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Abstract: Staphylococcus aureus is a Gram-positive opportunistic pathogen that imposes a heavy 

burden on society. What sets this pathogen apart is the sheer spectrum of infections it can cause, 

which range from benign skin and soft tissue infections to lethal endocarditis and bacteraemia. The 

ability of S. aureus to cause this gamut of infections is conferred by its arsenal of virulence factors 

that are under the control of the Accessory Gene Regulator (Agr) system. However, a large 

proportion of clinical isolates have inactivating mutations in this important regulatory system. We 

previously showed that, contrary to the common dogma, not all these mutations are evolutionary 

‘dead-ends’ and a fraction are phase variants which can revert to an Agr active state. Here we report 

that some Agr deficient isolates can revert a haemolytic phenotype without repairing their Agr 

system. We collected as series of 30 Agr negative primary patient samples in order to assess the 

significance of our previous findings on the existence of Agr phase variants. We used primary 

samples to avoid strains that had undergone multiple clonal expansions before being tested for 

reversibility. We assessed Agr reversibility by serially passaging strains and screening for 

phenotypic reversion of haemolysis. We show that two strains reverted haemolysis and one 

reverted alpha haemolysin activity without any genetic changes in agr (and hla for the alpha 

revertant). These results add further complexity to the phenomenon of Agr shutdown observed in 

the clinical setting and corroborate recent findings of compensatory mutations arising in Agr 

deficient clinical strains. 
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1. Introduction 

Staphylococcus aureus is a clinically important opportunistic pathogen that merits attention due 

to the diversity and severity of infections that it causes [1]. Its success as a pathogen is facilitated by 

its gamut of virulence factors [2], whose expression must be finely tuned to control the transition of 

S. aureus’ lifestyle from a commensal or chronic state to an aggressively invasive one. The 

responsibility for providing this balance falls to the global virulence regulatory system, the Accessory 

Gene Regulator (Agr) system. Briefly, the Agr system consists of two divergently transcribed loci that 

encode for a quorum sensing circuit and a regulatory RNA gene [3]. Cells produce a basal level of an 

autoinducing pheromone encoded in the quorum sensing circuit and when the extracellular 

concentration of this pheromone surpasses a threshold the cell detects it and transcribes the 

regulatory RNA, RNAIII, in response. RNAIII de-represses the translation of Staphylococcus aureus 
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virulence factors associated with invasive and aggressive infections and represses translation of 

factors associated with a chronic or commensal lifestyle [4].  

Interestingly, although the importance of the Agr system in establishing infection has been 

robustly demonstrated, there are numerous reports of Agr negative mutants being isolated from the 

clinical setting [5-7]. The previous dogma was that these strains have no evolutionary future and are 

fated to go to extinct, hence they have been referred to as ‘dead-end’ mutants.  

In bacteria, there exists a phenomenon referred to as ‘Phase Variation’ that is an evolutionarily 

sustainable mechanisms of gene expression switching [8]. We recently demonstrated that some Agr 

negative strains are Phase Variants and not ‘dead-end’ mutants [9]. These strains could revert their 

Agr negative phenotype with underlying phase variation mechanisms. Importantly, we identified a 

single reversible Agr negative clinical isolate that was a Phase Variant. However, our collection of 

clinical strains had undergone several clonal expansions and so the true significance of our findings 

on the clinical scale could not be assessed. 

In this study, we aimed to clarify the prevalence of Agr Phase Variants in the clinical setting. We 

collected a series of primary isolates that were directly form the patients and had not undergone 

clonal expansion and tested the reversibility of their Agr status. While we could not identify any 

Phase Variants, we did notice that two strains were able to revert their haemolytic phenotype on 

without any change in their Agr status. Interestingly, an additional strain showed clear reversion of 

alpha haemolysin, and important virulence factor for S. aureus, without any change in Agr, which is 

the direct controller for hla expression. These results add a further layer to the understanding of Agr 

deficiency of S. aureus in the clinical scene. 

2. Materials and Methods 

2.1. Clinical strain collection 

A series of swabs from infection sites of patients confirmed to be infected with S. aureus were 

gathered from the Kanto region of Japan. Swabs were streaked on Sheep Blood Agar (SBA) and single 

non-haemolytic colonies were isolated to make glycerol stocks. Stocks were used to assess the Agr 

status of the strains using the method described below. 

2.2. Assessment of Agr activity on Sheep Blood Agar Plates 

A CAMP test was used to assess Agr activity [7, 10]. Briefly, overnight culture of a β haemolysin 

producing strain was streaked down the centre of an SBA plate using a cotton swab and the plate 

was incubated at 37oC for 4-6 hours. Following this, test samples and controls were streaked 

perpendicularly to it. Plates were incubated at 37oC for 12-16 hours until the haemolysis patterns 

became clearly visible. Further incubation at 4oC was carried out, if necessary, to enhance haemolysis. 

2.3. Reversibility testing 

A total of 39 Agr negative samples were grown in Tryptic Soy Broth (TSB) to stationary phase. 

Samples were subculture at a 1000-fold dilution into fresh TSB and grown to stationary phase again. 

Subcultures were carried out a total of 4 times after which serial dilutions were plated on SBA and 

colonies were screened for haemolysis. Haemolytic colonies were tested for Agr activity as described 

above. 

2.4. DNA sequencing  

Genomic DNA was purified using standard procedures. The whole agr locus (encompassing hld) 

was amplified by PCR using the primers agr front and agr back and submitted to direct sequencing 

(Fasmac, Japan) using the walking primers created for each strain listed in Table 1. The hla locus was 

amplified using the primers alpha PCR F and alpha PCR R and submitted to direct sequencing 

(Fasmac, Japan) using the ‘alpha’ walking primers listed in Table 1. The sequence data were analysed 

using the DNASTAR sequence analysis suite. 
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Table 1. primers used in this study. 

PRIMER NAME SEQUENCE (5’→3’) 

agr front AGTTGGGATGGCTTAATAAC 

agr back CAGCTATACAGTGCATTTGC 

3010 WPF1 GAAGACATGCTCATGGTGC 

3010 WPF2 GGAATTTCAACATTATCGTTATTTCTA 

3010/3011/3082/3114 WPR1 CAGTTGCGAGGGCAATTTC 

3010/3011/3082/3114 WPR2 TCACGTAGGCCAGGCAT 

3011/3082/3114 WPF1 GAAGACATGCACATGGTGC 

3011/3082 WPF2 GTAATTTCGACATTATCGTTATTTCTA 

3011 WPF3 TGTATGTATCAGGCGTTTC 

3011 WPR3 GTACTCTTTAGTCGATTGTGGG 

3082 WPF3  

3114 WPF2 GGAATTTCGACATTATCGTTATTTCTA 

3114/3082 WPF3 TGCGAAGACGATCCAA 

alpha pcr F CACTCAGTAATTTATCAGTTGC 

alpha pcr R CACCTCATATAGTGTCATGTTTAGTC 

alpha F1 GATATGTCTCAACTGCAATATTCTA 

alpha F2 GTTTAGCCTGGCCTTCAGC 

alpha F3 GCAGCAGATAACTTCCTTGAT 

alpha R1 TCTGAAGTTATCGGCTAAAGT 

alpha R2 GATTGCCATATACCGGGTTCC 

alpha R3 GCACCTTCTTCGCTATAAACTC 

 

3. Results and Discussion 

3.1. 39 primary patient samples were characterised as Agr negative 

Primary samples were collected as swabs or liquid blood samples from across the Kanto region 

of Japan. They were subject to a haemolytic screen on SBA plates to confirm an avirulent phenotype 

and stocks were made by resuspending single colonies in 20% glycerol TSB. A CAMP test was used 

to confirm the Agr negative status of the clinical sample stocks. The test works on the principle of 

interaction between different haemolysins. Samples are streaked towards a β-haemolysin producing 

strain and if the sample produces δ-haemolysin, a direct indicator of Agr activation, an arrowhead 

pattern of haemolysis emerges from the synergistic effect of β and δ haemolysins. If the sample 

produces β-haemolysin, a diffuse pattern of haemolysis is observed. Alpha haemolysin is inhibited 

by β-haemolysin, thus if the samples produces α-haemolysin an inhibition of haemolysis at the 

convergence of the two streaks is observed. 

3.2. 10% of strains reverted haemolysis 

We previously demonstrated that Agr negative variants could revert their Agr system through 

phase variation.  In order to assess the significance of our findings, we carried out the reversibility 

test with the 39 Agr-negative primary clinical samples. Four out of 39 strains tested phenotypically 

reverted haemolysis, with one of them reverting its Agr status (Fig. 1). Interestingly, one strain 

reverted to a phenotype characteristic of α-haemolysin production (Fig. 1D). A single strain reverted 

a β-haemolysin phenotype (data not shown), but this could likely be due to phage excision from the 

hlb gene. The Agr loci of the four revertants were sequenced alongside their variant counterparts to 

identify the genetic mechanism of reversion. However, there were no changes observed for strains 

3010, 3011, and 3114. The 3082 revertant had an SNP in the agrC ORF, but this does not correlate to 
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any known mechanisms of phase variation and could be a random mutation. Additionally, the hla 

locus of the 3114 variant and revertant were sequenced, but no changes were observed. 

Figure 1 legend 10% of clinical strains showed phenotypic reversion of haemolysis on a CAMP 

test. A S. aureus strain MW2 as  positive control for Agr activity and its isogenic agr deletion mutant 

as a negative control. B Strain 3082 reverted to an Agr active phenotype. C Strains 3010 and 3011 

reverted a haemolytic phenotype, but Agr activity was unaffected. D Strain 3114 reverted to an α-

haemolysin producing phenotype, indicated by the inhibition of haemolysis at the convergence with 

the Hlb producer but strong haemolysis elsewhere. 

 

Figure 1. Four clinical strains showed phenotypic reversion of haemolysis. 

4. Conclusion 

In this study, we aimed to investigate the clinical significance of our previous findings of Agr 

phase variants. Although we could not assess the prevalence of Agr phase variants in the clinical 

setting, we demonstrated that 10% of the primary clinical samples used in our study could revert 

their virulence to some degree. Interestingly, we identified one strain that reverted an Alpha 

haemolysin phenotype. This data adds a further layer to the complexity surrounding Agr dysfunction 

amongst clinical S. aureus isolates. Additionally, these results corroborate a recent finding describing 

how Agr deficient clinical strains develop compensatory mutations during infection to bypass the 

defects of Agr shutdown [11]. 
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