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Summary

Phenotypic heterogeneity is commonly observed between isolates of a given pathogen. 

Epidemiological analyses have identified that some serotypes of the group A Streptococcus (GAS) 

are non-randomly associated with particular disease manifestations. Here, we present evidence 

that a contributing factor to the association of serotype M3 GAS isolates with severe invasive 

infections is the presence of a null mutant allele for the orphan kinase RocA. Through use of 

RNAseq analysis, we identified that the natural rocA mutation present within M3 isolates leads to 

the enhanced expression of more than a dozen immunomodulatory virulence factors, enhancing 

phenotypes such as hemolysis and NAD+ hydrolysis. Consequently, an M3 GAS isolate survived 

human phagocytic killing at a level 13-fold higher than a rocA complemented derivative, and was 

significantly more virulent in a murine bacteremia model of infection. Finally, we identified that 

RocA functions through the CovR/S two-component system as levels of phosphorylated CovR 

increase in the presence of functional RocA, and RocA has no regulatory activity following covR 

or covS mutation. Our data are consistent with RocA interfacing with the CovR/S two-component 

system, and that the absence of this activity in M3 GAS potentiates the severity of invasive 

infections caused by isolates of this serotype.
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Introduction

Bacterial pathogens commonly exhibit variation in virulence factor expression and disease 

potential between isolates (Willems et al., 2011, Fierer & Guiney, 2001, Carroll et al., 2011, 

Heithoff et al., 2012, Suerbaum & Josenhans, 2007). For example, Staphylococcus aureus 

isolates from the USA300 lineage have emerged as the predominant cause of community-

acquired cutaneous infections in the United States (Uhlemann et al., 2014), and these 

isolates show enhanced virulence factor expression and virulence relative to those from the 
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USA200 lineage (Cheung et al., 2011, Uhlemann et al., 2014, Li et al., 2009). Despite 

pathogen variation being a potential public health concern, due to the possibility of 

treatment failures and escape from preventative regimes (Croucher et al., 2011, Nicol & 

Wilkinson, 2008, Aracil et al., 2006), in most cases there is a dearth of information 

regarding the molecular mechanisms that drive this variation. Possible mechanisms behind 

pathogen variation include gene acquisition through horizontal gene transfer, gene loss 

through genome reduction, or the modulation of regulatory systems that lead to altered 

patterns of expression.

The group A Streptococcus (GAS, Streptococcus pyogenes) is a human-specific, Gram-

positive pathogen that causes diseases ranging from the mild (e.g. GAS pharyngitis, a.k.a. 

strep throat) to the severe (e.g. necrotizing fasciitis, a.k.a. the flesh-eating infection) 

(Cunningham, 2000). GAS strains are divided into serotypes based upon the sequence of the 

5′ end of the emm (M protein-encoding) gene (Steer et al., 2009). Some GAS serotypes 

show non-random associations with particular disease manifestations. For example, serotype 

M3 GAS strains are associated with unusually severe invasive infections and a high 

mortality rate (Beres et al., 2006), serotype M18 strains are associated with outbreaks of 

acute rheumatic fever (Smoot et al., 2002), and M28 strains are associated with cases of 

puerperal sepsis (Green et al., 2005). Despite more than five decades passing since these 

associations were identified, the molecular basis for them remains to be fully elucidated 

(Mitchell, 1962, Wilmers et al., 1954). While GAS strains show variation in gene content, 

primarily the result of different integrated bacteriophage, no bacteriophage are unique to one 

serotype (Beres & Musser, 2007, Maripuu et al., 2008, Beres et al., 2006). As the core 

genomes of all GAS strains are highly conserved and harbor an extensive arsenal of 

common virulence factors, we hypothesize that it is the differential regulation of these 

common virulence factors, rather than the presence of serotype-specific genes, that is the 

crux of most GAS-serotype disease-phenotype associations.

We and others have described strain-specific variation in GAS regulatory networks (McIver, 

2009, Perez et al., 2009, Sumby et al., 2006, Kreikemeyer et al., 2003). For example, the 

genes encoding the negative regulatory two-component system CovR/S (also known as 

CsrR/S) contain higher numbers of genetic alterations than the genome average, indicative 

of selective pressure against a functional regulatory system (Ikebe et al., 2010, Beres et al., 

2010). Disruption of the CovR/S system is selected for during invasive infections as this 

protects GAS from the host immune response through the enhanced expression of multiple 

immunomodulatory virulence factors (Kappeler et al., 2009, Sumby et al., 2006, Hollands et 

al., 2010, Li et al., 2014). While covR/S mutation enhances GAS virulence during invasive 

infections, it is hypothesized that covR/S mutant strains do not persist in the population, 

explaining their relatively low level of isolation, due to a reduced ability to cause non-

invasive (e.g. pharyngeal) infections which represent the vast majority of GAS infections. 

Consistent with this hypothesis are the findings that covR/S mutant strains are significantly 

outcompeted by wild-type strains during growth in human saliva (Trevino et al., 2009), and 

are attenuated in their ability to colonize the murine upper respiratory tract (Alam et al., 

2013). Recently, we identified that CovS activates CovR through phosphorylation 

(Horstmann et al., 2015). While the site of phosphorylation was not identified, it is 
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hypothesized that this occurs at aspartate-53 (Asp-53), a residue that is phosphorylated in 

vitro in the presence of the phospho-donor acetyl phosphate (Horstmann et al., 2015). 

Phosphorylation of Asp-53 promotes CovR dimerization and DNA-binding activities (Gusa 

et al., 2006). In addition to CovS, we have also identified that the eukaryotic-like serine/

threonine protein kinase (Stk) also phosphorylates CovR, with threonine-65 (Thr-65) being 

the site of phosphorylation (Horstmann et al., 2014). Phosphorylation of CovR Thr-65 by 

Stk inhibits CovR Asp-53 phosphorylation and therefore CovR activity (Horstmann et al., 

2014). Thus, CovS and Stk have dueling roles with regard to CovR activation.

Little is known with respect to serotype-specific variation in GAS regulatory networks, 

although recent studies have begun to shed light on this topic. Firstly, it was identified that 

serotype M18 GAS isolates have a mutant rocA gene which is responsible, through 

undetermined mechanisms, for the hyper-encapsulation of isolates of this serotype (Lynskey 

et al., 2013). As RocA has homology to sensor kinases, it is hypothesized that this protein 

regulates by altering the phosphorylation status of one or more target proteins (Biswas & 

Scott, 2003). Secondly, we identified that serotype M3 isolates, since at least the 1920’s, 

harbor mutations in the rivR and fasC regulatory genes, resulting in an increase in protein-G-

related α2-macroglobulin binding protein (GRAB) expression and a decrease in 

streptokinase expression, relative to complemented derivatives (Cao et al., 2014). The 

increase in GRAB expression, a virulence factor that binds the human protease inhibitor α2-

macroglobulin to regulate proteolysis at the GAS cell surface (Rasmussen et al., 1999), is a 

consequence of the inability of RivR protein to repress GRAB transcription (Trevino et al., 

2013). The decrease in streptokinase expression, a virulence factor that promotes 

dissemination by promoting conversion of human plasminogen into the protease plasmin 

(McArthur et al., 2012, Syrovets et al., 2012), is a consequence of the fasC mutation 

drastically reducing the production of the small regulatory RNA (sRNA) FasX which 

positively regulates streptokinase expression through a post-transcriptional mechanism 

(Ramirez-Pena et al., 2010, Danger et al., 2015a). Thirdly, we and others recently identified 

that serotype M3 GAS isolates also harbor a mutant rocA allele and, similar to M18 GAS, 

that this is responsible for the greater capsule expression seen by M3 isolates (Lynskey et 

al., 2015, Miller et al., 2015).

Here, as part of our investigation into why serotype M3 GAS isolates are associated with 

unusually severe invasive infections, we identified that the natural mutant rocA allele of M3 

GAS isolates not only enhances capsule expression but also the expression of more than a 

dozen other immunomodulatory virulence factors. Crucially, the up-regulation of these 

virulence factors leads to an enhanced ability of M3 isolates to survive in whole human 

blood, and also to cause disease in a murine model of bacteremia infection. Regarding a 

mechanism, we discovered that the rocA mutation results in a reduced level of active 

(phosphorylated) CovR protein. Thus, the inability of the M3 RocA protein to activate CovR 

leads to the enhanced expression of the virulence factors identified. We propose a model in 

which rewiring of regulatory systems, as the cumulative consequence of the rivR, fasC, and 

rocA mutations, is the driving force behind the hyper-virulence of M3 GAS isolates during 

invasive infections.
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Results

A representative serotype M3 GAS isolate is hyper-virulent in a mouse model of soft tissue 
infection

Serotype M3 GAS strains are associated with unusually severe invasive infections in 

humans and a high mortality rate (Beres et al., 2006). However, it has not been shown that 

the same is also observed in mouse models of invasive infection, important information 

given the common use of these animal models in GAS research. To test this we compared 

representative isolates from three different GAS serotypes, MGAS2221 (M1), MGAS10870 

(M3), and MGAS6180 (M28), in a mouse model of soft tissue infection. The M3 isolate was 

significantly more virulent than the M1 and M28 isolates as exemplified by the formation of 

significantly larger skin lesions (Figure 1A), enhanced lesion ulceration (Figure 1B), and 

weight loss during the first 24h of infection (Figure 1C). The data are consistent with M3 

GAS isolates showing a similar hyper-virulent phenotype during murine invasive infections 

as is observed during human invasive infections (Beres et al., 2006).

Serotype M3 GAS isolates since at least the 1920s harbor a mutant rocA gene

Recently, we and others published notes reporting that serotype M3 isolates harbor a mutant 

rocA gene, and that this accounts for the increased capsule expression observed for isolates 

of this serotype (Lynskey et al., 2015, Miller et al., 2015). In comparison to the functional 

RocA protein from serotype M1 GAS, the M3 GAS RocA protein has a C-terminal 

truncation (Figures 2A and 2B), as a consequence of a 1 bp deletion in a polynucleotide tract 

(from 7A’s to 6A’s) that knocks the rocA gene out-of-frame (Figure 2C), and harbors five 

amino acid substitutions (Figures 2B and S1) as a consequence of non-synonymous single 

nucleotide polymorphisms (SNPs; Figure S2). In an attempt to identify a timeline for when 

the observed rocA mutations arose within the M3 GAS population, we sequenced this gene 

in a collection of M3 GAS isolates. A total of 13 serotype M3 GAS isolates were 

investigated and these were isolated in a temporally (1920s to 2010) and spatially (Europe, 

North America, and Japan) diverse manner (Cao et al., 2014). All isolates harbored the same 

rocA mutations (Table S1), consistent with M3 isolates, since at least the 1920s, harboring a 

mutant rocA allele.

Regulation of capsule expression by rocA occurs at the RNA level

While we and others previously reported that a functional RocA protein can negatively 

regulate capsule expression in M3 GAS isolates (Lynskey et al., 2015, Miller et al., 2015), it 

had not been determined at which level regulation occurs. To assess whether the regulation 

afforded by RocA occurs at the RNA level, we used quantitative RT-PCR to determine the 

abundance of hasA mRNA, with hasA being the first gene in the capsule biosynthesis operon 

(Dougherty & van de Rijn, 1994). Our rocA complemented M3 GAS derivative, strain 

10870::rocAM1, had an approximately 150-fold decrease in hasA mRNA relative to the 

parental (MGAS10870), revertant (10870::rocAM1-RV-M3), and deletion mutant 

(10870ΔrocA) strains (Figure 3). Thus, directly or indirectly, RocA regulates capsule 

expression at the RNA level.
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The rocA mutant allele of M3 GAS isolates leads to the enhanced abundance of multiple 
immunomodulatory virulence factor-encoding mRNAs

Given the significantly greater virulence of M3 isolates during invasive infections, we 

hypothesized that the rocA mutation of M3 isolates modifies the abundance of virulence 

factor-encoding mRNAs in addition to capsule. To test our hypothesis we performed 

RNAseq analysis to compare the transcriptomes of our parental M3 isolate MGAS10870 

and its derivatives 10870ΔrocA and 10870::rocAM1. Comparison of the exponential phase 

transcriptomes from the parental and rocA deletion mutant strains identified no mRNAs that 

were statistically significantly different (Kal’s Z-test with false-discovery rate correction 

(Kal et al., 1999); P ≤ 0.05) between the two isolates at a level 3-fold or greater (Figure 4A). 

The lack of differentially regulated genes between these two isolates is consistent with the 

natural rocA mutation of serotype M3 GAS isolates being a null mutation. Comparison of 

the exponential phase transcriptomes from the parental M3 isolate MGAS10870 and the 

rocA complemented derivative 10870::rocAM1 identified 56 mRNAs that were statistically 

significantly different (Kal’s Z-test with false-discovery rate correction (Kal et al., 1999); P 

≤ 0.05) between the two isolates at a level 3-fold or greater (Figure 4B). Strikingly, a third 

of the differentially regulated mRNAs encode for virulence factors, and in almost each case 

these virulence factor-encoding mRNAs are higher expressed in the parental M3 GAS 

isolate, consistent with the high virulence of M3 isolates (Table S4). That multiple virulence 

factor-encoding mRNAs show increased abundance in M3 isolates due to the rocA mutation 

was verified through quantitative RT-PCR of specific mRNA transcripts (Figure 4C).

The expanded RocA regulon is not constrained to M3 GAS isolates

Serotype M18 GAS isolates also harbor a mutant rocA gene (Lynskey et al., 2013), 

however, it has not been reported that this mutation has the wide regulatory effects as we 

have observed in M3 GAS. To investigate this issue, and to allow a comparison between 

four different GAS serotypes (M1, M3, M12, and M18), we performed quantitative RT-PCR 

analysis of select mRNAs. The representative M3 and M18 GAS isolates had increased 

(>20-fold) levels of all of the tested (M3 RocA-regulated) mRNAs, relative to the 

representative M1 and M12 isolates (which harbor a functional rocA; Figure 4D). Thus, the 

data are consistent with the rocA mutation of M18 GAS isolates also leading to a significant 

increase in the abundance of multiple virulence factor-encoding mRNAs.

The natural rocA mutation of M3 GAS isolates modifies the expression of multiple 
virulence factors

To ensure that differences in the abundance of virulence factor-encoding mRNAs between 

the parental and rocA-complimented M3 strains results in differences at the protein level, we 

performed Western blot analyses. Three virulence factors with reduced mRNA levels 

following rocA complementation (streptokinase, streptolysin O, and NAD-glycohydrolase), 

one virulence factor with increased mRNA levels following rocA complementation 

(GRAB), and one virulence factor with unchanged mRNA levels following rocA 

complementation (Spd, to serve as a loading control) were assayed. The data mirror that 

seen at the RNA level (Figure 5A), confirming that the natural rocA mutation of M3 GAS 
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isolates modifies the expression of multiple virulence factors by isolates of this hyper-

virulent serotype.

Increased streptolysin O, NAD-glycohydrolase, and streptokinase activity by M3 isolates 
as a consequence of the rocA mutation

We performed select functional assays to determine whether there is a decrease in virulence 

factor activity in a rocA complemented M3 GAS derivative relative to the parental M3 

strain. Hemolysis by streptolysin O, hydrolysis of NAD+ by SPN, and conversion of 

plasminogen to plasmin by streptokinase were all independently measured using filtered 

GAS culture supernatants. Streptolysin O hemolytic activity was reduced 12-fold (Figure 

5B), SPN-mediated NAD+ hydrolytic activity was reduced 3-fold (Figure 5C), and 

streptokinase-mediated plasminogen activation was reduced 12-fold (Figure 5D), in the rocA 

complemented M3 GAS derivative 10870rocAM1 relative to the parental and revertant 

strains. Thus, the changes that occur in the serotype M3 GAS virulence factor expression 

profile as a consequence of the rocA mutation have direct phenotypic effects.

The natural rocA mutation enhances the ability of the parental M3 isolate MGAS10870 to 
survive incubation in whole human blood

Given the immunomodulatory nature of many of the virulence factors that are expressed in 

serotype M3 GAS isolates in higher abundance due to the rocA mutation, we tested whether 

M3 isolates are able to survive human phagocytic killing at a greater rate than rocA 

complemented derivatives. Bactericidal assays were performed to compare survival rates 

between the parental M3 isolate MGAS10870, the rocA complemented derivative 

10870::rocAM1, and the revertant 10870::rocAM1-RV-M3. The parental and revertant M3 

GAS strains survived incubation in human blood at a rate ~13-fold higher than that of the 

rocA complemented strain (Figure 6).

The natural rocA mutation enhances the virulence of serotype M3 GAS isolates

Given their association with causing severe invasive infections, we set out to measure the 

contribution of the rocA mutation to the ability of M3 GAS isolates to cause invasive 

infections. To test this, we used a mouse model of bacteremia infection and measured 

survival over time for animals infected with either the parental, rocA complemented, or rocA 

revertant strains. Animals infected with the rocA complemented strain survived at a 

significantly higher rate than the animals infected with the parental or revertant strains 

(Figure 7). Thus, the mutant rocA gene directly enhances the ability of serotype M3 GAS 

isolates to cause lethal invasive infections.

RocA functions through CovR

The virulence factors that are differentially regulated between parental and rocA 

complemented serotype M3 GAS isolates are also regulated by the CovR repressor protein 

(Cole et al., 2006, Sumby et al., 2006). Thus, we hypothesized that RocA functions through 

CovR to reduce the expression of the many virulence factors shown in figure 4B. To 

facilitate testing our hypothesis we created rocA and covR single and double mutant strains 

in a serotype M1 background. We chose to work in the M1 background to prevent confusion 
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with the fact that M3 isolates are naturally rocA mutants. The parental M1 isolate 

MGAS2221, the rocA mutant derivative (2221ΔrocA), the covR mutant derivative 

(2221ΔcovR), and the rocA/covR double mutant derivative (2221ΔrocAΔcovR) were 

compared via quantitative RT-PCR analysis. All genes tested from MGAS2221 and 

2221ΔrocA were statistically significantly different from one another, and both strains were 

also statistically significantly different from the isolates 2221ΔcovR and 2221ΔrocAΔcovR 

(Figure 8A). However, 2221ΔcovR and 2221ΔrocAΔcovR were not statistically significantly 

different from one another. Thus, the rocA mutation does not alter the abundance of the 

tested mRNAs in the covR mutant background, consistent with RocA functioning through 

the CovR protein.

The rocA mutation of serotype M3 isolates lowers the ratio of phosphorylated to non-
phosphorylated CovR repressor protein

While the presence of RocA leads to a modest 1.9-fold increase in the abundance of covR 

mRNA (RNAseq data), we reasoned that the main mechanism by which RocA enhances 

CovR activity is through phosphorylating, and therefore activating, the CovR repressor. 

Consequently, given that RocA is not functional in M3 isolates this reduces CovR activity 

and causes de-repression of virulence factor expression. To test the hypothesis that CovR 

phosphorylation is altered between the presence and absence of a functional RocA protein, 

we analyzed GAS cytoplasmic protein fractions via Phos-tag analysis. Phos-tag 

electrophoresis separates proteins based, in part, on their phosphorylation status. 

Cytoplasmic protein samples were isolated, separated by Phos-tag electrophoresis, and 

subjected to Western blot analysis with a highly-specific anti-CovR antibody that we have 

previously used successfully in Phos-tag analyses (Horstmann et al., 2015). While the 

majority of CovR recovered from the parental and revertant serotype M3 isolates was non-

phosphorylated (lower band in figure 8B), the rocA complemented M3 GAS derivative 

harbored mostly phosphorylated CovR (upper band in Figure 8B). To further confirm that 

the RocA protein enhances CovR phosphorylation levels, we utilized our serotype M1 GAS 

strains and also created a rocA complemented derivative of strain 2221ΔrocA, strain 

2221rocAComp. Essentially identical data were gained using our serotype M1 isolates 

(Figure 8B). Thus, our data are consistent with RocA, directly or indirectly, phosphorylating 

CovR.

RocA enhances CovR phosphorylation only in the presence of a functional CovS

Several possibilities exist for how RocA could enhance CovR phosphorylation. For 

example, RocA could directly phosphorylate CovR or could form a heterodimer with CovS, 

with the CovS/RocA heterodimer having greater kinase activity than a CovS homodimer. To 

begin to investigate these possibilities we performed Phos-tag analysis using protein samples 

from strains that included a covS mutant strain. No phosphorylated CovR was observed in 

the covS mutant strain samples (Figure 9). As RocA is functional in the covS mutant strain 

the data are consistent with RocA only enhancing the phosphorylation status of CovR in the 

presence of a functional CovS.
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Discussion

Phenotypic heterogeneity at the strain and/or subtype levels is a commonly observed 

phenomenon within individual bacterial species. For a pathogen, such heterogeneity can 

impede the efficacy of preventative regimes, for example by resulting in the variable 

expression of proteins targeted in vaccine formulations. For more than five decades it has 

been known that some GAS serotypes show non-random associations with particular disease 

manifestations (Mitchell, 1962, Wilmers et al., 1954). Despite the long timeline of this 

observation, molecular explanations for GAS-serotype disease-phenotype associations 

remain to be fully elucidated. Serotype M3 GAS isolates are non-randomly associated with 

particularly severe invasive disease cases and a high mortality rate (Beres et al., 2006). 

Here, we have built upon the previous finding that M3 isolates harbor a mutant rocA allele 

by delineating the regulatory and phenotypic consequences of this mutation, namely the 

dramatic up-regulation of virulence factor expression and associated activity, as well as an 

increased ability to resist human phagocytic killing and to cause lethality in a murine 

invasive infection model. Our findings strongly implicate the acquisition of the rocA 

mutation as a driving force behind the association of serotype M3 GAS isolates with severe 

invasive infections.

The RocA protein was first described following a transposon mutagenesis screen looking for 

factors that negatively regulated the transcription of the covR gene (Biswas & Scott, 2003). 

A 2.5-fold decrease in covR mRNA levels was identified following rocA disruption, as was 

an increase in the expression of the CovR-repressed hyaluronic acid capsule (Biswas & 

Scott, 2003). More recently, it was shown that serotype M18 GAS isolates naturally harbor a 

mutant rocA gene, and that this is behind the mucoid colony phenotype of M18 isolates 

(Lynskey et al., 2013). Even more recently, we and others identified that serotype M3 

isolates also have increased capsule expression as a consequence of a natural rocA mutation 

(Lynskey et al., 2015, Miller et al., 2015). By performing the first transcriptome comparison 

between functional and rocA mutant GAS strains, we have significantly expanded the RocA 

regulon. We identified that, relative to a rocA complemented derivative, the naturally 

occurring rocA mutation in serotype M3 isolates has resulted in the dramatic up-regulation 

of more than a dozen virulence factors (Figure 4B), including streptokinase (SKA) (Sun et 

al., 2004), streptolysin O (SLO) (Bastiat-Sempe et al., 2014), the C5a peptidase (ScpA) (Ji 

et al., 1996), the chemokine protease (SpyCEP/ScpC) (Zinkernagel et al., 2008), Mac (Mac/

IdeS) (Lei et al., 2001), and the streptococcal esterase (Sse) (Liu et al., 2012a). Given that 

the same virulence factors are negatively regulated by the CovR/S two-component system 

(Sumby et al., 2006), that rocA deletion results in a modest decrease in covR mRNA levels 

(Lynskey et al., 2013, Biswas & Scott, 2003), that rocA deletion reduces the ratio of 

phosphorylated to non-phosphorylated CovR (Figure 8B), and that RocA has no activity (at 

least with respect to the regulation of the assayed virulence factor-encoding mRNAs) in a 

covR mutant strain background (Figure 8A), the data are consistent with RocA functioning 

through the CovR protein.

The CovR/S system has been extensively studied since its discovery almost 20 years ago 

(Federle et al., 1999, Levin & Wessels, 1998). For example, we and others identified that 

covR/S mutations are selected for during invasive GAS infections, accounting for a large 
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percentage of the strain-specific heterogeneity observed between isolates recovered from 

invasive and non-invasive infections (Liang et al., 2013, Trevino et al., 2009, Cole et al., 

2006, Sumby et al., 2006). Selection for covR disruption results in even higher levels of 

immunomodulatory virulence factor expression than seen in a rocA mutant strain (Figure 

8A), presumably due to the fact that active CovR protein is still present, albeit at a reduced 

level (Figure 8B), in a rocA mutant. Given that RocA shows structural similarities to sensor 

kinases (Figure 2B), that the levels of phosphorylated CovR increase in the presence of 

RocA (Figure 8B), that CovR-repressed genes are transcribed at a higher level following 

rocA mutation (Figure 8A), and that RocA requires a functioning CovS to promote CovR 

phosphorylation status (Figure 9), we hypothesize that RocA forms a heterodimer with 

CovS, and that this heterodimer has greater kinase activity towards CovR at Asp-53 than 

CovS homodimers (Figure 10A). This model is consistent with our data that a parental M1 

GAS isolate has the greatest CovR activity, followed by a rocA mutant, followed by a covS 

mutant, followed by a covR mutant (Figure 8A and data not shown).

Our data show that serotype M3 GAS isolates since at least the 1920s express multiple 

immunomodulatory virulence factors at high levels due to the rocA mutation, and we 

hypothesize that this is a major contributor to the invasive disease hyper-virulence 

phenotype of M3 isolates. However, the rocA mutation cannot be solely responsible given 

that serotype M18 isolates also have a mutant rocA, yet are not readily associated with cases 

of invasive infection (Lynskey et al., 2013). While we have not fully characterized the M18 

rocA regulon, initial analyses are consistent with the same regulatory pattern as we have 

discovered for M3 GAS (Figure 4D). Our current model explaining why serotype M3 GAS 

isolates cause particularly severe invasive infections is shown in figure 10B. Three 

regulator-encoding genes are disrupted in serotype M3 isolates, each of which results in the 

alteration of virulence factor expression which modifies the phenotypic characteristics of 

these isolates. A disrupted FasBCAX regulatory system is only observed in M3 isolates and 

is a result of an inactivating mutation with the fasC gene (Cao et al., 2014). As a 

consequence of the fasC mutation the transcription of the sRNA FasX is reduced 200-fold 

which, given that FasX positively regulates the stability of streptokinase mRNA, results in a 

reduction in streptokinase expression (Ramirez-Pena et al., 2010). Importantly however, M3 

GAS streptokinase expression is actually increased relative to other GAS serotypes, as the 

increase in streptokinase expression that occurs due to the rocA mutation more than makes 

up for the decreased expression due to the fasC mutation. The increase in streptokinase 

expression by M3 GAS isolates is consistent with these isolates having an increased ability 

to cause severe invasive diseases, given the crucial role of streptokinase in GAS 

dissemination (Sun et al., 2004). While not yet tested, we hypothesize that M3 isolates also 

have greater levels of pili on their cell surface as a consequence of the fasC mutation, as 

FasX reduces pilus expression in other serotypes (Liu et al., 2012b, Danger et al., 2015b). 

Disruption of RivR activity, which also appears to be unique to M3 isolates, is a result of 

multiple inactivating mutations within the M3 rivR allele (Cao et al., 2014). The 

consequence of RivR disruption is an increase in the expression of GRAB which, given that 

GRAB is a cell-wall anchored protein that binds to the major protease inhibitor found in 

human plasma (α2-macroglobulin), is expected to result in an inhibition of protease activity 

at the GAS cell surface (Rasmussen et al., 1999). Finally, a disrupted rocA gene is observed 
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in both serotype M3 and M18 GAS isolates, although the exact mutations differ. The rocA 

mutation results in the significant up-regulation of immunomodulatory virulence factors that 

impact multiple facets of the innate and adaptive immune responses (Figures 4B and 9B). 

Consistent with modulation of the immune response, our rocA complemented M3 GAS 

isolate was attenuated in its growth and survival in human blood (Figure 6), as well as in our 

murine bacteremia model of infection (Figure 7). We hypothesize that the unique 

combination of regulatory mutations present within serotype M3 isolates leads to an M3-

specific virulence factor expression profile, and that this profile endows M3 isolates with the 

ability to cause particularly severe invasive infections. While full characterization of exactly 

how the M3 GAS virulence factor profile enhances invasive disease severity is ongoing, our 

finding that isolates of a single GAS serotype can have drastically different expression 

profiles sheds new light not only on the association of serotype M3 isolates with invasive 

infections, but also of other GAS-serotype disease-phenotype associations. Furthermore, 

insights gained from this study are likely to extend to other bacterial pathogens as signaling 

systems are often identified as “hot-spots” for mutation (Yang et al., 2011, Lieberman et al., 

2011, Nasser et al., 2014).

In addition to rocA mutation being a serotype-specific phenomenon a recent report described 

rocA mutation as contributing to strain-specific variation (Yoshida et al., 2015). Mucoid and 

non-mucoid serotype M1 GAS isolates were isolated from the cerebrospinal fluid of a 

patient, and whole-genome sequencing identified that the only genetic difference between 

the isolates was the introduction of a premature stop codon in rocA (Yoshida et al., 2015). 

Thus, similar to previous work showing that covR/S mutant strains are positively selected for 

during invasive GAS infections (Cole et al., 2006, Sumby et al., 2006), the same may also 

be true for rocA. Given that RocA positively regulates CovR activity, the disruption of rocA 

generates a phenotype somewhat analogous to a covR mutant strain, and hence is another 

method by which the “invasive infection phenotype” can be attained in a strain-specific 

manner.

It is of note that while covR/S mutant strains of multiple GAS serotypes can be selected for 

in a strain-specific manner these mutations are not maintained in the population (Trevino et 

al., 2009). This is in contrast to the rocA mutations of M3 and M18 GAS which are present 

in all contemporary isolates (Lynskey et al., 2013, Lynskey et al., 2015, Miller et al., 2015). 

As per our model (Figure 10A), we propose that the reduction in Cov activity observed 

following rocA mutation is not as great as following covS or covR mutation. Thus, while 

data suggests that covR/S mutants are attenuated in their ability to undergo productive non-

invasive (e.g. pharyngeal) infections (Trevino et al., 2009, Alam et al., 2013), the level of 

attenuation is predicted to be less severe in a rocA mutant strain. Hence, we believe it more 

likely that rocA mutations may be maintained within a population, since non-invasive 

infections are the most common type of infection, as is the case for the rocA mutations of 

M3 and M18 isolates. While serotype M3 isolates are hyper-virulent, serotype M1 isolates 

are the most successful GAS serotype given that they are the most commonly isolated 

serotype in many case studies performed in the United States, Canada, and Western Europe 

since the mid-1980s (Nasser et al., 2014). We propose that part of this success relative to 
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M3 isolates is the greater dynamic range of the Cov system available to M1 isolates, given 

that they harbor wild-type rocA in addition to wild-type covR/S.

Until recently the components of bacterial two-component regulatory systems were largely 

thought to function in a linear manner, with the kinase activating the response regulator 

without any involvement from other regulatory proteins. However, studies are now bringing 

to light the fact that cross-talk between different regulatory systems may be a common 

mechanism by which multiple signaling inputs can fine-tune regulatory outputs (Guckes et 

al., 2013). For example, the heme sensing two-component system HssR/S, and cell envelope 

stress sensing two-component system HitR/S, undergo extensive cross-talk in Bacillus 

anthracis to integrate a response to these factors (Mike et al., 2014). That the CovR/S 

system may not function independently of other regulatory proteins was suggested by the 

finding that covR and covS mutant strains are not phenotypically identical (Trevino et al., 

2009), as would be expected if CovS only activated CovR and if CovR was only activated 

by CovS. This was confirmed by our subsequent identification that Stk phosphorylates 

CovR on Thr-65 to inhibit CovR activation (Horstmann et al., 2014). Our data presented 

here suggest another input into the CovR/S regulatory system, RocA, which we hypothesize 

is through formation of heterodimers with CovS (Figure 10A). Thus, in addition to 

discoveries made with regard to GAS-serotype disease-phenotype associations, our data also 

adds to a small but growing number of studies that suggest that regulatory system cross-talk 

is a common phenomenon, and critical to the ability of pathogens to integrate disparate 

signals into a unified transcriptional response.

Experimental Procedures

Bacterial strains and culture conditions

The clinical GAS isolates used in this study are listed in table S1. The GAS derivatives 

constructed and used in this study are listed in table S2. Routine growth of GAS cultures 

made use of Todd-Hewitt broth with 0.2% yeast extract (THY broth), and cultures were 

incubated at 37°C (5% CO2). Chloramphenicol (4 μg/ml) and/or spectinomycin (150 μg/ml) 

were added when required.

Construction of the M3 GAS derivative strains 10870::rocAM1 and 10870::rocAM1-RV-M3

To complement the naturally occurring rocA mutant gene in the representative M3 GAS 

isolate MGAS10870 we replaced the gene with the wild-type allele present in M1 GAS, 

creating strain 10870::rocAM1. Allele replacement made use of the suicide vector pBBL740 

via standard techniques as previously described (Ramirez-Pena et al., 2010). Briefly, the 

rocA gene from M1 GAS strain MGAS2221 was PCR amplified and joined, via Gibson 

Assembly (New England Biolabs), between two 1 kb flanking regions amplified from the 

M3 GAS strain MGAS10870, and into the PCR-amplified pBBL740 plasmid. The resultant 

plasmid was PCR amplified and sequenced to ensure that the plasmid was mutation free 

before transforming it into MGAS10870 competent cells. Selection was on THY agar plates 

containing chloramphenicol. Transformants were passaged in THY broth without antibiotics 

to facilitate excision of the plasmid from the chromosome, and this was tested by patching 

single colonies on THY agar plates with and without chloramphenicol. Phenotypically 
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correct colonies were confirmed as correct via PCR and sequencing. Primers used in strain 

construction are listed in table S3.

To ensure that any phenotypic differences observed between MGAS10870 and 

10870::rocAM1 were a consequence of the rocA alleles, and not spurious mutations, we 

created a derivative of strain 10870::rocAM1 in which the M3 rocA allele had been re-

introduced. This revertant strain, 10870::rocAM1-RV-M3, was created in the same manner as 

strain 10870::rocAM1 only this time the pBBL740-derivative contained the M3 rocA allele. 

Phenotypically correct colonies were confirmed as correct via PCR and sequencing. Primers 

used in strain construction are listed in table S3.

Construction of the M3 GAS derivative strain 10870ΔrocA

A rocA deletion mutant derivative of the parental M3 strain MGAS10870 was created using 

the primers listed in Table S3. Briefly, primers UNR33/34 and primers UNR36/38 were 

used to amplify 1kb regions upstream and downstream of the M3 rocA gene. Primers 

UNR35/37 were used to amplify the 1 kb spectinomycin resistance cassette from plasmid 

pSL60 (Lukomski et al., 2000a). The three PCR products were joined together, with the 

spectinomycin resistance cassette in the middle, via over-lap extension PCR using primers 

UNR33/38. The resultant 3 kb PCR product was TOPO cloned and sequenced to ensure no 

spurious mutations had been introduced during the PCR process. Subsequently, the 3kb 

insert was PCR amplified and transformed into MGAS10870. Replacement of the rocA gene 

with the spectinomycin resistance cassette was confirmed via PCR and sequencing.

Construction of the M1 GAS derivative strains 2221ΔrocA, 2221ΔrocAΔcovR, and 
2221rocAComp

The rocA gene of the clinical serotype M1 isolate MGAS2221, and of the MGAS2221-

derivative strain 2221ΔcovR, was replaced with a spectinomycin resistance cassette to create 

strains 2221ΔrocA and 2221ΔrocAΔcovR, respectively. These strains were created as 

described above for strain 10870ΔrocA, only gDNA from a serotype M1 strain was used as 

template in the initial PCR reactions. A rocA complemented derivative of 2221ΔrocA, strain 

2221rocAComp, was constructed via replacement of the spectinomycin cassette with a 

functional rocA gene through use of the pBBL740 vector. The functional rocA gene from 

MGAS2221, plus 1kb flanks either side, was PCR amplified using primers UNR33/38 

(Table S3) and cloned into the pBBL740 vector. The resultant plasmid was sequence 

verified and used to create strain 2221rocAComp as described above for the creation of the 

M3 GAS derivatives 10870::rocAM1.

Total RNA isolation from GAS

Total RNA was isolated from tested GAS strains as previously described (Sumby et al., 

2006). Briefly, the strains of interest were grown to the exponential phase of growth (O.D. 

0.5) in THY broth. Two volumes of RNAprotect bacteria reagent (Qiagen Inc) were added 

to one volume of GAS culture and incubated at room temperature for 5 mins. Following 

centrifugation (5,000 g for 11 mins at 4°C) the supernatant was discarded, the cell pellets 

snap frozen in liquid nitrogen, and the frozen pellets placed at −80°C until ready for 

processing. Cells were processed using a mechanical lysis method with lysing matrix B 

Miller et al. Page 12

Mol Microbiol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tubes in conjunction with a FastPrep24 homogenizer (MP Biomedicals). RNA was isolated 

using the miRNeasy kit (Qiagen) with contaminating DNA being removed with three 

treatments with TURBO-DNase-free (Life Technologies). The quality and quantity of the 

purified RNA was determined using a Bioanalyzer system (Agilent Tech).

RNAseq analysis

Duplicate cultures of the M3 GAS strains MGAS10870, 10870ΔrocA, and 10870::rocAM1 

were grown to the exponential phase of growth and RNA was isolated as described above. 

Ribosomal RNAs (rRNAs), which represent ~96% of total RNA, were depleted using the 

Ribo-Zero Gram-Positive rRNA Removal Kit (Epicentre). The rRNA-depleted RNA was 

used to generate libraries for sequencing using the ScriptSeq kit (Epicentre), as we have 

previously described (McClure et al., 2013). Briefly, RNA was fragmented, cDNA was 

synthesized using random hexamers containing a 5′ tagging sequence, the RNA was 

hydrolyzed, the cDNA was tagged at the 3′ end, a limited number of PCR cycles (n=14) 

were used to amplify the libraries via the 5′ and 3′ tags (the libraries will be barcoded by 

using different primers), and the libraries were size-selected (170 to 300 bp). The six size-

selected and barcoded libraries were ran on an Illumina MiSeq flowcell. Data were analyzed 

using CLC Genomics Workbench and normalized to overall sequencing depth using total 

mapped reads data. Statistical significance was tested using Kal’s Z-test with a false-

discovery rate correction (Kal et al., 1999). The RNAseq data have been deposited at the 

Gene Expression Omnibus (GEO) database at the National Center for Biotechnology 

Information (http://www.ncbi.nlm.nih.gov/geo) and are accessible through accession 

number GSE68277.

Quantitative RT-PCR analysis

To determine relative mRNA abundance we used quantitative RT-PCR using Taqman 

primers and probes. In each experiment, RNA samples from triplicate exponential phase 

cultures of each GAS strain under investigation were converted into cDNA, using the 

reverse transcriptase Superscript III (Life Technologies), and used in association with a CFX 

Connect Real-Time System (Biorad). TaqMan primers and probes for genes of interest and 

the internal control gene proS are shown in Table S3. Transcript levels were determined 

using the ΔΔCT method. Each experiment was performed in triplicate with mean values (± 

standard deviation) shown. Statistical significance was determined via Student’s T-test.

Western blot analysis using secreted GAS protein fractions

Supernatant proteins from exponential phase THY broth GAS cultures were concentrated by 

ethanol precipitation and resuspended in SDS-PAGE buffer at 1/20th the original volume. 

Protein samples were separated on 12% Tris-HCl gels before transferring to membrane and 

using in Western blot analysis with a custom rabbit anti-streptokinase (SKA) polyclonal 

antibody (made by Pacific Immunology Inc), a commercial rabbit anti-SLO/SPN polyclonal 

antibody (American Research Products Inc), a custom rabbit anti-GRAB polyclonal 

antibody (made by Pacific Immunology Inc), and a custom rabbit anti-Spd polyclonal 

antibody (made by Pacific Immunology Inc), as primary antibodies. After washing, Alexa 

Fluor 680 donkey anti-rabbit IgG secondary antibody (Molecular Probes) was used 
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(1:10,000 dilution), and the fluorescent signal was detected using a Li-Cor Odyssey Near-

Infrared System.

SLO assays

The SLO activity of GAS strains was assayed as described previously (Sumby et al., 2005), 

with modifications. Briefly, the strains were grown to an O.D.600 of 0.5, cells pelleted by 

centrifugation at 5000 x g for 10 min, supernatants filter sterilized (pore size 0.22 μm) and 

divided into aliquots. Before use, the supernatants were diluted (1:10) in PBS. Samples were 

then incubated with 20 mM dithiothretiol for 10 min at room temperature and separated into 

500 μl aliquots into 2 tubes. As a specific SLO inhibitor, 25 μg of water-soluble cholesterol 

(cholesterol/methyl-cyclodextrin; Sigma-Aldrich) was added to one of the sample aliquots 

and incubated at 37 °C for 30 min. Following incubation, 250 μl of 2% sheep blood 

erythrocyte/PBS suspension was added to each sample, mixed by inversion and incubated at 

37 °C for 30 min. PBS (500 μl) of was added to each sample and unlysed erythrocytes 

pelleted by centrifugation at 3000 x g for 5 min. The amount of hemoglobin present in the 

supernatant was measured by analysis of optical density at 550 nm. As standards, a range of 

0% to 2% erythrocyte suspensions were incubated in water, to provide 100% lysis. The 

standards were treated the same as samples, except that 500 μL of THY was added instead 

of PBS before final centrifugation.

NADase assays

The NADase activity from the GAS strains was assayed in accordance with a previously 

described protocol (Sumby et al., 2005). Briefly, the strains were grown to an O.D.600 of 

0.5, cells pelleted by centrifugation at 5000 x g for 10 min, supernatants filter sterilized 

(pore size 0.22 μm) and divided into aliquots. Two-fold serial dilutions of supernatants were 

performed in microtiter plates with PBS. NAD+ (Sigma-Aldrich) was diluted in PBS and 

added to wells for a final concentration of 0.67 nM and plates were incubated at 37 °C for 20 

min.

Reactions were developed by adding NaOH to final concentration of 2 N, were incubated in 

the dark for 1 h at room temperature, and read macroscopically by excitation with 360-nm 

light. Results were recorded as the highest 2-fold dilution capable of hydrolyzing 100 nM of 

exogenous NAD+, thus resulting in no fluorescence, and converted into relative NADase 

activity.

SKA assays

SKA activity from GAS supernatants was measured indirectly via the SKA-induced 

cleavage of human plasminogen to plasmin and subsequently the breakdown of the 

chromogenic substrate S2-2251 (Diapharma) by plasmin. GAS strains were grown to an 

O.D.600 of 0.5, cells were pelleted by centrifugation at 5000 x g for 10 min, and supernatants 

were filter sterilized (pore size 0.22 μm) and divided into aliquots. From these stocks, 170 

μL of supernatant was added to the wells of a microtiter plate (3 wells per sample). Then to 

each sample, 2 μg of human plasminogen and S-2251 to a final concentration of 200 nM 

were added. For the first 5 hr, the plate was incubated at 37 °C, then transferred to a 

temperature controlled spectrophotometer (VersaMax) and incubated at 37 °C. Between the 
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5 to 9 hr incubation, the absorbance at 405 nm was read every 5 min. For the standards, 

known amounts of purified streptokinase from group C Streptococcus (Sigma-Aldrich) were 

used and treated exactly as the experimental samples.

Isolation of cytoplasmic GAS protein fractions

GAS cell pellets were gained from exponential phase THY broth cultures were resuspended 

in PBS containing protease inhibitors (Complete Mini Protease Inhibitor Cocktail, Roche). 

Cells were then lysed via mechanical disruption (FastPrep Machine, MP Biomedicals) using 

speed 6 for 15 seconds and repeated three times. After centrifugation to pellet the cell debris 

the supernatants, containing cytoplasmic proteins, were removed to a clean tube containing 

2X SDS-PAGE buffer. Protein concentrations were determined by Qubit (LifeTechnologies) 

according to manufacturer’s recommendations.

Phos-tag electrophoresis

Protein samples were separated on a standard 10% SDS-PAGE gel with the addition of 100 

μM Phos-tag™ Acrylamide AAL-107 (Wako Pure Chemicals) and 100 μM MgCl2 (Sigma-

Aldrich). Equal amounts of cytoplasmic GAS protein samples (70 μg) were loaded onto the 

SDS-PAGE gel and electrophoresis set at 100 volts for >2 hr at 4 °C. Samples were then 

transferred to PVDF membrane via wet transfer at 400 constant mA. Analysis of proteins 

was accomplished with use of a custom rabbit anti-CovR antibody as previously described 

(Horstmann et al., 2015). After washing, Alexa Fluor 680 donkey anti-rabbit IgG secondary 

antibody (Molecular Probes) was used (1:10,000 dilution), and the fluorescent signal was 

detected using a Li-Cor Odyssey Near-Infrared System.

Bactericidal assays

GAS strains were grown to the early exponential phase of growth (O.D.600 ~ 0.2) and 

diluted 1:10,000 in PBS. Subsequently, 50μl of the diluted bacterial suspension was added to 

450μl of heparinized human whole blood and incubated at 37°C for 3 hours with end-to-end 

rotation. In addition, 100μl of the diluted bacterial suspension was plated onto three separate 

blood agar plates to enable enumeration of the initial inoculum. Following the 3 hour 

incubation the blood/GAS mixtures were plated onto duplicate blood agar plates, with both 

undiluted and 1:10 diluted aliquots being plated. All plates were incubated at 37°C overnight 

before calculating the initial inoculum and the surviving inoculum CFU plates. Data are 

presented as percent survival ([surviving CFUs / initial CFUs] x 100). The experiment was 

performed in triplicate with mean values (± standard deviation) shown. Statistical 

significance was determined via T-test (P < 0.05).

Murine soft tissue infection model

The clinical isolates MGAS2221 (M1), MGAS10870 (M3), and MGAS6180 (M28) were 

chosen for use in this study as they are all representative of their respective serotypes 

(Sumby et al., 2005, Beres et al., 2004, Green et al., 2005). However, while MGAS2221 and 

MGAS10870 harbor wild-type alleles of the regulator-encoding genes covR/S and ropB, 

MGAS6180 does not (Stetzner et al., 2015). Thus, it should be stated that it is possible that 

the regulator mutations in MGAS6180 could confound the data from our soft tissue infection 
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model assay (the mutations in MGAS6180 were not discovered until after the experiment 

was performed). Each GAS strain was used to infect ten SKH1 immunocompetent hairless 

mice (Charles River). Mice were infected with 1 × 106 GAS colony forming units (CFUs) in 

100μl PBS via subcutaneous injection between the shoulder blades. The lesion volume was 

determined daily for up to 3 weeks by using the formula for a spherical ellipsoid (Lukomski 

et al., 2000b). The percent of mice with skin lesions that ulcerated, and changes in weight, 

were also calculated daily. Statistical significance was determined via repeated measures 

ANOVA (lesion volume), Fishers exact test (percent ulceration), or Student’s Test (24h 

weight loss). This experiment was performed in strict accordance to the guidelines set forth 

in our protocol approved by The University of Nevada’s Institutional Animal Care & Use 

Committee (IACUC).

Murine bacteremia model of infection

Parental, rocA complemented, and revertant M3 GAS isolates were each used to infect 

twenty CD-1 mice (Charles River). GAS cells for infection were grown to the exponential 

phase of growth, washed twice with PBS, resuspended in PBS, snap frozen in liquid 

nitrogen in six 2 ml aliquots, and titers calculated from three of the six frozen aliquots. Mice 

were infected with either 2.5 × 107 GAS colony forming units (CFUs; experiment 1) or 3.5 

× 107 CFUs (experiment 2) in 250 μl PBS via intraperitoneal injection. Mice were 

monitored every six hours for the first 24 hours, every 2 hours between 24 and 72 hours, and 

then three times daily until the end of the experiment. The experiment was performed twice 

and the combined data were analyzed for statistical significance via the Log-rank test. This 

experiment was performed in strict accordance to the guidelines set forth in our protocol 

approved by The University of Nevada’s Institutional Animal Care & Use Committee 

(IACUC).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Enhanced virulence of a serotype M3 GAS isolate in a murine soft tissue infection 
model
Clinical isolates representative of M1, M3, and M28 GAS serotypes were each used to infect 

mice via subcutaneous injection between the shoulder blades. (A) Mean volume of mouse 

skin lesions that formed at the site of GAS injection. Error bars represent ± the standard 

error of the mean. The lesion volume for the M3 GAS infected animals was statistically 

significantly different from the other infected animals (Repeated measures ANOVA; P < 

0.0001). (B) Percent of infected mice in which the skin lesion ulcerated. The asterisks 

highlight data points that are statistically significantly different relative to the other infected 

animals (Fishers exact test; *P < 0.01, **P < 0.001). (C) Mean animal weight change 

between days 0 and 1. Error bars represent ± the standard error of the mean. The weight loss 
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observed for the M3 GAS-infected animals was statistically significantly greater than that of 

the other groups of infected animals (T-test, P < 0.0001).
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Figure 2. Serotype M3 GAS isolates harbor a 1 bp deletion in rocA leading to a truncated protein
(A) Comparison of rocA and neighboring genes between serotype M1 and M3 GAS isolates. 

Note the truncated rocA gene in M3 GAS. (B) Domain structure of the RocA protein. The 

N-terminal half of RocA contains multiple putative membrane-spanning regions (Mem. span 

sensor). The C-terminal half of RocA contains a putative ATPase domain (ATPase). The 

blue and red asterisks show the relative locations of the amino acid substitutions and the 

truncation, respectively, in serotype M3 isolates. (C) Schematic of a region of the rocA gene 

in M1 GAS and also of the corresponding region, which contains a 1 bp deletion, in M3 

GAS. The homo-polymeric tract which contains the 1 bp deletion in M3 GAS is highlighted 

with horizontal green bars. The premature stop codon introduced in the rocA gene of 

serotype M3 GAS due to the 1 bp deletion is shown in red (TAA).
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Figure 3. Complementation of the rocA mutation in serotype M3 GAS reduces transcript 
abundance from the hyaluronic acid capsule biosynthesis locus
RNA from exponential phase cultures of the indicated strains was analyzed by Taqman-

based quantitative RT-PCR. Experiment was performed in triplicate with mean (± standard 

deviation) shown. An asterisk (*) highlights the sample that was statistically significantly 

different, via T-test (P < 0.01), relative to the parental M3 isolate MGAS10870.
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Figure 4. The rocA mutation in M3 GAS enhances the abundance of multiple virulence factor 
encoding mRNAs
(A) Summary of RNAseq data comparing the parental M3 isolate MGAS10870 with the 

rocA deletion mutant derivative 10870ΔrocA. Duplicate cultures of each strain were grown 

to the mid-exponential phase of growth in THY broth. Total RNA was isolated and 

subjected to RNAseq analysis. The relative expression levels of all genes are graphed, with 

each represented by a circle. Genes are arranged in the same order as they appear in the 

chromosome. (B) Summary of RNAseq data comparing the parental M3 isolate 

MGAS10870 with the rocA complemented derivative 10870::rocAM1. The experiment was 

performed, and the data are presented, as described in (A) above. (C) Taqman-based 

quantitative RT-PCR data showing the differential regulation of virulence factor gene 

expression in clinical M3 GAS due to rocA mutation. The abundance of the indicated 

mRNAs were determined from triplicate exponential phase GAS cultures. The experiment 

was performed in triplicate with mean (± standard deviation) shown. The hashtag highlights 

the lack of rocA transcript in the rocA deletion mutant strain. The asterisks (*) highlight 

statistical significance relative to the parental M3 isolate MGAS10870 (T-test, P < 0.01). 

(D) Positive correlation between rocA genotype and virulence factor regulation between 

isolates of different GAS serotypes. Taqman-based quantitative RT-PCR data showing the 

differential regulation of virulence factor gene expression between GAS serotypes. The 

abundance of the indicated mRNAs were determined from triplicate exponential phase GAS 

cultures. The experiment was performed in triplicate with mean (± standard deviation) 
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shown. The asterisks (*) highlight statistical significance relative to the representative M1 

isolate (T-test, P < 0.05).
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Figure 5. Multiple virulence factors show increased expression and activity as a consequence of 
the rocA mutation in serotype M3 GAS isolates
(A) Western blot analyses of streptokinase (SKA), streptolysin O (SLO), S. pyogenes NAD-

glycohydrolase (SPN), protein-G-related α2-macroglobulin-binding protein (GRAB), and S. 

pyogenes DNase (Spd). Secreted protein samples from exponential phase cultures of the 

indicated strains were used. The Spd Western was performed as a loading control as this 

virulence factor is not RocA-regulated. Note that the upper band in the SLO/SPN Western is 

SLO, with the lower band being SPN. (B, C, D) Culture supernatants from the indicated 

strains were isolated and used in multiple assays. (B) Streptolysin O assays. Relative lysis of 

sheep erythrocytes by SLO present within culture supernatants. (C) NAD-glycohydrolase 

assays. Relative hydrolysis of NAD+ by SPN present within culture supernatants. (D) 

Streptokinase assays. Indirect measure of streptokinase activity present within culture 

supernatants. For each assay statistical significance was tested via T-test.
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Figure 6. The naturally occurring rocA mutation of M3 GAS enhances their ability to survive in 
whole human blood
Bactericidal assays were performed using heparinized whole human blood and the three 

indicated GAS strains. The experiment was performed in triplicate with the combined data 

shown. The data are presented as the GAS survival rate relative to that observed for the 

parental isolate MGAS10870. Error bars show ± standard deviation. The calculated P-

values, determined via T-test, are shown. N.S. = not significant.
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Figure 7. The naturally occurring rocA mutation contributes to the invasive disease hyper-
virulence of serotype M3 GAS isolates
Groups of mice were infected intraperitoneally with the parental M3 isolate MGAS10870 

(blue), the rocA complemented derivative 10870::rocAM1 (red), or the revertant strain 

10870::rocAM1-RV-M3 (green). Survival curves were generated and the data tested for 

statistical significance by the log-rank test.
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Figure 8. RocA functions through CovR to regulate expression of the identified virulence factors 
by enhancing CovR phosphorylation
(A) Quantitative RT-PCR data showing that RocA functions through CovR. Parental 

(MGAS2221), rocA mutant (2221ΔrocA), covR mutant (2221ΔcovR), and rocA/covR double 

mutant (2221ΔrocAΔcovR) serotype M1 strains were grown to the exponential phase of 

growth. RNA was isolated, converted to cDNA, and used in Taqman-based quantitative RT-

PCR. Note that all three mutant strains differed statistically relative to the parental strain (T-

test, P < 0.05). The asterisks highlight additional statistical significance between the datasets 

(T-test, P < 0.05), and non-significant data are also highlighted (n.s.). (B) Phos-Tag analysis 

showing that RocA alters the ratio of phosphorylated and non-phosphorylated CovR. 

Cytoplasmic protein fractions were isolated from the indicated serotype M1 and M3 GAS 

strains and subjected to Phos-tag gel electrophoresis followed by Western blot. The bands 

corresponding to non-phosphorylated (lower band) and phosphorylated (upper band) CovR 

protein are labeled. A Western blot using an anti-MtsR antibody, an unrelated GAS 

transcriptional regulator, was performed for use as a loading control.
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Figure 9. Phos-Tag analysis showing that CovR is not appreciably phosphorylated in a covS 
mutant strain
Cytoplasmic protein fractions were isolated from the indicated serotype M1 GAS strains and 

subjected to Phos-tag gel electrophoresis followed by Western blot. The bands 

corresponding to non-phosphorylated (lower band) and phosphorylated (upper band) CovR 

protein are labeled. A Western blot using an anti-MtsR antibody, an unrelated GAS 

transcriptional regulator, was performed for use as a loading control.
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Figure 10. Models of how RocA interacts with the CovR/S system and of how the rocA mutation 
in M3 isolates contributes to regulatory rewiring that leads to hyper-virulence
(A) Shown is a model of how CovS, RocA, and Stk feed into the regulation of the CovR 

repressor. Our data, including the finding that significant CovR phosphorylation is not 

observed in a covS mutant strain, are consistent with RocA promoting CovR 

phosphorylation on Asp-53 by forming a heterodimer with CovS, with the heterodimer 

having greater kinase activity than CovS or RocA homodimers. (B) Three regulatory 

systems are disrupted in serotype M3 GAS isolates leading to an altered virulence factor 

profile that, we hypothesize, is the basis behind the association of M3 isolates with severe 

invasive infections. The consequences of the three regulator gene mutations identified in 

serotype M3 GAS isolates are shown. Note that while the fasC mutation decreases 

streptokinase (ska) mRNA levels this is more than offset by the large increase in ska mRNA 
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abundance as a consequence of the rocA mutation, resulting in a net increase in 

streptokinase expression.
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