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SUMMARY 
  

 Cell-to-cell communication events in bacteria coordinate collective behaviors in a process 

known as quorum sensing (QS). QS systems are based on the basic mechanism of production, 

accumulation, and detection of chemical signals called autoinducing peptides or pheromones. 

Recently, a novel QS pathway in the human pathogen Streptococcus pyogenes has been 

characterized, the Rgg2/3 pathway. Rgg2 and Rgg3 are two antagonistic transcription factors that 

regulate expression of target genes in response to SHP pheromone peptides. While the molecular 

events involved in the signaling through the Rgg2/3 pathway are well understood, the behaviors 

regulated and their effect over the physiology of S. pyogenes are unknown. In this work we show 

how the activation QS signaling by SHP (Small Hydrophobic Peptide) pheromones triggers the 

processes of cellular aggregation and biofilm formation in the NZ131 isolate of S. pyogenes. The 

increase in biofilm is dependent on the activation of target gene expression by Rgg2, and can be 

triggered by the different SHP pheromone variants produced by S. pyogenes. Additionally, the 

increase in biofilm levels be prevented by the use of specific QS inhibitor molecules cyclosporin 

A and valspodar, which directly compete for binding of Rgg2/3 with the SHP pheromones. In 

order to understand the molecular mechanisms at work, we generated deletions in several target 

genes of Rgg2/3 and followed biofilm formation. Results showed that a small secreted protein, 

0414c, was required and sufficient to trigger biofilm increase. Additionally, lysozyme resistance, 

a novel phenotype related with Rgg2/3 activation, was also dependent on 0414c. Bioinformatic 

analysis has led us to hypothesize that the 0414c protein works as a cysteine protease inhibitor. 

In order to unveil putative targets of 0414c inhibition, we generated deletions in several cysteine 

proteases encoded in the NZ131 genome. Deletion of the isp2 gene partially recapitulated the 

phenotypes seen by 0414c expression, suggesting the Isp2 protein is a putative target of 0414c. 

Isp2 encodes a CHAP cysteine peptidase, predicted to be involved in cell wall modification 

processes. Additionally, the secreted 0186c protease was required to trigger the full biofilm 

response seen after 0414c expression. These results point towards a role for 0414c in modulating 

the activity of cysteine proteases that can tailor the components of the cellular envelope of S. 

pyogenes. 
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SUMMARY (continued) 
 

Finally, we also uncovered the genes required for the transduction of environmental cues 

involved in triggering Rgg2/3 signaling. Previously, we have shown that SHP pheromone 

expression is induced in the presence of the monosaccharide mannose. In this work we show a 

precise sugar importer complex, PtsABCD, is dispensable for growth but essential for activation 

of Rgg2/3 QS communication in response to mannose.    
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I. INTRODUCTION 

(Reprinted in part, with permission, from Jimenez JC and Federle MJ (2014) Quorum sensing in 

group A Streptococcus. Front. Cell. Infect. Microbiol. 4:127. doi: 10.3389/fcimb.2014.00127a) 

 

1.1 Quorum sensing 

 For a long time, bacteria were thought of as organisms carrying out self-sufficient and 

independent unicellular lifestyles. During the last forty years, several studies have demonstrated 

how, in fact, bacteria interact and establish complex social behaviors with their siblings and with 

other bacteria in their community to develop beneficial actions for the population, by means of 

conserved chemical languages. Quorum Sensing (QS) is the communication process in which 

bacteria produce, secrete and detect chemical signals with the purpose of triggering specific 

phenotypes. QS regulates genes involved in population-wide responses and behaviors that are 

beneficial when performed as a synchronous group rather than at the individual level and which 

include bioluminiscence, sporulation, competence, antibiotic production, biofilm formation and 

secretion of virulence factors [1]–[3].  

 While all QS systems are based on the basic mechanism of production, accumulation, and 

detection of a chemical signal, the nature of these signals differ between different bacterial 

groups. Three general types of QS signals have been described: acylated homoserine lactones 

(AHL), utilized by Gram-negative bacteria; peptide signals, used by Gram-positive bacteria; and 

the cyclic furanone compounds of the autoinducer-2 (AI-2) family, used by both Gram-negative 

and Gram-positive bacteria. Although AI-2 has been shown to be produced by several bacteria, 

the involvement of this molecule in precise QS signaling pathways has only been demonstrated 

in a subgroup of species, and within the Gram-positives only the Bacillaceae family has 

characterized AI-2 receptor proteins. In the other Gram-positive species, the cellular machinery 

required for sensing and transducing the AI-2 signal, or even the precise effects of AI-2 over 

gene regulation are unknown [4], [5]. For this reason, peptide based signaling is the major 

mechanism characterized to date by which Gram-positive bacteria establish QS communication 

events.   

                                                
a Copyright © 2014 Jimenez and Federle. This is an open-access article distributed under the terms of the Creative Commons 

Attribution License (CC BY). 
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1.2 Peptide-mediated quorum sensing in Gram-positive bacteria 

 QS signaling in Gram-positive bacteria (Figure 1) operates mainly through the activity of 

post-translationally modified oligopeptides, named autoinducing peptides or pheromones, which 

can range from 5 to 34 amino acids in length and can adopt either linear or cyclical 

conformations [6]–[12]. These pheromones are initially synthesized as inactive pro-peptides by 

the ribosome, and then exported from the cell by either the general secretion pathway (Sec) or by 

dedicated ABC transporters. During the export process, pro-peptides undergo proteolytic 

processing (and in some cases additional covalent modification) to generate the active 

pheromone, and a variety of enzymes are involved in these maturation processes [8], [11], [13]–

[17]. When the pheromones surpass threshold concentrations in the extracellular medium they 

are efficiently detected by transmembrane receptors of the two-component system (TCS) signal 

transduction family, leading to differential phosphorylation of a response regulator and 

consequent change in target gene expression. Alternatively, pheromones can be imported into the 

cytoplasm via peptide transporter complexes, most commonly the Opp/Ami oligopeptide 

permease, a promiscuous peptide transporter involved in the import of nutritional peptides, 

peptidoglycan recycling components as well as pheromone peptides for QS systems. Once inside 

the cell, peptide pheromones bind and directly modulate the activity of transcriptional regulators. 

As a result, target genes change their expression pattern and genes encoding for the pheromone 

pre-peptides are upregulated, increasing the production of mature pheromone and generating a 

positive-feedback loop (or auto induction process), that helps strengthen the QS signaling at the 

individual level and increases pheromone levels in the environment to activate signaling at the 

population level.    
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FIGURE 1. Mechanisms of quorum sensing in Gram-positive bacteria. After being translated 

by the ribosome, pre-peptides are processed, and exported from the cell to generate an active 

signaling pheromone. Pheromones accumulate in the extracellular medium where they are detected 

by the producer cell and neighboring bacteria. Pheromone detection can either occur through two-

component systems in the bacterial membrane or by direct binding by transcription factors after 

peptide import. After pheromone detection, the activated response regulator or the pheromone-bound 

transcription factor induce changes in target gene expression, and genes encoding for pheromone pre-

peptides are up-regulated, increasing pheromone production and generating an auto induction 

process. 

 

1.3 Streptococcus pyogenes 

 Also known as Group A Streptococcus (GAS), S. pyogenes is a human-restricted, Gram-

positive bacterial pathogen of the Firmicutes phylum. It resides primarily in the oropharynx and 

the skin of its human host and generates a variety of illnesses that range from uncomplicated 

superficial infections, like pharyngitis and impetigo, to severe and life threatening invasive 

infections, like necrotizing fasciitis and toxic shock syndrome [18]. Immune mediated post 

infection sequelae can also develop in the host, generating pathologies like rheumatic heart 

disease and glomerulonephritis [19], [20]. Millions of cases of new S. pyogenes infections are 

estimated to occur per year, posing a large health and economic burden [21]. Isolation of S. 

pyogenes from an individual does not necessarily correlate with a disease state, as this bacterium 

can be isolated from several body sites in asymptomatic individuals, and has been reported to be 
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carried asymptomatically in approximately 20% of school-aged children. S. pyogenes is an 

organism that develops its complete life cycle inside the human host, passing from non-virulent 

asymptomatic colonization to symptomatic infection, to transmission and dissemination [22]. 

Because of this, it is of great interest to understand the ways by which S. pyogenes populations 

regulate their collective behaviors, and how these behaviors may be associated with adaptation to 

the host environment or with the switch between pathogenic and non-pathogenic states.  

 A common mechanism by which bacteria change their transcriptional programs is the use 

of alternative sigma factors of the RNA polymerase, which allow them to redirect transcription 

initiation to promoters of interest based on the environmental conditions faced by the bacterium  

[23]. S. pyogenes has only one alternative sigma factor, which has a limited role in triggering a 

cryptic natural competence pathway [24]. Thus, the transcriptome changes in S. pyogenes rely on 

the activity of several transcriptional regulatory proteins [25]. We now know that some of these 

transcriptional factors form part of novel quorum sensing pathways.   

 

1.4 Quorum sensing in Streptococcus pyogenes 

 Some of the earliest reports describing cell-to-cell communication in bacteria arose from 

studies of genetic exchange in Streptococcus pneumoniae, where it was shown that a “hormone-

like cell product” secreted by the bacteria into the culture medium activated their ability to 

import extracellular DNA and undergo genetic transformation in a process termed competence 

[26]. Several years later, the signaling molecule was shown to be a secreted peptide that formed 

part of a quorum-sensing circuit [6]. Since then, several pheromones and their associated QS 

systems have been discovered and characterized in species of the Streptococcus genus [27]. The 

existence of conserved QS systems in S. pyogenes was unknown until recently.  

 The S. pyogenes pan-genome encodes several varieties of QS circuits, harboring the 

potential to produce an assortment of dedicated signaling molecules that affect expression of 

several target genes. While there is increasing information regarding the mechanics of these QS 

networks, our current understanding of these systems is still in its infancy, and despite data 

regarding regulated genes and observed QS-dependent phenotypes, we do not fully comprehend 

yet when and where these communication systems are triggered in vivo, and how S. pyogenes 

benefits from these processes of population-wide coordination of gene expression. 
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1.4.1 Sil signaling system 

 The Sil system was the first QS network characterized in S. pyogenes. The sil locus was 

discovered in a tagged-transposon mutagenesis screen designed to identify bacterial mutants that 

lost the ability to spread systemically on a highly invasive isolate [28]. One of the isolated 

mutants lost its ability to reach the spleen and had an insertion in a novel locus that was termed 

streptococcal invasion locus (sil), which harbored the machinery to produce, secrete and sense a 

short oligopeptide. The sil QS locus (Figure 2A) is composed of silAB, a putative TCS, silDE, a 

putative ABC transporter and silCR, the pheromone pro-peptide gene. An additional small ORF 

encoded in the complementary DNA strand and overlapping with silCR is silC, which encodes a 

39 amino acid peptide disrupted by the original transposon hit during the mutant screen [28]. 

SilA was shown to be necessary together with SilB, the putative sensor histidine kinase, to 

trigger expression of genes in response to SilCR [29]. Most of the genes that possess putative 

SilA binding sites are present in a putative genomic island of 15 - 17 Kbps in size (Figure 2B). 

These genes increase their expression rapidly after SilCR pheromone addition, and several 

correspond to predicted bacteriocins and/or bacteriocin maturation components, while the rest of 

them correspond to transposons or insertion sequences [28]–[30]. The presence of sil genes in S. 

pyogenes genomes is not widespread, with only four of the 19 sequenced S. pyogenes genomes 

containing this system (MGAS8232, MGAS10750, Alab49 and HSC5) [31], [32]. 

Epidemiological studies have shown that the prevalence of Sil ranges from 12% in non-invasive 

isolates to 16%-25% in invasive isolates, and that the locus is restricted to a few emm-serotypes 

with M4 being the most common sil-harboring isolate [31], [33], [34]. The sequenced strains that 

do not possess Sil have instead remnants of the genomic island, suggesting that DNA 

recombination may have been responsible of loss of sil genes (Figure 2B) [29]. 

 Although the sil genes have been shown to be expressed in vivo using infection models, 

and while Sil signaling has been involved with modulating the degradation of chemokines from 

the host by bacterial peptidases, the precise mechanism by which this QS system effects 

virulence remains ununderstood [30], [35]–[37].    
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FIGURE 2. Sil signaling system. A. Model of signaling. SilCR pre-peptide is produced, secreted 

and processed. Mature SilCR is detected by SilB, activating the response regulator SilA which 

activates expression from select promoters, including the promoter for the expression of silED-

CR genes. Expression of the sil locus is also activated in an unknown manner by a second two-

component system, TrxSR. Asparagine sensing by TrxS alleviates repression of target genes by TrxR, 

generating an increase in expression of SilCR dependent promoters. B. sil genomic island. 

The sil locus plus neighboring genes are located in a putative genomic island in the strain JS95. 

Chromosomal location is compared with the SF370 strain that does not possess the sil locus. 

 

 

1.4.2 Lantibiotic regulatory systems 

 During the process of colonization and establishment of their niche, bacteria face constant 

competition for nutrients from other individuals. For this reason, several bacteria have devised 

systems to give them a competitive advantage against other bacterial organisms. One such way is 

the production of bacteriocins, ribosomally synthesized antimicrobial peptides (AMP) that can 

target bacteria in the same species or across genera, with producing bacteria expressing specific 

immunity proteins to protect themselves from their cognate peptide. These antimicrobial 

molecules can act through a variety of mechanisms including membrane pore formation, cell 

wall synthesis inhibition, and target enzyme inhibition [38], [39]. Class I bacteriocins, termed 

lantibiotics, are post-translationally modified peptides that are produced by Gram-positive 

bacteria, including Bacillus, Staphylococcus, Lactococcus and Streptococcus species [40]. These 

molecules are synthesized as inactive pro-peptides and then modified through amino acid 

dehydration and/or thioether bridge formation to generate unusual amino acid residues, and are 

cleaved during the secretion process to generate a mature active lantibiotic [40], [41]. The 

lantibiotic acts not only as an AMP to neighboring bacteria, but also has QS pheromone 
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properties, as lantibiotic-producing bacteria can detect their own bacteriocin through a TCS. For 

these reasons, lantibiotic production in several bacteria exhibits a cell-density dependent pattern 

and is regulated by quorum-sensing like circuits [41]. The machinery required for lantibiotic 

production is usually encoded in gene clusters of conserved architecture formed by two or more 

operons in which genes are grouped by their function. A model of a prototypical lantibiotic 

producing system and its mechanism is shown in Figure 3A: The inactive product of the pre-

peptide gene is post-translationally modified, cleaved and exported to give rise to the active 

lantibiotic, which can exert is antimicrobial activity towards sensitive individuals. The mature 

lantibiotic is also sensed by the TCS, which signals to generate an autoinduction process and 

increase the production of lantibiotic as well as activates the production of lantibiotic in its 

siblings. In some cases lantibiotic biosynthetic operons are shared amongst different species, 

meaning that a bacteriocin can act both as an inter- and intraspecies signaling molecule. To 

remain resistant to the activity of their lantibiotic, bacteria can express membrane bound 

immunity peptides that bind the bacteriocin and/or ABC transporters that prevent the 

accumulation of lantibiotics on the bacterial surface [42]. 

  Certain S. pyogenes isolates have been reported to produce different lantibiotic molecules 

that can inhibit growth in other streptococcal species, or in sensitive S. pyogenes isolates, 

including Salivaracin, Streptin and Streptococcin [43]–[49]. The ability to produce mature 

bacteriocins is not widespread amongst all S. pyogenes isolates, and in most cases conserved 

mutations have occurred in biosynthetic loci (Figure 3B). Nonetheless, strains that cannot 

produce active lantibiotic still do express the immunity genes during the host infection process 

[50]. This has led authors to hypothesize that some of these circuits may have lost their 

lantibiotic and QS ability and instead have adapted them to perform other functions inside the 

host [51], [52]. 
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FIGURE 3. Lantibiotic regulatory systems. A. Model of production and sensing. Lantibiotic pre-

peptide is synthesized, exported, cleaved, and modified through thiosulfur bridge formation and 

amino acid dehydration. The mature lantibiotic can exert its antibacterial effect on sensitive bacteria 

either by targeting the cytoplasmic membrane or inhibiting activity of target enzymes. Lantibiotic-

producing bacteria express membrane immunity proteins to bind their cognate lantibiotic, or to re-

export via an ABC transporter. Two-component systems sense the lantibiotic and trigger activation of 

the lantibiotic gene cluster in producing and neighboring bacteria. B. Lantibiotic gene clusters 

present in Streptococcus pyogenes. Complete or partial components of lantibiotic genes in sequenced 

strains of GAS compared with reference strains (in bold) for sal cluster (S. salivarius 20P3, 

accession AY005472), and srt cluster (S. pyogenes BL-T, accession AB030831). 

 

1.4.3 Rgg transcriptional regulators 

 In Gram-positive bacteria, two families of conserved transcription factors have been 

reported to interact with imported peptide pheromones: RNPP and Rgg. The RNPP family, 

named for its prototypical members Rap, NprR, PlcR and PrgX, is characterized by the presence 

of tetratricopeptide repeat domains (TPRs) in their C-terminal domains, defined by motifs that 

are involved in protein-protein interactions and are involved in peptidic pheromone binding. 

Some members of the RNPP family also possess Helix-Turn-Helix (HTH) motifs for DNA 

binding and direct regulation of gene expression. RNPP Representatives are found in Bacillus 

and Enterococcus species and have been shown to regulate processes of sporulation, conjugation, 

biofilm formation and pathogenic responses [53].  

 The second conserved group of peptide-binding transcription factors is the Rgg family. 

Members of this family possess characteristic HTH motifs in their N-terminal domains and a C-

terminal region rich in alpha-helical structures [54]. The Rgg family members are widespread in 

the low-G+C Gram-positive bacteria and only absent in the Clostridiaceae. Rgg proteins have 
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been shown to behave like activators or repressors of DNA expression, while some can exhibit 

simultaneously both regulatory functions [55]–[57]. The first Rgg family member was identified 

in the oral bacterium Streptococcus gordonii, in which extracellular glucosyltransferase activity 

required for tooth surface colonization was shown to be promoted by the activity of the Rgg 

protein (regulator gene of glucosyltransferase) [58]. Since then, several other Rgg members have 

been characterized in streptococcal species including S. oralis [59] , S. thermophilus [60]–[62], 

S. salivarius [61], S. pneumoniae [63], S. mutans [64], S. agalactiae [55], and S. suis [65]. Some 

species may even harbor multiple rgg-like genes in their genomes, like the case of Streptococcus 

thermophilus, predicted to encode in its genome seven different Rgg paralogs [66]. After the 

discovery that the deletion of a small pre-peptide gene inhibited the regulatory activity of an Rgg 

protein in S. thermophilus, it was recognized that activity of Rgg regulators was modulated by 

short peptides, constituting putative QS circuits [62]. Commonly, Rgg genes are located next to a 

short open reading frame that encodes the pro-peptide of their cognate pheromone, short genes 

which are usually overlooked in genome annotation processes but have been predicted by in 

silico analysis [66]. Rgg pheromones have been classified in two groups to date, short 

hydrophobic peptides (SHPs) and peptides involved in competence pathways, termed XIPs  [54], 

[67]. Since some of the Rgg/pre-peptide loci show high conservation among different 

streptococci, it has also been shown that interspecies cross-talk can occur via SHP-pheromones 

[68], [69]. In S. pyogenes, four Rgg paralogs can be identified based on sequence homology: 

RopB (Rgg), Rgg2, Rgg3 and ComR (Rgg4). 
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FIGURE 4. Rgg regulators of Streptococcus pyogenes. A. RopB directly activates the expression of speB and 

its associated downstream genes, while directly repressing the prophage encoded spd3 DNase. RopB also 

affects, by direct and indirect manners, the expression of a varying group of genes in different isolates. Other 

factors can modulate RopB activity, like LacD.1, the N-terminal peptide of the Vfr protein and unknown factors 

imported by the Opp and Dpp permeases. B. The Rgg2/3 system. Left panel: in the absence of SHPs, Rgg3 is 

bound to the promoter region of the pheromone genes, inhibiting their expression. Addition of exogenous SHP 

pheromones that bind Rgg3, cause its release from DNA, while allowing Rgg2 to bind the same promoter region 

and promote expression of pheromone genes. Right panel: activation of the Rgg2/3 system triggers expression 

of shp2, shp3 and their downstream genes. Translated SHP2 and SHP3 pro-peptides are secreted through an 

unknown exporter and processed by the activity of Eep and additional extracellular enzymes. The active 

SHP2C8 and SHP3C8 pheromones are imported via Opp to complete the autoinduction loop. C. Regulation of 

competence genes by ComR. ComS pro-peptide is produced, secreted and processed to generate the XIP peptide. 

After being imported through Opp, XIP can bind ComR, which binds to the promoters of comS and sigX to 

activate their expression. The alternative sigma factor σX together with RNA polymerase bind to Com box sites 

in target genes and activate the expression of competence related genes. Promoters with open arrows are Rgg-

independent. Promoters with filled arrows are activated by Rgg-proteins. Promoters with X symbol are repressed 

by Rgg-proteins. 
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1.4.3.1 RopB (Rgg1) 

 The most studied Rgg member of S. pyogenes is the RopB protein. One of the important 

'stand-alone' regulators, transcription factors whose cognate sensor partners are unknown [25], 

RopB, a predicted dimeric protein, has been shown to both positively and negatively modulate 

the expression of several genes (Figure 4A) [70]–[77]. RopB was initially discovered in a mutant 

screen for regulators of the potent cysteine protease SpeB which targets a wide range of proteins 

from the host, including components of the extracellular matrix and modulators of the immune 

response [78]. RopB is essential for speB transcription, and regulates its expression by directly 

binding the distal P1 promoter in the intergenic region between the ropB and speB genes. As with 

other genes regulated by activation factors, the speB P1 promoter lacks a canonical -35 promoter 

sequence, which may result in poor binding by RNA polymerase and low expression in the 

absence of the transcriptional activator. Located upstream of the -35 region of P1 are a two 

inverted repeat sequences, common recruitment motifs for dimeric DNA-binding proteins, which 

RopB may interact with in order to bind and recruit polymerase and activate speB expression, 

consistent with the activity of a type II activator [79], [80]. How RopB represses the expression 

of target genes is less understood, but it has been shown to be able to bind two different 

promoters in the upstream region of the repressed, prophage encoded spd-3 gene, which possess 

-35 sequences closer to the consensus, suggesting that in this case RopB binding blocks the 

promoter region, inhibiting polymerase recruitment.   

Even though it is a member of the Rgg family, RopB has not been widely characterized as 

a pheromone binding protein or as a QS component, as its cognate peptide/pheromone has not 

been discovered yet. Additionally, several studies on SpeB production and mutagenesis screens 

performed to understand its regulators in S. pyogenes have revealed a variety of factors 

modulating RopB activity, but so far no small peptide-encoding ORF. Nonetheless, several 

results have shown that RopB activity is affected by interaction with peptides and proteins: The 

regulation of speB expression by RopB has been shown to be dependent on cell cycle, with the 

highest degree of expression beginning in stationary phase, suggesting a requirement for high 

cell density conditions for RopB-mediated gene activation. If ropB is expressed from a non-

native promoter at high levels during early exponential phase, speB transcription is still not 

activated, implying that additional factors are required for RopB regulation [80]. Mutations in 

opp genes, or in its paralog dpp (dipeptide permease) generate a drastic decrease in speB 
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expression, suggesting that peptide import into the cell is also required for speB regulation [81]–

[83]. Other results have shown the role of proteins that directly interact with RopB to affect its 

regulatory function: LacD.1 is an aldolase enzyme that has been proposed to link metabolic 

status of S. pyogenes with virulence gene regulation, as it is able to bind intermediates of the 

glycolytic pathway that are present in high concentrations during exponential growth and 

consequently influence gene expression. LacD.1 and RopB can be co-precipitated, and in the 

absence of LacD.1 a constitutive ropB allele is able to partly uncouple SpeB activity from cell 

cycle regulation. Other reports, based on the observation of differential gene regulation by RopB 

during stages of bacterial growth, have suggested that LacD.1 binds to RopB during exponential 

phase, changing its DNA binding preferences and affecting the repertoire of genes regulated [84]. 

Another protein involved in repressing RopB-dependent SpeB activation is Vfr (virulence factor 

related) [85]. The vfr gene was identified by transposon mutagenesis, as a mutant with increased 

protease activity, and SpeB activity is inversely correlated with vfr expression; vfr expression is 

maximal in early logarithmic stages and decreased towards stationary phase. Additional work by 

Shelburne et al. showed that the N-terminal region of the Vfr protein, which forms part of a 

putative cleavable secretion signal, was able to bind RopB and was sufficient to exert the 

inhibiting activity [86]. However, a factor accounting for a necessary activating signal of SpeB 

regulation by RopB has yet to be identified. 

  

1.4.3.2 Rgg2 and Rgg3 

 The rgg2 and rgg3 genes were identified after a search for additional Rgg orthologs in the 

S. pyogenes genome [87]. Rgg2 and Rgg3 proteins share a high degree of similarity (55% 

identical, 76% similar), and are encoded divergently from the genes for the pro-peptide 

pheromones, which are termed SHP2 and SHP3, respectively (Figure 4B). Both SHP2 and SHP3 

pro-peptides are also highly similar (58% identical, 62% similar), 23 and 22 amino acids long, 

respectively, and contain almost identical C-terminal regions (Figure 5). Basal expression of 

SHP2/3 pheromones is repressed under normal laboratory culturing conditions, suggesting that 

specific environmental signals are required to activate the QS system endogenously. Addition of 

synthetic SHP2 or SHP3 full length pro-peptides are able to generate a small increase in 

expression from the Pshp2 and Pshp3 promoters, consistent with an autoinducing signaling 

system, and addition of the last eight C-terminal amino acids of SHP2 or SHP3 (termed SHP2C8 
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and SHP3C8) generate a strong inducing activity [87]. Further studies have shown that multiple 

variants of SHP2 and SHP3 pheromones can be found in S. pyogenes culture supernatants, 

corresponding to the C7, C8, C9 and C10 regions of the pheromone pro-peptides, and that the 

SHPC8 variants of the pheromones are the most abundant and most biologically active forms 

[88]. These results also show that both SHP2 and SHP3 signaling peptides have the same 

function of activating the Rgg2/3 circuit, in comparison with other dual pheromone systems in 

which one peptide acts as an activator and the other as a repressor of the QS circuit [89]. If a 

strain that lacks both shp2 and shp3 genes is used, the induction of the system by synthetic 

pheromones is only transient, suggesting that the autoinduction process is required to generate 

the full extent of the response [90]. Even though they seem redundant in function, both shp2 and 

shp3 genes are required for efficient signaling and autoinduction processes, as mutations in either 

of them affects the timing and breadth of the signaling response [90]. As reported for other Rgg 

systems, an intact Opp system is required in order to import the pheromones and trigger 

activation of the system. Experiments also revealed that a deletion of the rgg3 gene derepresses 

expression of the shp2 and shp3 genes, while a double mutant Δrgg2 Δrgg3 lacks nearly all 

expression of pheromones. A single deletion of rgg2 also renders S. pyogenes grossly 

unresponsive to synthetic SHPC8 pheromones, illustrating how Rgg3 acts as a repressor of gene 

expression, while Rgg2 activates gene expression in the absence of the repressive effect of Rgg3 

(Figure 4B). Deletion of the eep gene, encoding for a metalloprotease involved in pheromone 

processing in other Gram-positive QS systems, reduces the effectiveness of the autoinduction 

process, suggesting a role in the processing of SHP2/3 pre-peptides into their mature form. This 

effect can however be ameliorated if SHP3 is overexpressed, suggesting that additional proteins 

are involved in SHP2/3 processing [87]. 

 

FIGURE 5. SHP peptides of S. pyogenes. Sequence of SHP2 and SHP3 peptides. In red, 

sequence of the C8 section, the most abundant and active form of the secreted processed 

pheromone. 
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 Both Rgg2 and Rgg3 have been shown to bind directly to the promoter regions of shp2 

and shp3 [87], [91]. Interestingly, when the precise DNA binding sites of both regulators were 

mapped by DNase I footprinting, Rgg2 and Rgg3 were shown to bind to the same conserved 

sequence in the Pshp2 and Pshp3 promoters, hence only one Rgg protein is able to bind per 

promoter at any given time, indicating that Rgg3 exerts it repressing activity by binding the 

shared DNA site and generating steric interference that inhibits Rgg2 binding [91]. This is 

consistent with the fact that the HTH domains of Rgg2 and Rgg3 are distinctively analogous, 

sharing 71% identity and 94% similarity. A higher degree of variability is seen in the C-terminal 

regions of the Rgg2 and Rgg3 proteins, which are predicted to be involved in protein 

oligomerization and interaction with RNA polymerase, and this variability may determine the 

fundamental differences in the activities of these two regulators [91]. Similar to the RopB 

interaction with the speB promoter, Rgg2 and Rgg3 bind the Pshp2 and Pshp3 promoters in their 

-35 regions, which have poor resemblance with consensus sequences, suggestive of a class II 

activator dependent promoter. Using EMSA assays, it was revealed that either Rgg can bind the 

target DNA sequences in the absence of pheromones. However, when pheromones are added in 

increasing concentrations, Rgg3 is released from the DNA while Rgg2 remains unaffected. When 

the experiment is set up with both regulators to mimic the DNA-binding competition event in 

vitro, addition of synthetic pheromones affects the binding ratio, which becomes skewed in favor 

of Rgg2-DNA interactions over Rgg3-DNA interactions [91].   

 

 The function of the Rgg2/3 circuit and its contribution to the S. pyogenes lifestyle has not 

been completely elucidated. Apart from the shp2 and shp3 genes, other major regulatory targets 

of the Rgg2/3 pathway are the genes located downstream of the pheromone genes (Figure 4B) 

[87]. Downstream of shp3, a putative biosyntethic operon composed of nine genes is encoded, 

which harbors genes with diverse enzymatic functions, like shikimate dehydrogenase, sugar 

isomerase, glycosyltransferase and oxidoreductase. Components from this operon have been 

identified in mutagenesis screens for genes affecting mucoid colony morphology, virulence in 

zebra fish, and have also been involved in capsule formation in S. pyogenes [32], [92], [93]. 

Downstream of shp2, Rgg2/3 also controls a highly conserved region in S. pyogenes, which 

encodes a series of hypothetical genes of unknown function.  
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1.4.3.3 ComR (Rgg4) 

ComR is another Rgg member present in S. pyogenes, involved in natural genetic 

transformation processes in other streptococci through the regulation of early genes in the 

competence cascade (Figure 4C). Competence, the temporal physiological state of DNA 

receptivity, relies on the coordinated and sequential expression of a series of genes, encoding 

proteins responsible for pheromone signaling, DNA binding, uptake, processing and 

recombination into the chromosome (reviewed in [94]). In the streptococci, the master regulator 

of competence is SigX/ComX, an alternative sigma factor of RNA polymerase that recognizes a 

conserved DNA sequence termed cinbox or combox and controls the expression of the 

competence 'late genes' required for DNA binding, uptake and recombination [95]–[97]. All the 

genes induced before sigX in the competence cascade and that are involved in the signaling 

processes that lead to sigX expression are termed 'early genes'. In S. pneumoniae, the expression 

of sigX is under the control of a QS system, composed of the ComDE TCS which senses and 

responds to the competence inducing pheromone CSP. S. pyogenes and other streptococci of the 

Pyogenic, Bovis and Salivarius groups lack ComDE but have an alternative circuit, based on 

ComR activity, to trigger sigX expression and concomitant upregulation of late genes in the 

bacterial population. The sigX promoter, bound by ComR, lacks a canonical -35 sequence and 

has an inverted repeat element in this region, suggestive with a Class II activator dependent 

promoter, similar to the Pshp2/3 promoters activated by Rgg2 and the P1 speB promoter 

activated by RopB [67]. In silico screening in streptococcal genomes revealed the presence of 

comRS orthologs in the genomes of pyogenic, bovis and mutans streptococci [67]. The predicted 

ComS pro-peptides from these species had similar features, being composed by a high degree of 

hydrophobic residues, possessing a net positive charge and a double tryptophan (WW) motif in 

their C-terminal region. Characterization of the ComRS system in S. mutans showed that a 

synthetic pheromone consisting of the last 8 C-terminal amino acids of the 17 amino-acid long 

ComS peptide was able to trigger sigX expression and transformation in an Opp- and ComR-

dependent manner, mimicking the activity of the putative mature pheromone. This active 

pheromone was named XIP for sigX-inducing peptide [67]. 

 

 



16 

 

 

 The effect of ComRS signaling in S. pyogenes and other pyogenic-group streptococci, 

and its effect over transformation have proven to be more cryptic than in non-pyogenic 

streptococcal counterparts. Even though genome sequencing data has shown that horizontal 

transfer and genetic exchange between S. pyogenes and other streptococcal species is common, 

the demonstration of natural transformation of S. pyogenes in laboratory conditions has proven 

elusive. Genomic analysis by Mashburn et al found comRS genes in all sequenced S. pyogenes 

genomes, and two allelic variants named M1 and M3 were found [24]. In the absence of 

exogenous XIP, sigX expression is low. Addition of synthetic XIP activates ComR and triggers 

expression of sigX in S. pyogenes strains, in an allele-specific manner. Microarray analysis 

revealed that XIP sensing by ComR generated the upregulation of 30 different genes, 21 of these 

containing com boxes, and thus regulated directly by SigX [24]. Most of the regulated genes 

corresponded to predicted competence late genes and all gene functions known to be required for 

genetic transformation in S. pneumoniae and Bacillus subtilis were upregulated in response to 

XIP in S. pyogenes, Nonetheless, transformation was not seen in vitro and further experiments 

revealed that competence was blocked at the DNA uptake process, suggesting that unknown 

post-transcriptional regulation events were inhibiting transformation [24]. Additional 

environmental signals may therefore be required to unblock the competence machinery, and the 

first evidence for this notion has been associated with growth in biofilms. As sessile bacterial 

aggregates, biofilms contain high densities of bacterial cells in close contact and studies have 

shown that Streptococci that undergo natural transformation do so in higher efficiencies when 

growing inside biofilms [98], [99]. Recently, the first report of effective S. pyogenes natural 

transformation in the laboratory was seen in biofilm cultures [100]. S. pyogenes biofilms grown 

on a substrate of fixed epithelial cells were shown to internalize and incorporate exogenous DNA 

at a low frequency, in a ComR-dependent manner. Addition of XIP generated a ten-fold increase 

in efficiency, but was not required for transformation, suggesting that growth on epithelia 

provides a signal(s) for Com system activation. The transformation phenotype could also be 

replicated during an in vivo biofilm growth assay, where intranasally colonized mice were also 

given donor DNA. Again, the addition of the XIP pheromone generated a ten-fold increase in the 

number of transformed colonies [100]. These results suggest that S. pyogenes are indeed capable 

of undergoing genetic transformation, but an unidentified regulatory check-point requires an 

environmental condition that appears to be satisfied through growth on host cells. 
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1.5 Biofilms 

 Biofilms are sessile communities of bacterial aggregates surrounded by self-generated 

matrices. They are thought of as the main mode of growth for several bacteria in their 

environments, and have been observed in a variety of habitats including river streams, bovine 

rumen, abiotic surfaces in the hospital and food industry, and in the human body, in places like 

the surface of the teeth [101]. Biofilms have an important relevance in human health, since its 

formation has been shown important for colonization of the host, evasion of the immune system 

and tolerance to the activity of antibiotics. While in some bacteria, the process of biofilm 

formation can be directly correlated with a pathogenic event (P. aeruginosa biofilms in cystic 

fibrosis patients lungs [102], S. epidermidis biofilms in venous catheters [103], L. 

monocytogenes biofilms in food processing surfaces [104]), in other bacteria the role of biofilm 

formation in their life cycle and its contribution to disease is not yet well understood. 

 

1.5.1 Streptococcus pyogenes biofilms 

 S. pyogenes has shown the ability to form biofilm on several surfaces in vitro [105]–

[108], as well as over the skin of infected patients [109], and on tonsils of infected individuals as 

well as on asymptomatic carriers [110]. A variety of genes have been shown to contribute to 

biofilm formation in S. pyogenes, most of them encoding for cell surface components, including 

the promiscuous adhesin M-protein [111], [112], adhesive pili [113], hyaluronic acid capsule 

[111], the adhesin AspA [114], and the collagen-like Scl1 adhesin [115]. Contrarily, the potent 

protease SpeB has been shown to be able to mediate dispersion of formed biofilms when its 

expression is activated [116]. 

 While biofilm growth increases the tolerance of S. pyogenes to some antibiotics [107], 

[117], the role of biofilm in the pathologies induced by this bacterium is unknown. Since S. 

pyogenes biofilms can be found in asymptomatic patients, and biofilm contributes to tissue 

colonization in animal models, it has been proposed that biofilm may represent a non-pathogenic 

mode of growth for S. pyogenes in its host, and that the activation of important virulence factors, 

including proteases shown to degrade biofilm, may tip the balance towards escape from biofilm 

and virulent behaviors [110], [118], [119]. Nonetheless, the precise role of biofilm growth in S. 

pyogenes life cycle is still unknown.  
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1.6 Bacterial cell wall 

 The bacterial cell wall plays an essential role in protecting the cells from osmotic rupture, 

as well as serving as a scaffold for the attachment of proteins and teichoic acids. The main 

component of the cell wall is peptidoglycan, a polymer formed by strands of alternating N-

acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid (MurNAc) monosaccharides, 

crosslinked to other sugar strands by short peptide chains of three to five amino acids [120], 

[121] (Figure 6). Due to its crucial role in survival, the bacterial cell wall is an attractive target 

for other organisms that compete for the same biological niches or for higher organisms that 

defend themselves from bacterial infection; and usual strategies include the use of small 

molecules like antibiotics that inhibit key enzymes for peptidoglycan biosynthesis, or the activity 

of peptidoglycan hydrolase enzymes that degrade the cell wall polymer [122], [123]. 

 In Gram-positive bacteria, the cell wall is the outermost layer of the bacterial envelope, 

hence is also the surface which physically interacts with the host and isolates the bacterial cell 

from larger host molecules. A dedicated enzyme machinery covalently attaches specific proteins 

to the peptidoglycan structure and these cell wall anchored proteins, which in S. pyogenes 

include various adhesins, complement inhibiting peptidases, interleukin-targeting proteases and 

antiphagocytic proteins, usually play important roles in the interaction with the host [124]–[127]. 

Hence, bacterial-induced processing and/or modification of the peptidoglycan polymer is 

important not only due to its effects over resistance towards antibacterial compounds, but also 

because it can alter the dynamics of the surface attached proteins and thus the interaction of the 

bacterium with the host [128]. 
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FIGURE 6. Structure of S. pyogenes peptidoglycan. The alternating N-acetyl-glucosamine 

(GlcNAc) and N-acetyl-muramic acid (MurNAc) strands are crosslinked together through 

interpeptide bridges (dotted line) that bind the stem tetrapeptides. The interpeptide bridge in S. 

pyogenes is composed of two to three residues of L-Ala. Shown are the different enzymatic 

activities known to cut the cell wall, and their targets.  

 

 

1.6.1 Peptidoglycan hydrolases 

 A variety of enzymes of diverse origin have the ability to cleave residues in 

peptidoglycan. Based on their precise substrate and mechanism, these can be classified in 5 

different groups (Figure 6): N-acetylmuramoyl-L-alanine amidases that cleave the bond between 

MurNAc and L-Alanine, carboxypeptidases that cleave short peptides, endopeptidases that 

cleave inner segments of the peptide chains and/or the cross-bridges in between different peptide 

chains, and N-acetylglucosaminidases and N-acetylmuramidases that hydrolyze the bonds 

between the saccharides [129]. Bacterial genomes can harbor genes for every hydrolase type 

(either by genes of bacterial origin or present in integrated bacteriophage genomes), while in 

animals, to date only two activities have been described: peptidoglycan recognition proteins with 

amidase activity [130], [131] and the well described family of N-acetylmuramidases, the 

lysozymes [132].  
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1.6.1.1 Lysozyme 

 Lysozyme-like enzymes can be found in all major taxa of living organisms. In higher 

organisms lysozyme is found in high concentrations in mucosal tissues and can be produced as 

well by recruited neutrophils, playing an important role in the clearance of various bacterial 

pathogens from infection sites [133]–[136].    

 In order to successfully colonize host mucosal tissues, bacteria have devised different 

ways to gain resistance towards the effects of lysozyme. One example is the acetylation and 

deacetylation of different molecules in the glycan strands of peptidoglycan [121]. Alternatively, 

teichoic acids, glycopolymers that attach to the cell wall, can also be modified by D-alanylation 

to provide resistance to lysozyme [137]. Finally, some bacteria like E. coli and Salmonella have 

been shown to secrete small proteins that have the ability to work as direct lysozyme inhibitors 

[132]. Interestingly, the 'Streptococcal inhibitor of complement' (Sic), a protein that has been 

shown to bind components of the membrane attack complex of complement, has also been 

shown to be able to inhibit lysozyme activity [138], [139]. However, this gene is only present in 

a small number of highly virulent S. pyogenes isolates of the M1 and M57 serotypes. 

 

 

1.6.1.2 Bacterial peptidoglycan hydrolases 

 The genomes of Gram-positive bacteria in the Firmicutes phylum encode a variety of 

peptidoglycan hydrolases. The genetic architecture of these is modular, having at least one 

catalytic domain and one recognition/cell wall-binding domain; while in some cases some 

hydrolases can carry more than one catalytic domain and are thus able to cleave more than one 

type of bond in peptidoglycan [129]. One well studied function of peptidoglycan hydrolases is 

their key role during the cell division process, as peptidoglycan must be cut in order to 

cytokinesis and daughter cell separation to occur [140]. Cell lysis events, triggered by either 

bacteria or infecting bacteriophages, have also been shown to be dependent on peptidoglycan 

hydrolase lysins [141].  

 While the hydrolases involved in daughter cell separation and cell lysis events have been 

thoroughly characterized, a wide range of peptidoglycan hydrolases are still of unknown 

function. New research is slowly unveiling how these enzymes also play roles in cell shape 

determination, cell wall modification and turnover, and in the release of peptidoglycan-attached 
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proteins [128], [140], [142], [143]. Additionally, efficient degradation of exposed peptidoglycan 

by bacteria has been shown to help avoid detection by the immune system [144].  

 S. pyogenes has been shown to harbor in its genome 22 hydrolase domains, including two 

L-alanine amidases, seven N-acetylglucosaminidases, two N-acetylmuramidases, six 

endopeptidases, five carboxypeptidases [129], a number that may vary depending in the number 

of integrated prophages.  Apart from precise lysins carried in prophages, most of the bacterial 

enzymes carrying hydrolase domains in S. pyogenes have not been yet characterized, hence their 

role remains mostly unknown.   



 

22 

 

II. MATERIALS AND METHODS 

 

2.1 Strains, plasmids, and culture media. 

 All strains used in this work are listed in table I. Construction of deletion and insertional 

mutants is described in detail below (see Section 2.1.2). All plasmids used in this work are listed 

in table II. 'JCC' designated strains and 'pJC' designated plasmids were generated by Jennifer C. 

Chang, 'Sar' designated strains and 'pSar' designated plasmids were generated by Breah LaSarre, 

and the NZ131 ΔspeB strain was generated by Chaitanya Aggarwal. All primers used in this 

work are listed in Table III.  

 S. pyogenes was routinely grown in THY, Todd-Hewitt medium (BD Biosciences) 

supplemented with 2% (w/v) yeast extract (AMRESCO). For all quorum-sensing phenotype 

studies, S. pyogenes was grown in chemically defined medium [87], [145] containing 1% (w/v) 

glucose. When required, antibiotics were added in the following concentrations: chloramphenicol 

(Cm), 3 μg/ml; erythromycin (Erm), 0.5 μg/ml; spectinomycin (Sp), 100 μg/ml. E. coli strain 

BH10C [146] was used for cloning procedures, and was grown in Luria broth (LB). When 

required, antibiotics were added in the following concentrations: chloramphenicol (Cm), 10 

μg/ml; erythromycin (Erm), 500 μg/ml; spectinomycin (Sp), 100 μg/ml. 
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TABLE I 

BACTERIAL STRAINS USED IN THIS STUDY 

Wild-type isolates 

Strain Name Description Chapter(s) Reference 

NZ131 S. pyogenes M49 serotype  III-V [147] 

GA19681 S. pyogenes M6 serotype III, IV [148] 

HSC5 S. pyogenes M14 serotype III [149] 

MGAS5005 S. pyogenes M1 serotype III [150] 

MGAS10394 S. pyogenes M6 serotype; ErmR III [151] 

CS101 S. pyogenes M49 serotype  III [152] 

Mutant Strains 

Strain Name Description Chapter(s) Reference 

JCC131 NZ131 Δrgg3::cat; CmR III [87] 

JCC137 NZ131 Δrgg2; unmarked III, V [87] 

BNL145 NZ131 Δrgg2 Δrgg3::cat; CmR III [87] 

BNL170 NZ131 shp2GGG shp3GGG. START → STOP codon 

mutants; unmarked 

III [90] 

JCJ133 NZ131 Δ0450-0460::cat; CmR IV This study 

JCJ185 NZ131 Δ0412-0414c-IGR::cat; CmR IV This study 

JCJ67 NZ131 Δ0412::aph3A; KanR IV This study 

JCJ61 NZ131 Δ0413::aph3A; KanR IV This study 

JCJ173 NZ131 Δ0414c; unmarked IV This study 

JCJ310 NZ131 Δ0414c-IGR::cat; CmR IV This study 

JCJ471 NZ131 Δ0015::cat; CmR IV This study 

JCJ420 NZ131 Δ0026; unmarked IV This study 

JCJ202 NZ131 Δ0186c::cat; CmR IV This study 

JCJ456 NZ131 Δ0790-Φ2 (Deletion in prophage 

NZ131.2); unmarked 

IV This study 

JCJ484 NZ131 ΔpepC; unmarked IV This study 

JCJ328 NZ131 Δisp1; unmarked IV This study 
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TABLE I (continued) 

 

 

Strain name Description Chapter(s)  Reference 

JCJ365 NZ131 Δisp2::cat; CmR IV This study 

JCJ454 NZ131 Δ1459-Φ3 (Deletion in prophage 

NZ131.3); unmarked 

IV This study 

–  NZ131 ΔspeB; unmarked IV [153] 

JCJ413 NZ131 Δisp1 Δisp2::cat; CmR IV This study 

JCJ257 GA19681 Δ0871::cat;  CmR  

(NZ131 0414c homolog) 

IV This study 

JCJ256 GA19681 Δ0826::cat;  CmR  

(NZ131 0186c homolog) 

IV This study 

JCJ304 NZ131 manM::pJJ216; KanR V [154] 

JCJ343 NZ131 agaW::pJJ215; KanR V [154] 

JCJ336 NZ131 ptsC::pJJ217; KanR V [154] 

JCJ337 NZ131 mga::pJJ219; KanR V This study 

 
Cm: Chloramphenicol, Kan: Kanamycin, Erm: Erythromycin 
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TABLE II 

PLASMIDS USED IN THIS STUDY 

Backbone plasmids 

Plasmid Name Description Source 

p7INT Shuttle-suicide vector that integrates at streptococcal bacteriophage 

T12 attB site; erm cassette, ErmR 

[155] 

pGh9(Tres) Temperature resistant variant of pGh9, pWV01 ori; erm cassette, 

ErmR   

[156] 

pLZ12-Sp Shuttle vector; pWV01 ori; add9 cassette, SpR [157] 

pJC162 Shuttle vector pGH9-ISS1 with ISS1 element deleted; pWV01 ori, 

temperature sensitive; erm cassette, ErmR (a.k.a. pFED760) 

[67] 

pUC-Kan Gram-negative vector; pMB1 ori;  aphA3 cassette, KanR [158] 

pJC303 PrecA promoter cloned next to MCS in pLZ12-Sp; SpR [154] 

pJJ180 Promotorless luxAB genes from V. fisheri cloned; ErmR [154] 

Deletion/disruption plasmids 

Plasmid Name Description Backbone Source 

pSar64.1 0412-0414c-IGR KO plasmid; ErmR Ts pJC162 This study 

pJJ134 pSar64.1 plus cat cassette.  

0412-0414c-IGR::cat KO plasmid; ErmR CmR Ts 

pJC162 This study 

pJJ144 0450-0460::cat KO plasmid; ErmR CmR Ts pJC162 This study 

pJJ114 0412::aph3A KO plasmid; ErmR KanR Ts pJC162 This study 

pJJ115 0413::aph3A KO plasmid; ErmR KanR Ts pJC162 This study 

pJJ158 0414c KO plasmid; ErmR Ts pJC162 This study 

pJJ202 0414c-IGR::cat KO plasmid; ErmR CmR Ts pJC162 This study 

pJJ273 0015::cat KO plasmid; ErmR CmR Ts pJC162 This study 

pJJ260 0026 KO plasmid; ErmR Ts pJC162 This study 

pJJ165 0186c::cat KO plasmid; ErmR CmR Ts pJC162 This study 

pJJ276 0790(Φ2) KO plasmid; ErmR Ts pJC162 This study 

pJJ290 pepC KO plasmid; ErmR Ts pJC162 This study 

pJJ224 isp1 KO plasmid; ErmR Ts pJC162 This study 

pJJ250 isp2::cat KO plasmid; ErmR CmR Ts pJC162 This study 

pJJ277 1459(Φ3)::cat KO plasmid; ErmR CmR  Ts pJC162 This study 
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pJJ215 482 bp middle fragment of agaW gene, suicide 

plasmid;  KanR 

pUC-Kan [154] 

pJJ216 517 bp middle fragment of manM gene, suicide 

plasmid;  KanR 

pUC-Kan [154] 

pJJ217 430 bp middle fragment of ptsC gene, suicide plasmid;  

KanR 

pUC-Kan [154] 

pJJ219 750 bp middle fragment of mga gene, suicide plasmid;  

KanR 

pUC-Kan This study 

Complementation / overexpression plasmids 

Plasmid Name Description Backbone Source 

pJJ109 0412-0414-IGR region driven by native Pshp2, shp2GGG 

(START→STOP codon); ErmR 

p7INT This study 

pJJ132 0414-IGR region driven by native Pshp2, shp2GGG 

(START→STOP codon); ErmR. Cloned into pJJ119 

(p7INT + PstI SalI sites) 

p7INT This study 

pJJ137 pJJ132 with IGR deleted; ErmR p7INT This study 

pJJ138 pJJ132 with 0414c gene deleted; ErmR p7INT This study 

pJJ163 0414c fused with PrecA promoter; ErmR pGh9 

(Tres) 

This study 

pJJ251 ptsABCD operon cloned downstream of PrecA;  SpR pJC303 [154] 

Reporter plasmids 

Plasmid Name Description Backbone Source 

pBL111 Pshp2 promoter fused to luxAB genes from V. fisheri; 

ErmR 

p7INT [87] 

pJC219 Pshp3 promoter fused to luxAB genes from V. fisheri; 

ErmR 

p7INT [90] 

pJC229 Pshp3 promoter fused to luxAB genes from V. fisheri; SpR pLZ12-Sp [154] 

pJJ252 PmanL promoter cloned next to luxAB; ErmR pJJ180 [154] 

pJJ244 PptsA promoter cloned next to luxAB; ErmR pJJ180 [154] 

Cm: Chloramphenicol, Kan: Kanamycin, Erm: Erythromycin, Sp: Spectinomycin 
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TABLE III 

PLASMIDS USED IN THIS STUDY 

 

Purpose Primer Sequence Description 

pJJ109 BL279(BamHI) CATGggattcGTGAAATGAATCATATTT Used to amplify and 
clone 0412-0413-IGR-
0414c genes 

BL280(BamHI) CATGggattcCAGCTACTTCAGAAGA 

pJJ114 JJ47(PstI) CATGctgcagAGACAAACGACAGAAGTGCT 
 

Used to amplify and 
clone 0412 gene plus 
neighborhood 

JJ48(SalI) CATGgtcgacGCGAGACTTACTAGCACATAATT 
 

JJ53(PacI) CATGttaattaaTAGTTAATAATTTGCCGGTTG 
 

Used to remove 0412 
gene by iPCR 

JJ54(PacI) CATGttaattaaCATCATCATGTTCCTTTCATTA 
 

pJJ115 JJ49(PstI) CATGctgcagGAGCCTTACCGGACAATAT Used to amplify and 
clone 0413 gene plus 
neighborhood 

JJ50(SalI) CATGgtcgacAAGGACTGCGATGACCATA 

JJ55(PacI) CATGttaattaaAAGAGTGCTTAAGAATTATGTGC Used to remove 0413 
gene by iPCR 

JJ56(PacI) CATGttaattaaCAATTCTTCCGGCTATGAG 

pJJ132 JJ21(EcoRI) CATGgaattcATTTTTCCCACTTTCA 
 

Used to amplify and 
clone IGR-0414c region 

JJ82(SalI) CATGgtcgacGCTTAAGAATTATGTGCTAG 
 

pJJ134 JJ87(PacI) CATGttaattaaTGTTCCTTTCATTATTTTTTA 
 

Used to add PacI and 
NcoI sites to pSar64.1 to 
add antibiotic cassette 

JJ88(PacI 
NcoI) 

CATGttaattaaAccatggGGTCGCTAACACTCTTT 
 

pJJ137 JJ59(PacI) CATGttaattaaGTTTCCCCAAAGTGGATT 
 

Used to remove IGR by 
iPCR  

JJ60(PacI) CATGttaattaaTCAACTAGAAAGGCCTAAACA 
 

pJJ138 JJ57(PacI) CATGttaattaaGGTCATTGTTTAGGCCTTTC 
 

Used to remove 0414c 
gene by iPCR 

JJ58(PacI) CATGttaattaaTAGCTCTCCTAAAATCAGTGGA 
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TABLE III (continued) 

 

pJJ144 JJ96(PacI) CATGttaattaaTTAGATGCCAGTTTGGG 
 

To iPCR pJC230, 
removing 0457 gene and 
leaving PacI site 

JJ97(PacI) CATGttaattaaCTTCTAAACACACTGAGTCTAC
C 
 

JJ98(PacI) CATGttaattaaATTCGTTAACAGTTAGTACTAA 
 

To amplify and clone 
0461 and 0462 genes 

JJ99(SpeI) CATGactagtGAATTCTCAACTGAACGT 
 

pJJ158 JJ51(EcoRI) CATGgaattcTAATTTGCCGGTTGCTTTA 
 

To amplify and clone 
0414c plus 
neighborhood  

JJ52(SalI) CATGgtcgacGACTAGGTGCAATTGAGGAG 
 

JJ57(PacI) CATGttaattaaGGTCATTGTTTAGGCCTTTC 
 

Used to remove 0414c 
gene by iPCR 

JJ58(PacI) CATGttaattaaTAGCTCTCCTAAAATCAGTGGA 
 

pJJ163 JJ71(PstI) CATGctgcagGTCCGTAAAACTTTATTAAAAC 
 

To amplify PrecA with 
fragment homologous to 
0414c region 
(underlined) 

JJ123 ttttggtcatTACTTTCTCCTCTTTTTTAACAA 

JJ78(SalI) CATGgtcgacGAGAGCTAAGATTGTTCATCT 
 

To amplify 0414c with 
fragment homologous to 
PrecA region 
(underlined) 

JJ122 ggagaaagtaATGACCAAAAAACAGTTTTAT 

pJJ165 JJ124(PacI) tagttcctttaattaaCTTTTGTTTCATCATAACTCC 
 

To amplify upstream 
region of 0186c gene 
with fragment 
homologous to 
downstream region 
(underlined) 

JJ125(EcoRI) CATGgaattcTATAACGCGATTCCGAAT 
 

JJ126(PacI) aacaaaagttaattaaAGGAACTAGGTTTAGACACA
TG 
 

To amplify downstream 
region of 0186c gene 
with fragment 
homologous to upstream 
region (underlined) 

JJ127(SalI) CATGgtcgacGCGTGAAGAGAGTAACCA 
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TABLE III (continued) 

pJJ202 JJ61(SalI) CATGgtcgacTTGCTGGTATTGAACGAAT 

 

To amplify downstream 
region of 0414c-IGR 
segment with fragment 
homologous to upstream 
region (underlined) 

JJ62 ctttcgcttaGCGAGACTTACTAGCACATAAT 
 
 

JJ63 taagtctcgcTAAGCGAAAGGTTATCCAC 
 

To amplify upstream 
region of 0414c-IGR 
segment with fragment 
homologous to 
downstream region 
(underlined) 

JJ64(EcoRI) CATGgaattcCCTTACCTCCCAGCACTAT 

JJ65(PacI) CATGttaattaaTAAGCGAAAGGTTATCCAC 
 

To add PacI site for cat 
cassette addition 

JJ66(PacI) CATGttaattaaGCGAGACTTACTAGCACATAAT 

 

pJJ224 JJ208(SalI) CATGgtcgacGGTCAACCTAGAACCAAAC 
 

To amplify and clone 
isp1 gene plus 
neighborhood (Cloned 
using HindIII + EcoRI) 

JJ238(EcoRI) CATGgaattcCTCATCAAAATTAGTAATGCTG 
 

JJ240(NcoI) CATGccatggGCTAACAATTTCCTTTTCTTC 
 

To remove isp1 gene by 
iPCR 

JJ241(NcoI) CATGccatggATAACCCCACAACCAAGAA 
 

pJJ215 JJ226(SalI) CATGgtcgacAGCTATCTCCGAATTAGCTT 
 

To amplify and clone 
inner region of agaW 
gene 

JJ227(EcoRI) CATGgaattcCCAATCAGTACAAAAGGAAT 
 

pJJ216 JJ224(SalI) CATGgtcgacGTCATCCTTGGTGGTACA 
 

To amplify and clone 
inner region of manM 
gene 

JJ225(EcoRI) CATGgaattcATAGCTGCAAGAGCAAAAC 
 

pJJ217 JJ222(SalI) CATGgtcgacGCAACAACCTTTACCATTAT 
 

To amplify and clone 
inner region of ptsC 
gene 

JJ223(EcoRI) CATGgaattcCTGGTAATTTCAAATAAGCTG 
 

pJJ219 JJ237(SalI) CATGgtcgacTCCTTAGAAGAGTTAGCTGAA 
 

To amplify and clone 
inner region of mga gene 

JJ238(EcoRI) CATGgaattcCTCATCAAAATTAGTAATGCTG 
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TABLE III (continued) 

 

pJJ244 JJ254(SalI) CATGgtcgacTTATCGTGATGGCTATGG 
 

To amplify and clone 
ptsA promoter region 

JJ255(NotI) CATGgcggccgcCTATTAACAAAAACCGCTGA 
 

pJJ250 JJ268(PstI) CATGctgcagCCTGATGATCTGTTGTTCC 
 

To amplify downstream 
region of isp2 gene with 
fragment homologous to 
upstream region 
(underlined) 
 

JJ265 ttagaaagaagtgacCTAATGACTTTTCTTACGGC 
 

JJ267(SalI) CATGgtcgacGGTATTTTTACTCATTTTGCC 
 

To amplify upstream 
region of isp2 gene with 
fragment homologous to 
downstream region 
(underlined) 

JJ265 ttagaaagaagtgacCTAATGACTTTTCTTACGGC 
 

pJJ251 JJ273(NotI) CATGgcggccgcATGAAACGAAAATTTCTCATT 
 

To amplify and clone 
ptsABCD operon 

JJ274(BglII) CATGagatctCTTACCTTTATTGCTAGGA 
 

pJJ252 JJ276(SalI) CATGgtcgacTGGAACTGGTTATGCTATGA 
 

To amplify and clone 
manL promoter region 

JJ257(NotI) CATGgcggccgcCTCCTTTAAAATATTTTTCGTT
G 
 

pJJ260 JJ298(EcoRI) ATCCAAgaattcCTCGATAA 
 

To amplify upstream 
region of 0026 gene with 
fragment homologous to 
downstream region 
(underlined) 

JJ312 agtatttacccaTGAGACCAAAAAACGATGA 
 

JJ299(SalI) CATGgtcgacGGTGGAAAACATCGACATC 
 

To amplify downstream 
region of 0026 gene with 
fragment homologous to 
upstream region 
(underlined) 
 

JJ311 tttttggtctcaTGGGTAAATACTGATAAAGCTAA 
 

pJJ273 JJ294(SalI) CATGgtcgacACCTGTCTGGTATAATGAAAGAG 
 

To amplify upstream 
region of 0015 gene with 
fragment homologous to 
downstream region 
(underlined) 

JJ309 atgttagtgtggCTACTCCTTTTCGATAAGACA 
 

JJ295(SalI) CATGgtcgacCATCTTCACCCACTAAACCAT 
 

To amplify downstream 
region of 0015 gene with 
fragment homologous to 
upstream region 
(underlined) 

JJ310 gaaaaggagtagCCACACTAACATATTATTTAGGT
TA 
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TABLE III (continued) 

 

pJJ276 JJ333(PacI) GTAACTGATttaattaaGAGGTAAAGCTCCGAGATAAG 

 

To amplify downstream 
region of 0790 gene 

JJ334 aattatcaagcttatcgatACGCTTCATACCTTTTCC 

 

JJ308(EcoRI) CATGgaattcCTGTTATCCCGCAACTTGT 

 

To amplify upstream 
region of 0790 gene 

JJ332(PacI) CTTACCTCttaattaaATCAGTTACTTCCTTTCTTCAAAAAAT
G 

 

pJJ277 JJ327(SalI) CTCGAGgtcgacGGTTGTTTAGCTCAGGGATAATC 

 

To amplify downstream 
region of 1459 gene 

JJ328(PacI) GAGGACAGttaattaaATAAGACAAATGCCCTCG 
 

JJ44 CATGCTGCAGTATAAAGGCATGCTTGAGCTA 

 

To amplify upstream 
region of 1459 gene. 
Inner SalI site in 
amplified region will be 
used for cloning. 

JJ329(PacI) TTTGTCTTATttaattaaCTGTCCTCCTTATCTAAAAACGGAT
AAAAGATAAG 

 

pJJ290 JJ335(SalI) ctcgaggtcgacggtCATTACAAGAAGAGATTATCCG 
 

To amplify upstream 
region of pepC gene.  

JJ336(PacI) AGAAAGGAAttaattaaTATTGTCCTCCTAAAATATTAAGAT
AAG 

 

JJ337(PacI) AGGACAATAttaattaaTTCCTTTCTTTGCGACTG 

 

To amplify downstream 
region of pepC gene. 

JJ338(ClaI) AATTATCAAGCTTatcgatACCACGGCCTATATGATG 

 

cat BL119(PacI) GCGTGttaattaaGGTATCGATAAGCTTGATGAA 
 

To amplify cat cassette 
from pEVP3 plasmid, for 
marked deletion 
construction 

BL120(PacI) GCGTGttaattaaGAAAAAGGAGAAGTCG 
 

aph3A JC320(PacI) CATGttaattaaCGATACTATGTTATACGC 
 

To amplify aph3A 
cassette from pOskar 
plasmid, for marked 
deletion construction 

JC321(PacI) CATGttaattaaAGCGAACTTTTAGAAAAG 
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2.1.1  Starter culture preparation 

 Strains of interest were inoculated into THY with appropriate antibiotics and grown 

overnight at 30° C. Next morning, cultures were diluted 1:100 into CDM and grown at 37° C 

until mid-exponential phase (OD600 = 0.4 to 0.7). At this point, glycerol was added to a final 

concentration of 20% and aliquots stored at −80°C. 

 

2.1.2 Construction of Streptococcus mutant strains 

 The majority of S. pyogenes strains in this study were derived from the serotype M49 strain 

NZ131. When mutations were studied across serotypes, mutations were also generated in a strain 

of M6 serotype (GA19681). 

 To generate plasmids for allelic replacement, 750-1000 bp fragments encompassing the 

upstream and downstream regions flanking the gene of interest were amplified from NZ131 

gDNA by PCR and cloned into the pJC162 temperature sensitive plasmid [67], by the use of 

restriction enzymes. Alternatively, the gene of interest plus is flanking upstream and downstream 

regions were cloned into pJC162, and the targeted gene removed by inverse PCR reaction 

(iPCR), restriction cut, and ligation. When necessary, antibiotic resistance cassettes for 

kanamycin (aph3A, amplified from pOskar [159]) or chloramphenicol (cat, amplified from 

pEVP3 [160]) were cloned in between the upstream and downstream fragments, to generate 

plasmids for selective allelic replacement. All deletion vectors were electroporated into 

competent S. pyogenes cells, and a two-step temperature dependent selection process was used to 

isolate the desired mutants [161]. Briefly, cells containing deletion plasmids were grown at the 

plasmid-replication permissive temperature (30° C), then shifted to the replication restrictive 

temperature (37° C) and plated on the appropriate antibiotic to select bacteria harboring the 

recombined plasmid into one of the regions flanking the gene of interest. Bacteria were then 

grown at the permissive temperature to allow the plasmid to recombine out of the genomic DNA, 

a process that was followed by the loss of Erm resistance, and loss of the gene of interest was 

screened by PCR and sequencing. This process was repeated to generate double mutants. 

 To generate plasmids for insertional gene disruption, 450-750 bp fragments from the 

middle region of the ORF of interest were amplified from NZ131 gDNA by PCR and cloned into 

the pUC-Kan plasmid by the use of restriction enzymes. The pUC-Kan plasmid contains an 
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origin of replication that is only functional in Gram negative bacteria. In order to generate the 

gene disruptions, 1 μg of each plasmid was electroporated into S. pyogenes, and mutants selected 

by growth in kanamycin, and checked by PCR. 

2.1.3 Construction of luciferase transcriptional reporters 

 DNA fragments of 250-500 bp located upstream of the RBS of the genes of interest were 

amplified from NZ131 gDNA by PCR, and cloned by restriction digestion and ligation into the 

NotI and SalI sites of plasmid pJJ180, located next to an RBS and the luxAB ORFs.  

 

2.2 Synthetic peptides 

 Synthetic peptides of >95% purity were purchased from Neo-Peptide (Cambridge, MA), 

and reconstituted as 1mM stocks in DMSO and stored at -80° C. Dilutions for working stocks 

were made in DMSO and stored at -20° C. 

 

2.3 Biofilm formation assays 

 S. pyogenes strains were grown overnight in THY at 30° C. Next morning, strains were 

diluted 1:25 into fresh CDM and 500 μL dispensed in duplicate into cell culture treated 24-well 

polystyrene plates. 25mM synthetic pheromones were added to each well, and plates incubated 

statically at 37° C 5% CO2 for 20h. Medium was aspirated, wells washed once with 300 μL of 

0.9% NaCl and biofilms were dry-fixed at 37° C for at least 6h. Biofilms were stained with 0.2% 

crystal violet solution, washed three times with 0.9% NaCl 10% EtOH, and quantified by 

measurement of absorbance at 595nm by area scan of the wells in a Synergy 2 BioTek plate 

reader. A minimum of three experimental replicates was performed for each strain and condition. 

 

2.4 Luciferase reporter assays 

  Starter culture aliquots of strains of interest were thawed and diluted into fresh CDM into 

an OD600 = 0.025, and grown at 37° C. Every 30m, 80 μL samples were taken from each culture 

and transferred to a white bottom 96-well plate, samples exposed to decyl aldehyde (Sigma) 

fumes, and luminescence counts per second (CPS) were measured using a Turner BioSystems 

microplate luminometer. OD600 of the culture was measured at each time point using a 

Spectronic 20D sepctrophotometer (Thermo), and relative light units (RLU) calculated by 

normalizing CPS to OD600.  
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 For the analysis of peptide pheromone signaling (chapter III and IV), 25nM of synthetic 

peptides were added at the beginning of growth.  For the analysis of the effect of carbon source 

over target gene expression (chapter V), starter cultures were diluted into CDM in which glucose 

was replaced by mannose or fructose as explained in section 2.9. 

 

2.5 Bacterial sedimentation assays 

 Starter cultures were diluted into THY media and allowed to grow until they reached 

early exponential phase. Cells were pelleted and resuspended to a final OD600 = 0.05 in fresh 

CDM containing 50 nM synthetic pheromones. Cells were then grown at 37° C and briefly 

vortexed every 15 min until they reached an OD600 = 0.5. Cultures were then placed at room 

temperature, duplicate 100 μl samples taken from below the meniscus every 20m and 

immediately measured for absorbance at 600 nm in a Synergy 2 microplate reader (Biotek). 

2.6 Quorum sensing inhibition in biofilm assays 

 Bacterial strains were grown overnight in THY medium at 30°C and then back-diluted 

1:100 into fresh CDM and grown at 37° C until they reached late exponential phase. Bacteria 

were back-diluted into tubes of fresh CDM containing 10 nM SHP2C8 and 2-fold dilutions of 

the quorum sensing inhibitors cyclosporine A or valspodar, at concentrations ranging from 5 to 

0.156 μM. NZ131 strains were back-diluted to an OD600 of 0.02, and GA19681 and MGAS5005 

strains were back-diluted to an OD600 of 0.005. Tubes containing 0.1% DMSO were used as 

controls. Bacteria were incubated for 1 hour at 37°C until they reached an OD600 of ~0.1 for 

NZ131 strains and an OD600 of ~0.02 for GA19681 and MGAS5005 and then plated in 

duplicate in cell culture-treated 24 well polystyrene plates. Plates were then incubated at 37° C 

with 5% CO2 for 20 h to promote biofilm growth. Biofilms were quantified as stated above. 
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2.7 Lysozyme challenge assays 

 Starter cultures were diluted into CDM to an OD600 = 0.025 and grown at 37° C until they 

reached an OD600 = 0.1. Cultures were then divided into two tubes, and SHPC8 pheromone or 

reverse SHPC8rev control peptide added to medium. Cells were incubated for one hour at 37° C, 

backdiluted to an OD600 = 0.1, and lysozyme from chicken egg white (Sigma) added to a final 

concentration of 2 mg/mL. Cells were incubated at 37° C and every hour aliquots were taken, 

serially diluted and plated into THY plates. After incubating plates overnight, colonies were 

counted and CFU/mL estimated for each time point. Values were expressed as fold change in 

CFU/mL relative to the viability prior lysozyme addition. Each strain was assayed in duplicate.   

 

2.8 Bioinformatic analysis 

 The sequenced genomes from S. pyogenes NZ131, S. pneumoniae R6, S. sanguinis SK36, 

S. anginosus C238, S. themophilus LMD-9, S. downei F0415, S. mutans UA159, S. gallolyticus 

ATCC43143,  S. canis FSL-Z3, S. dysgalactiae subspecies equisimilis ATCC12394, S. 

dysgalactiae subspecies dysgalactiae ATCC27957, S. equi subspecies zooepidemicus H70, S. 

ictaluri 707-05, S. porcinus Jelinkova176, S. uberis 0140J, S. iniae YSFST01-82, S. urinalis 

FB127-CNA-2, and S. agalactiae 2603V/R were obtained from the NCBI webpage 

(https://www.ncbi.nlm.nih.gov/) in final assembly or contig form. The DNA segments 

encompassing the era-fpg region were identified and extracted using the CLC Sequence Viewer 

software (QIAGEN), and the genetic composition of each species was assembled over a 

reconstructed Streptococcus phylogenetic tree derived from a set of 136 core genes, conserved 

along the genus [162]. For the comparison of DNA sequences of  S. pyogenes NZ131 and S. 

canis FSL-Z3, alignments were generated to assess DNA identity (blastn,  

http://blast.ncbi.nlm.nih.gov/Blast) and proteins similarity (EMBOSS matcher,  

http://mobyle.pasteur.fr). Stop codon analysis and putative ORFs from IGR region of NZ131 

were predicted using ClustalO and ORF prediction tools from CLC Sequence Viewer software. 
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2.9 Growth curves with alternative carbon sources 

 Carbon source free CDM was prepared by omitting glucose, and bringing the volume up 

to 90% of the final value. Carbon sources of interest (mannose, fructose, N-acetylglucosamine, 

glucosamine, sucrose and glucose) were prepared as 10% (w/v) stocks and diluted into carbon 

source free CDM. Starter cultures were diluted into regular CDM and allowed to grow to an 

OD600 = 0.3, pelleted, washed once to remove residual glucose and diluted into fresh CDM 

containing the carbon source of interest at a starting OD600 = 0.05. Growth was monitored using 

a Spectronic 20D+ spectophotometer (Thermo Scientific). 

 

2.10 Scanning electron microcopy 

 S. pyogenes biofilms were grown over polystyrene coverslips, in 6-well polystyrene 

plates. After 20h of growth, biofilms were prepared as described [163]. Briefly, biofilms were 

fixed in a 2.5% glutaraldehyde, 0.0075% ruthenium red, 0.1 M sodium cacodylate buffer pH 7.2 

solution, for one hour. After three washes in cacodylate buffer, sample was dehydrated with 

increasing concentrations of EtOH (30% → 50% → 75% → 95%→100%) for 10m each. 

Samples were then treated with 100% hexamethyldisilazane, and submitted to SEM analysis to 

RRC imaging service. 
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III.  Activation of the Rgg2/3 quorum sensing pathway leads to increased cellular 

aggregation and biofilm formation in Streptococcus pyogenes 

(Some results from this chapter are reprinted in part, with permission, from Aggarwal, C., 

Jimenez, J.C., Nanavati, D., and Federle, M.J. 2014, JBC, doi: 10.1074/jbc.M114.583989 a; and 

from Aggarwal, C., Jimenez, J.C., Lee, H., Chlipala, G.E., Ratia, K., and Federle, M.J. 2015, 

mBio, doi: 10.1128/mBio.00393-15 b)  

 

3.1 Rationale 

 The Rgg2/3 signaling pathway is the only characterized QS system conserved across 

Streptoccus pyogenes isolates. Although we possess transcriptional data regarding the Rgg2/3 

regulon, the cellular behaviors being regulated by this system are currently unknown. Biofilm 

formation is a polyfactorial event, in which a variety of enzymatic functions and cellular 

processes come together to favor the aggregation and attachment of bacterial cells in order to 

generate a sessile community. In both Gram-negative and Gram-positive bacteria, QS has been 

shown to modulate biofilm production through the regulation of genes involved in bacterial 

attachment ( S. aureus adhesins [164]), cellular aggregation (regulation of Y. pseudotuberculosis 

clumping [165]), matrix production (exopolysaccaride formation in V. cholera [166]) , biofilm 

maturation (promotion of complex biofilm architecture in P. aeruginosa [167]), and biofilm 

dispersal (activation of proteases in S. aureus [168]). 

 Currently, there is little understanding of the events that regulate biofilm formation in S. 

pyogenes, and while genes that contribute or hinder to this process have been discovered, no 

regulatory system that modulates the switch between planktonic and biofilm modes of growth 

has been discovered yet. The aim of this chapter is to evaluate the effect of pheromone signaling 

through the Rgg2/3 QS pathway over the process of biofilm formation in S. pyogenes. 

                                                

a    Copyright © 2014 The American Society for Biochemistry and Molecular Biology. 
b Copyright © 2015 The authors, under the terms of the Creative Commons Attribution License (CC BY). 
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3.2 Results 

3.2.1 SHP2C8 and SHP3C8 pheromones increase biofilm production in S. pyogenes NZ131 

 To test the effects of Rgg2/3 signaling on biofilm formation, cultures of the NZ131 strain 

were grown in 24-well polystyrene plates in the presence of active signaling pheromones 

SHP2C8 or SHP3C8, with their inactive reverse sequence counterparts SHP2revC8 or 

SHP3revC8, and in a vehicle only (DMSO) control condition. After 20 h of growth, a significant 

increase in the attached biomass was observed in the wells containing active signaling 

pheromones, when compared with the control conditions (Figure 7A). Crystal violet staining and 

absorbance quantification revealed a 4-to-5 fold increase in biofilm production when comparing 

SHP2C8 and SHP3C8 to the vehicle control (Figure 7B). This increase in biomass was not due 

to the hydrophobic nature of the added peptides since the reverse sequence peptides SHP2revC8 

and SHP3revC8, which share the same chemical composition of SHP2C8 and SHP3C8 while 

lacking the ability to trigger QS signaling, were unable to increase biofilm production. When 

viable counts of both the surface-attached (biofilm) and free-floating (planktonic) communities 

were analyzed, it revealed a 5-fold increase in biofilm cell counts in the presence of SHPC8 

pheromones, coupled with a decrease in the planktonic cell count compared with control 

conditions (Figure 7B). To analyze the dose effect of pheromone concentrations over biofilm 

production, we used a mutant strain with start codon mutations in both pheromone genes 

(shp2GGG shp3GGG). This strain lacks the ability to produce its own pheromone peptides and is 

thus unable to induce a positive feedback loop, and therefore we can define the exact 

concentration of peptide pheromones in the media. As seen in Figure 8, biofilm formation 

followed a dose-dependent behavior with increasing SHPC8 concentrations, saturating at around 

200nM SHPC8 peptides. 
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FIGURE 7. SHP pheromones enhance biofilm formation in S. pyogenes NZ131. The ability 

of NZ131 to form biofilms in polystyrene plates was assessed. Strains were grown in CDM for 

20h in the presence of 25nM of the designated peptides, or with the same volume of DMSO, the 

vehicle used to dissolve the peptides. A. Picture of a crystal violet stained biofilm plate. B. 

Biofilm formation in several experiments was quantified by measuring the crystal violet 

absorbance by scanning the stained biofilm area. Bars show standard error between experiments. 

C. Comparison of viable counts in planktonic and biofilm communities in the presence and 

absence of signaling peptides. 

 

 

 

 

 

 

 

 

 

A 
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FIGURE 8. Dose dependent effect of SHP pheromones over biofilm formation in shp2GGG 

shp3GGG strain. A strain devoid of SHP pheromone gene expression was used to measure the 

effect of defined pheromone concentrations over biofilm formation.  Strains were grown in CDM 

for 20h in the presence of 25nM of the designated peptides, or with the same volume of DMSO.  

A. Picture of a crystal violet stained biofilm plate. B. Biofilm formation in several experiments 

was quantified by measuring the crystal violet absorbance by scanning the stained biofilm area. 

Bars show standard error between experiments. 

B A 
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3.2.2 Different peptide pheromone variants promote biofilm formation 

 Work from our lab has shown that while the eight amino acid long SHPC8 is the 

preferential length of produced SHP pheromones, nine (SHPC9) and ten (SHPC10) amino acid 

long fragments are also secreted at lower concentrations. These SHP variants also possess the 

ability to trigger QS signaling, although they require higher concentrations to do so [88]. When 

assayed for their ability to induce biofilm production in the NZ131 strain, the C9 and C10 

variants of SHP2 and SHP3 peptides are able to induce biofilm formation, although at 

concentrations that are at least 5-fold higher than those required for the SHPC8 versions (Figure 

9), supporting the weaker QS ability of these longer SHP variants. 
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FIGURE 9. Different SHP pheromone variants promote biofilm formation. Wild-type 

NZ131 strain was incubated with various concentrations of SHP2 (A) and SHP3 (B) pheromone 

variants of different lengths, and their biofilm abilities measured. A. and B. Pictures of a crystal 

violet stained biofilm plates. C. Biofilm formation in several experiments was quantified by 

measuring the crystal violet absorbance by scanning the stained biofilm area. Bars show standard 

error between experiments. 

A B 

C 
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3.2.3 Biofilm production is stimulated by the activation of the Rgg2/3 QS pathway 

 Although only active signaling pheromones (and not control reverse peptides) were able 

to increase biofilm formation, this does not exclude the possibility that the SHP peptides are 

working through other mechanisms different from Rgg2/3 QS activation to increase biomass. To 

demonstrate that the biofilm-enhancing effect of SHPC8 pheromones relies on signaling through 

the Rgg2/3 pathway, we proceeded to test biofilm production in strains containing diverse gene 

deletions in this QS circuit. We also used a luciferase reporter construct containing the QS target 

promoter of the shp2 pheromone gene (Pshp2-luxAB) to follow the activation of QS in planktonic 

cultures, and we analyzed both the patterns of QS signaling and biofilm formation in mutants of 

the pathway. In the wild-type strain, addition of either SHPC8 pheromone leads to a 500-fold 

increase in Pshp2-luxAB activity (Figure 10A), and this activation is reflected in the increase of 

biofilm formation with the pheromones (Figure 10B). The deletion of the rgg2 gene, encoding 

for the transcriptional activator of the QS pathway, leads to a significant hindrance in target 

promoter activation, as well as the inhibition of biofilm increase, when pheromones are added. 

Deletion of rgg3, encoding the transcriptional repressor of QS, leads to a derepression of shp 

pheromone genes, thus the addition of exogenous synthetic pheromones is not required to 

activate QS and high levels of signaling as well as high biofilm levels become constitutive. The 

double Δrgg2 Δrgg3 deletion generates a strain that is unable to produce pheromones and unable 

to respond synthetic pheromones, and thus is also unable to increase biofilm formation in the 

presence of SHP2C8 or SHP3C8. These results show how the pattern of transcriptional 

activation of QS is correlated with the increase in biofilm formation in response to SHP 

pheromones. 
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FIGURE 10. Involvement of Rgg2/3 genes in biofilm formation. Several mutants in 

components of the Rgg2/3 system were assessed for their ability to activate QS, and to form 

biofilms in response to SHPC8 pheromones. A. Activation of QS by SHPC8 pheromones as 

measured with a Pshp2-luxAB transcriptional reporter. Bars show standard deviation. B. 

Quantification of biofilm formation in several experiments. Bars show standard error.  

A B 
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We proceeded to analyze the biofilm by scanning electron microscopy (SEM), in order to detect 

any gross morphological changes in biofilm matrix that could explain the increased biofilm 

formation seen in presence of SHP pheromones. We analyzed the wild-type strain grown in the 

absence and presence of SHP3C8, plus a Δrgg3 mutant that exhibits constitutive high levels of 

biofilm (Figure 11). SEM revealed that no drastic changes occurred in the constitution of the 

biofilms analyzed.    

 

 

FIGURE 11. Microscopic analysis of S. pyogenes biofilm. S. pyogenes biofilms were grown 

over polystyrene coverslips, fixed in a 2.5% glutaraldehyde 0.075% ruthenium red solution and 

analyzed by scanning electron microscopy. 5000X magnification images shown.  
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3.2.4 S. pyogenes isolates show differential ability to increase biofilm in response to SHP 

pheromone signaling 

 Within the species, S. pyogenes presents many serotypes (more than 100 M-types) and 

displays diversity in its pathogenic potential and tissue tropism. A vast amount of genetic 

variability is found among isolates, in some cases in the form of large mobile elements as 

prophages, or in other cases as simple point mutations in key transcription factors that can alter 

transcriptional responses of the organism [169]. For this reason, although the Rgg2/3 pathway is 

conserved through all sequenced isolates, it is important to prove that the phenotypes being 

regulated are conserved as well. To this end, we tested the effects of QS on biofilm formation in 

different isolates of S. pyogenes (Figure 12). Our first observation was that the basal levels of 

biofilm formation in the absence of QS were strikingly different between isolates, with some 

exhibiting low levels (NZ131, MGAS8232) and others having exceedingly high levels of biofilm 

in the absence of pheromones (HSC5, MGAS5005, MGAS10394). After adding SHPC8 

pheromones, apart from NZ131, only the GA19681 strain exhibited an increased ability to form 

biofilms, while the HSC5 strain exhibited an opposite phenotype. All other strains showed no 

difference in their biofilm levels in presence of pheromones. These results show that the ability 

to increase biofilm production in response to pheromones is only seen in particular isolates.  

 

FIGURE 12. Biofilm formation response of diverse S. pyogenes isolates. 5 isolates 

corresponding to 4 different serotypes were assessed in their biofilm forming capabilities and 

their ability to respond to SHPC8 pheromones, and compared to the NZ131 strain. Biofilm was 

quantified in several experiments. Bars show standard error.  
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3.2.5 QS inhibiting molecules prevent increase of biofilm formation by SHP pheromones 

 The use of purified Rgg2 protein in a high throughput fluorescence polarization platform 

has led our lab to discover small molecules that inhibit the interaction of SHP pheromones with 

their target transcription factors [170]. In order to test the effect of QS inhibitors over biofilm 

formation we used cyclosporin A, the top inhibiting compound, and its non-immunosupressive 

derivative compound valspodar. Bacteria were grown with 10 nM SHP2C8, or with 10 nM 

SHP2C8 plus a range of concentrations of the QS inhibitors, and then cultured in 24-well plates 

to assess the process of biofilm formation. When cyclosporin A was added at concentrations of 

1.25 μM or above, the increase in biofilm formation promoted by SHP2C8 was inhibited; while 

valspodar was able to abolish the process in concentrations of 630 nM and higher (Figure 13).   

 

 

 

FIGURE 13. Effects of quorum sensing inhibition over biofilm formation. The NZ131 strain 

was incubated in the prescience of SHP2C8, plus increasing concentrations of known QS 

inhibitors cyclosporin A and valspodar, and then plated to assess biofilm formation. Top, plate of 

one representative biofilm and QS inhibition experiment. Bottom, quantification of several 

experiments. Bars show standard error. 
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 As reported above, the effect of SHP pheromones on biofilm formation in S. pyogenes is 

strain-dependent. For this reason, we tested the effects of cyclosporin A over biofilm in three 

more strains: one isolate that is able to increase its biofilm levels in response to QS (GA19681), 

one isolate that shows constitutively high levels of biofilm formation independent of SHP-

signaling (MGAS5005) as well as an NZ131 Δrgg3 mutant strain that exhibits constitutively high 

levels of biofilm dependent on QS-signaling (Figure 14). Cyclosporin A was able to repress SHP 

signaling in all tested isolates (Figure 14A), and was able as well to repress the SHP-induced 

biofilm increase in wild-type NZ131, NZ131 Δrgg3 and GA19681 (Figure 14B). The high 

biofilm levels of MGAS5005, which are independent of QS, remain unchanged. Additionally, 

cyclosporin A only inhibits the SHP-dependent contribution to biofilm, and does not have an 

effect over basal biofilm levels, as better seen for strain GA19681. Thus, QS inhibitors can be 

used to suppress the SHP-dependent increase in biofilm in select S. pyogenes strains, but do not 

have a general biofilm-inhibiting effect.  
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FIGURE 14.  Effects of quorum sensing inhibition and biofilm formation in different S. 

pyogenes isolates. S. pyogenes strains were tested for QS inhibition and its effect over biofilm 

formation. A. Inhibition of SHP2C8 induced QS by cyclosporin A (CsA) as measured with a 

Pshp2-luxAB transcriptional reporter. Bars show standard deviation. B. Quantification of biofilm 

formation in the presence of SHP2C8 and/or cyclosporin A in several experiments. Bars show 

standard error. C. Picture of a biofilm plate from a representative experiment. 
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3.2.6 Activation of Rgg2/3 QS pathway leads to increased cellular aggregation of NZ131 strain 

 As with other bacterial organisms, S. pyogenes cultures undergo a process of self-

aggregation at high cellular densities. A variety of factors can affect this process, including 

capsule formation, pili expression, and the homophilic interaction between surface attached 

proteins in neighboring cells; and this process is highly variable between species and isolates 

[113], [171].  During the process of performing our experiments, we noticed that the rate at 

which bacterial cultures aggregated differed between those exposed to control peptides and those 

exposed to SHPC8 pheromones. In order to quantify this process, we performed a simple assay 

to assess the process of cellular aggregation by measuring the decrease in optical density during 

sedimentation of bacterial aggregates. Cells grown in the presence of SHP3C8 pheromone 

showed an increased sedimentation rate when compared with cells grown with the SHP3revC8 

control, suggesting that increased aggregation was a result of QS signaling and not an effect of 

hydrophobic peptides in the medium (Figure 15A and C). Additionally, when the experiment was 

repeated using a Δrgg2 strain, which is unable to activate QS in response to SHP pheromones, no 

drastic difference in sedimentation between the SHP3C8 and SHP3revC8 condition was 

observed (Figure 15B and C). The effects of pheromone on cellular aggregation can also be seen 

when cultures are analyzed by microscopy (Figure 15D). These results show how activation of 

the Rgg2/3 QS pathway leads to increased cellular aggregation in S. pyogenes NZ131. 
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FIGURE 15. Aggregation and sedimentation of S. pyogenes NZ131 cultures after SHPC8 

signaling. A. wild-type and B. Δrgg2 strains were tested for their aggregation by measuring the 

decrease in apparent absorbance in the upper region of culture tubes. C. Pictures of a time-course 

analysis of the sedimentation of the wild-type strain. D. Light microscope picture, appearance of 

S. pyogenes grown over glass coverslips in the presence or absence of SHP3C8.  

A 
B 

C D      Control                  SHP3C8 
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3.3 Discussion 

 Recent works in the area of biofilm formation in S. pyogenes are slowly unveiling the 

contribution of this growth phenotype to the lifestyle and pathogenesis of this organism. While 

precise genes, including proteases, DNases, capsule synthesis proteins and cell wall-attached 

adhesins have been shown to modulate the biofilm formation process; their contribution and 

effect seem to fluctuate depending the isolate and the biofilm model tested [172].       

 The results in these chapter are summarized in Figure 16. The internalization and 

detection of SHP pheromones, and the consequent activation of the Rgg2/3 pathway lead to 

increased cellular aggregation and the promotion of enhanced biofilm formation in S. pyogenes. 

Interaction between pheromones and the Rgg2/3 receptors can be prevented if QS inhibitor 

molecules are used, preventing as well an increase in biofilm production. Even though the 

process of pheromone signaling can be observed among different isolates, the ability of Rgg2/3 

signaling to effect biofilm formation is only restricted to a few of these. Thus, this pathway is not 

a global regulator of biofilm formation in this species, but rather, it may be regulating other 

processes that indirectly affect biofilm and cellular aggregation in a subset of strains. We will 

elaborate on this process further in the next chapter, in which we will use the biofilm phenotype 

as a proxy to uncover the possible molecular changes that are being triggered by activation of 

Rgg2/3 QS in S. pyogenes. 

 

  

 

 

 

 

FIGURE 16. Chapter III working model. Activation of the Rgg2/3 quorum sensing pathway 

leads to increased cellular aggregation and biofilm formation. 
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IV. A small secreted protein is required for quorum sensing-dependent increase in biofilm 

 formation and lysozyme resistance in Streptococcus pyogenes. 

 

4.1 Rationale 

 As discussed in the previous chapter, activation of a conserved QS pathway in S. 

pyogenes leads to increased biofilm formation and cellular aggregation in S. pyogenes NZ131. 

Additionally, recent results from our lab show that activation of Rgg2/3 QS also lead to increased 

resistance to the bactericidal effects of lysozyme, an enzyme that targets the bacterial cell wall 

[154]. We propose that these phenotypes are indirect consequences reflecting changes occurring 

at the molecular level of the surface envelope of S. pyogenes in response to QS signaling.   

 This chapter reveals the genes regulated by Rgg2/3 that lead to an increase in biofilm 

formation. The experiments described here provide a better understanding of the gene functions 

regulated by QS in S. pyogenes and their effect over this pathogen’s biology. We hypothesize that 

the genes modulated by this QS pathway play a role in the modification of the cellular envelope, 

the cell wall and/or the proteins that decorate this structure.         

 

4.2 Results 

4.2.1 The shp2 downstream region encodes a gene involved in biofilm formation 

 To understand the molecular mechanism responsible for biofilm increase in the NZ131 

strain, we generated mutations in target genes controlled by the Rgg2/3 pathway, and asked 

which mutants affected biofilm formation. We targeted the genetic regions showing the highest 

increase in expression upon exposure to pheromones, as determined by microarray experiments 

[87]. Downstream of the shp3 gene, a nine gene operon is encoded (genes 0450 to 0460, Figure 

17), whose expression we predict is driven by the Pshp3 promoter. This operon harbors genes of 

diverse enzymatic functions, including a shikimate dehydrogenase, a sugar isomerase, a sugar 

dehydrogenase and an efflux pump protein, suggesting the involvement of this region in the 

production and secretion of a hypothetical secondary metabolite. Downstream of the shp2 gene, 

three genes encoding hypothetical proteins of unpredicted function plus a 913bp intergenic 
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region (referred in this work as IGR) are encoded. In the same coding strand as shp2, and 

predicted to be driven by the Pshp2 promoter, lies the 0414c gene encoding a hypothetical secreted 

protein, and on the opposite strand lie two additional genes (0413 and 0412). The deletion of the 

0450 – 0460 operon, as well as the deletion of the 0412-IGR-0414c region, do not affect the 

ability of the Rgg2/3 circuit to signal, as addition of SHP2C8 and SHP3C8 leads to activation of 

the QS regulated Pshp2 promoter in these mutants in the same degree as in the wild-type strain, as 

assessed by a luciferase reporter (Figure 18A). However, when biofilm production was assessed, 

deletion of the 0412-IGR-0414c region disrupted the increase in biofilm stimulated by the 

pheromones (Figure 18B and C). Biofilm formation was restored when the 0412-IGR-0414c 

region was complemented in single copy and stimulated by pheromones, indicating that the 

biofilm-promoting gene is encoded within this genetic neighborhood (Figure 18C). 

 

 

FIGURE 17.  Targets of Rgg2/3 regulation. Previous transcriptional analysis and DNA-

binding assays have revealed that Rgg2 and Rgg3 antagonistically compete to regulate two target 

promoters, Pshp3 and Pshp2, which promote transcription of their corresponding pheromone genes. 

Additionally, the downstream genes after each shp gene also are upregulated.    
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FIGURE 18. Involvement of Rgg2/3 regulated genes in biofilm formation. Large deletions 

were generated in the regions encoded downstream of the shp2 and shp3, and the effects over QS 

signaling and biofilm formation measured. A. Activation of QS by SHPC8 pheromones as 

measured with a Pshp2-luxAB transcriptional reporter. Bars show standard deviation. B. Picture of 

a crystal violet stained biofilm plate form a representative experiment C. Quantification of 

biofilm formation in several experiments. Bars show standard error.  
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4.2.2 The 0414c protein is necessary and sufficient to promote biofilm formation 

 To identify the gene(s) required for biofilm formation in the 0412-IGR-0414c region, we 

generated individual defined deletions in the 0412, 0413, and 0414c genes. While deletions of 

0412 and 0413 did not affect biofilm formation, the deletion of 0414c was able to disrupt the 

biofilm-increase phenotype, and the phenotype was restored when 0414c was provided back in 

single copy (Figure 19A and B). The role of 0414c is not restricted to the NZ131 isolate, as when 

the homolog of 0414c was deleted in the GA19681 S. pyogenes strain, the ability to develop 

enhanced biofilms in response to pheromones was lost in this isolate also (Figure 19C). While 

these experiments show the requirement of the 0414c gene, they do not assess the role the 

preceding IGR may play in the biofilm phenotype. Our attempts to generate non-polar deletions 

of the IGR were unsuccessful. For this reason, in order to assess the role of the IGR for the 

biofilm phenotype, we generated an antibiotic cassette-marked mutant of the IGR-0414c region, 

and attempted to restore the wild-type phenotype with different complementation constructs 

(Figure 20). The ΔIGR-0414c mutant, which as expected was unable to increase biofilm in 

response to SHP3C8 pheromone, could be complemented with a plasmid carrying the whole 

IGR-0414c region, and could also be complemented with a construct lacking the IGR region, 

ruling out the requirement of this region to increase biofilm formation (Figure 20). To show that 

0414c was not only required but also sufficient to trigger the increase in biofilm production, we 

fused the 0414c ORF to the constitutive promoter of the recA gene and cloned the construct in a 

multicopy plasmid. When compared with the empty plasmid control, constitutive expression of 

0414c generated a large increase in biofilm production even in the absence of exogenous SHP 

addition, and achieved similar biomass level as the ones obtained after SHPC8 pheromone 

addition (Figure 21A and B). When the 0414c overexpression construct was transformed in a 

Δrgg2 strain, which is unable to generate QS signaling, a similar increase in biofilm formation is 

observed. These results demonstrate that 0414c was both required and sufficient to promote the 

increase in biofilm, and that constitutive expression of 0414c bypasses the requirement of QS 

signaling through the Rgg2/3 pathway to increase biofilm. Finally, filtered supernatants of the 

0414c overexpressing strain, but not of the control strain containing an empty vector, were able 

to increase biofilm formation without the need to add SHPC8 pheromones, supporting the notion 

that this protein is secreted into the surrounding medium (Figure 21C).  
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FIGURE 19. The 0414c gene is necessary for SHP-dependent biofilm increase. Deletions in 

open reading frames encoded downstream of the shp2 gene were generated, and the effects over 

biofilm formation assessed A. Biofilm formation in several experiments was quantified by 

measuring the crystal violet absorbance by scanning the stained biofilm area. Bars show standard 

error between experiments. B. Picture of a crystal violet stained biofilm plate. C. Biofilm 

formation in the S. pyogenes GA19681 isolate, and the mutant of the NZ131 0414c homolog 

gene, gene 0871.  
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FIGURE 20. The IGR is not required for the biofilm phenotype. A IGR-0414c::cat mutant in 

strain NZ131 was generated and transformed with different complementation constructs. Left, 

diagram showing shp2 downstream region in mutant, and different constructs. Right, biofilm 

formation of mutant and complemented strain. Bars show standard error between experiments. 

 

 

 

 

FIGURE 21. 0414C is sufficient to promote biofilm increase. Expression of the 0414c gene 

from a constitutive PrecA promoter generates an increase in biofilm formation in the absence of 

QS signaling. A. Quantification of biofilm formation in several experiments. Bars show standard 

error B. Picture of a crystal violet stained biofilm plate form a representative experiment. C. 

Effect of transfer of supernatants from control and 0414c expressing strains over biofilm 

formation.  
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4.2.3 0414c promotes lysozyme resistance in S. pyogenes 

 Work from our lab has shown that SHPC8 pheromones increase the survival of S. 

pyogenes when challenged with lysozyme. In these experiments, bacteria that are preincubated 

with SHP3C8 pheromone are able to withstand the bactericidal effects of lysozyme, when 

compared with a strain treated with a control peptide (Figure 22A).  This phenotype is dependent 

on signaling through the Rgg2/3 pathway, and was induced in every S. pyogenes isolate tested 

when incubated with SHPC8 pheromones, including those strains whose biofilm phenotype was 

not responsive to pheromones [154]. We therefore tested the involvement of 0414c in the process 

of QS-induced lysozyme resistance. When compared to the wild-type strain, the Δ0414c mutant 

remained sensitive to lysozyme, even after the preincubation with SHP pheromones (Figure 

22A). Moreover, constitutive expression from PrecA-0414c generates a strain that is able to 

survive the effects of lysozyme without the need to induce QS signaling (Figure 22B). These 

results demonstrate that 0414c is also necessary and sufficient to promote lysozyme resistance in 

S. pyogenes NZ131. 
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FIGURE 22. The 0414c gene promotes lysozyme resistance in S. pyogenes NZ131. Wild-type 

and mutant strains were subjected to a lysozyme challenge experiment after preincubation with 

control peptide (SHP3revC8), or with active SHP3C8 peptide. A. wild-type NZ131 and Δ0414c 

strains were assessed for their survival in a lysozyme challenge experiment. B. NZ131 was 

transformed with empty plasmid (pGh9) or the plasmid carrying the constitutive PrecA-0414c 

construct, and the ability to survive 2 mg/mL lysozyme challenge assessed. 
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4.2.4 0414c encodes a putative Cysteine Proteinase inhibitor protein  

 We next used bioinformatic tools to gain a better understanding of the mechanism by 

which 0414c promotes the different behaviors described. Basic domain analysis in the 

MicrobesOnline.org website revealed that the 0414c gene does not encode any predicted 

conserved protein domains, and protein similarity searches only revealed similar proteins in two 

closely-related species, Streptococcus canis and Streptococcus dysgalactiae subsp. dysgalactiae. 

Based on the knowledge that other streptococcal species have rgg2-shp2 paralog genes [68], and 

based on the fact that Rgg-regulated genes are commonly encoded in the same genetic 

neighborhood as the rgg genes [27], [173], we examined other rgg2-shp2 loci with their 

adjoining regulated genes in other species. Genome analysis revealed that the rgg2-shp2 locus in 

Streptococcus pyogenes lays in between two highly conserved genes across the Firmicutes 

phylum: the era gene, encoding for an essential GTP-binding protein involved in cell cycle 

control in bacteria [174]; and the fpg/mutM gene, encoding for a DNA-glycosylase involved in 

DNA repair [175]. To date, the Streptoccus genus includes 72 species that are subclassified into 8 

groups depending on the genetic relatedness of core genes [162]. We first analyzed the genetic 

composition of the era-fpg region in one representative species of each Streptococcus group, and 

assembled the data on a tree of the predicted phylogenetic relations between the groups [162] 

(Figure 23). In the representative species of the Mitis, Salivarius and Bovis groups, the era and 

fpg genes are adjacent. Mutans, Anginosus and Sanguinis representative species show a few 

additional genes between era and fpg, including the conserved mutT gene that like fpg/mutM, is 

also involved in DNA repair processes [176]. The Downei group species also have additional 

genes encoded in the era-fpg region, but none of these encode for Rgg-type transcriptional 

regulators. Thus, initial analysis reveals that only the Pyogenic group harbors an rgg2-shp2 locus 

in the genetic region analyzed. We proceeded to analyze in further detail the species that 

comprise the Pyogenic group, and inspected the era-fpg regions in eleven species (Figure 24). 

Our first observation was that 7 of the 11 species analyzed (S. pyogenes, S. canis, S. dysgalactiae 

subsp. equisimilis,  S. dysgalactiae subsp. dysgalactiae, S. ictaluri, S. iniae and S. agalactiae ) 

had an rgg2-shp2 locus, while the remaining four species, although having several genes in this 

region, did not possess any encoded Rgg transcription factors. In all species carrying a shp2 

homolog, the translated, eight C-terminal amino acids of the gene have the same sequence 

(DILIIVGG), suggesting that these species have the potential to develop interspecies 



62 

 

 

communication via these peptides. Additionally, S. dysgalactiae subspecies dysgalactiae has also 

a second QS system encoded in this region, the two-component based sil system, which is also 

present in a minority of S. pyogenes isolates, and which in the case of the isolate analyzed 

(NZ131), there only remains a few genes of this system (shown in yellow arrows). Finally, when 

analyzing the arrangement of the genes downstream of each shp2 homolog, we noticed that S. 

pyogenes was the only one in which a large IGR exists. In S. canis, S. dysgalactiae subsp. 

dysgalactiae, S. iniae and S. agalactiae, the shp2 gene is immediately followed by a ORF in 

place of the IGR found in S. pyogenes, and further downstream a small ORF that resembles in 

length that of the 0414c gene. In S. ictaluri and S. dysgalactiae subsp. equisimilis, the larger 

ORF can also be found, but in the first one has been displaced further downstream by the 

insertion of two genes in the opposing strand, while in the later the large and small ORFs have 

been fused to encode one single gene downstream of the shp2 homolog. In all cases, the large 

ORF encoded downstream of the shp2 gene is predicted to encode a transglutaminase-like 

protease (TG-like protease), a novel subfamily of the cysteine proteinases [177]. We 

hypothesized that mutations may have ocurred to disrupt the TG-like protease gene in S. 

pyogenes. To test this, we performed DNA alignments of the rgg2-shp2 locus between S. 

pyogenes and its phylogenetically closest counterpart S. canis, a pathogen capable of generating 

similar pathologies than S. pyogenes causes in humans, in cattle and dogs [178], [179]. While 

there is a high degree of sequence conservation, starting from rgg2 and decreasing towards the 

shp2 downstream region, several mutations show how the original protease gene encoded was 

lost in S. pyogenes (Figure 25). These mutations include a start codon mutation (ATG to ATA), 

several non-sense mutations in the coding frame, plus a 747 bp deletion in the coding region. 

Most of these mutations are well conserved in other S. pyogenes isolates, as the IGR region has a 

98% DNA identity amongst 45 different strains, suggesting that the events generating the loss of 

the protease gene occurred early during the speciation event that defined the S. pyogenes and S. 

canis species. When analyzing the DNA sequence for possible expression of remnants of the 

pseudogene, three putative ORFs are present that are preceded by RBS-like sequences. Only one 

is encoded in the same reading frame as the original protease gene. Although we cannot be sure 

these peptides are actually being expressed, it remains interesting that the IGR is well conserved 

in S. pyogenes, suggesting a possible function for the components encoded in this region. 
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FIGURE 23.  Genetic composition of the era-fpg region in representative species of the 

different Streptoccus genus groups. The genes encoded in between the conserved era and 

fpg/mutM genes was analyzed in species of the Mitis (S. pneumoniae R6), Sanguinis (S. 

sanguinis SK36), Anginosus (S. anginosus C238), Salivarius (S. themophilus LMD-9), Downei 

(S. downei F0415), Mutans (S. mutans UA159), Pyogenic (S. pyogenes NZ131) and Bovis (S. 

gallolyticus ATCC43143).    



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 24. Genetic composition of the era-fpg region in species of the Pyogenic group. 

The genes encoded in between the conserved era and fpg/mutM genes was analyzed in S. 

pyogenes NZ131, S. canis FSL-Z3, S. dysgalactiae subspecies equisimilis ATCC12394, S. 

dysgalactiae subspecies dysgalactiae ATCC27957, S. equi subspecies zooepidemicus H70, S. 

ictaluri 707-05, S. porcinus Jelinkova176, S. uberis 0140J, S. iniae YSFST01-82, S. urinalis 

FB127-CNA-2 and S. agalactiae 2603V/R. In green, rgg2-shp2 QS related genes. In yellow, sil 

QS related genes.  
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FIGURE 25. Comparison of rgg2-shp2 region between S. pyogenes and S. canis. DNA 

sequences of S. pyogenes NZ131 and S. canis FSL-Z3 were aligned, and DNA identity and 

protein similarity of different fragments calculated using BLAST alignments 

(http://blast.ncbi.nlm.nih.gov/Blast) and EMBOSS matcher (http://mobyle.pasteur.fr). Black 

triangles indicate stop codons in the pseudogene’s (dotted arrow) original reading frame. Blocks 

inside the pseudogene indicate ORFs that possess RBS sequences close to canonical. Blue block 

indicates ORF in the same reading frame as original gene. 
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 Organisms of the varied kingdoms of life have devised the use of small proteins in order 

to inhibit the activity of cysteine proteases [180]. It has been documented in Gram positive 

bacteria that cysteine protease genes are coexpressed with small ORFs encoding for small 

chaperone proteins that play the role of enzymatic inhibitors for their cognate proteinases. The 

most thoroughly studied example of these are the staphostatins, inhibitors of the S. aureus 

papain-like cysteine proteases (Staphopains). Staphostatins show high specifity towards their 

partner coexpressed protease [181], [182]. In S. pyogenes, the potent papain-like protease SpeB 

has been shown to be inhibited by its coexpressed downstream peptide Spi [183]. These data 

support the idea that the small ORF encoded downstream of shp2 in the Pyogenic group 

streptococci encodes for an inhibitor for its coexpressed protease. In S. pyogenes on the other 

hand, mutations lead to the loss of the protease gene, leaving an orphan protease inhibitor. We 

hypothesize that the 0414c gene has evolved to interact with other partner proteases to modify 

their behavior. The fact that Rgg2 proteins are highly similar between S. pyogenes and S. canis 

(95%, Figure 25), while the 0414c protein is only 72% similar to its S. canis paralog, supports 

the notion that 0414c may have evolved to interact with other partners in S. pyogenes. 

 

4.2.5 Cysteine Proteinase mutations affect phenotypes promoted by 0414c  

 We hypothetize that 0414c acts as a cysteine protease inhibitor. If this were the case, 

deleting the target proteinase(s) of 0414c should recapitulate the phenotypes seen by activating 

0414c expression through SHP-signaling or by its constitutive expression from the PrecA 

promoter construct. The S. pyogenes NZ131 strain has 10 genes encoding members of the 

cysteine proteinase superfamily (SSF54001), including the well-studied papain-like protease 

SpeB, the IgG protease IdeS (encoded in the mac gene), and 6 genes harboring CHAP 

(Cysteine, histidine-dependent amidohydrolases/peptidase) domains, involved in the processing 

of peptide crosslinkings in cell wall peptidoglycan (Table IV). Four of these protease genes are 

followed by a short ORF, which could have regulatory functions towards its preceding protease 

(as already shown for the Spi protein encoded downstream of SpeB [183]). We proceeded to 

generate mutations in all members of the cysteine protease superfamily of NZ131, except the 

mac gene, since it has been shown that IdeS protease (encoded in mac) shows strict specificity 

towards IgG molecules, and thus is unlikely to cleave proteins on the surface of S. pyogenes 
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[184]. Since some CHAP peptidases have been shown to be required for cytokinesis [185], we 

tested the growth rate of the CHAP gene mutants. While most exhibited a normal pattern of 

growth, the mutant in the 0026 gene was strongly impaired in growth (Figure 26A), and hence 

was not used in further experiments.   

 

     

 

 

Gene  

number 

Gene  

name 

Gene 

arrangement 

Predicted / Described function 

0015 -  CHAP-domain, predicted to be involved in cytokinesis 

0026 -  CHAP-domain, predicted to be involved in cytokinesis 

0186c -  Transglutaminase-like cysteine protease, lipoprotein 

0679c mac  IdeS IgG endopeptidase [186] 

(Φ2) 0790 -  CHAP-domain, prophage encoded lysin 

1280c pepC  Aminopeptidase 

1407c isp2  CHAP-domain, endo-beta-N-acetylglucosamidase 

1675c isp1  CHAP-domain, endo-beta-N-acetylglucosamidase  

(Φ3) 1459 -  CHAP-domain, prophage encoded lysin 

1690c speB  Papain-like, broad specificity [187] 

 

TABLE IV. Cysteine proteinases of S. pyogenes NZ131. In bold, the name by which each 

protease is referred to in the text. Gene arrangement diagram shows the presence or absence of 

downstream short ORF. In the case of mac gene, downstream small ORF is predicted to be 

pseudogene (hatched arrow). 
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 We proceeded to test the mutants for their ability to form biofilms, in the presence or 

absence of SHP pheromones (Figure 26B). While certain deletions generated a moderate increase 

in the basal level of biofilm formation, no single deletion was able to increase biofilm to the 

same levels of the SHP-induced wild-type strain, the condition in which 0414c is produced and 

secreted. Of the mutations that generated an increase in biofilm, the deletion of the isp2 gene had 

the most significant effect, increasing biofilm formation 3-fold in absence of SHP pheromones, 

while biofilm formation in the presence of SHP3C8 in the Δisp2 strain was similar to the SHP-

induced wild-type strain. The isp2 gene is the second allele to isp1 or “immunogenic secreted 

protein”, a protein of unknown function that has been shown to generate a serological response 

in infected individuals [188]. Since the absence of one isp allele could be compensated by 

presence of the other, we generated a double Δisp1 Δisp2 mutant, which nonetheless showed a 

similar phenotype to the Δisp2 strain. These results show that the Isp2 cysteine protease represses 

biofilm formation in S. pyogenes, and suggest that the possible inhibition of Isp2 by 0414c may 

in turn enhance the ability to form biofilms in this bacteria.    

 While most mutations did not affect biofilm increases seen in the presence of SHP3C8, 

deletion of the 0186c gene greatly reduced this response, with biofilm levels increasing 1.8-fold 

with SHP3C8 in the Δ0186c mutant compared to the almost 6-fold increase seen in the wild-type 

strain (Figure 26B). To assess for any potential effects that the 0186c mutation may have over 

0414c expression, we transferred a plasmid providing constitutive expression of the 0414c gene 

into the Δ0186c mutant. As seen in figure 27A, constitutive production of the 0414c protein in 

Δ0186c mutant has a greatly reduced effect over biofilm when compared with the wild-type 

strain. Finally, to test the involvement of the 0186c TG-like protease in biofilm production in 

other S. pyogenes isolates, we proceeded to generate a mutation in the 0186c homolog in the 

GA19681 isolate. The deletion of the 0826 TG-like protease gene generated a decrease in the 

basal level of biofilm, as well as reduced the biofilm response to SHP3C8 pheromone addition to 

growth medium (Figure 27B). Together, these data show that the 0186 protease contributes to 

biofilm formation, and is also required for the full capacity of biofilm response seen after Rgg2/3 

activation and 0414c production.   



69 

 

 

 

 

 

 

FIGURE 26. Cysteine proteinase mutants and their effect over biofilm formation. A. 

Growth curve of CHAP domain mutants. B. Biofilm formation of wild-type and nine cysteine 

proteinase mutants, in the presence or absence of SHP3C8 pheromone. Quantification of biofilm 

formation in several experiments. Bars show standard error   

 

 

 

 

 

 

 

 

 

 

FIGURE 27. Effects of Δ186c deletion over biofilm formation. A. Effect of expression of the 

0414c gene from a constitutive PrecA promoter over biofilm formation in wild-type and Δ0186c 

strains. Quantification of biofilm formation in several experiments. Bars show standard error.. 

Empty pGh9 plasmid used as control. B. The 0186c homolog in the GA19681 strain (gene 0826) 

was deleted and biofilm formation assessed in the presence or absence of SHP3C8 pheromone. 

Quantification of biofilm formation in several experiments. Bars show standard error. 
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4.2.6 Isp2 plays a role in lysozyme resistance 

 We proceeded to test the involvement of the Isp1, Isp2 and 0186c proteins on the 

phenotype of lysozyme resistance promoted by 0414c. Deletion of the 0186c gene did not greatly 

affect the response to lysozyme, as this mutant behaved in a similar way to the wild-type strain, 

only exhibiting a slight difference after 4h of cellular incubation in lysozyme (Figure 28A). In 

comparison, the deletion of isp2 generated a strain that is able to survive the bactericidal effects 

of lysozyme, while an isp1 mutation also had a slight effect on viability at later time points 

(Figure 28B). While these mutations enhance bacterial survival, is noteworthy that neither is as 

effective as the activation of Rgg2/3 signaling by SHP pheromone, as the kinetics of survival of 

the SHP-induced strains starkly differ from the uninduced Δisp2 strain behavior. This suggests 

that while Isp2 may have a role in lysozyme sensitivity, Rgg2/3 signaling and 0414c may act on 

additional targets to promote lysozyme resistance. To further analyze this, we proceeded to test 

the ability of wild-type and Δisp2 strains to grown in a range of lysozyme concentrations (Figure 

28C). When the overnight growth in a range of lysozyme concentrations was tested, deletion of 

isp2 provided protection against lower concentrations of lysozyme, but this phenotype disappears 

when lysozyme concentrations are increased. On the other hand, incubating cells with SHP3C8 

provides protection to a higher level of lysozyme concentrations. Taken together, these results 

show that deletions of 186c and isp1 have little effect on lysozyme resistance, while the Δisp2 

mutation renders cells resistant to intermediate concentrations of lysozyme. These results suggest 

that the activity of Isp2 increases the sensitivity of S. pyogenes to lysozyme and puts forward the 

possibility that this protein could be a target for inhibition by 0414c in order to trigger increased 

resistance to lysozyme when the Rgg2/3 pathway is activated. 
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FIGURE 28.  Effects of Cysteine proteinase mutations over lysozyme resistance. Wild-type 

and mutant strains were subjected to a lysozyme challenge experiment after preincubation with 

control peptide (SHP3revC8), or with active SHP3C8 peptide. A. wild-type NZ131 and Δ186c 

strains were assessed for their survival in a lysozyme challenge experiments. Samples were taken 

at each time point to estimate CFU of surviving bacteria. B. wild-type NZ131, Δisp1 and Δisp2 

strains were assessed for their survival in a lysozyme challenge experiment, samples were taken 

in each time point to estimate CFU of surviving bacteria. C. Wild-type NZ131 and Δisp2 were 

assessed on their ability to grow on different concentrations of lysozyme in an end point assay. 

Growth was assessed by OD600 after 20h of incubation. 
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4.3  Discussion 

 The results in this chapter provide the first indications to the mechanism by which 

activation of the Rgg2/3 QS pathway triggers its diverse phenotypes (Figure 29). Production of 

the small secreted protein 0414c in S. pyogenes NZ131 drives the processes of cellular 

aggregation, biofilm formation and lysozyme resistance. Based on analogous rgg2-shp2 loci in 

other related streptococci, we predict that this small protein is acting as a cysteine protease 

inhibitor, whose neighboring cognate protease gene has been lost due to several mutational 

events. Thus, we think 0414c acts by inhibiting one or more cysteine proteases encoded in a 

different location in the genome. The S. pyogenes genome encodes for several proteases, 

including 10 predicted cysteine proteases. Mutational analysis linked two of these proteases to 

the phenotypes studied: Isp2, which affected the processes of biofilm formation and lysozyme 

resistance; and the 0186c protease, which was required to increase biofilm production in 

response to QS signaling. In the general discussion section I will elaborate on the possible 

activities these two proteases may be exerting on the cellular envelope of S. pyogenes. 

Additionally, since 0414c appears to be an 'orphan' protease inhibitor, lacking its original cognate 

protease, there is also the possibility that 0414c has evolved to interact with other enzymes apart 

from cysteine proteases, or alternatively, it could also target proteins in the host's environment. 

Further proteomics approaches could be used to discover additional bacterial and human targets 

of 0414c interaction and their effects on the lifestyle of S. pyogenes. 

  

 Our bioinformatic analysis revealed that the rgg2-shp2 locus is well distributed among 

Streptococcus species of the Pyogenic group, and the predicted SHP2C8 pheromone sequence is 

identical in all strains carrying this QS locus. Our lab has shown that S. pyogenes is able to 

participate in interspecies QS events when co-cultured with S. agalactiae, a species that also 

colonizes the human host [68]. However, some of the species that possess the rgg2-shp2 locus 

are not common colonizers of the human host, but rather specialized colonizers of fish (S. iniae, 

S. ictaluri), dogs (S. canis), and cows (S. dygalactiae subsp. dysgalactiae), although in rare cases 

they can infect humans [179], [189]–[191]. Thus, in most cases, we suggest that conservation of 

the SHP2C8 pheromone sequence across Pyogenic group species is the result of the maintenance 

of a well-calibrated interaction between peptide and receptor, rather than the result of a 

beneficious interspecies signaling event.     
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 It remains intriguing that the IGR segment downstream of the shp2 gene, in which the 

TG-like protease was previously encoded, has a high degree of sequence conservation in S. 

pyogenes isolates, up to a 98% identity amongst 45 different strains. This result suggest that 

while the original protease gene was lost, there is still some function associated with the 

components present in this region. One possibility may be the presence of small regulatory 

RNAs (sRNA). One well studied case of QS and sRNA regulation is the agr QS system of S. 

aureus. The agr locus consists of two divergent transcriptional units that are activated in 

response to an autoinducting octapeptide pheromone [12], [192]. One of these transcripts, the 

514bp RNAIII, has been shown to encode a translated ORF and in the same segment, to harbor a 

regulatory sRNA that plays an important role in regulating target virulence genes [192]–[194]. 

Additionally, we predict that at least three short ORFs could be expressed from the pseudogene 

region, peptides that could as well exert a regulatory activity. Finally, there is the possibility that 

the region upstream of the 0414c gene has effects on translation. We have recently generated 

translational reporter fusions of the 0414c gene with the gus gene (encoding D-β-glucuronidase), 

and preliminary results show that deletion of the IGR reduces the amount of β-glucuronidase 

activity when SHPC8 pheromones are added to media, supporting the idea of the requirement of 

IGR for efficient translation of 0414c.    

  

 Taken together, the data presented in this chapter point towards a role for the Rgg2/3 QS 

of S. pyogenes in the modification of the cellular envelope through the activity of a small 

secreted protein. While biofilm formation and lysozyme resistance are the phenotypes we have 

been able to observe in our in vitro conditions, these phenotypes may be the result of precise 

molecular changes related to the tailoring of the cell wall composition, and which may play an 

even bigger role in how S. pyogenes interacts with the human host and survives the demanding 

conditions faced during host tissue colonization.      
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FIGURE 29. Model of 0414c activity. QS signaling by SHPC8 pheromones activates expression and 

secretion of 0414c, which promotes cellular aggregation, biofilm formation and lysozyme resistance. In 

the outer media, this enzyme works to inhibit cysteine proteases. The Isp2 and 0186c are putative targets 

of 0414c inhibition. 
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V. Identification of mannose transport proteins required for activation of the Rgg2/3 

quorum sensing pathway of Streptococcus pyogenes. 

(Reprinted in part, with permission, from Chang JC, Jimenez JC and Federle MJ (2015) 

Induction of a quorum sensing pathway by environmental signals enhances group A 

streptococcal resistance to lysozyme. Molecular Microbiology 97:(6), doi: 10.1111/mmi.13088) 

5.1 Rationale 

 Successful cell-to-cell signaling in bacteria relies on the accumulation of secreted 

chemical signals in the environment up to threshold concentrations ideal for signal detection. 

While this process is usually characterized to be only dependent on cellular density, the ability of 

QS circuits to turn on (and off) also depends on the environmental conditions bacteria encounter, 

in some cases with certain nutrients being able to activate or repress QS genes [195]–[197]. 

 A screen performed in our lab using a panel of various carbon source nutrients unveiled 

that the monosaccharide mannose is able to induce a strong activation of the shp QS genes in S. 

pyogenes NZ131, triggering endogenous production of SHP pheromones and leading to the 

activation of the Rgg2/3 QS pathway [154]. A slight activation of shp expression was also 

observed when fructose was present, while 58 other carbon source nutrients that supported 

growth were unable to promote QS signaling, highlighting the specificity of mannose as a QS 

promoting signal.  

 As with other monosaccharides, mannose and fructose are imported into bacteria by the 

activity of phosphotransferase systems (PTS), multiprotein complexes comprised of two core 

proteins (Enzyme I (EI) and HPr) and a variety of enzyme II (EII) permease complexes, each one 

specializing in the import of a subset of mono- or disaccharides. PTS not only catalyze the 

transport and phosphorylation of sugars, but can also phosphorylate and/or directly interact with 

other proteins to trigger downstream changes in gene expression, (Figure 30A) and are involved 

in regulating genes related with metabolism, chemotaxis and virulence in several bacterial 

pathogens (reviewed in [198]). In streptococcal species, PTS of the mannose family (PTS-Man) 

have been shown to import several saccharides (referred in this text as PTS-Man sugars) 

including mannose, fructose, galactose, glucosamine, N-acetyl-glucosamine (GlcNAc), and even 

glucose; but the substrate specificity of each PTS-Man complex varies depending on the precise 
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allele and species studied [199]–[202]. The S. pyogenes genome encodes three putative PTS-Man 

systems (Figure 30B): manLMN, widely distributed in the Firmicutes phylum and identified in 

other streptococci as the main importer of mannose [200], [201], [203], [204]; ptsABCD, present 

only in some species of pyogenic streptococci and in enterococci; and a third system, agaFVWD, 

annotated as a N-acetyl-galactosamine importer but shown to be required for growth on 

hyaluronate in S. pneumoniae [201].  

 We hypothesize that the import of mannose by PTS complexes triggers downstream 

signaling that activates the expression of SHP pheromones, leading to QS communication. The 

aim of this chapter is to understand the role of PTS-Man systems and their contribution to the 

activation of Rgg2/3 QS in S. pyogenes by mannose. 

 

 

 

 

 

 

 

FIGURE 30. PTS systems and their role in signaling. A. The EII permease complex of the 

PTS has subunits that import the target sugar (C and D), and subunits that are part of a phospho-

relay circuit (A and B) that take phosphate groups from the active metabolism to phosphorylate 

the incoming sugar, targeting it to its corresponding metabolic pathways. In some cases, the 

phosphorylating subunits can also activate transcription factors by phosphorylation or direct 

interaction, triggering downstream signaling events. B. The S pyogenes NZ131 genome encodes 

for three putative PTS systems of the mannose family (PTS-Man), whose genes are encoded in 

three distinct operons.     

A B 
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5.2 Results 

5.2.1 Role of S. pyogenes PTS-Man complexes in growth in alternative carbon sources 

 To investigate whether a specific PTS system was required to import mannose and 

mediate SHP signaling, mutants of the membrane-bound permease component (EIIC) of each 

PTS were generated by insertional disruption using a suicide plasmid approach, as described in 

materials and methods section.  

 We first tested the ability of the different mutants to grow on media using PTS-Man 

substrate sugars as the sole carbon source (Figure 31). We also tested a control condition in the 

presence of sucrose, a sugar not imported by the PTS-Man family, and a no sugar added 

condition. The wild-type NZ131 strain was able to grow robustly in all carbon sources tested, 

although growth on mannose was significantly slower than in other sugars. This observation can 

be explained by the necessity to isomerize mannose to fructose-6-phosphate before this sugar can 

enter glycolysis, the main energy production pathway of S. pyogenes (www.genome.jp/kegg). 

The manM – mutant was unable to grow in the presence of mannose, fructose, glucosamine or N-

acetyl-glucosamine as carbon sources, but was able to grow on glucose, a sugar that is imported 

by multiple routes into the cell. The total yield of growth in this mutant in glucose is nonetheless 

reduced, suggesting the ManLMN complex can as well import glucose, a phenomenon seen with 

other PTS-Man transporters in Streptococci [203]. As expected, the growth of the manM – mutant 

on sucrose was not affected. The ptsC – mutant was able to grow on all sugars, with only slightly 

slower rates when using mannose, fructose and N-acetyl-glucosamine. Apart from a slightly 

lower growth yield in mannose, growth of the agaW – mutant on all sugars was similar to that 

observed for wild-type. These results show that ManLMN is the primary PTS for import of 

mannose, fructose, glucosamine and GlcNAc and that neither PtsABCD nor AgaFVWD are 

sufficient to support robust growth on these substrates when ManLMN is absent.  
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FIGURE 31. Effect of PTS insertional disruptions on growth in varied carbon sources. 
Three target PTS-Man systems were disrupted using a suicide-plasmid approach, and the ability 

of the respective mutants to grow using different saccharides as the sole carbon source tested and 

compared to a wild-type strain. Strains were grown in CDM with 1% of the indicated sugar 

added. Sucrose was used as a control sugar which is not imported by the PTS-Man family. A 

condition with CDM with no sugars added was used as a control to show the requirement of 

saccharides for growth.      
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5.2.2 Mannose and fructose activate expression of SHP pheromone 

 As shown in Figure 32, when a wild-type strain harboring a Pshp3-luxAB luciferase 

reporter was grown on glucose, very low levels of promoter activity are seen, even when high 

cell densities are reached. When the same strain is grown in the presence of mannose as the sole 

carbon source, the activation of Pshp3-luxAB follows a growth associated pattern, following the 

classic density-dependent induction of QS, and generating a 5000-fold increase in pheromone 

promoter activity. Fructose, the other sugar imported by the PTS-Man family of transporters, has 

a moderate effect over Pshp3 activity, increasing promoter activity 5-fold after the mid-exponential 

phase of growth is reached. 

 

FIGURE 32. Activation of Pshp3 pheromone promoter expression in response to different 

carbon sources in a wild-type NZ131 strain. A wild-type strain harboring an integrated 

plasmid with a Pshp3-luxAB reporter construct was grown on CDM containing 1% (w/v) of the 

indicated sugars, and growth and light production monitored. Solid lines represent bacterial 

growth as measured by OD600 while dotted lines represent log of relative light production. 
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5.2.3 Disruption of ptsABCD system inhibits mannose-induced Rgg2/3 QS 

 We tested the effects of PTS-Man disruption on Pshp3 induction in the presence of 

mannose or fructose (Figure 33). While the agaW 
– mutant followed a similar induction pattern 

compared to the wild-type strain, manM 
– and ptsC 

– mutants exhibited minimal reporter 

induction when grown on mannose. However, interpretation of the manM 
– mutant's was hindered 

by the severe growth defect of this strain on these sugars; it is possible this strain was not able to 

grow sufficiently to trigger signaling. In contrast, disruption of ptsC had minimal effect on 

growth yet induction of Pshp3 was dramatically reduced. The slight inducing effect of fructose 

over Pshp3 could be seen in both agaW 
– and manM 

– strains, but was lost in the ptsC 
– strain. When 

the PTS mutant strains were exposed to synthetic SHP-C8 peptide, a condition that bypasses the 

environmental cues needed to trigger Rgg-SHP signaling, all mutants responded similarly to 

wild-type, demonstrating that mutations in PTS encoding genes do not disrupt the pheromone 

detection machinery and that the capacity of these mutants to respond to pheromone is intact. In 

contrast a Δrgg2 strain, which is unable to activate Pshp3, shows an impaired response to 

pheromone addition (Figure 34).  
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FIGURE 33.  Effect of PTS insertional disruptions over expression of QS pheromones. 
Mutants in three PTS-Man systems of S. pyogenes were tested for their ability to activate 

expression of QS pheromone promoter in response to different carbon sources. The manM –, 

ptsC – and agaW – mutants were transformed with an integrative plasmid carrying a Pshp3-luxAB 

reporter construct, and were later grown in CDM containing 1% (w/v) of the indicated sugars. 

Growth and light production was monitored, solid lines represent bacterial growth as measured 

by OD600 while dotted lines represent log of relative light production.  
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FIGURE 34.  Effect of PTS insertional disruptions over QS induction after synthetic SHP3-

C8 addition. The ability to respond to synthetic SHP3-C8 pheromone was tested in a wild-type 

strain, a strain deficient in the rgg2 gene, and the three mutants in PTS systems. All strains 

possess an integrated plasmid carrying a Pshp3-luxAB reporter construct, and were grown in CDM 

containing 1% (w/v) glucose, plus 25nM SHP3-C8 pheromone. Solid lines represent bacterial 

growth as measured by OD600 while dotted lines represent log of relative light production.   

FIGURE 35. Complementation of ptsC 
– mutation restores the ability to induce QS signaling 

in response to mannose. A ptsC 
– mutant strain was complemented by expressing the ptsABCD 

operon from a constitutive promoter on a multicopy plasmid, and its ability to respond to the QS 

activating effect of mannose compared to a wild-type and the parental mutant strain. All strains 

possess an integrated plasmid carrying a Pshp3-luxAB reporter construct, and were grown on 

CDM containing 1% (w/v) mannose. Solid lines represent bacterial growth as measured by 

OD600 while dotted lines represent log of relative light production.   
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Finally, the signaling defect of the ptsC– mutant could be fully complemented by expressing the 

ptsABCD operon from a constitutive promoter on a multicopy plasmid (Figure 35). Taken 

together, these data show that the PtsABCD transporter is essential for SHP signaling in response 

to activating sugars mannose and fructose.  

5.2.4 PTS-Man genes show differential expression patterns 

 To better understand the role of ManLMN and PtsABCD PTS systems on mannose 

metabolism and signaling, we studied the expression levels of both systems using luciferase 

transcriptional reporters. A PmanL-luxAB reporter exhibited a high level of expression when the 

strain was grown on glucose, and a further 3-fold higher level in expression when the strain was 

grown on mannose as the sole carbon source (Figure 36A). In comparison, the PptsA-luxAB 

reporter showed a low level of expression when grown on glucose, but a 50-fold higher 

expression level when grown on mannose (Figure 36A). To further assess how the expression of 

these transporters was activated in the presence of different sugars, reporter strains were briefly 

incubated in CDM lacking any carbon source, and the signal of luciferase reporters measured. 

The strains were then transferred to CDM containing 1% (w/v) of each PTS-Man sugar, and the 

light production estimated immediately after (Figure 36B). Mannose and fructose are able to 

increase PmanL expression more than 10 times, while PptsA exhibits a 300-fold increase in 

expression when mannose is added. Glucosamine and N-acetylglucosamine, both of which are 

unable to effect SHP signaling, have also a poor inducing effect over both PTS-Man transporters. 

These results suggest that ManLMN is a constitutively expressed PTS, a fact that correlates with 

its key role in growth when using varied alternate sugars as the sole carbon source (Figure 31). 

PtsABCD on the other hand is an inducible transporter, highly responsive to addition of 

mannose. These results remain puzzling, as mutation of the PtsABCD system had little effect on 

growth rate in the presence of mannose, and this transporter is unable to support robust growth in 

mannose when ManLMN is absent (Figure 31). One possibility may be that PtsABCD induction 

provides a growth advantage in the conditions found within the host but that are not replicated in 

our in vitro experiments. Alternatively, one may speculate about the possibility of PtsABCD 

playing a specialized role focused in the detection of mannose and concomitant signaling events, 

and playing only a minor role in the further import and metabolism of this sugar.  
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FIGURE 36.  Expression of PTS promoters under different carbon sources. The promoter 

for the manLMN operon (PmanL) and the promoter for the ptsABCD operon (PptsA) were studied 

using luciferase reporter constructs. Strains carrying reporter constructs for either promoter were 

grown on CDM containing 1% (w/v) of the indicated sugars and light production was monitored. 

A. Maximum promoter activity. B. Reporter strains were preincubated briefly in CDM in the 

absence of any carbon sources, and then transferred to CDM containing diverse carbon sources. 

The fold increase in luciferase activity in between both conditions was then calculated.  

 

 

 

5.2.5 Induction of Rgg2/3 QS by mannose is repressed by glucose 

 As the preferred energy source, glucose represses the expression of systems involved in 

the use of secondary carbon sources through a process known as carbon catabolite repression 

(CCR). CcpA (catabolite control protein A) is the primary transcriptional repressor mediating 

CCR in S. pyogenes. CcpA binds DNA at conserved sequences in target promoters known as 

CRE or catabolite responsive elements [205], [206]. To test the repressive effects of glucose over 

mannose-activated QS, increasing amounts of glucose were added to CDM containing 1% 

mannose, and Pshp3-luxAB activity monitored. As shown in Figure 37A, we observed a dose-

dependent repression of the Pshp3-luxAB reporter with addition of glucose to the media. Apart 

from glucose; sucrose, fructose, maltose and lactose are the other main mono- and disaccharides 

of the human diet [207] and could be carbon sources available to GAS growing on the saliva-

bathed surfaces of the oropharynx. Unlike glucose, addition of fructose, sucrose and lactose at 

A B 



85 

 

 

concentrations > 10-fold excess of mannose did not inhibit the expression of the Pshp3 reporter 

(Figure 37B). These results show that induction of SHP pheromones is subject to CCR by 

glucose, and that mannose appears to be a specific signal that can be detected even in the 

presence of other dietary sugars. 

 

 

FIGURE 37.  Carbon catabolite repression of pheromone activation in response to glucose. 

A. Response of the Pshp3-luxAB reporter to glucose catabolite repression. Reporter strain was 

growth in CDM in the presence of 1% mannose alone, or with an increasing concentration of 

glucose, and the effects over SHP pheromone promoter activation assessed. B. Sucrose, fructose 

and lactose were added to CDM alone, or mixed with mannose in a 10:1 ratio, and activation of 

Pshp3-luxAB reporter assessed.  

 

5.2.6 Induction of ptsABCD is repressed by glucose 

 Since PtsABCD expression is highly induced in presence of mannose, we analyzed the 

effect of glucose on its induction. When we tested the PptsA-luxAB reporter strain, increasing 

concentrations of glucose were able to repress the induction of expression generated by 1% 

mannose, in a comparable degree to Pshp3 repression by glucose (Figure 38A). Furthermore, while 

the genetic region surrounding both Pshp2 and Pshp3 lacks any predicted CRE binding sites for 

CcpA, the PptsA region harbors a consensus-fitting site that could be bound by CcpA to exert its 

A B 
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transcriptional repression activities (Figure 38B). These results show that PptsA is also subject to 

carbon catabolite repression by glucose, and the presence of a CRE site in this genetic region 

suggest that this repression is exerted by the CcpA protein. Although we have tried to generate a 

ccpA deletion strain to test this hypothesis, we haven't been able to isolate clones in which the 

recombination process removes the gene from the chromosome. Additionally, a recent report has 

shown that CcpA may be essential in certain S pyogenes isolates, including the strain used for 

our transcriptional studies, NZ131 [208]. 

 

 

FIGURE 38.  Carbon catabolite repression of PptsA expression. A.  Response of the PptsA-

luxAB reporter to glucose catabolite repression. Reporter strain was growth in CDM in the 

presence of 1% mannose alone, or with an increasing concentration of glucose, and the effects 

over the ptsABCD operon promoter activation assessed. B. CRE binding site in PptsA. The CRE 

(catabolite responsive element) binding site for the CcpA repressor was mapped in the ptsABCD 

operon promoter, and its sequence paired with two characterized CRE sequences of S pyogenes, 

and with the established CRE consensus sequence of B. subtilis [209].  

A B 
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5.3 Discussion 

 In bacteria, the processes of nutrient import and metabolism are tightly linked with gene 

regulation events. It is well understood that changes in the availability of carbon sources, like the 

depletion of a preferred energy source like glucose and the switch to an alternative secondary 

carbon source, leads to distinct changes in gene expression [210]. Several transcriptomic studies 

have shown that S. pyogenes triggers the expression of genes involved in binding and 

importation of different non-glucose carbon sources when in the presence of host tissue, blood, 

and saliva [211]–[213]; suggesting an important role for saccharides and their signaling effects in 

the S. pyogenes lifestyle. Moreover, the utilization of alternate carbon sources other than glucose 

has also been linked to the activation of well-known virulence genes of S. pyogenes, supporting 

the important role of carbohydrate sensing and metabolism as a cue to modify cellular behaviors.    

  

When initially characterized, the activity of the Rgg2/3 QS pathway was minimal when 

bacteria were cultured in presence of glucose, and activation of SHP pheromone expression 

didn't occur unless small amounts of synthetic peptide pheromones were added to the culture 

medium [87]. Together with the discovery of mannose as an inducer signal, the results presented 

in this chapter illustrate how the event of transporting a specific sugar type into the cytosol leads 

to the activation of a new cellular program, in this case the induction of a QS pathway (Figure 

39). Previous works have exemplified how PTS-Man in other Streptococci can affect the process 

of competence, the development of biofilms, production of secreted hemolysin, and sensitivity to 

bacteriocins [214]–[216]. Thus, there seems to be a proclivity to tie mannose metabolism with 

genetic regulation through the activity of PTS-Man importers. Still, the high specificity of 

mannose and not other related sugars in their ability to activate SHP pheromone expression is 

intriguing and raises the question of the role of mannose as an environmental cue in the host's 

environment. Although mannose is not a main dietary sugar [207], it is commonly used for 

glycosylation of extracellular proteins in eukaryotes  [217], [218]. Different streptococcal species 

have been shown to use a variety of glycosydase enzymes to cleave sugars from human 

glycoproteins, releasing saccharides that allow bacterial growth and attachment to underlying 

molecules, a process believed to be key for host-colonization [219]–[222]. Thus, we speculate 

that release of mannose from host glycoproteins by the activity of S. pyogenes glycosydases will 
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detach mannose molecules that can activate Rgg2/3 QS, and that mannose may then act as an 

environmental cue to reflect interaction of the bacterium with the host's epithelium.  

  

We do not understand yet how the activity of PtsABCD ties with the activation of Rgg2/3 

QS. It is well known that activation of sugar transport by PTS systems can lead to the direct 

activation of downstream transcription factors [198]. One of the mechanisms for this activation is 

the phosphorylation of specific domains, termed PTS regulatory domains (PRD), which leads to 

a change in activity in the target transcription factor. In S. pyogenes, six genes encode for 

proteins with predicted PRD domains. One of these proteins is the extensively characterized 

'multiple virulence gene regulator' Mga, a factor that has been shown to regulate up to 10% of 

the transcriptome in certain S. pyogenes isolates [148]. Mga has been shown to be directly 

phosphorylated by PTS components in two separate PRD domains, and different phosphorylation 

combinations can lead to the activation or repression of its activity [223]. We think the key role 

of PtsABCD in activating QS lies in sensing and/or transducing signals specifically related to the 

presence of mannose, through the phosphorylation and consequent modulation of activity of a 

target PRD-containing transcription factor. Thus, the study of these PRD proteins may further 

reveal the mechanistic details on how mannose activates QS pheromone synthesis.  
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FIGURE 39.  Model of PTS-Man role in growth and QS in S. pyogenes. Results show that 

the ManLMN PTS sugar importer is crucial for growth in the presence of Mannose, as well as 

fructose, glucosamine and N-acetylglucosamine (PTS-Man sugars, not shown in the figure). The 

detection of mannose by the bacteria leads to the induction in expression of a second transporter, 

PtsABCD, which has a minor role in supporting bacterial growth in the presence of PTS-Man 

sugars, but is indispensable to activate expression of SHP pheromones. The mechanism by which 

this activation occurs is unknown. Additionally, presence of glucose represses activation of SHP 

expression, while also repressing induction of the ptsABCD operon expression. 
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VI. GENERAL CONCLUSIONS AND DISCUSSION 

 

 

 The work presented herein shows how the activation of a QS pathway leads to several 

phenotypical changes in S. pyogenes by the expression of a single small secreted protein, 0414c. 

The observed processes of bacterial aggregation, enhanced biofilm formation and lysozyme 

resistance point towards changes occurring in the bacterial envelope, the cell wall and its 

attached components. Based on genomic data, we have hypothesized that 0414c acts as a 

putative cysteine protease inhibitor, and through a genetic approach we have identified two 

putative targets of 0414c inhibition, 0186c and Isp2. Our current efforts are focused on obtaining 

biochemical data to support our genomic and genetic findings, in order to establish conclusively 

the activity exerted by 0414c and its effects over S. pyogenes.   

 

6.1  0186c TG-like protease 

 Interestingly, 0186c encodes for a putative TG-like cysteine protease, the same subfamily 

of cysteine protease that is encoded next to shp2 in other Pyogenic Streptococcus species, and 

that was lost in S. pyogenes. Thus, the orphan 0414c protease inhibitor may have evolved to 

interact with other TG-like cysteine protease in the S. pyogenes genome. Proteases are normally 

thought of as having a repressive effect over biofilm formation, due to their ability to degrade 

biofilm matrix components and/or bacterial surface adhesins. In this case, the 0186c protease 

promotes biofilm formation.  

  

 TG-like cysteine proteases have been described in bacterial, archeal, viral and eukaryotic 

genomes [177]. To date, they have only been shown to exhibit protease or peptidase activity, but 

no transglutaminase activity [224]–[227]. Interestingly, the first studied TG-like protease was 

isolated from an archeal phage, and was shown to have endopeptidase activity towards the 

archeal cell wall [224]. Additionally, a quick protein similarity search reveals that the 0186c gene 

is differentially annotated through S. pyogenes isolates, with some genomes annotations 

predicting a 'S-layer protein' function, or in some isolates a 'peptidoglycan endo-beta-N-

acetylglucosaminidase' activity. S-layer proteins are large proteins that assemble in crystalline-

like arrays in bacterial surfaces, and in the case of Gram positive bacteria interact with the 

peptidoglycan cell wall [228]. The endo-beta-N-acetylglucosaminidase activity is one of the four 



91 

 

 

different enzymatic mechanisms by which cell wall polymers can be cut [129]. While genome 

annotation predictions are not always accurate, it is still intriguing that both of these functions 

link the activity of 0186c to the bacterial envelope.      

  

 Recently, we have been able to express the 0186c gene in E. coli and purify the 

recombinant protein through nickel affinity purification. We have been unable to detect any 

protease or transglutaminase activities using readily-available proteins casein and BSA as 

substrates, suggesting either that this enzyme has high specificity for substrates, or its activity is 

neither a protease nor transglutaminase. Preliminary results also show that while addition of 

recombinant 0186c protein doesn't enhance biofilm formation by itself, it does enhance biofilm 

when QS is activated, supporting the notion that 0186c and 0414c work together to generate the 

biofilm increasing activity.      

 

6.2 The immunogenic secreted proteins, Isp1 and Isp2 

 The deletion in the isp2 gene was able to partially recapitulate two phenotypes promoted 

by 0414c. Isp genes are present in two alleles in S. pyogenes, isp1 and isp2, and both genes 

present similar domain architectures (Figure 40): an N-terminal secretion sequence, a low 

complexity repetitive sequence region, a predicted N-acetylglucosaminidase domain, and a 

predicted CHAP (Cysteine-Histidine dependent Amidohydrolases/Peptidases) domain. CHAP 

domain proteins have been involved in daughter cell separation, cell lysis, and cell-wall 

processing to promote conjugative transfer of DNA [185], [229], [230]. Interestingly, the S. 

pyogenes genome encodes for multiple CHAP domain proteins, with the NZ131 isolate 

harboring six genes encoding this domain; two predicted to be involved in cytokinesis (0015 and 

0026 genes), two encoded in prophage genomes (0790Φ2 and 1459Φ3 genes), and two secreted 

isp1 and isp2 hydrolases. Neither the deletion of each single allele, or the double Δisp1 Δisp2 

mutant exhibited deficiencies in growth rate, suggesting that while these enzymes have 

peptidoglycan hydrolase domains, they don’t play an essential role in cell separation and may 

play other roles, for example in tailoring the composition of the cell wall. The isp1 allele was 

first discovered during the genetic characterization of a downstream gene, mga, but no role or 

function has been assigned to it yet, apart from its immunogenicity in infected individuals [188]. 

Recently, it has been shown that a purified CHAP domain from a Bifidobacterium bifidum 
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hydrolase is sufficient to trigger an immune response, suggesting that these bacterial domains are 

themselves highly immunogenic [231].  

 The isp genes of S. pyogenes are encoded in two distinct predicted operons, isp1 encoded 

downstream of genes that encode the Irr/Ihk two component signaling system and a putative 

ABC transporter, and isp2 encoded downstream of genes encoding for an acyl carrier protein and 

an alanine racemase. Interestingly, these last two proteins are involved in synthesis and 

modification of the bacterial cell envelope: Acyl carrier proteins are necessary for fatty acid 

synthesis and are as well required to bind lipid cofactors to enzymes involved in teichoic acid 

modification [232], [233]. Alanine racemase promotes the interconversion of L-alanine and D-

alanine, both substrates for peptidoglycan synthesis and teichoic acid modification [234]. The 

coexpression of these two enzymes with Isp2 supports the idea of this peptidoglycan hydrolase 

playing a role in the processing and/or modification of the components present in the cell wall. 

Recently, we have been able to express the isp2 gene in E. coli and purify the recombinant 

protein through nickel affinity purification. Preliminary results show that recombinant Isp2 is 

able to degrade crude cell wall extract of S. pyogenes, corroborating the peptidoglycan hydrolase 

activity of this enzyme.    

FIGURE 40. Domain architecture and operon distribution of Isp proteins. Left, predicted 

protein domains of Isp alleles. Right, genetic context of isp genes. Predicted operons are shown. 

   

  Why does Isp2 affect the processes of biofilm formation and lysozyme resistance?. In 

the first case, it has been shown that the activity of peptidoglycan hydrolases that cut cell wall 

bonds also generate the release of cell wall bound proteins [128], and in S. pyogenes several 

peptidoglycan attached proteins can be found in high quantities in the supernatant [127], [235]. 
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Activity of Isp2 could be involved in the release of some of the adhesive proteins that S. 

pyogenes uses in order to promote biofilm formation. In the case of Isp2 and its effect over 

lysozyme resistance, we hypothesize that processing of the cell wall by Isp2 renders the bacteria 

susceptible to the effects of lysozyme (maybe through weakening of some of the peptide bonds 

in between glycan strands) and that either its deletion or its putative inhibition by 0414c results 

in a more resilient cell wall and enhanced survival towards the action of lysozyme.  

 

6.3 0414c putative cysteine protease inhibitor 

 The 0414c gene encodes for a conserved secreted protein of S. pyogenes, which 

expression is regulated in a population-wide manner by QS, suggesting that presence of the 

0414c protein in the outer media provides an important function for the community of S. 

pyogenes cells in their environment. Preliminary experiments have shown that expression of the 

0414c gene from a constitutive promoter can generate changes in the composition of S. pyogenes 

supernatants, with new proteins being released to the outer media when 0414c is expressed. 

Further experiments will assess the identity and source of these proteins, which could be released 

to the supernatant as a result of a differential processing of cell wall and its attached proteins 

when 0414c is present.  

 Research of the cell division machinery of bacteria has shown that peptidoglycan 

hydrolases are usually regulated at the level of activation by other cell wall binding factors [140]. 

While bacterial-produced inhibitors of mammalian lysozymes have been described, no known 

secreted inhibitors of bacterial peptidoglycan endopeptidases have been described to date, hence 

0414c could prove to encode for a novel type of inhibitor. Recently, we have been able to 

successfully express and purify recombinant the 0414c protein from E. coli, with the intent of 

characterizing the effect of 0414c over its putative targets and its effect over changes occurring 

to the composition of the cell wall.    
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6.4 Mannose as a QS inducing signal 

 The PtsABCD PTS transporter proved dispensable for growth, but essential for activation 

of Rgg2/3 QS in response to mannose. As stated in chapter V, we speculate that S. pyogenes-

induced release of mannose from glycoproteins in the host's epithelium may act as an 

environmental cue to reflect interaction of the bacterium with the host, effecting SHP pheromone 

production and Rgg2/3 signaling. There is also the possibility that mannose serves as substrate 

for enzymes regulated by QS, for example the enzymes encoded in the putative biosynthetic 

operon downstream of the shp3 (Figure 41). As with other bacterial biosynthetic operons [236], 

the 0450-0460 operon is predicted to encode the enzymes for the step by step synthesis of a 

secreted secondary metabolite. Some of the enzymes encoded in this operon are predicted to be 

involved in the isomerization, binding and dehydrogenation of sugars. Thus, mannose could act 

both as a signal to induce the expression of the biosynthetic genes, and be a building block for 

the molecule synthetized by these enzymes.   

 

FIGURE 41. Predicted enzymatic functions encoded in the 0450-0460 operon. The predicted 

enzymatic functions of each gene are annotated.  
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6.5 Concluding remarks 

 The S. pyogenes NZ131 genome contains 1820 genes in 1.81 Mbp of DNA, and is thus 

around 2.5 times smaller than the prototypical E. coli genome. As with other Streptococcus 

species, S. pyogenes lacks the biosynthetic pathways for several nutrients that it obtains directly 

from its human host, and most of these gene pathways are predicted to be have been lost during 

the adaptation of a free-living ancestor towards a pathogenic, host-dependent lifestyle [237]. For 

these reasons, it’s assumed that the genes that are conserved along the S. pyogenes pan-genome 

must provide an adaptive advantage towards life inside the human host.  

 Several QS systems can be found in S. pyogenes, but to date, Rgg2/3 represents the only 

functional QS circuit that is conserved among sequenced strains. We think this is pressing 

evidence that this signaling system plays an important role in the life cycle of S. pyogenes inside 

the human host. The work presented unveils a possible functionality for the Rgg2/3 system in S. 

pyogenes, and points towards active processing or modification of the bacterial envelope. Future 

experiments will be geared towards carefully characterizing the possible molecular changes 

occurring in the cell wall and its associated molecules when SHP signaling and 0414c expression 

is triggered, and analyzing how these changes can affect the interaction of an important pathogen 

with its human host. 
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APPENDIX A 

 

(Reprinted in part, with permission, from Jassim, S.H, Sivaraman, K.R., Jimenez, J.C., Jaboori, 

A.H.J, Federle, M.J., de la Cruz, J., and Cortina, M.S., 2015, IOVS, doi:10.1167/iovs.15-17101) 

 

 Five selected isolates of coagulase negative Staphylococcus (CNS) isolated from ocular 

surface of patients with Boston type 1 keratoprostheses (K-Pros) were tested for antibacterial 

resistance patterns when exposed to vancomycin in both planktonic and biofilm forms. For all 

strains, the rate of bacterial death was significantly higher for planktonic bacterial cells in 

comparison to the corresponding biofilm state regardless of the specific strain (P < 0.001). 

Eradication of CNS by vancomycin in its biofilm form was statistically significant only in three 

of the five biofilm-forming strains studied (P < 0.05). In the two other strain, vancomycin was 

ineffective in eradicating or killing CNS in its biofilm form cells at a statistically significant rate.  
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