess, CodY 

repression is strong, and expression from the sae P1 promoter and SaeR-dependent 

targets is relatively low. Given CodY's moderate affinity for its binding site, intermediate 

nutrient levels may foster competition between active CodY and SaeR∼P for binding at 

saeP P1. Relieving direct CodY repression at the P1 promoter would increase expression 

of not only saeR and saeS but also saeP and saeQ (Waters et al., 2016), whose products 

are known to help return the Sae system to its basal activity state by stimulating the 

phosphatase activity of SaeS (Jeong et al., 2012). Thus, while SaeR and SaeS are 

produced, their activity may be blocked by SaeP/Q and would remain poised to receive 
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an additional signal. Such a strategy would allow the cells to avoid the costly synthesis of 

new proteins when ILV (among the most abundant amino acids in proteins) (Sonenshein, 

2007) are scarce. Alternatively, the strategy could allow amino acids and GTP to be 

spared for the production of digestive enzymes and toxins used to replenish those needed 

nutrients.  

 

During severe ILV depletion, CodY activity is expected to plummet, and repression of 

agr is likely lifted. As population density increases, so too does the abundance of 

RNAIII, antagonizing the cellular abundance of Rot. The mechanism by which Rot 

regulates the Sae system is currently unknown (Figure II-1C); perhaps the lack of Rot 

simply increases SaeR and SaeS levels. Although phosphorylation may be inefficient, it 

may be enough to induce class I genes, through indirect or direct means. It is possible that 

Rot binds in close proximity to the CodY-SaeR site. Alternatively, lack of Rot may result 

in the overexpression of a gene product or the accumulation of a small metabolite signal 

that instigates a posttranscriptional or posttranslational change in one or more 

components of the Sae system, mitigating SaeP/Q activity and leading to SaeS activation. 

Indeed, SaeR/S was recently shown to be responsive to cellular respiratory status 

(Mashruwala et al., 2017). Further, the Sae system has been described as having switch-

like behavior (Liu et al., 2015); it is tempting to speculate that a critical drop in the ILV 

(or GTP) pool and the concomitant drop in CodY activity increase SaeR∼P levels and 

trigger SaeR/S. This would support the notion that CodY delays the production of potent 

Sae-dependent toxins until nutrients are fully exhausted and may be one important 

mechanism governing the switch of S. aureus between commensal and invasive 
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lifestyles. Experiments to test these questions are ongoing in our laboratory. 
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Figure II-14. Working model of how nutritional regulation controls SaeR/S. CodY 

integrates the nutritional status of the cell with host cues at the sae P1 promoter. Under 

conditions of nutrient excess, sae P1 transcription is repressed. As nutrients become 

depleted, CodY repression is lifted, eventually resulting in an increase in SaeR/S activity 

and the expression of exoproteins to damage host tissue. This allows S. aureus to 

scavenge nutrients from the host environment. 
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2.4 Materials and Methods 

Ethics statement. Buffy coats were obtained from anonymous blood donors with 

informed consent from the New York Blood Center. Because all of the samples were 

collected anonymously prior to their delivery, the New York University Langone Medical 

Center (NYULMC) Institutional Review Board determined that our study was exempt 

from further ethics approval requirements. 

 

Bacterial strains and growth conditions. All bacterial strains used in this study are 

listed in Table II-2. Staphylococcus aureus strains were routinely cultured in tryptic soy 

broth (TSB) (containing 0.25% [wt/vol] dextrose; Becton, Dickinson), and Escherichia 

coli strains were grown in modified Lennox (L) medium consisting of 10 g liter−1 

tryptone, 5 g liter−1 yeast extract, and 5 g liter−1 NaCl (Lennox, 1955). When necessary, 

medium was solidified with agar to 1.5% (wt/vol), and antibiotics were included in the 

medium at the following concentrations to maintain selection: ampicillin (Ap), 50 µg 

ml−1; chloramphenicol (Cm), 10 µg ml−1; kanamycin (Km), 35 µg ml−1; tetracycline 

(Tc), 3 µg ml−1; and erythromycin (Em), 5 µg ml−1. In vitro shake flask experiments 

were performed in 125-ml DeLong shake flasks as previously described (Waters et al., 

2016). Briefly, precultures were inoculated from overnight cultures to an optical density 

at 600 nm (OD600) of 0.05 at a 5:1 flask-to-medium ratio in TSB. The inoculated 

cultures were grown in a gyrotory shaking water bath to an OD600 of ∼1.0 and rediluted 

to 0.05 to generate experimental cultures to ensure that cells were safely in exponential 

phase. Growth was monitored as the increase in absorbance at 600 nm using a Beckman 

DU350 UV-visible light spectrophotometer (Beckman Coulter). All exponential-phase 
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samples were collected within one generation of one another at an OD600 of ∼0.5 after 

back dilution unless otherwise noted. All broth cultures were grown at 37°C with 

vigorous shaking at 280 rpm unless otherwise noted. 
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Table II-2.  Bacterial strains used in Chapter II. 

 

  

S. aureus strains Relevant genotype or description Reference or sourcea

RN4220 restriction deficient, highly transformable Novick, 1991
PM783 Δrot::Tn917 R. Procter

SRB337 USA200 MSSA UAMS-1 Gillaspy et al., 1995
SRB372 SRB337  ΔcodY::ermC Waters et al., 2016
SRB872 SRB337  Δrot::Tn917
SRB899 SRB337  ΔcodY::ermC Δrot::Tn917
SRB548 SRB337  ΔagrA
SRB549 SRB337  ΔagrA ΔcodY::ermC
SRB898 SRB337  ΔagrA Δrot::Tn917
SRB899 SRB337  ΔcodY::ermC Δrot::Tn917

SRB687 USA300 LAC  CA-MRSA EmS A. Horswill 
SRB746 SRB687  ΔcodY::ermC Waters et al., 2016
SRB858 SRB687  Δrot::Tn917
SRB865 SRB687  ΔcodY::ermC   Δrot::Tn917

SRB1008 SRB337/pKM11 bla cat saeP235p+-gfp
SRB1009 SRB372/pKM11
SRB1042 SRB872/pKM11
SRB1043 SRB899/pKM11
SRB1056 SRB337/pMRS-nuc bla cat nuc-gfp
SRB1057 SRB372/pMRS-nuc
SRB1159 SRB872/pMRS-nuc
SRB1160 SRB899/pMRS-nuc
SRB1162 SRB337/pKM14 bla cat saeP235pscrambled-gfp
SRB1163 SRB372/pKM14
SRB1164 SRB872/pKM14
SRB1165 SRB899/pKM14

E. coli strains
BL21 Star (λDE3) F- ompT hsdSB (rB

-, mB
-) gal dcm rne131 (λDE3) Novagen

NEB-5α
fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 
Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 New England Biolabs

a Unless noted otherwise strains were constructed during the course of this study.
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Recombinant DNA and genetic techniques. Oligonucleotides for this study were 

synthesized by Integrated DNA technologies (Coralville, IA) and are listed in Table II-3. 

Plasmids used in this study (Table II-4) were constructed using Escherichia coli cloning 

strain NEB 5α (New England BioLabs) and confirmed by nonradioactive Sanger 

sequencing (Genewiz). Plasmids were introduced into S. aureus strain RN4220 by 

electroporation as previously described (Schenk and Laddaga, 1992). As needed, 

plasmids and marked chromosomal mutations were transferred into select strain 

backgrounds using ϕ11-mediated transduction (Novick, 1991). 

 

Construction of plasmids.  

(i) Construction of GFP reporter fusions. To create an saeP-gfp promoter fusion, a 

235-nucleotide (nt) PCR fragment containing the sae upstream region along with the 

ribosome binding site (RBS) and the translation initiation codon (ATG) of saeP (open 

reading frame [ORF] QV15_03495) was amplified using oligonucleotides oKM026 and 

oSRB484. To scramble the CodY binding motifs, nucleotides were arbitrarily assigned 

values from 1 to 4, and a random number generator was used to create a 25-nt sequence 

(TCCTTACGCAGGGACTTAAGTAGCC). Oligonucleotides oKM062 and oKM063 

were used with oKM026 and oSRB484, respectively, to generate 139-nt and 137-nt 

fragments. These purified PCR products were mixed at an equal molarity and used as the 

template DNA in an overlapping PCR with oKM026 and oSRB484, creating an sae P1 

promoter fragment featuring the scrambled CodY binding motifs. In each case, PCR 

fragments were digested with SphI and ligated to the SphI/SmaI site of plasmid pMRSI 

(Waters et al., 2016). 
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(ii) Construction of a TEV-cleavable CodY-His6 overproduction plasmid. An 827-nt 

fragment containing the codY (ORF QV15_05910) coding sequence lacking the 

translational stop codon (TAA) was amplified from UAMS-1 genomic DNA using 

oligonucleotides oKM1 and oSRB410 (Majerczyk et al., 2010). The PCR fragment was 

purified and subjected to a second round of PCR using oKM1 and oSRB411 to append a 

tobacco etch virus (TEV) protease cleavage sequence followed by six histidine (CAT) 

codons and a TAA stop codon. The 847-nt fragment was digested with SacI/SphI and 

ligated to the same sites of pBAD30 (Guzman et al., 1995). 
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Table II-3. Primers used in Chapter II a. 

 

  

Primer Sequence (5' to 3')b,c Purpose
oKM026 CGGCGCATGCAAGTGTTTTATAGTGATAAC Construction of pKM11 (saeP235p+-gfp) 
oSRB484 GGGCATGCTAACTCCTCATTTCTTCAATTTGAT Construction of pKM11 (saeP235p+-gfp) 

oKM062
GGCTACTTAAGTCCCTGCGTAAGGAGAAAATAATTGTCT
GATTTAAATAAATAGG Construction of pKM15 (saeP235pscrambled-gfp) 

oKM063
TCCTTACGCAGGGACTTAAGTAGCCATTAGTTAAGCGATA
TTTAAACGAAG Construction of pKM15 (saeP235pscrambled-gfp) 

oKM025 6-FAM/GGGCATGCTAACTCCTCATTTCT 5'FAM labeled oSRB484 for EMSA
oKM031 6-FAM/CGGCGCATGCAAGTGTTTTATAG 5'FAM labeled oKM026 for EMSA
oKM027 6-FAM/CTTTCACGACGTACTTTAGA 5'FAM labeled oSRB240 for EMSA
oKM048 5-MAXN/GGGCATGCTAACTCCTCATTTCTTCAATTT 5'MAX labeled oKM025 for DFACE
oDS001 CGAAAGAACAATACGCAAAGAGG qRT-PCR of nuc
oDS002 TGCATTTGCTGAGCTACTTAGA qRT-PCR of nuc
oDS018 CGGTGAAACTGTTGAAGGTAAAG qRT-PCR of saeP
oDS019 CGTAGTCAACCATTGCGATTTC qRT-PCR of saeP
oSRB239 GGATTGGCTTCACCTGAA AA qRT-PCR of rpoC
oSRB240 CTTTCACGACGTACTTTAGA qRT-PCR of rpoC
oKM1 GCATTGAGCTCAAAGGAGAAAAATTCATGAGC Construction of SaCodY-His6 in pBAD30

oSRB410 ATGATGATGGCCCTGAAAATACAGGTTTTCCTTACTTTTT
TCTAATTCATCT Construction of SaCodY-His6 in pBAD30

oSRB411 AGCTTGCATGCTTAATGATGATGATGATGATGGCCCTGAA
AATACAGGTTTTC Construction of SaCodY-His6 in pBAD30

a All primers used in this study were designed using UAMS-1 as a reference genome. 
b Underline denotes the presence of a restriction site for cloning into pMRSI.                                                      
c Italics denotes sequence homology for use in overlapping PCR.                                                  
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Table II-4. Plasmids used in Chapter II.  

  

Plasmid Relevant Genotype Reference or sourcea

pMRSI sGFP-sDsRed double reporter shuttle vector  (ApR, CmR) (39)
pMRSI-nuc pMRSI with 382 bp upstream of nuc fused to sGFP (nuc-gfp) (ApR, CmR) (39)
pKM11 pMRSI with 235 bp upstream of saeP fused to sGFP (saeP235-gfp) (ApR, CmR)
pKM15 pKM11 with scrambled CodY binding motif (saeP235scrambled-gfp) (ApR, CmR)
pSRB81 Overproduction plasmid for SaCodY-His6 protein (ApR)
pET284 Overproduction plasmid for SaSaeR-His6 protein (ApR) (17)
pMCS619 Overproduction plasmid for SaSaeSc-His6 protein (ApR) (17)
pRK1037 Produces TVMV protease for controlled intracellular processing of fusion proteins (KmR) Science Reagents, Inc.
pBAD30 Plasmid with ParaBAD for arabinose-inducible expression (ApR) (66)
a Unless otherwise noted all plasmids were engineered during this study.  
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RNA extraction. Methods for RNA extraction and quantitative real-time reverse 

transcription-PCR were performed as previously described in detail (Waters et al., 2016). 

Briefly, experimental cultures of the strains indicated in the figures were grown 

exponentially to an OD600 of 0.5, at which point a 4-ml sample was mixed with an equal 

volume of 1:1 (vol/vol) ethanol-acetone prechilled to −20°C and immediately frozen on 

dry ice. Prior to processing, samples were stored at −80°C. Once thawed, cells were 

pelleted and washed twice with TE buffer (10 mM Tris-Cl [pH 8], 1 mM EDTA) and 

mechanically disrupted in TRIzol using a Precellys 24 homogenizer with three 30-s 

pulses at 6,800 rpm. Samples were incubated on wet ice for 1 min between pulses. 

Nucleic acids were extracted using a Direct-Zol kit (Zymo Research Corporation) 

according to the manufacturer's instructions. Contaminating genomic DNA was depleted 

in each sample using a Turbo DNA-free DNase removal kit (Ambion) according to the 

manufacturer's instructions. 

 

qRT-PCR. Quantitative, real-time RT-PCR (qRT-PCR) was performed essentially as 

described previously (Waters et al., 2016). Two hundred fifty nanograms of total RNA 

from each sample was used as the template and reverse transcribed using ProtoScript 

first-strand cDNA synthesis (NEB) and random primers as per the manufacturer's 

instructions. To control for remaining residual DNA contamination during qRT-PCR 

analysis, parallel reactions were performed with mixtures lacking reverse transcriptase. 

Transcript abundance was determined in each sample using a C1000 thermal cycler fitted 

with a CFX96 detection module and SsoAdvanced Universal SYBR green Supermix 
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(Bio-Rad). Target-specific oligonucleotides were each used at a concentration of 400 nM. 

Reaction mixtures were incubated at 98°C for 2 min and then cycled between 98°C and 

60°C. Standard controls (no template and no reverse transcriptase) were run on each 

plate. To calculate transcript abundance, standard curves were generated from serial 

dilutions of genomic DNA spanning at least five orders of magnitude. Target transcript 

abundance was normalized to level of the rpoC transcript, whose abundance remained 

constant across all strains analyzed. 

 

Flow cytometry analysis. Cells were collected and fixed in paraformaldehyde (PFA) as 

described above, stained with 4′,6-diamidino-2-phenylindole (DAPI) for 20 min, and 

resuspended in phosphate-buffered saline (PBS). Stained cells were analyzed using a 

computer-controlled FACStar Plus dual-laser system (Becton, Dickinson) and FCS 

Express software (version 4.0; DeNovo Software). Populations were selected by gating 

forward scatter in conjunction with DAPI stain. The limit of detection was first 

determined using wild-type cells lacking the reporter construct (SRB337) and defined as 

the signal intensity encompassing 99% of this population. Then, GFP+ cells were 

identified as any cell exceeding the limit of detection and enumerated for each genotype. 

 

BioFlux 1000 biofilm assays. S. aureus biofilm development was assessed using a 

BioFlux 1000 microfluidic system (Fluxion Biosciences, Inc., San Francisco, CA) as 

described previously (Moormeier et al., 2013). Briefly, to grow biofilms in the BioFlux 

system, the channels were first primed for 5 min with 200 µl of TSB supplemented with 

0.25% glucose at 5.0 dynes/cm2. To seed the channels with bacteria, excess TSB was 
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aspirated from the output wells and replaced with 200 µl of fresh exponentially growing 

cultures diluted to an OD600 of 0.8 and then pumped into the channels at 2.0 dynes/cm2 

for 5 s. Cells were allowed to attach to the surface of the channels for 1 h at 37°C. Then, 

the remaining inoculum was aspirated from the output well, and 1.3 ml of 50% TSB 

supplemented with 0.125% glucose was added to the input wells and pumped at 0.6 

dyne/cm2 for 18 h (flow rate, 64 µl h−1). Bright-field and epifluorescence (with 

fluorescein isothiocyanate [FITC] filter) images were taken at a magnification of ×200 at 

5-min intervals at a total of 217 time points for each strain tested; the gain and exposure 

settings were kept constant for all images. 

 

Confocal laser scanning microscopy. A 1-ml sample of cells containing the fusion 

indicated was pelleted during exponential growth, washed with PBS, and fixed with 200 

µl of 3% (wt/vol) PFA (in PBS) for 45 min. The PFA was then washed away, and a 50-µl 

suspension of cells in PBS was applied to poly-l-lysine-treated glass coverslips and 

allowed to adhere for 30 min. Nonadherent cells were removed from coverslips by 

rinsing with distilled water for ∼10 s. Remaining cells were mounted using Vectashield 

antifade mounting medium with DAPI (Vector Laboratories) and imaged using a Zeiss 

LSM 880 confocal laser scanning microscope, optimizing excitation and detection based 

on the fluorescence intensity detected in codY null mutant cells. Images were processed 

using ImageJ (Schneider et al., 2012). 
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GFP reporter assays. Strains containing the reporter fusion indicated in Table II-1 were 

grown as described above and were collected at an OD600 of ∼0.4 during exponential 

growth. At these points a 2-ml sample of cells was pelleted, washed once with PBS to 

remove residual medium, and resuspended in 0.5 ml of PBS. Fluorescence was measured 

using a computer-controlled Tecan Infinite F200 Pro plate reader (equipped with a 485-

nm filter for excitation and 535-nm filter for emission) and i-control software (version 

1.11). GFP signal acquisition settings were kept constant: gain, 50%; flash number, 25; 

integration time, 20 µs; lag time, 0 µs; settle time, 0 ms. Relative fluorescence units 

(RFU) were calculated as previously described (Waters et al., 2016) by subtracting the 

fluorescence of the SRB337 strain (lacks GFP reporter) and dividing by the OD600 value 

to correct for cell density. 

 

Overproduction and purification of recombinant proteins.  

(i) CodY. The gene coding for SaCodY-His6 was expressed in E. coli strain DH5α under 

the control of the arabinose-inducible ParaBAD promoter essentially as described 

previously (Majerczyk et al., 2010). SRB628 was grown in L broth with 100 µg ml−1 

ampicillin at 37°C to an OD600 of 0.3, at which point SaCodY-His6 overproduction was 

induced using 0.2% (wt/vol) l-(+) arabinose. After 4 h of induction, cells were harvested 

by centrifugation at 8,610 × g at 4°C for 10 min and frozen at −80°C. Cells were thawed 

and resuspended in buffer A (20 mM Tris-HCl [pH 7.9], 500 mM NaCl, 5% [vol/vol] 

glycerol, 5 mM imidazole) supplemented with 1 mM phenylmethylsulfonyl fluoride and 

0.1% (vol/vol) Nonidet P-40, and lysed by sonication. The supernatant was clarified by 

centrifugation at 40,000 × g for 30 min at 4°C. SaCodY-His6 was purified to near 
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homogeneity using a computer-controlled ÄKTAprime plus fast protein liquid 

chromatography (FPLC) system fitted with a HisTrap column (GE Healthcare Life 

Sciences) according to the manufacturer's recommendations for gradient elution using 

buffer B (20 mM Tris-HCl [pH 7.9], 500 mM NaCl, 5% [vol/vol] glycerol, 685 mM 

imidazole). Fractions containing purified protein were pooled, supplemented with 

glycerol to 50% (vol/vol), and stored at −20°C. Protein concentration was determined 

using a Pierce Coomassie (Bradford) protein assay kit according to the manufacturer's 

instructions. 

(ii) SaeSc. Overproduction of the His-tagged, cytosolic portion of SaeS containing the 

autokinase and phosphotransferase domains was carried out as previously described (Sun 

et al., 2010). 

(iii) SaeR. His6-SaeR was purified as previously described (Sun et al., 2010) except that 

we induced expression overnight at 18°C. 

 

Electrophoretic mobility shift assays (EMSAs).  

(i) CodY. The wild-type saeP235p+ DNA fragment was synthesized by PCR using 

oKM026 and oKM025 to create a 5′-6-FAM-labeled fragment. The saeP235pscrambled 

DNA fragment was synthesized similarly using pKM15 as the template DNA. The rpoC 

5′-6-FAM-labeled fragment used as a control was synthesized by PCR using oKM027 

and oSRB239. Incubation of labeled fragments with SaCodY-His6 was performed in 

binding buffer (20 mM Tris-Cl [pH 8.0], 50 mM KCl, 2 mM MgCl2, 5% [vol/vol] 

glycerol, 0.5 mM EDTA, 0.05% [vol/vol] Nonidet P-40, 1 mM dithiothreitol [DTT], and 

25 µg ml−1 sheared salmon sperm DNA). Samples (11 µl) containing various amounts of 
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CodY, 200 fmol of FAM-labeled DNA fragment, 10 mM (each) ILV, and 2 mM GTP 

were incubated for 20 min at 25°C in a ThermoMixer (Eppendorf). Samples were 

separated on 8% nondenaturing 35 mM HEPES–43 mM imidazole–10 mM ILV 

polyacrylamide gels in the same run buffer for 60 min at 200 V. Gels were imaged; 

fluorescent bands were detected and quantified using a computer-controlled ImageQuant 

LAS 4000 biomolecular imager (GE Healthcare Life Sciences) using a SYBR filter set 

with a 1-min exposure or a ChemiDoc MP imaging system (Bio-Rad) with a SYBR filter 

set following a 20-s exposure. When indicated in the figures, a 30-fold molar excess of 

unlabeled PCR product (synthesized using oKM026 and oSRB477) was included in the 

reaction mixture. 

(ii) SaeR. SaeR was first phosphorylated as described previously (Sun et al., 2010). 

Briefly, 20 µM His-tagged SaeR protein was incubated in the presence of 5 µM His-

tagged SaeSc with 1 mM ATP in phosphorylation buffer (10 mM Tris-HCl [pH 7.4], 50 

mM KCl, 5 mM MgCl2, 10% [vol/vol] glycerol) for 5 min. Phosphorylated SaeR was 

then used in gel shift assays with the fragments described above under the same 

conditions as CodY EMSAs. 

 

DNase I footprinting of the sae P1 promoter. Samples containing femtomole amounts 

of 5′-6-FAM-labeled saeP235p+ were incubated with 30, 60, and 120 nM CodY as 

described above in a 60-µl reaction mixture. Two microliters of 0.075 to 0.1 U of RQ1 

DNase I (Promega) was then added to each reaction mixture. After 1 min, reactions were 

inactivated with 20 mM EGTA and purified with a QiaQuick PCR cleanup kit (Qiagen). 

DNA footprint analysis by capillary electrophoresis (DFACE) was performed as 
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previously described at the Plant-Microbe Genomics Facility at The Ohio State 

University (Zianni et al., 2006). Analysis of sequence results was performed using 

GeneMapper and Xplorer software to identify the protected regions. 

 

Cytotoxicity assays. To assess the cytotoxicity of secreted factors produced from each 

respective strain, primary human PMNs were intoxicated with culture filtrates obtained 

from S. aureus cultures. Experimental cultures were generated by diluting overnight-

grown S. aureus cells 100-fold and then allowing the strains indicated in Figure II-7 to 

grow for either 3 or 5 h in TSB for exponential or stationary phase, respectively. 

Bacterial concentrations were confirmed to be equal at each time point by the 

quantification of CFU. Prior to intoxication, culture filtrates were diluted 2-fold in a 96-

well plate (20 to 0.31%). PMNs were isolated as described previously (Reyes-Robles et 

al., 2013), and amounts were normalized to 200,000 cells per 80 µl of RPMI medium (10 

mM HEPES, 0.1% human serum albumin [HSA]). Eighty microliters of PMNs was then 

pipetted into each well, and the supernatant-PMN mixture was incubated at 37°C in 5% 

CO2 for 1 h. To assess toxicity, 10 µl of CellTiter 96 Aqueous One solution (CellTiter; 

Promega) was added to the 96-well plate, and the mixture was incubated at 37°C in 5% 

CO2 for 1.5 h. PMN viability was assessed with a PerkinElmer EnVision 2103 multilabel 

reader at an absorbance of 492 nm. 

 

Statistics and reproducibility. Data shown are the results of at least two independent 

experiments. Statistical significance was determined using ANOVA with Tukey's 

multiple comparison posttest using Prism software (version 4.0; GraphPad Software).
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Chapter III: Genetic and Biochemical Analysis of Staphylococcus aureus CodY-

mediated Biofilms Reveals a Novel eDNA-polysaccharide Matrix 2 

 

3.1 Introduction 

Microbes are adept at surviving and sometimes thriving in hostile environments. They 

compete with other microbes for limited nutrients, face possible desiccation, and 

experience fluctuations in temperature, osmolarity, and pH. During infection, pathogens 

experience these same chemical and environmental insults, and must also contend with 

host immune defenses. Adopting a sessile lifestyle in a biofilm insulates microbes from 

these stresses, prevents phagocytosis and the penetration of toxic compounds, and 

promotes a pseudo-multicellular existence with division of labor. Nutrient diffusion into 

biofilms is retarded, and is thought to contribute to slow growth rates, persister cell 

formation, and antibiotic resistance. Thus, understanding mechanisms underlying biofilm 

development and dispersal can help to identify new strategies to combat microbial 

infections treatments (Kaplan, 2009; Lewis, 2001; Mah and O'Toole, 2001; Parsek and 

Singh, 2003).  

 

Staphylococcus aureus is a Gram-positive commensal bacterium that colonizes the nares 

of up to 30% individuals (Klevens et al., 2007; Wertheim et al., 2004). As an 

opportunistic pathogen, S. aureus is the leading cause devastating skin and soft tissue 

infections, endocarditis, and osteomyelitis, resulting in 20,000 deaths annually (Kourtis et 

                                                
2Manuscript in preparation: Mlynek KD, Bulock LL, Sadykov MR, Bayles KW, Brinsmade 
SR.	 2019. Genetic and biochemical analysis of Staphylococcus aureus CodY-mediated biofilms 
reveals a novel eDNA-polysaccharide matrix 
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al., 2019; Lowy, 1998). In recent years, the prevalence of antibiotic resistant isolates has 

increased as well as the frequency at which seemingly healthy individuals contract 

infections exacerbating the problem and thwarting treatment (Chambers and Deleo, 2009; 

Klevens et al., 2007; Prestinaci et al., 2015). Further, S. aureus is a one of the most 

commonly identified bacteria found as contaminants on indwelling medical devices such 

as surgical implants and catheters (Percival et al., 2015). Biofilm development often 

precedes invasive disease by facilitating prolonged attachment to host surfaces (Foster et 

al., 2014; Josse et al., 2017; Otto, 2013a; Patti et al., 1994). Biofilms are comprised of 

one to many species that assemble a self-produced matrix constructed primarily of 

polysaccharides, proteins and extracellular DNA (eDNA) (Costerton et al., 1987; 

Flemming and Wingender, 2010; Mah and O'Toole, 2001). In S. aureus, biofilm 

development is thought to occur via two independent pathways that result in either a PIA-

dependent biofilm, consisting of polysaccharide (polysaccharide intercellular adhesion or 

a PIA-independent biofilm consisting of eDNA and protein (McCarthy et al., 2015; 

O'Gara, 2007; O'Neill et al., 2008; Otto, 2013b; Speziale et al., 2014).       

 

PIA, also referred to as PNAG (poly-N-actyl-glucosamine), is an exopolysaccharide 

produced by staphylococcal species that is composed of repeating oligomers of poly-b-

(1-6)-N-acetylglucoasmine (Mack et al., 1996; Maira-Litran et al., 2002). The production 

of PIA is mediated by the icaADBC locus, which was first identified in S. epidermidis 

during transposon mutagenesis to identify factors important for biofilm formation (Gerke 

et al., 1998; Heilmann et al., 1996). Later, orthologues for the ica genes were identified in 

S. aureus (Cramton et al., 1999). Subsequent work revealed that ica is positively 



 77 

regulated by factors including the alternative sigma factor B (σB), SarA, SrrAB, and 

CcpA (Rachid et al., 2000; Seidl et al., 2008; Ulrich et al., 2007; Valle et al., 2003). In 

contrast, TcaR, Spx, CodY, and IcaR negatively regulate ica (Conlon et al., 2002b; 

Jefferson et al., 2004; Majerczyk et al., 2008; Pamp et al., 2006). The synthesis of PIA is 

catalyzed primarily by IcaA, an N-acetylglucosamine transferase; IcaD increases the 

specificity of IcaA for polymers of ~20 residues in length (Cue et al., 2012; Gerke et al., 

1998). IcaC is a membrane-spanning protein that mediates the translocation of newly 

synthesized PIA to the cell surface where approximately 43% of the glucosamine 

residues are de-acetylated by the secreted enzyme IcaB (Joyce et al., 2003; Vuong et al., 

2004a). This de-acetylation imparts a net positive charge to the polymer and is essential 

for intercellular adhesion (i.e., biofilm formation) and attachment to the cell surface. It 

was previously thought that the positively-charged PIA polymer interacted with 

negatively-charged teichoic acids (TAs) for attachment to the cell surface, as they are the 

most abundant anions in the cell envelope (Naumova et al., 2001; Neuhaus and Baddiley, 

2003). However, PIA levels and function were not affected in a mutant lacking wall-

associated TAs, indicating that they are dispensable (Vergara-Irigaray et al., 2008).  

 

In PIA-independent biofilm formation, eDNA and proteins form the biofilm matrix. 

Genomic DNA is released from bacterial cells into the environment by active secretion or 

by cell lysis via autolysis or phage induction (Kaplan, 2009). In S. aureus, microbial 

surface components recognizing adhesive matrix molecules (MSCRAMM) proteins 

mediate the initial attachment to surfaces (Foster et al., 2014; McCourt et al., 2014; Patti 

et al., 1994). After attachment, biofilm develop is indeed a dynamic process as the 
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sensitivity to enzyme treatment change over time. For instance, during early development 

under flow conditions biofilms are exquisitely sensitive to Protease K treatment while 

later the biofilm matrix became sensitive to DNase I (Moormeier et al., 2014; Moormeier 

et al., 2013). Work by Losick and colleagues demonstrate that upon lysis an electrostatic 

interaction occurs between cytoplasmic “moonlighting” proteins and eDNA to form a net 

around bacterial cells in a pH dependent manner (DeFrancesco et al., 2017; Dengler et 

al., 2015). The murein hydrolase AtlA is the major autolysin in S. aureus and was shown 

to be important for PIA-independent biofilm formation, as mutants fail to release DNA 

and proteins into the environment (Bose et al., 2012). Although the mechanism is not 

completely understood, two additional proteins - CidA and LrgA - act as a membrane 

holin and antiholin respectively, to modulate AtlA activity and thus cell lysis and 

genomic DNA release for incorporation into the biofilm (Cramton et al., 1999; Foulston 

et al., 2014; Mann et al., 2009; Speziale et al., 2017). 

 

CodY is a global transcriptional regulator found in Firmicutes that, in response to the 

availability of the branched-chain amino acids (isoleucine, leucine, valine [ILV]) and 

GTP, adjusts the expression of hundreds of genes whose products broadly mediate the 

search for, uptake, and processing of alternative nutrient sources through multiple 

metabolic pathways (Ibanez de Aldecoa et al., 2017). When intracellular levels of ILV 

and GTP are high, CodY is activated as a DNA-binding protein and typically represses 

gene expression (Ranjit et al., 2011; Rice et al., 2007). In response to diminishing ILV 

and GTP, the active fraction of CodY protein in the cell decreases, resulting in the 

remodeling of the transcriptome (Brinsmade, 2017; Stenz et al., 2011). In pathogenic 
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species such as S. aureus, CodY also controls the production of important virulence 

factors, including secreted enzymes and toxins that likely allow the bacterium to liberate 

nutrients from the host tissue. Further, CodY regulates the expression of genes whose 

products either build or modulate the biofilm matrix (Belitsky and Sonenshein, 2008; den 

Hengst et al., 2005). For instance, CodY positively regulates the MSCRAMM proteins 

FnbAB and SasG that help facilitate the initial attachment of the bacterial cell to host 

tissue and have been shown to be required for biofilm formation (Kennedy and O'Gara, 

2004; McCourt et al., 2014; O'Neill et al., 2008). In contrast, CodY represses the 

expression of secreted proteases that negatively impact biofilm formation and represses 

nuclease that is necessary for dispersal of mature biofilms (Majerczyk et al., 2008; Rivera 

et al., 2012). Additionally, it was reported previously that the ica locus is overexpressed 

up to 225 fold in a codY null mutant of the methicillin-susceptible, USA200 osteomyelitis 

isolate UAMS-1, suggesting that CodY is a key regulator of both PIA-dependent and 

PIA-independent biofilm formation (Majerczyk et al., 2008; Waters et al., 2016). 

 

The exact role of CodY in biofilm formation has remained unclear based on phenotypes 

reported from a limited number of clinical isolates. We sought to understand the 

mechanistic underpinnings through which CodY controls biofilm formation among an 

array of isolates. Herein, we show that CodY-dependent biofilm phenotypes correlate 

with the extent of ica expression and PIA production. Importantly, in contrast to the 

prevailing view that PIA-based biofilms and eDNA-based biofilms are mutually 

exclusive, we reveal a previously unidentified mixed PIA and eDNA matrix that works 

synergistically to promote cell aggregation and biofilm formation. Additionally, we 
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demonstrate that lipidation of a prelipoprotein contributes to the interaction of the 

PIA/eDNA complex with the cell envelope. 

 

3.2 Results 

CodY suppresses cell aggregation in planktonic cultures. Previous reports have 

implicated CodY in controlling biofilm formation (Brinsmade et al., 2014a; Waters et al., 

2016). Supporting these findings, analysis of CodY-regulated genes by RNA-seq and by 

in vitro pull down assays revealed many genes known to be involved in biofilm formation 

are under CodY control (i.e., fnbA, ica, sspA, nuc, hlb) (Majerczyk et al., 2010; 

Majerczyk et al., 2008; Pohl et al., 2009; Waters et al., 2016). During routine culturing, 

we observed that colonies of UAMS-1 and SA564 codY null mutant cells were 

exceptionally sticky on solid medium and formed both visible aggregates and a thick 

pellicle at the air-liquid interface during exponential growth (OD600 of 0.5 to 1.0) in 

tryptic soy broth – a rich, complex medium. In contrast, USA300 LAC* ∆codY mutant 

cells did not exhibit these phenotypes, suggesting a correlation between planktonic 

aggregates and static biofilm development as well as an intrinsic difference between these 

strains. Given the particularly strong aggregation phenotype of ∆codY mutant cells during 

aerobic growth in SA564, an MSSA isolate from a sepsis patient (Musser et al., 1990), 

we focused our attention on this clinical isolate and used scanning electron microscopy 

(SEM) to determine whether aggregation occurs by cell-to-cell interaction or via 

extracellular matrix production. SEM revealed large aggregates of SA564 ∆codY mutant 

cells relative to wild-type cells (Figure III-IA). Upon closer inspection, the ∆codY 

mutant cell aggregates appeared to consist of cells connected to one another by a string-
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like extracellular matrix consisting of filaments ranging from 20 to 50 nm in width and 

up to 2 mm in length with most filaments being between 0.5 and 1 mm in length (Figure 

III-1A).  

 

To determine the extent to which CodY’s role in suppressing aggregation is dependent on 

the strain background, we used a settling assay to survey S. aureus isolates across 

multiple clonal complexes, sequence types, and methicillin-susceptibility. Cells were 

grown aerobically in tryptic soy broth for 3 h (OD600 ~2-4) and were then allowed to 

settle for 45 min. After the settling period, wild-type cells remained suspended in broth 

(Figure III-1B, black bars). In contrast, ∆codY mutant cells of UAMS-1, SA564, and 

MW2 settled at a significantly faster rate during the settling period, as indicated by the 

drop in the optical density of the mutant sample, consistent with larger cell aggregates 

(Figure III-1B, grey bars).  The COL ∆codY mutant cell optical density also trended 

lower compared to its wild-type parent strain, though the result was not statistically 

significant. However, COL ∆codY mutant cells still form a thick and viscous pellicle after 

overnight culturing. To confirm the aggregation phenotype was indeed due to the 

disruption of the codY gene, we introduced a wild-type copy of codY under the control of 

its native promoter into the SA564 ∆codY null mutant. Under the same conditions tested, 

the complemented strain behaved like the wild-type parent strain and did not aggregate 

during the assay period (Figure III-1C). The LAC and Newman ∆codY mutant did not 

settle during the course of the assay revealing that CodY suppresses cell aggregation in 

many (but not all) isolates.  



 82 

  
 

 

 

 

 

 

 

 

 

Figure III-1. ∆codY mutant cells of diverse S. aureus clinical isolates form large cell 

aggregates tethered by a string-like matrix.  (A) Scanning Electron Microscopy was 

performed on SA564 and ∆codY mutant cells during exponential growth in tryptic soy 

broth. Images are representative of multiple experiments. Scale bar: 1 mm; images are at 

the same magnification. Representative images of biofilm observed in overnight cultures 

growth are shown to the left of each micrograph (B, C). Percent aggregation of S. aureus 

clinical isolates and their codY null mutant derivatives (B) and complemented SA564 

codY null mutant (C) using the settling assay described in Materials and Methods. Data 

indicate the mean ± SEM of at least three independent experiments. *p < 0.05, ***p 

<0.001, ANOVA with Tukey post analysis comparing each genotype of each isolate to 

one another. 
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∆codY mutant cells incorporate DNA into the extracellular matrix to form 

multicellular aggregates. We next sought to further characterize the composition of the 

extracellular matrix binding the cells together. Based on the SEM images and the sticky 

texture on solid medium, we hypothesized that ∆codY mutant cells were tethered by 

eDNA. To test this hypothesis, we sampled cells during exponential growth and stained 

them with Syto 40 (membrane permeable dsDNA dye; blue signal) and TOTO-1 (non-

permeable dsDNA dye; green signal), and then imaged the samples using confocal 

scanning laser microscopy (CSLM). Similar to the results obtained by SEM, CSLM 

revealed dense aggregates of codY null mutant cells that were absent when wild-type 

cells were examined. Further, cell aggregates co-localized with an abundance of TOTO-1 

signal, indicating the presence of copious amounts of eDNA (Figure III-2A). Similar 

results were observed when the stains were changed, ruling out dye-specific effects 

(Figure III-3A). Further, CSLM also revealed eDNA forming web-like structures 

interspersed with what appear to be adherent cells (Figure 3B). Moreover, the addition of 

100 U mL-1 of DNase I during planktonic shake-flask growth eliminated both the ∆codY 

mutant cell aggregation and the filamentous matrix material observed by SEM (Figure 

III-2B&C, Figure III-3C). Similar results were observed using a static biofilm assay and 

crystal violet staining, suggesting that the shake or static culturing has no effect on the 

mechanism by which CodY controls biofilm development (Figure III-2D). Taken 

together, these results indicate that eDNA is a critical component required for cell 

aggregation and biofilm formation in ∆codY mutant cells.  
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Figure III-2. ∆codY mutant cell aggregates are associated with extracellular DNA 

(eDNA) and are sensitive to DNase I treatment. (A) Cells were grown to exponential 

phase, stained with Syto40 and TOTO-1, and then visualized using confocal scanning 

laser microscopy (CSLM). Live cells are blue (Syto40) while eDNA and dead cells are 

green (TOTO-1). Scale bar: 20 mm; each panel is viewed at the same magnification. (B) 

SEM micrographs of SA564 cells grown aerobically to exponential phase in the absence 

(left) or presence (right) of DNase I. Scale Bar: 1 mm; all images are shown at the same 
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magnification. Thumbnails are at 10x magnification. (C) Settling assay of cells grown 

aerobically to exponential phase in shake-flask culture. (D) A static biofilm assay 

performed in the presence of increasing amounts of DNase I was measured 20 h post 

inoculation using crystal violet staining. Data are the mean +/- SEM of at least three 

independent experiments. ****p<0.0001, ***p<0.001, ANOVA with Tukey post analysis 

comparing ∆codY mutant to the wild-type. All images are representative of multiple 

experiments.  

  



 86 

 

Figure III-3. ∆codY mutant cells form large cell aggregates tethered by an eDNA 

string-like matrix.  (A) SA564 or LAC S. aureus cells and the ∆codY derivative were 

grown to exponential phase, stained with Live/Dead stain and visualized using confocal 

scanning laser microscopy (CSLM). Live cells are green (Syto9) while eDNA and dead 

cells are red (Propidium iodide). Scale bar: 10 mm; all panels are viewed at the same 

magnification. (B) Exponentially growing cells were stained with Syto40/TOTO-1 stain 

and visualized using CSLM. Live cells are blue (Syto40) while eDNA and dead cells are 

green (TOTO-1). The merged image (left) and the TOTO-1 channel (right) are separated 

for clarity. Scale bar: 10 mm; all panels are viewed at the same magnification. Images are 

representative of multiple samples. (C) Scanning Electron Microscopy was performed on 

SA564 wild-type and ∆codY mutant cells during exponential growth in tryptic soy broth 

+/- DNase I (100 U mL-1). Asterisk indicates the enlarged area (5X) shown in thumbnail. 

All images are representative of multiple experiments. Scale bar: 5 mm; images are at the 

same magnification. 
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eDNA is strongly associated with the cell envelope in CodY mutants. Secreted 

nuclease (nuc) plays a role in shaping the biofilm and is required during the exodus phase 

of biofilm development (Atwood et al., 2015; Majerczyk et al., 2008). Additionally, we 

showed that the expression of nuc is increased in a ∆codY null mutant and results in 

higher nuclease activity in culture supernatants (Pohl et al., 2009; Waters et al., 2016). 

We reasoned that ∆codY mutant cells that fail to aggregate either lack the necessary 

factor(s) for eDNA tethering or may overproduce nuclease and degrade the existing 

eDNA. As seen in Figure III-4A, we measured relatively low nuc transcript abundance 

in wild-type cells. As expected, nuc transcript abundance increased approximately 15- to 

60-fold in SA564 and LAC ∆codY mutant cells relative to their wild-type parent strains. 

In parallel, we assayed secreted nuclease activity in culture supernatants as previously 

described (Kiedrowski et al., 2011; Moormeier et al., 2014). Consistent with qRT-PCR 

analysis, an increase in secreted nuclease activity was observed in ∆codY mutant culture 

supernatants compared to wild-type culture supernatants (p<0.0001). However, the 

activities measured for the ∆codY mutants were essentially identical comparing SA564 to 

LAC (Figure III-4B). Collectively, these data indicate that nuclease activity does not 

account for the lack of cell aggregation in the LAC ∆codY mutant.  
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Figure III-4. Secreted nuclease does not account for the opposing phenotypes 

observed in ∆codY mutants from different isolates. (A) SA564 and LAC were grown 

to exponential phase aerobically in TSB and nuc transcript abundance in wild-type 

(black) and ∆codY mutant (grey) was determined by qRT-PCR. Data were normalized to 

rpoC. (B) Secreted nuclease activity was determined from cultures supernatants during 

exponential growth using a FRET assay (see materials and methods). Data indicate the 

mean ± SEM of at least three independent experiments. *p < 0.05, **p <0.01, **p<0.001; 

ANOVA with Tukey post analysis comparing the ∆codY mutant relative to its wild-type. 

No statistical difference is observed when ∆codY mutants are compared to one another. 
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Given that eDNA is necessary for ∆codY mutant cell aggregation and biofilm formation, 

we next sought to understand how the eDNA interacts with the cell envelope. One recent 

study found that S. aureus biofilm extracellular matrix proteins have an average pI > 8 

(Graf et al., 2019) and another study found that cytoplasmic proteins released from lysed 

cells can moonlight as surface-associated proteins to mediate cell association of eDNA 

via electrostatic interactions surface (DeFrancesco et al., 2017; Dengler et al., 2015). 

Thus, under the mildly acidic conditions that naturally occur in biofilms, negatively-

charged DNA can be incorporated into the biofilm matrix. Under conditions where the 

pH approaches or exceeds the pI, these proteins would be negatively charged and would 

not be expected to interact electrostatically with DNA. We found that the addition of 

proteinase K to culture medium had no effect on ∆codY mutant cell aggregation during 

planktonic growth, suggesting eDNA is interacting with the cell envelope independent of 

released cytoplasmic proteins, that the eDNA somehow protects the proteins from 

digestion with proteinase K, or that the proteinase K itself is degraded (Figure III-5A). 

When we buffered the TSB medium to pH 7.5 and performed a settling assay with 

exponentially grown cells, ∆codY mutant cells failed to form aggregates (Figure III-5B, 

grey bars). In parallel, we asked whether the eDNA can be released from the cell surface 

by re-suspending a sample in PBS buffered at pH 5 or pH 7.5. Consistent with previous 

results (Foulston et al., 2014), when we suspended SA564 cells in PBS at pH 7.5, we 

measured a ~35-fold increase in eDNA released from cells compared to the level of 

eDNA observed at pH 5 (Figure III-5C, black bars). We note that colony forming units 

were essentially identical after exposure at each pH, discounting cell lysis as the source 

of eDNA. However, to our surprise, we did not observe DNA release when cells were 
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suspended in PBS pH 7.5, and these conditions were unable to disperse cell ∆codY cell 

aggregates (Figure III-5C, grey bars and CSLM micrographs). Taken together, these 

data indicate that aggregate formation is protease-resistant and pH sensitive initially, but 

resistant to changes in pH once the aggregates have formed, suggesting that surface 

charge is an important factor for cell aggregation. However, how the matrix is assembled 

at the surface remains unclear. 
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Figure III-5. eDNA based cell aggregation is not dependent on the presence of 

surface proteins interactions in a ∆codY mutant. (A) The effect of Proteinase K (0.1 

mg mL-1) on wild-type and ∆codY mutant of SA564 was examined during exponential 

growth in planktonic culture using a settling assay. (B) A settling assay was performed on 

exponentially growing cells cultured in tryptic soy broth (TSB) buffered to pH 7.5. (C) 

Cells cultured in TSB were re-suspended in phosphate buffered saline at either pH 5.0 or 

7.5 for 15 min, and quantitative PCR was used to measure the amount of eDNA released 

from the sample. Mean rpoC copy number relative to a standard curve are shown. 

Representative micrographs are shown for ∆codY mutant cells from the same experiment. 

Syto 40 (blue signal) was used to stain all cells while eDNA was visualized using TOTO-

1 (green signal). Scale Bars: 50 mm. Data are the mean +/- SEM of at least three 

independent experiments. *p<0.05,  ***p< 0.001, ANOVA with Tukey post analysis 

comparing among samples.  
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Cell aggregation depends on an elaborated factor in CodY-deficient cells. Since the 

eDNA tethered to ∆codY mutant cells could not be removed in the same manner as wild-

type cells, we reasoned that eDNA tethering depends on a more extensive network of 

interactions and/or additional factors specifically produced when CodY activity is 

reduced or eliminated. To address this, we co-cultured SA564 wild-type cells with ∆codY 

mutant cells. Cell genotypes were differentiated by the presence of the plasmid pKM16 

that contains the sDsRed fluorescent protein under the control of the constitutive sarA P1 

promoter. Cells were mixed at a starting ratio of 1:1 and grown to exponential phase in 

TSB medium. Confocal imaging of co-cultures revealed that cell aggregates are 

composed almost exclusively of ∆codY mutant cells (Figure III-6A, red signal; Figure 

III-6B, blue signal) whereas wild-type cells (Figure III-6A, blue signal; Figure III-6B, 

red signal) appear to be excluded.  

 

To examine if ∆codY mutants of non-aggregating lineages can adhere to a pre-existing 

matrix, we next co-cultured LAC ∆codY mutant cells (non-aggregating) with SA564 

∆codY mutant cells (aggregating). As seen in Figure III-6C, cell aggregates consist of 

mostly SA564 ∆codY mutant cells (Figure III-6C; red signal); swapping the strain 

harboring the sDsRed reporter gave the same result (Figure III-7, blue signal). These 

results suggest that failure of LAC ∆codY mutant cells to aggregate is not due to a 

secreted factor, but rather, appears to be blocked by the absence of a surface factor. To 

control for the possibility that segregation occurs when different lineages of S. aureus 

cells are mixed, we co-cultured ∆codY mutant cells of COL and SA564 (both aggregating 

lineages). Confocal images show cells of both lineages together in the aggregate (Figure 
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III-6D). This finding indicates that cell-aggregates are not clonal. Taken together, these 

experiments are consistent with the notion that CodY regulates the production of a 

surface factor that promotes eDNA tethering to the cell envelope. 
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Figure III-6. Co-culture experiments reveal eDNA based aggregates consist of only 

∆codY mutant cells. Cultures were inoculated with the indicated genotypes at 

approximately a 1:1 ratio and grown to exponential phase (OD600 ~ 0.5), then visualized 

by CSLM. All cells are labeled with Syto40 (blue), eDNA and dead cells are labeled with 

TOTO-1 (green). In each panel a particular strain harbors a constitutive RFP (pKM16) 

plasmid to discern genotypes. (A) SA564 wild-type mixed with the isogenic ∆codY 

mutant harboring pKM16. (B) SA564 wild-type harboring pKM16 mixed with the 

isogenic ∆codY mutant. (C) The non-aggregating LAC ∆codY mutant mixed with SA564 

∆codY mutant harboring pKM16. (D) SA564 ∆codY mutant mixed with the aggregating 

COL ∆codY mutant harboring pKM16. All images are representative of multiple 

experiments. Scale bar: 10 or 50 mm where indicated; all panels are viewed at the same 

magnification. 
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Figure III-7. Co-culture experiments reveal eDNA based aggregates consist of only 

∆codY mutant cells. Cultures were inoculated with the indicated genotypes at 

approximately a 1:1 ratio and cultured to an OD600 of 0.5 then visualized by CSLM. All 

cells are labeled with Syto40 (blue), eDNA and dead cells are labeled with TOTO-1 

(green). In each panel a particular strain harbors a constitutive dsRed plasmid (pKM16) 

to discern genotypes. (A) The non-aggregating LAC ∆codY mutant mixed with SA564 

∆codY mutant harboring pKM16. (B) SA564 wild-type harboring pKM16 mixed with the 

isogenic ∆codY mutant. All images are representative of multiple experiments. Scale bar: 

10 mm where indicated; all panels are viewed at the same magnification. 
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Identification of a suppressor mutant reveals that PIA contributes to cell 

aggregation in a ∆codY mutant. While conducting this study, we serendipitously 

discovered a spontaneous suppressor mutant in the SA564 ∆codY mutant background that 

failed to aggregate and form biofilm. We designated the mutant with the allele 

designation soa (suppressor of aggregation) (Figure III-8A). Further characterization of 

this suppressor mutant using SEM confirmed the absence of cell aggregates, and also 

revealed that the cells were largely devoid of matrix material (Figure III-8B). To map 

the suppressor mutation(s), we performed whole genome sequencing of the suppressor 

mutant soa-1. This revealed a missense mutation coding for the variant cell wall 

biosynthesis enzyme MraY L113M and a nonsense mutation coding for the truncated PIA 

biosynthetic enzyme IcaB (Q223*) (Table III-1).  

 

  

Table III-1: Summary of mutations found in coding sequences of ∆codY soa-1. 

 

 

 

Using allelic exchange, we reconstituted the mraY mutation in the ∆codY mutant 

background and analyzed aggregation in this strain. Routine overnight cultures exhibited 

similar amounts of biofilm material at the air-liquid interface, and a settling assay 

revealed essentially equivalent aggregation when compared with the isogenic ∆codY 

mutant (Figure III-8C).  In contrast, deleting the ica operon in the SA564 ∆codY mutant 

was sufficient to alleviate cell aggregation and biofilm formation (Figure III-8C). This 

Nucleotide Mutation Annotation Acession Number Product Description Gene

1167134 T→A L113M RT87_05830 → phospho‑N‑acetylmuramoyl‑pentapeptide‑ transferase mraY
2741388 C→T Q223* (CAG→TAG) RT87_13875 → poly‑beta‑1,6‑N‑acetyl‑D‑glucosamine N‑deacetylase icaB
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result came as a surprise to us, as it has previously been reported that SA564 does not 

produce appreciable amounts of PIA (Waters et al., 2016). As an independent approach, 

we placed the coding sequence of icaB under the control of the constitutive sarA P1 

promoter and introduced a plasmid containing this construct (pKM26) into the suppressor 

mutant. Expressing a wild-type copy of icaB in the suppressor mutant restored cell 

aggregation during exponential growth, and the aggregates are again surrounded by 

eDNA (Figure III8-D, III-8E). Moreover, suppressor mutant cells form mixed 

aggregates with SA564 ∆codY mutant cells suggesting that IcaB production and secretion 

in the ∆codY mutant trans-complements the lesion in the suppressor mutant (Figure III-

9). 
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Figure III-8. Suppressor analysis reveals ica is required for cell aggregation. (A) 

SRB1243 (SA564 ∆codY soa-1) cells were grown to exponential phase and assayed for 

aggregation (left). **p < 0.01, ANOVA with Tukey post analysis. (B) Representative 

images obtained using SEM from suppressor mutant cells sampled during exponential 

growth in tryptic soy broth (right). Image is representative of multiple experiments. Scale 

bar: 1 mm. (C) Settling assay performed on isogenic strains of each mutation identified in 

1 µm
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∆codY soa-1 during exponential growth. *p < 0.05, ANOVA with Tukey post analysis to 

compare strains among each other (D) Complementation using the SarA-P1 promoter to 

constitutively express icaB. ***p <0.001, two-tailed Student’s T-test. (E) CSLM 

micrographs of ∆codY soa-1 harboring pCN51 or pKM26 during exponential growth. All 

cells were visualized using Syto40 (blue signal) while eDNA and dead cells were stained 

by TOTO-1 (green signal). All images are representative of multiple experiments. Scale 

bar: 50 mm where indicated; all panels are viewed at the same magnification. 
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Figure III-9. Co-culturing of ∆codY soa-1 with a ∆codY mutant restores eDNA-

dependent cell aggregation. (A) Co-culture experiment performed using the suppressor 

mutant harboring pKM16 (red) and the SA564 ∆codY mutant during exponential growth. 

All cells are labeled with Syto40 (blue), eDNA and dead cells are labeled with TOTO-1 

(green). Images are representative of multiple experiments. Scale bar is 50 mm; all panels 

are viewed at the same magnification. 
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PIA production is required for codY null mutant cells to aggregate.  It was previously 

shown that the ica operon is overexpressed in UAMS-1 ∆codY mutant cells (Majerczyk 

et al., 2008). Therefore, we hypothesized that non-aggregating strains are simply not 

producing PIA during exponential growth. To test this, we performed quantitative, 

realtime RT-PCR (qRT-PCR) and measured ica transcript abundance in the wild-type 

and codY mutant strains of SA564 and LAC. We measured > 600-fold increase in icaA 

transcript in the SA564 ∆codY mutant compared to the wild-type parent. In contrast, we 

measured ~ 5-fold increase in the LAC ∆codY mutant (Figure III-10A, compare ∆codY 

and wild-type). Immunoblot analysis of exponentially growing SA564 and LAC cells 

mirrored the expression data, and the complemented suppressor mutant regained the 

ability to produce PIA (Figure III-10B). Furthermore, immunoblot analysis confirms our 

suspicion that the opposing phenotypes originally reported for CodY in biofilm formation 

stems from the presence of a surface factor as aggregating ∆codY mutants produce 

copious amounts of PIA (Figure III-10C). Confirming that PIA is required for eDNA 

based cell aggregation, SA564 codY mutant cell aggregates were dispersed using sodium 

meta-periodate that cleaves polysaccharide rings between vicinal diols and with Dispersin 

B that enzymatically degrades polymers of PIA (Figure III-10D).  

 

We were then curious to investigate whether over-production of PIA was sufficient to 

form eDNA based cell aggregates in wild-type cells. To answer this question, we 

expressed icaADBC constitutively in SA564 and LAC using the strong SarA P1 

promoter. Notably, these strains produced extremely sticky overnight cultures with a 

thick pellicle at the air liquid interface. As was seen with ∆codY mutant cells, a settling 



 102 

assay revealed that these cells that overexpress ica aggregate during exponential growth 

and these aggregates are associated with eDNA (Figure III-10E, Figure III-11). 

Moreover, cell aggregation was blocked when DNase I was included in the medium, 

indicating a similar matrix composition as observed in the ∆codY null mutant of SA564 

(Figure III-10E). Taken together, these results indicate that a critical level of PIA 

production is required for ∆codY mutant cell aggregation and that de-acetylated PIA is 

required to associate with eDNA.   
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Figure III-10. eDNA based cell aggregation is dependent on the production of PIA 

in ∆codY mutants. (A) SA564 and LAC were grown to exponential phase aerobically in 

TSB and icaA transcript abundance in wild-type (black) and ∆codY mutant (grey) was 

determined by qRT-PCR. Data were normalized to rpoC. (B,C) Quantification of cell 

associated PIA detected by immunoblot analysis for the indicated strains obtained from 

cell pellets grown aerobically for 3h in trypic soy broth. When necessary, samples were 

diluted to avoid membrane saturation as indicated by load values. (D) SA564 and ∆codY 
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mutant cells were grown planktonically in the presence of sodium metaperiodate (40 mg 

mL-1) or Dispersin B (5 mg mL-1) and aggregation was assessed using the settling assay. 

(E) Wild-type SA564 and LAC cells constitutively expressing icaADBC were grown 

planktonically in tryptic soy broth and a settling assay was used to assess aggregation. 

SA564 was additionally cultured in the presence of DNase I (200 U mL-1). Data indicate 

the mean ± SEM of at least three independent experiments. *p < 0.05, **p <0.01, 

ANOVA with Tukey post analysis comparing each genotype or condition to all others in 

the experiment. Error bars are plotted for all data; in some cases, they are too small to 

see.  
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Figure III-11. Overexpression of ica results in eDNA-dependent cell aggregation in 

wild-type cells. Exponentially growing (A) LAC or (B) SA564 wild-type harboring 

pMRSI or pKM28 (SarA-P1-icaADBC) cells were imaged using CSLM. All cells were 

visualized using Syto40 (blue signal) while eDNA and dead cells were stained by TOTO-

1 (green signal). All images are representative of multiple experiments. Scale bar: 10 mm 

where indicated; all panels are viewed at the same magnification. 
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PIA sequesters eDNA from the environment to promote cell aggregation. Our data 

thus far shows an absolute dependence on both PIA and eDNA for cellular aggregation. 

However, the source of the eDNA remains unknown. In S. aureus, cidA promotes cell 

lysis and the release of DNA during biofilm development (Rice et al., 2007). Cell lysis is 

potentiated by acetic acid accumulation under conditions of high glycolytic flux (Rice et 

al., 2005). We wondered whether ∆codY mutant cells lysed at a higher rate compared to 

wild-type cells and the resulting eDNA contributed to cellular aggregation. To test this, 

we determined colony forming units (CFUs) and collected culture supernatants from 

SA564 wild-type and codY mutant cultures to quantify S. aureus-specific DNA by 

measuring rpoC copy number. Both CFUs and eDNA release was essentially identical, 

and we did not detect any changes to secreted acetic acid levels or culture pH when the 

codY mutant and SA564 were compared (Figure III-12). Thus, we suspected that the 

source of the eDNA was from the TSB medium. Indeed, a ∆guaA mutant of S. aureus is a 

guanine nucleotide auxotroph and TSB provides this required nutrient (King et al., 2018). 

With this in mind, we moved to a chemically defined medium (CDM) lacking exogenous 

DNA. In CDM, ∆codY mutant cells failed to aggregate during exponential growth or 

even after entering stationary phase (18-20 h of growth). However, qRT-PCR analysis 

revealed that ica transcription was extremely low in both wild-type and codY mutant 

strains (Figure III-13). To overcome this limitation, we overexpressed the ica operon in 

SA564 during growth in CDM medium. Strains harboring pKM28 failed to aggregate 

during exponential growth, but showed faint aggregation after overnight incubation. We 

reasoned the lack of aggregation observed during exponential growth was due to 

insufficient cell lysis and appreciable amounts of eDNA to promote cell tethering as 
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previously observed in rich, complex medium. To test this hypothesis, cells containing 

pKM28 were grown to exponential phase (OD600 of ~1) in CDM medium, and cells were 

exposed to increasing amounts of purified genomic DNA from S. aureus, Bacillus subtilis 

and Pseudomonas aeruginosa (Figure III-14A-C). Cell aggregation was then quantified 

using the settling assay. We observed that PIA production and exogenous DNA are 

necessary for aggregation; no effect was observed in cells harboring the vector only 

control suggesting that PIA likely directly interacts with eDNA. These data indicate that 

∆codY mutant cells do not lyse at a higher rate when compared with wild-type cells, and 

that exogenous DNA, regardless of the source, can be incorporated into the biofilm 

matrix. 
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Figure III-12. Cell lysis is not increased in a ∆codY mutant. SA564 wild-type  (black 

bars) and ∆codY mutants (grey bars) were grown exponential phase aerobically in TSB. 

(A) Colony forming units were determined by dilution plating. (B) DNA was extracted 

from culture supernatants and copy number of rpoC was determined using quantitative 

PCR. Additionally, (C) Acetate concentration and (D) culture pH was determined from 

culture supernatants. No statistical difference was found using a two-tailed T-test. 
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Figure III-13. Expression of the ica locus is diminished in chemically defined 

medium in both wild-type and ∆codY mutants. (A) SA564 wild-type (black) and 

∆codY mutants (grey) were grown to exponential phase aerobically in TSB or CDM and 

icaA transcript abundance was determined by qRT-PCR. Data were normalized to rpoC.  
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Figure III-14. PIA interacts with bacterial eDNA to promote cell aggregation. Wild-

type SA564 cells containing pKM28 (constitutive icaADBC expression) or the vector 

only control (pMRSI) were cultured in CDM lacking exogenous DNA. During 

exponential growth, a 1-mL sample of cells was mixed with purified genomic DNA from 

(A) S. aureus, (B) Bacillus subtilis or (C) Pseudomonas aeruginosa, and a settling assay 

was performed. Data are plotted as the mean ± SEM of at least three independent 

experiments. *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001; ANOVA with 

Dunnet post analysis.  
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Lipoproteins contribute to PIA/eDNA interaction with the cell envelope. Teichoic 

acids (TAs) were proposed to facilitate the interaction of de-acetylated PIA with the cell 

surface given their abundance in the cell wall and overall negative charge (Naumova et 

al., 2001; Neuhaus and Baddiley, 2003). However, the exact point of attachment of PIA 

to the cell surface remained unclear as a tagO mutant, deficient in wall TA synthesis, had 

little effect on PIA production or anchoring (Vergara-Irigaray et al., 2008). Recently, 

lipid-anchored membrane proteins have been implicated as enhancing biofilm by direct 

binding eDNA (Kavanaugh et al., 2019) With this in mind, we asked if these surface-

associated DNA-binding lipoproteins contribute to the interaction of PIA and eDNA with 

the cell envelope. The preprolipoprotein diacylglycerol transferase Lgt catalyzes the first 

step in lipoprotein retention at the cell membrane by lipidating invariant cysteine 

residues, and lgt mutants eject lipoproteins into the extracellular milieu (Hayashi and Wu, 

1990; Stoll et al., 2005). We constructed an SA564 ∆lgt::erm null mutant and a ∆codY 

∆lgt::erm double mutant and tested their ability to aggregate in TSB medium. After 

overnight culturing, ∆lgt mutant cells had no observable cell aggregation phenotype 

while ∆lgt ∆codY double mutant cells appeared to produce pellicles and cell aggregates 

similar to that of the ∆codY mutant. However, cell aggregates and most biomass 

produced by ∆lgt ∆codY double mutant cells was easily disrupted by vigorous shaking 

during aerobic cultivation in shake flasks. When the strains were analyzed using the 

settling assay, we found that, like wild-type SA564 cells, ∆lgt mutant cells remain 

suspended. Importantly, knocking out lgt in the ∆codY null mutant partially suppressed 

the aggregation phenotype while immunoblot analysis revealed a decrease in cell 

associated PIA in the ∆lgt ∆codY double mutant (Figure III-15). We conclude that 



 112 

lipoproteins mediate in part the attachment of eDNA and PIA to the cell surface to 

promote aggregation. 
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Figure III-15. Cell wall anchored lipoproteins contribute to eDNA/PIA adherence to 

the cell surface. (A) An isogenic suite of SA564 ∆lgt mutants were grown in TSB and a 

settling assay was performed.  **p < 0.01, ***p< 0.001 compared to wild-type.  #p <0.05 

comparing the ∆codY mutant to ∆lgt∆codY double mutant; ANOVA with Tukey post 

analysis. SEM plotted for all data; in some cases the error bars are too small to see. (B) 

Immunoblot analysis of PIA in an ∆lgt single and ∆lgt ∆codY double mutant.   
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3.3 Discussion 

CodY DNA-binding activity is activated in vitro by ILV and GTP. This regulator 

plays a key role in integrating nutrient availability into virulence expression during 

infection and, as a result, can impact disease progression in a variety of Gram-positive 

pathogens when the amino acids are depleted in host tissues (Dineen et al., 2010; 

Hendriksen et al., 2008; Kiedrowski et al., 2011; Richardson et al., 2015). Biofilm 

development is a pre-requisite to invasive disease, and reductions in CodY activity either 

promote or reduce biofilm formation in S. aureus clinical isolates. Here, we provide an 

explanation for these divergent phenotypes and show that ica expression is a primary 

determinant for CodY-mediated biofilm formation. Moreover, new evidence that eDNA 

and PIA function together to form biofilm matrix and promote cellular aggregation came 

unexpectedly from the analysis of ∆codY mutant cells in planktonic culture. This is 

supported by genetic and biochemical evidence demonstrating that the biofilm aggregates 

can be dispersed when either the PIA or the eDNA component is eliminated and 

supplementation with only one of these molecules is not sufficient to cause aggregation.  

 

Biofilm formation in S. aureus has largely been classified into two categories based on 

the matrix composition: PIA-dependent biofilms are often associated with MSSA isolates 

and eDNA/protein-dependent biofilms are typically associated with MRSA isolates. Our 

data demonstrate that these matrices are not mutually exclusive, and the conditions in 

which the biofilms or aggregates form as well as the regulatory circuitry governing the 

expression of factors (e.g., ica, nuc, proteases, etc.) dictate the relative proportions of 

matrix components and sensitivity to extracellular matrix degrading agents. For example, 
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USA300 LAC strains, which normally do not form PIA-dependent biofilm aggregates 

due to low ica expression, are capable of doing so when icaADBC are overexpressed. 

However, our data reveal that aggregate formation is still dependent on the presence of 

eDNA despite icaADBC overexpression. In the absence of PIA, the biofilms formed by 

LAC are relatively weak and are dispersed when codY is knocked out, likely due to 

overexpression of proteases and reduction in the abundance of MSCRAAM proteins like 

FnBPs, SpA, Map, EbpS and CflA (Majerczyk et al., 2008). Indeed, ∆codY mutants are 

attenuated in an acute sepsis model of infection based on fitness in spleen, heart, and 

peripheral blood (Rom et al., 2017). On the other hand, UAMS-1 and SA564 codY 

mutant cells express ica to high levels and produce viscous biofilms. Given the apparent 

host niche-dependent effects on CodY-deficient strains (Montgomery et al., 2012), it 

would be beneficial to examine the role of S. aureus CodY in chronic, biofilm-associated 

infections such as infective endocarditis (Abdelhady et al., 2014), osteomyelitis (Gillaspy 

et al., 1995), polymicrobial infections (Lee et al., 2018; Yadav et al., 2017), or diabetic 

foot ulcers and their disease outcomes. Nutrient deprivation at these sites would be 

predicted to promote biofilm formation and disease in a CodY-dependent manner. 

Additionally, S. aureus colonizes the anterior nares and is a major constituent of the nare 

microbiome. The mass spectrometry analysis of nasal secretions from healthy volunteers 

and transcriptomics on cells grown in a synthetic medium mimicking the nare 

environment suggests that the cells experience BCAA limitation, loss of CodY activity, 

and derepression of the ica locus and the ESS/Type VII secretion system (by killing 

competitors) in this environment would simultaneously supply PIA and release eDNA to 
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promote colonization. Preventing CodY activation by therapeutic intervention could 

prevent colonization and might improve disease outcomes.  

 

Working model for eDNA:PIA-dependent cell aggregation. In our study, buffering 

TSB medium to pH 7.5 prevented cell aggregates from forming during exponential 

growth (Figure III-6B). This result is consistent with a very recent study by Kavanaugh 

et al. that identified a set of proteins in the biofilm matrix that strongly bind eDNA under 

acidic conditions, but, under basic conditions, carry a net negative charge and loose their 

affinity for eDNA (Kavanaugh et al., 2019). This prompted our examination of the role of 

lipoproteins in crosslinking the eDNA/PIA complex to the cell surface and promoting 

aggregation and indeed, these proteins contribute (Figure III-15). Given the overall net 

positive charge of PIA and the overall negative charge of DNA, we propose a charge 

sandwich working model (illustrated in Figure III-16). In this model, the negatively 

charged cell surface is coated with positively charged PIA that can interact with eDNA 

and subsequently bring the PIA/eDNA in close proximity to the cell surface, fostering 

interactions with exposed lipoproteins. Which protein(s) are responsible for the 

crosslinking and aggregation are still unknown. Because wild-type cells overexpressing 

ica aggregate, this suggests that either the proteins are sufficiently abundant in wild-type 

and codY mutant cells (in the case of a positively regulated gene), or that the genes 

coding for those proteins are overexpressed in a codY null mutant. A protein of interest is 

the SaeP lipoprotein. The saeP gene is 8-fold over expressed in a ∆codY null mutant 

(Mlynek et al., 2018). However, there is additional overlap in the sets of genes identified 

in the Kavanaugh et al study and the set of genes controlled by CodY. Notably, these 
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include secreted proteins such as a-toxin, d-toxin and the PSMs, membrane associated 

proteins including the surface protein Eap and ABC transporter Mn/Zn, transporter 

substrate-binding protein, as well as the cytoplasmic proteins lactate dehydrogenase and 

N-acetylmuramoyl-L-alanine (Kavanaugh et al., 2019; Waters et al., 2016). It is worth 

highlighting the result that a ∆lgt mutation does not completely suppress ∆codY null 

mutant cell aggregation (Figure III-15). When the aggregates are mechanically 

dispersed, if given sufficient time, the aggregates re-form. This suggests that the non-

covalent electrostatic interactions between the matrix and the cell surface are weakened, 

but additional surface factors contribute to aggregate formation. Thus, functional 

redundancy may preclude a traditional genetic screen. Nevertheless, a genetic screen is 

underway to identify additional factors required for aggregate formation in ∆codY mutant 

cells.  
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Figure III-16: Working model of eDNA/PIA dependent cell aggregation. (A) As 

nutrients are depleted from the environment CodY activity decreases promoting cell 

aggregation using available eDNA (indicated in blue). (B) Cell to cell interaction occurs 

in a CodY-dependent manner whereby eDNA and PIA interact synergistically with the 

cell surface, in part, by lipoproteins.     
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Is there a role for eDNA beyond biofilm formation? The dense aggregates formed by a 

∆codY mutant likely experience the many benefits offered by a biofilm lifestyle. 

However, could these aggregates play an additional role in cellular physiology? For 

instance, during stringent response GTP levels in the cell drop as the alarmone (p)pGpp 

that results in lower CodY activity, both of which have been shown to alter nucleotide 

transport and metabolism (Geiger et al., 2012; Geiger and Wolz, 2014; King et al., 2018). 

With this in mind, it would be advantageous for a nutrient deprived cell to anchor eDNA 

to the cell surface, in essence building a reserve of sequestered nucleotides that can later 

be transported into the cell when cleaved into small fragments. Indeed, secreted nuclease 

is increased in a ∆codY mutant, however these levels are insufficient to disperse 

aggregates during exponential growth. The metabolism of eDNA has been shown to be 

important for macrophage cytotoxicity in vivo resulting in the exclusion of these immune 

cells from abscesses. Both secreted nuclease (nuc) and adenosine synthase A (adsA) are 

required for the conversion of neutrophil extracellular traps (NETs) to deoxyadenosine; 

this molecule then activates caspase-3 in macrophages nearest the abscess resulting in 

apoptosis (Thammavongsa et al., 2013). The expression of nuc is activated by SaeR, the 

response regulator of the SaePQRS two-component system (Sae TCS). The activity of the 

Sae TCS is governed by extracellular signals often associated with the host immune 

response such as human neutrophil peptides (HNPs), calprotectin, oxidative stress 

(Geiger et al., 2008). SaeR and as well as SaeS, a transmembrane histidine kinase, are 

transcribed from a weak constitutive P3 promoter, but upon activation SaeR binds an 

inducible P1 upstream promoter to activate the transcription the entire saePQRS operon 

(Giraudo et al., 1999). The auxiliary proteins SaeP and SaeQ, encoding a lipoprotein and 
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transmembrane protein respectively, have been shown to form a ternary complex with 

SaeS, resulting in increased SaeS phosphatase activity and a dampening of the Sae 

response. In light of the recent evidence that SaeP is capable of binding eDNA 

(Kavanaugh et al., 2019) it stands to posit eDNA is an additional signal sensed by the Sae 

TCS. In this regard, the ability of a cell to not only bind, but also sense the presence 

eDNA provides an obvious mechanism for the spatial regulation of nuclease, as well as 

other factors contributing to eDNA metabolism.  Further studies are required to test this 

model.   

 

The crosslinking of eDNA to the surface via PIA and lipoproteins (in this study and 

Kavanaugh et al., 2019) brings DNA in close proximity to the cell membrane. This is 

known to be advantageous, as it affords cells an opportunity for gene acquisition and 

DNA repair through horizontal gene transfer (Ibanez de Aldecoa et al., 2017). CodY-

mediated cell aggregation provides a prime opportunity for genetic exchange. A few lines 

of evidence support this: (i) nutrient limitation has shown to induce DNA uptake through 

competence genes, (ii) CodY has been shown to control competence in B. subtilis in 

response to nutrient limitation (Fisher, 1999), (iii) the master regulator of competence in 

B. subtilis, ComK, is up-regulated in codY mutants of S. aureus (Waters et al., 2016). 

Additional analysis of the CodY regulon reveals several proteins that share significant 

sequence homology to bona fide competence genes in B. subtilis and S. pneumonia 

including the oppABCD oligopeptide ABC transporters and putative secretion proteins 

resembling ComG (Claverys et al., 2009; Desai et al., 2012). While the ability of S. 

aureus to undergo natural transformation has long been debated recent evidence suggests 
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that a cryptic sigma factor, σH, is required for activating the homologs of the Com 

system in S. aureus (Morikawa et al., 2003). In fact, natural competence has indeed been 

demonstrated in a small population of cells where SigH is active (Morikawa et al., 2012), 

however it is unclear as to the conditions required for transformation in a natural setting.  

Given the known role of CodY’s in regulating competence in other closely related 

species and the proximity of eDNA to the cell surface when aggregation occurs as 

described in this manuscript, it is likely that natural transformation may occur in response 

to nutrient limitation or other environmental stress. Experiments are currently underway 

to test these hypotheses.   

 

The ability of opportunistic pathogens to form a biofilm protects the cells from 

environmental stresses, increases resistance to antibiotics, and thwarts eradication from 

biotic and abiotic surfaces. The transcriptional regulator CodY integrates nutrient 

availability into the regulation of nearly all virulence genes in Staphylococcus aureus, 

including those required for biofilm development. Antithetical phenotypes of both 

biofilm deficiency and accumulation have previously been associated with a codY null 

mutation; thus, the role of CodY protein in biofilm development has remained unclear. 

Our results show that reduction of CodY activity alleviates repression of PIA synthesis to 

promote cell aggregation by sequestering DNA from the environment.  Additionally these 

data demonstrate that the interaction with this eDNA/PIA complex with the cell surface 

in part relies on lipoprotein interactions. This work provides the first evidence that that 

eDNA and PIA work synergistically to form biofilm in S. aureus. 
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3.4 Materials and Methods 

Bacterial strains and culturing. All strains used in this study are listed in Table III-2. 

Staphylococcus aureus strains were cultured in tryptic soy broth (TSB; Becton Dickenson 

formulation containing 0.25% [w/v] dextrose) at 37°C with shaking at 280 RPM unless 

otherwise noted. Escherichia coli strains were cultured in modified Lennox (L) medium 

consisting of 10 g liter-1 tryptone, 5 g liter-1 yeast extract, and 5 g liter-1 NaCl (Lennox, 

1955). When necessary, media were solidified with agar to 1.5% [w/v], and antibiotics 

were included in media at the following concentrations to maintain selection: ampicillin 

(Ap), 50 µg ml-1, chloramphenicol (Cm), 10 µg ml-1, tetracycline (Tc), 3 µg ml-1, 

trimethoprim (Tm) 10 µg ml-1 and erythromycin (Em), 5 µg ml-1. Where indicated, 

cultures were supplemented with Micrococcal Nuclease (Worthington Biochemical) at 

100 U mL-1 or buffered using 50 mM Tris-HCL to maintain a pH of 7.5. Planktonic 

growth was performed as previously described, with the exception that 250 mL DeLong 

flasks were used at a 10:1 flask-to-medium ratio in TSB or Chemically Defined Medium 

(Kaiser et al., 2018). Briefly, overnight cultures were diluted to an initial optical density 

at 600 nm (OD600) of 0.05, grown to an OD600 of ~1 and re-diluted to 0.05 to ensure cells 

were in exponential phase. For co-culture experiments using multiple genotypes, cells 

were mixed approximately 1:1 to obtain an OD600 of 0.05.  Colony forming units were 

verified by dilution plating on TSA plates when samples were withdrawn for microscopy.  
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Table III-2. Bacterial strains used in ChapterIII. 

 

  

S. aureus strains Relevant genotype or description Reference or sourcea

RN4220 restriction deficient, highly transformable Schenk and Laddaga. 1992
SRB337 USA200 MSSA UAMS-1 Gillaspy et al., 1995
SRB547 Newman MSSA Isolate Duthie and Lorenz 1952
SRB561 SRB547 ΔcodY::ermC
SRB687 USA300 LAC  CA-MRSA EmS A. Horswill 
SRB813 SRB337  ΔcodY::tetM Waters et al., 2016
SRB892 SRB687  ΔcodY::tetM
SRB1211 SA546 MSSA Isolate Musser and Selander 1990
SRB1218 SRB1211  ΔcodY::tetM
SRB1233 SRB687  Δnuc::φΝΣ
SRB1234 SRB687  ΔcodY::tetM   Δnuc::φΝΣ
SRB1236 SRB1211  Δnuc::φΝΣ
SRB1237 SRB1211  ΔcodY::tetM   Δnuc::φΝΣ
SRB1243 SRB1211 ΔcodY::tetM soa-1 (MraYL113M, icaB Q223*)
SRB1276 COL MRSA Isolate Dyke, Jevons and Parker 1966
SRB1277 SRB1276 ΔcodY::ermC
SRB1278 MW2 MRSA Isolate Baba et al.,  2002
SRB1279 SRB1278 ΔcodY::ermC
SRB1345 SRB1211 / pKM15
SRB1346 SRB1211  ∆codY::tetM / pKM15
SRB1347 SRB687  ∆codY::tetM / pKM15
SRB1351 SRB1211 / pKM16
SRB1352 SRB1211 ∆codY::tetM/ pKM16
SRB1353 SRB1211 ∆codY::tetM soa-1 / pKM16
SRB1378 SRB1276  ∆codY::ermC / pKM16
SRB1379 SRB687 ∆codY::tetM / pKM16
SRB1468 SRB1211 Δica::tetM
SRB1472 SRB1211 ∆ica::tetM ∆codY::ermC
SRB1507 SRB1211 mraY*(L113M)
SRB1517 SRB1211 mraY*(L113M) ΔcodY::ermC
SRB1575 SRB1211 ∆codY::tetM soa-1/ pCN51
SRB1576 SRB1211 ∆codY::tetM soa-1 / pKM26
SRB1580 SRB687 / pKM28
SRB1581 SRB1211 / pKM28
SRB1583 SRB687 / pMRSI
SRB1584 SRB1211 / pMRSI
SRB1603 SRB1211 / pKK30
SRB1604 SRB1211 ∆codY::tetM / pKK30
SRB1605 SRB1211 ∆codY::tetM / pKM25
SRB1624 SRB1211 Δlgt::ermB
SRB1625 SRB1211 Δlgt::ermB  ∆codY::tetM 

a Unless noted otherwise strains were constructed during the course of this study.
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Recombinant DNA and genetic techniques. Oligonucleotides for this study were 

synthesized by Integrated DNA technologies (Coralville, IA) and are listed in Table III-3. 

Restriction enzymes, T4 DNA ligase, and Q5 DNA polymerase were purchased from 

New England Biolabs. Plasmid miniprep kits were purchased from Promega, and PCR 

purification and gel extraction kits were purchased from Qiagen. Plasmids used in this 

study are listed in Table III-4. E. coli NEB 5α (New England Biolabs) was used as the 

host for plasmid constructions, and all plasmids were confirmed by restriction digestion 

and non-radioactive Sanger sequencing (Genewiz). Plasmids were introduced into S. 

aureus strain RN4220 by electroporation as previously described (Schenk and Laddaga, 

1992). As needed, plasmids and marked chromosomal mutations were transferred into 

select strain backgrounds using φ11-mediated transduction (Novick, 1991). 

 

Construction of plasmids. 

(i) Complementation plasmids.  codY. The native promoter of the operon containing the 

codY gene (RT87_06190 to RT87_06205) was amplified from wild-type SA564 genomic 

DNA using oKM120 and oKM111 to generate a 392-bp fragment containing 26 bp of 

homology to the codY coding sequence. The open reading frame of codY was amplified 

using oKM112 and oKM113. Fusion PCR (Vallejo et al., 2008) was performed using 

oKM120 and oKM113 using a 1:1 (mol:mol) mixture of both fragments as template, 

creating a 1140-bp product, which was subsequently cloned into pKK30 using 

NotI/BamHI resulting in pKM25.        
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icaB. A 270-bp DNA fragment containing the strong, constitutive sarA P1 promoter  

(Cheung et al., 1998) and translational initiation region (TIR) ribosome binding site 

previously shown to enhance protein synthesis (Bose, 2014) was amplified from SA564 

genomic DNA using oKM121 and oKM122. In addition, a 873-bp DNA fragment 

containing the icaB coding sequence was amplified using oKM123 and oKM124. The 

two fragments were purified, mixed at an equal molarity, and used as template in a fusion 

PCR using oKM121 and oKM124. The 1143-bp PCR product was digested with SphI 

and EcoRI and ligated to the same sites of pCN51 (Charpentier et al., 2004) resulting in 

pKM26.  

 

(ii) Constitutive fluorescent reporter plasmids. A 232-bp DNA fragment containing 

the sarA P1 promoter region, (Boles and Horswill, 2008), was amplified from SA564 

using oligonucleotides oKM074 and oKM075 for sGFP labeling and oKM076 and 

oKM077 for sDsRed labeling. The resulting fragments were cloned into pMRSI (Waters 

et al., 2016) upstream of the TIR site using SphI and EcoRI or EcoRI and SalI to drive 

sGFP (pKM15) or sDsRed (pKM16) expression, respectively. We note that sGFP was 

below the limit of detection when cells were counter stained with TOTO-1 to reveal 

eDNA, allowing pKM15 to provide drug resistance in co-culture experiments. For 

robustness, all co-culture experiments were completed independently with each genotype 

harboring pKM16 to control for strain labeling.  
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(iii) Construction of mraY* (MraYL113M). A 2001-bp DNA fragment containing 1000 

bp of homology flanking the T- to -A transition at nucleotide 1167134 in the SA564 

mraY gene (RT87_05830) was amplified from SRB1243 using oKM102 and oKM103. 

The purified PCR fragment was digested with EcoRI and SalI and ligated to the same 

sites of pJB38, resulting in pKM22. Allelic exchange was performed as previously 

described (Bose, 2014). The presence of the mutant allele was confirmed by non-

radioactive Sanger sequencing.     

  

(iv) Overexpression of icaADBC. The SA564 icaADBC genes (RT87_13865 through 

RT87_13880) were amplified using oKM125 and oKM126. The 3446-bp PCR product 

was digested using SphI and BglII and ligated to pKM16 digested with SphI and BamHI, 

replacing sDsRed. The resulting plasmid, pKM28 places the ica operon under the control 

of the strong constitutive sarA P1 promoter.  
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Table III-3. Primers used in Chapter III a. 

 

  

Primer Sequence (5' to 3')b,c Purpose
oDS001 CGAAAGAACAATACGCAAAGAGG qRT-PCR of nuc
oDS002 TGCATTTGCTGAGCTACTTAGA qRT-PCR of nuc
oKM74 CCGCGCATGCTATTTTTGACTAAACCAAATGC Construction of pKM15
oKM75 AAGGAATTCTGCTCGATACATTTGCCCGATAA Construction of pKM15
oKM76 AAAGGATCCTGCTCGATACATTTGCCCGAT Construction of pKM16
oKM77 GGCGGTCGACTATTTTTGACTAAACCAAATGC Construction of pKM16
oKM102 GCCCGAATTCAATCATTAGAACCAGTTACTATTGG Construction of pKM22
oKM103 TTGGTCGACTTTACCATTTGTACCCGTTACAGC Construction of pKM22

oKM111 TCTCTCGTTTTAGATAATAAGCTCATTACATTTACCCTCCA
TCAATAAG

Construction of pKM25

oKM112 ATGAGCTTATTATCTAAAACGAGAGA Construction of pKM25
oKM113 TTTGGATCCTTATTTACTTTTTTCTAATTCATC Construction of pKM25
oKM120 AATTAAAGCGGCCGCTAATGACTTTCTAAATGGAAAATAC Construction of pKM25
oKM121 GGGGCATGCCTATTTTTGACTAAACAAAATGCTAACC Construction of pKM26

oKM122 CACATGTAATTCCTCCTTTTATAGATTATCTGGATCCTGCT
CGATACATTTGCCCGATA

Construction of pKM26

oKM123 GATAATCTATAAAAGGAGGAATTACATGTGAAGTATAGAAA
ATTTATAATTTTAG Construction of pKM26

oKM124 CCCGAATTCCTAATCTTTTTCATGGAATCCGTCCC Construction of pKM26
oKM125

GGCAGATCTAGATAATCTATAAAAGGAGGAATTACATTTG
CAATTTTTTAACTTTTTGCT Construction of pKM28

oKM126 GCCGCATGCTTAATAAGCATTAATGTTCAATTTATATGG Construction of pKM28
oNW039 ACCGGCAACTGGGTTTATT qRT-PCR of icaB
oNW040 TGCATATCGTGGGTATGTGTT qRT-PCR of icaB
oNW043 TGAACAAGAAGCCTGACATAAA qRT-PCR	of	icaA
oNW044 CGTATTTGAGTGCAAGAACATTAG qRT-PCR	of	icaA
oSRB239 GGATTGGCTTCACCTGAAAA qRT-PCR of rpoC
oSRB240 CTTTCACGACGTACTTTAGA qRT-PCR of rpoC
FRET substrate 5Cy3-CCCGGATCCACCCC-3BHQ_2 DNA for FRET Assay
a oKM primers were designed using SA564 as a reference genome (GenBank: CP010890.1).
b Underline denotes the presence of a restriction site for cloning.                                                      
c Italics denotes sequence homology for use in overlapping PCR.                                                  
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Table III-4.  Plasmids used in Chapter III. 

  

Plasmid Relevant Genotype Reference or sourcea

pKK30 Stably mainted shuttle vector for S. aureus  (ApR, TmR) Krute, 2016

pKM25 pKK30 with native promoter fused to CodY for 
complementation (ApR, TmR)

pMRSI sGFP-sDsRed double reporter shuttle vector  (ApR, CmR) Waters, 2016
pKM15

pMRSI with SarA-P1 promoter for constituative sGFP 
expression (ApR, CmR) 

pKM16 pMRSI with SarA-P1 promoter for constituative sDsRed 
expression  (ApR, CmR)

pJB38 Temperature sensitive plasmid for alleleic exchange (ApR, CmR) Bose, 2013
pKM22 pJB38 with MraY*L113M allele (ApR, CmR)
pCN51 Shuttle vector for use in Gram positives (ApR, ermR) Charpentier, 2004

pKM26 pCN51 with SarA-P1 promoter fused to  icaB with TIR ribosome 
binding site (ApR, ermR)

pKM28 pMRSI  with SarA-P1 promoter fused to the icaADBC locus 
(ApR, CmR)

a Unless otherwise noted all plasmids were engineered during this study.  
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Settling assay. Cells were cultured in TSB as described above. Where indicated, 

treatment (e.g., DNase I, Proteinase K, Dispersin B) was applied at the reported 

concentration after sub-culturing from overnight cultures and maintained through the 

duration of the experiment. After the second dilution to OD600 = 0.05, cells were grown 

for 3 h (OD600 ~2-4) at which time a 5-mL sample was obtained and the initial OD600 

(IOD) was measured in duplicate using 200 µL from the upper 5 mm of the sample. The 

sample was allowed to settle without disturbance for 45 min and then a second OD600 

measurement was obtained (FOD). Where indicated, sodium meta-periodate was added to 

the 5-mL sample. The background (medium only) was subtracted from each sample and 

the percent initial OD600 was calculated using the equation (FOD / IOD) x 100 to 

determine percent of the initial OD600. In experiments requiring the addition of 

exogenous DNA, cells were grown to an OD600 of (~1) in CDM after which a 1-ml 

sample was transferred to an 1.75 ml microcentrifuge tube containing gDNA. The percent 

settling was obtained by sampling 20 µL at the air-liquid interface at time 0 and 1 h in 

duplicate.   

 

Confocal microscopy. A 1-mL sample was obtained from exponentially growing 

cultures, pelleted by centrifugation for 3 min at 21,000 x g and re-suspended in an equal 

volume of Phosphate Buffered Saline (PBS, pH 7.5).  Cells were stained with Syto 9 and 

Propidium Iodide for 15 min at a final concentration of 3.5 µM and 20 µM, respectively. 

When using the sDsRed reporter fusion to label cells (pKM16), cells were counter stained 

with Syto 40 and TOTO-1 at a final concentration of 5 µM and 2 µM, respectively. Cells 

were allowed to adhere to a poly-l-lysine treated cover slip for 15 min after which non-
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adherent cells were removed using a brief PBS wash as previously described. Images 

were obtained using a Zeiss LSM 880 confocal laser-scanning microscope and processed 

using ImageJ (Schneider et al., 2012).   

 

Scanning electron microscopy. A 12 mm round cover slip was treated with 20 µL of 

poly-l-lysine and allowed to dry for 30 min. Next, a 1-mL sample was obtained from 

exponentially growing cells at an OD600 of 0.5, washed once with PBS (pH 5.0). 20 µL of 

the washed cells were applied to the treated cover slip and incubated at room temp for 30 

min. Non-adherent cells were removed from the coverslip by washing twice with PBS pH 

7.5. Samples were fixed overnight at 4oC in PBS (pH 5.0) containing 2% (v/v) 

glutaraldehyde. Subsequently, a secondary fixing step was performed using 1% (v/v) 

osmium tetroxide for 1 h. Samples were then dehydrated using three incremental ethanol 

washes (70% for 10 min followed by 95% for 10 min, and finally 100% ethanol for 

10min) and dried by immersion in hexamthyldisilazane (HMDS) overnight. Samples 

were then sputter coated with a gold:palladium alloy (60:40)  and mounted to a stub. 

Images were obtained on a Hitachi S-4700 Field Emission Scanning Electron Microscopy 

equipped with a transmitted electron detector and backscattered electron detector.  

 

RNA extraction and quantitative, real-time RT-PCR (qRT-PCR). RNA was 

extracted as previously described (Waters et al., 2016). Briefly, a 4-mL sample of 

exponentially growing cells (OD600 of ~0.5) was quenched by mixing with an equal 

volume of 1:1 [v/v] ethanol:acetone pre-chilled to -20oC and immediately frozen on dry 

ice or in liquid nitrogen. To process, thawed samples were washed twice with TE buffer 
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(10 mM Tris-Cl [pH 8], 1 mM EDTA) and mechanically disrupted in Trizol using a 

Precellys 24 homogenizer with three 30-sec pulses at 6800 RPM, with incubation on wet 

ice for 1 min between pulses. Nucleic acids were extracted using the Direct-Zol kit 

(Zymo Research Corporation) following the manufacturer’s instructions and genomic 

DNA was depleted in each sample using the Turbo DNA-free DNase removal kit 

(Ambion) according to the manufacturer instructions. Transcript abundance was 

determined using standard curves as previously described (Mlynek et al., 2018; Waters et 

al., 2016) and normalized to rpoC because the abundance was constant across all samples 

analyzed. 

 

FRET to quantify nuclease activity. Secreted nuclease activity was quantified as 

described previously using Fluorescent Resonance Energy Transfer (FRET) (kiedrowski, 

2011). Briefly, supernatants from exponentially growing cultures were sterilized using a 

0.22 µm spin filter (corning), diluted in buffer A (10 mM Tris, pH 8.0, 5 mM CaCl2) such 

that ~10% of substrate is cleaved during assay and mixed with 1 µM FRET substrate. 

Fluorescence (535 nm and 590 nm excitation/emission filters) was monitored using a 

computer-controlled Tecan Infinite F200 pro at 30oC. Nuclease activity was determined 

with a standard curve generated using purified micrococcal nuclease enzyme 

(Worthington Biochemicals). 

 

Quantification of eDNA released by pH shift. A 2-mL sample was obtained from cells 

cultured in TSB as described above at an OD600 of ~0.5, washed once with PBS (pH 7.5) 

then re-suspended in 1 mL of fresh PBS at either pH 5 or 7.5 and incubated for 15 min at 
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room temperature. Next, the cells were pelleted by centrifugation at 18,500 x g for 3 min 

and 500 µL of each supernatant was subjected to ethanol precipitation to obtain released 

eDNA. qPCR was used to determine the copy number of rpoC for each sample relative to 

a standard curve produced using SA564 genomic DNA and the primer set oSRB239 and 

oSRB240. The remaining sample containing cells was immediately re-suspended, stained 

with Syto 40 and TOTO-1, and analyzed by CSLM as described above. 

 

Illumina MiSeq genome resequencing. Genomic DNA was purified from overnight 

cultures of SA564 wild-type (SRB1211), isogenic codY mutant (SRB1218) and the 

spontaneous suppressor mutant (SRB1243) using a Wizard Genomic DNA purification 

kit (Promega) following the manufacturer’s instructions. Whole genome DNA libraries 

were constructed using the Nextera DNA XT Library Prep Kit (Illumina) following 

manufactures instructions and sequenced at the Tufts University Genomics Core Facility, 

with MiSeq V2 chemistry in paired-ended 150 bases format. Resulting reads were 

mapped to a previously published genome of SA564 (CP010890.01) and single 

nucleotide polymorphisms (SNPs) were identified using BreSeq pipeline. 

 

Statistical analysis. Data shown are the results of at least three independent experiments. 

Statistical significance was determined using ANOVA with Tukey’s (for parametric) or 

Dunnet (non-parametric) multiple comparison post test using PRISM 7 software 

(GraphPad Software), unless otherwise noted. Normality of each data set was assessed by 

a Shapiro-Wilk test.  
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Chapter IV: Conclusions and Future Directions 

 

This dissertation focuses on the role of the nutrient sensor CodY in regulating the Sae 

TCS as well as biofilm formation in the opportunist human pathogen S. aureus. Notably, 

both of these elements have been implicated as critical determinants of virulence. The 

Sae TCS directly regulates the expression of secreted virulence factors, including 

numerous toxins and immune evasion proteins. Biofilm affords the bacterial cells 

protection from the immune system and reduces the efficacy of antibiotics complicating 

medical intervention. The findings presented within this dissertation indicate that the 

nutritional status of the cell sensed through CodY can clearly impact virulence in S. 

aureus.         

 

In Chapter 2, I showed that CodY mutants produce secreted factors, which kill human 

neutrophils in a Sae-dependent manner. Using electrophoretic mobility shift assays 

(EMSA) I found that CodY protein directly binds the Sae P1 promoter at a region that 

overlaps with the SaeR binding site, suggesting that CodY prevents SaeR~P binding and 

thereby blocks activation of the Sae regulon. These findings reveal that CodY plays a role 

in the regulation of the Sae TCS and confirm the idea that the previously discovered 

increase in toxin expression (Majerczyk et al., 2008; Waters et al., 2016) was 

accomplished via control of the Sae TCS. CodY has a moderate affinity for the binding 

sites identified at the Sae P1 promoter, suggesting that nutrients must become fairly 

limiting before CodY permits the expression of the Sae regulon. These data are in 

agreement with the prevailing model of hierarchical expression of the CodY regulon, as 
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nutrient transport systems are first turned on under mild limitation followed by tissue 

damaging enzymes as the severity of limitation increases (Waters et al., 2016).       

 

Of the approximately 200 genes which comprise the CodY regulon, it is estimated that 

only about half of them are regulated directly, meaning that CodY likely controls other 

global regulators within the cell (Majerczyk et al., 2010; Waters et al., 2016). Previous 

work has demonstrated that CodY represses the Agr TCS, preventing premature 

expression of genes that respond to population density when nutrients are abundant 

(Roux et al., 2014). Quorum sensing is regarded as a strong environmental signal that 

enables a population of bacterial cells to coordinate gene expression. With this in mind, it 

should come as no surprise that many virulence genes in pathogenic bacteria are 

regulated by quorum systems with most virulence genes in S. aureus are regulated by the 

Agr TCS (Novick and Geisinger, 2008; Rutherford and Bassler, 2012). Here, I 

demonstrate that CodY utilizes a second two-component system in S. aureus (Sae TCS) 

to integrate nutrient availability into the expression of genes responsible for toxin 

production and immune evasion.  

 

While the Sae TCS is only found in S. aureus, CodY regulates two-component systems 

and toxin secretion in other low GC, Gram-positive bacteria.  For example, in Listeria 

monocytogenes, CodY activates an Agr-like TCS system in post-exponential phase 

(Bennett et al., 2007). More akin to the Sae system is the CovRS TCS in Streptococcus 

pyogenes, which is also CodY regulated (Gusa et al., 2007; Malke and Ferretti, 2007). 

The CovRS TCS (control of virulence) is a global virulence regulator that upon 
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inactivation switches the pathogenicity of Group A Streptococcus (GAS) towards 

invasive disease by increasing expression of the genes responsible for the inhibition of 

phagocytosis and toxins (Aziz et al., 2010; Bao et al., 2015; Trevino et al., 2009). 

Mutations in CovS are associated with hyper-virulence in murine models (Feng et al., 

2016). Along these lines, Bacillus anthracis CodY is required for full virulence as 

mutants display an appreciable loss of toxin gene expression; however, the exact 

mechanism is unknown and may be indirect (van Schaik et al., 2009). Taken together, 

these studies demonstrate a link between CodY and the regulation of virulence.   

 

A major remaining question at the conclusion of this work is how does CodY activate the 

Sae TCS to induce downstream targets, like nuc.  In chapter II, I show an increase in 

saeP expression, but expression alone doesn’t explain downstream target activation that 

typically relies on an external stimuli. It has previously been shown that the Sae P1 

promoter is not required for activation of the Sae regulon, but instead is thought to be 

required for rapidly turning off the system (Jeong et al., 2012; Mainiero et al., 2010). 

Additionally, overexpression of the Sae operon fails to activate downstream targets 

(Mainiero et al., 2010). This brings about the question: why do we see activation of 

SaeR~P targets in a CodY mutant? This question is currently under investigation in our 

laboratory. The working model in the lab is that the cell membrane composition is altered 

in a CodY mutant, and this stimulates SaeS kinase activity. Supporting this hypothesis, 

CodY mutants overexpress the ilv operon inflating the pool of BCAA within the cell, 

which presumably increases the metabolic flux from BCAA to branched chained fatty 

acids are produced that can then be inserted into the cell membrane, altering its fluidity. 
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Given the small linker region of SaeS that is thought to act as a tripwire, small changes in 

membrane fluidity may change the conformation of SaeS to stimulate kinase activity.  

This would lead to an increase of SaeR~P within the cell and, ultimately, activate the Sae 

regulon. In this model, CodY would have two roles in Sae regulation: the first is to de-

repress the P1 promoter to increase the expression of sae while the second is to alter the 

membrane environment to activate SaeS to activate the system. 

 

It has previously been reported that nuclease expression is stochastically expressed in 

biofilms (Moormeier et al., 2014; Moormeier et al., 2013). During this work, I performed 

flow cytometry on planktonically grown cells and discovered the entire Sae regulon was 

stochastically expressed in a small percentage of wild-type cells (See Figure II-10). Upon 

scrambling the CodY binding site, the population of cells expressing Sae targets greatly 

increased. However, even in the absence of codY, a fraction of cells within the population 

still fail to express Sae targets, suggesting the existence of additional regulation. So, why 

do some cells fail to express the Sae system? Further investigation is needed in this area, 

but we posit the answer lies in the auxiliary proteins SaeP and SaeQ since they are known 

to stimulate the phosphatase activity of SaeS (Jeong et al., 2012). Though SaeP and SaeQ 

lack homology to proteins with known function, the current model is that SaeQ receives a 

signal from SaeP and then interacts with SaeS, as SaeP alone cannot stimulate SaeS (Liu 

et al., 2016). With this in mind, it is possible that SaeP senses an unknown signal from 

the environment to stimulate the phosphatase activity of SaeS to keep a small population 

of cells from expressing Sae regulated targets. Given that secreted nuclease is required 

for the exodus stage in biofilm development, this secondary regulation would prevent the 
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entire population from dispersing from an environment. The remaining cells would then 

act as a reservoir population. Preliminary experiments to determine this signal will be 

discussed briefly in Appendix A.   

  

In Chapter III, I described a novel biofilm matrix produced by ∆codY mutants that 

depends on an interaction between PIA and eDNA. Given the intrinsic resistance to 

antibiotics that biofilm facilitates, emphasis has been placed on understanding the 

molecules that compose the biofilm matrix with the hope that novel treatments can 

degrade the biofilm to increase treatment efficacy (Chaignon et al., 2007; Kaplan, 2009). 

A precedent has been set by the use of DNase I, in an aerosolized form to treat cystic 

fibrosis patients; this treatment helps to clear biofilm out of the airway and lungs (Jones 

and Wallis, 2010; Robinson et al., 2005; Suri, 2005). With this in mind, I wanted to 

understand how nutrient limitation induces biofilm formation in order to reveal potential 

new pathways to target for inhibition and to identify the matrix composition to potentially 

improve the efficacy of S. aureus treatment.     

 

My work on CodY-mediated biofilm began because the “stickiness” of these cells was a 

nuisance. However, the “stickiness” turned out to be highly tractable and provided a solid 

phenotype to follow when conducting experiments. The current state of the field in S. 

aureus biofilm formation and development is that two independent types of biofilm can 

develop; a polysaccharide based biofilm or an eDNA/protein matrix (Flemming and 

Wingender, 2010; O'Gara, 2007). Typically, polysaccharide-based biofilms dependent on 

PIA is associated with methicillin-sensitivity whereas eDNA/protein-based biofilms are 
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associated with methicillin-resistant isolates (McCarthy et al., 2015). Based on these 

observations, I screened a diverse panel of isolates consisting of MSSA and MRSA as 

well as various clonal complexes and found that CodY mutants of most isolates form 

dense cell aggregates and produce biofilm during planktonic aerobic growth. This 

suggested that S. aureus might utilize CodY to develop a different biofilm matrix than 

had previously described. The use of DNase I to enzymatically degrade the matrix along 

with dsDNA binding dyes revealed that codY mutants developed a biofilm that is 

dependent on eDNA. Whole genome sequencing of a spontaneous suppressor mutant 

revealed icaB was required for cell aggregation, suggesting that PIA is also required for 

cell aggregation in a codY mutant. The requirement for both eDNA and PIA indicated 

that I had identified a new matrix composition produced by CodY mutants. 

  

Secreted polysaccharides are found as a major component of the biofilm matrix in many 

bacteria genera. The molecular structure of these polysaccharides vary drastically in both 

the structure and chemical properties, but similarly function to facilitate adhesion to a 

multitude of surfaces while often forming the scaffolding from which a biofilm matrix 

can develop (Limoli et al., 2015). While some species produce multiple secreted 

polysaccharides involved in biofilm formation, Staphylococcal species produce only PIA, 

whose biosynthetic enzymes are encoded by the icaADBC locus. Orthologs of the genes 

in this locus have been discovered in both Gram-positive and Gram-negative bacteria 

(Bobrov et al., 2008; Choi et al., 2009; Wang et al., 2004). In this dissertation, I provide 

new evidence that PIA interacts with eDNA from the environment to form a biofilm in S. 

aureus.  
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The ability to form an eDNA/PIA based biofilm possibly allows the bacteria to capitalize 

on the released eDNA from other bacteria lysed during competition for resources or 

space or from host cells. It has been shown in Escherichia coli that disruption of the PGA 

polysaccharides, leads to collapse of polymicrobial biofilms (Itoh et al., 2005). The 

enzyme dispersin B is a glycoside hydrolase that specifically cleaves β-1,6 glycosidic 

linkages found in both PIA and PGA. Intriguingly, this enzyme was discovered to be 

produced by the oral bacterium Actinobacillus actinomycetemcomitans and has been 

shown to both inhibit and disrupt the biofilm formed by multiple species of bacteria 

(Kaplan et al., 2004; Ramasubbu et al., 2005). It remains unclear if other secreted 

polysaccharides used in biofilm formation interact with DNA in a similar fashion as 

described in this dissertation. At least one other biofilm depends on this interaction. The 

Psl exopolysaccharide produced by P. aeruginosa, interacts with eDNA to form a 

scaffold from which a biofilm can develop (Wang et al., 2015). Wang and colleagues 

hypothesize that Psl may act to protect eDNA from degradation and even contribute to 

the polymerization of shorter fragments. It is important to note that in nearly all biofilm 

studies with S. aureus, the cells were grown in complex media such as tryptic soy broth, 

which contains exogenous DNA, so it is plausible that the interaction between PIA and 

eDNA has been overlooked. In our study, the overproduction of PIA alone failed to result 

in biofilm formation indicating that some eDNA is required for biofilm formation. Future 

studies are needed to re-examine the current model of PIA-dependent biofilm formation 

in S. aureus as well as other species.     
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A major question that still remains is exactly how does eDNA/PIA adhere to the cell 

surface. Our data implicate lipoproteins as a contributing factor, as cell aggregates are 

easily disrupted by mechanical stress. Knowing that lipoproteins contribute to cell 

aggregation, future experiments should focus on the newly identified eDNA binding 

proteins, (Kavanaugh et al., 2019) as these potentially strongly associate with the 

eDNA/PIA complex. Of particular interest is the SaeP lipoprotein belonging to the Sae 

TCS. Given the role of the Sae TCS in controlling nuclease, which is responsible for 

exodus during biofilm development, it should be immediately clear that using SaeP to 

bind eDNA in cell aggregates provides a tidy relay system for controlling Sae activity.  

Preliminary data on this hypothesis are located in Appendix A.   

 

A second avenue of future research into the eDNA/PIA cell aggregates will be to 

investigate horizontal gene transfer. Indeed, biofilms are a rich environment for the 

exchange of genetic material (Madsen et al., 2012). There are extremely limited data on 

natural competence in S. aureus, despite this pathogen’s reputation for acquiring 

resistance to new antibiotics. The genome appears to have all the genes necessary for 

natural competence, but only one study has shown that gene transfer can occur 

(Morikawa et al., 2012). A few lines of evidence support a role for CodY in regulating 

natural competence: i) the cell aggregation described in this dissertation puts exogenous 

DNA in very close association with the cell surface; ii) CodY is known to control natural 

competence in B. subtilis (Serror and Sonenshein, 1996); and iii) ComK, the master 

regulator of competence and other competence homologs are overexpressed in a codY 

null mutant (Waters et al., 2016). Experiments to test this hypothesis are currently 
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underway. If a tie between CodY and natural competence exists in S. aureus, these 

findings could describe the necessary conditions under which antibiotic resistance is 

obtained by this pathogen.   

     

4.1 Concluding remarks 

S. aureus is unquestionably a very dangerous opportunist human pathogen whose genome 

features an arsenal of virulence factors. The success of this pathogen comes, in part, from 

exceptional coordination these factors at the proper moment to ensure survival of the cell. 

My dissertation reveals the mechanism by which the global transcriptional regulator 

CodY integrates nutrient availability into the expression of exoprotein secretion as well 

as regulates formation of a novel biofilm matrix. In S. aureus, both the exoprotein 

production and biofilm formation are regarded as important virulence factors and great 

efforts have been made to understand how each of these processes contribute to 

pathogenesis. To summarize, this dissertation (i) resolved how CodY promotes toxin 

secretion by discovering direct regulation of the Sae TCS, and (ii) identified a previously 

undiscovered biofilm matrix requiring of both eDNA/PIA. These findings provide new 

insight into how nutrient stress effects gene regulation in bacterial pathogens. 
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Appendix A: Preliminary Experiments Suggest the Sae TCS Can Respond to 

Nucleotides Present in the Surrounding Environment. 

 

A.1  Introduction 

The Sae TCS activates the expression of many secreted exoproteins in S. aureus. A key 

feature of the Sae TCS is the presence of two auxiliary proteins, SaeP and SaeQ, 

controlled by an upstream inducible promoter, Sae P1. When the Sae TCS is activated, 

phosphorylated SaeR (SaeR~P) binds at the P1 promoter to begin transcribing the entire 

saePQRS operon. Studies have shown that SaeP and SaeQ are dispensable and not 

required for activation of downstream SaeR targets (Jeong et al., 2011; Mainiero et al., 

2010). SaeP is a membrane-associated lipoprotein exposed to the environment while 

SaeQ is a transmembrane protein with several helices (Steinhuber et al., 2003). The 

prevailing model for these proteins function suggest they are responsible for shutting off 

the Sae TCS as SaeP/Q stimulates the phosphatase activity of SaeS resulting in reduced 

levels of SaeR~P (Jeong et al., 2012; Liu et al., 2016). Since SaeP cannot directly interact 

with SaeS in the cytoplasm, it is believed that the signal(s) that cause SaeP to stimulate 

the phosphatase activity of SaeS is relayed by SaeQ to form a SaePQS complex (Jeong et 

al., 2012). However, the signals modulating SaeP activity remain unknown. Given that 

SaeP has recently been shown to bind eDNA, we hypothesize that a potential signal 

sensed by SaeP is breakdown products of eDNA.  
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A.2 Preliminary Data 

During a systemic infection in a mouse model, S. aureus preferentially occupies renal 

tissue in the days following inoculation. The formations of abscess follow defined disease 

progression where upon entry to the peripheral renal tissue polymorphonuclear 

leukocytes (i.e. neutrophils) begin to surround the bacterial cells.  As disease progresses, 

contained S. aureus cells are forced to form a micro-colony while neutrophils form 

multiple concentric layers around the abscess eventually leading to the formation of a 

pseudocapsule of fibrin containing both host immune cells and the micro-colony of 

bacteria cells (Cheng et al., 2011). We observed the same progression of abscess 

formation, with the exception of a large stained ring separating the micro-colony of S. 

aureus cells from host cells, suggesting the presence of eDNA. While examining the 

regulation of genes within the CodY regulon in infected tissue, we noticed that a nuc-

GFP promoter fusion followed a highly predictable pattern based on the developmental 

stage of the abscess. We defined immature abscesses in our model as lacking a definable 

Dapi stained ring (Figure A-1A). In these abscess nuc-GFP signal intensity was variable, 

but homogenously expressed throughout the entire abscess (Figure A-1B). However, as 

an abscess matured, a Dapi stained ring became visible around the bacterial cells and 

nuc-GFP expression was decreased around the periphery of the micro-colony nearest the 

Dapi ring compared to the center (Figure A-1C, D). Given the known role of SaeR~P in 

activating nuc expression, we hypothesized that SaePQ may be stimulated at the 

periphery of the abscess resulting in SaeS increase phosphatase activity causing a decease 

in nuc expression. To test this hypothesis in vivo, we looked at a saeP-GFP in infected 

renal tissue. Homogenous expression was observed in immature abscess while in mature 
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abscess the inverse pattern was observed; saeP-GFP signal was most intense at the 

periphery of the abscess, consistent with P1 promoter activation and an increase in SaeP 

levels (Figure A-1E, F). This suggested to us that as abscess development progressed, 

secreted nuclease might cleave eDNA from the Dapi ring that can be sensed by the Sae 

TCS, likely through SaeP.   

 

From the experiments presented in Chapter III of this dissertation, we reasoned that the 

effect of secreted nuclease on Sae activity could be measured in TSB using a nuc null 

mutant and the medium as an eDNA source. For instance, if an eDNA breakdown 

product is sensed by SaeP, then in the absence of secreted nuclease this product would 

not be produced. To perform this experiment, wild-type, codY and a nuc codY mutants 

were grown to an OD600 of ~1.0 in TSB and culture medium was harvested and sterilized 

by filtration. The “conditioned” medium was then used in a subsequent experiment to 

measure saeP-GFP promoter activity during exponential phase. This experiment revealed 

that condition medium resulted in approximately 2-fold induction of the Sae P1 promoter 

compared to fresh medium (Figure A-2). Further, this induction was lost in conditioned 

medium from nuc codY mutants, suggesting that nuclease likely cleaves eDNA that can 

be sensed by the Sae TCS. Given that TSB is a rich, complex medium, current 

experiments are focused on using a chemically defined medium to investigate DNA 

cleavage products (i.e. deoxyadenosine) and saeP induction. These experiments aim to 

determine environmental signals that interact with SaeP to modulate the activity of the 

Sae TCS, providing a glimpse into gene regulation in the abscess environment.   
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Figure A-1. Secreted nuclease expression is spatially regulated in mature renal 

abscesses. C57BL/6 mice were challenged with 1 x 107 CFU of S. aureus cells via the 

tail-vein. Animals were euthanized three days post infection. Kidneys were harvested, 

fixed, sectioned for fluorescence microscopy. (A-D) The kidney section image shows 

three representative lesions in close proximity with variable levels of nuc-sGFP in an (A-

B) immature abscess and (C-D) a mature abscess. Nucleic acid from bacterial and host 

cells is indicated by the DAPI staining. Similar results were seen in other sections. The 

images were acquired at 40x objective and scale bar indicates 25 µm.  
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Figure A-2. Conditioned culture medium increases SaeP promoter activity in a 

nuclease dependent manner. S. aureus (USA300 LAC) wild-type (black bars) and codY 

mutant cells (grey bars) containing the saeP-GFP reporter plasmid were grown in fresh 

(black) or previously conditioned media indicated on x axis (red). During exponential 

growth a 2 mL sample was pelleted, washed and resuspended in PBS and GFP 

fluorescence was measured and normalized to cell growth. Data are presented as mean ± 

SEM from two independent experiments.   
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