
https://doi.org/10.1038/s41598-017-09886-8
https://orbit.dtu.dk/en/publications/31e799bf-f755-413b-a7e0-df270163f16d
https://doi.org/10.1038/s41598-017-09886-8


http://orcid.org/0000-0001-5656-0427
http://orcid.org/0000-0003-1307-0289
mailto:tholm@sund.ku.dk


2

represses translation of a number of genes including QS target mRNAs by preventing ribosome binding to the 
Shine-Dalgarno (SD) sequences10. RsmA modulates the expression of several important functionalities including 
virulence factors, polysaccharides and motility11, 12. In S. aureus, the sRNA, RNAIII is the e�ector of QS-induced 
gene expression encoded by the agr locus. It regulates gene expression either directly by RNA:RNA interaction as 
in the case of Protein A (spa) and �-hemolysin (hla )13, 14 or indirectly by controlling the transcript levels of other 
regulators such as the Repressor of Toxins (Rot)15. Abolishing RNAIII expression in stationary phase (where 
expression usually peaks as a consequence of increased cell density16) has profound e�ects on the transcriptome 
including prevention of expression of major virulence factors such as � -hemolysin, lipase and proteases which 
are normally produced abundantly when RNAIII is expressed17.

A two-component transduction system governs control of sRNA synthesis in both P. aeruginosa and S. aureus. 
Transcription of rsmY and rsmZ in P. aeruginosa is positively regulated by the two-component transduction 
system denoted Gac (Global activator of Antibiotic and Cyanide synthesis)10, 18, 19. RsmY and RsmZ sequester 
RsmA, but in their absence, RsmA represses translation of Pel and Psl exopolysaccharides and the type VI secre-
tion system (T6SS)11, 20. In contrast, RsmA positively regulates type IV pili and type III secretion system (T3SS)20. 
For this reason, the Gac/Rsm system is believed to govern the switch between the planktonic and the bio�lm 
mode of growth of P. aeruginosa, and to coordinate a switch between an acute and a chronic mode of infection21. 
Important to the Gac/Rsm regulatory network are also the two sensors RetS and LadS, which impact the phos-
phorylation status of GacS22�24. When RsmY and RsmZ are present in high concentrations, RsmA is sequestered 
and this allows the production of the two AHL signal molecules, C4-HSL and 3-oxo-C12-HSL25, 26. In S. aureus, 
the agr encoded complex consists of four peptides, AgrA, AgrB, AgrC and AgrD. AgrC is a two-component histi-
dine kinase sensor, which responds to the AIPs binding by autophosphorylating27 and subsequently transferring 
the phosphate group to AgrA, causing a conformational change. Phosphorylated AgrA (and, to a lesser degree, 
unphosphorylated AgrA) binds to two sets of direct repeats in the region between the agr P2 and P3 (RNAIII) 
promoters and activates transcription from both promoters28, 29.

Many herbs produce QSI molecules and recently, we identi�ed ajoene to be the major QSI present in garlic30. 
Ajoene is a small sulfur-rich molecule produced from two allicin molecules, which originate from aliin by an 
enzymatic process that occurs when garlic is crushed or chopped. Our previous studies with synthetic ajoene 
revealed a molecule capable of blocking the QS-regulated production of rhamnolipid in P. aeruginosa, resulting 
in polymorphonuclear leucocytes (PMNs) being able to phagocytose bio�lms and lower the resistance of in vitro 
and in vivo bio�lms to aminoglycosides including tobramycin30, 31. In addition, in vivo studies showed a signif-
icant reduction of pulmonary infection in ajoene-treated mice compared to untreated30. In the present study, 
we deliver experimental evidence showing that ajoene mediates its QS repressing e�ect through modulation of 
sRNA expression of rsmY and rsmZ in P. aeruginosa as well as presenting QS inhibitory activity of ajoene against 
S. aureus by showing modulation of rnaIII expression and other important QS regulated genes.

Results
Decrease of rsmY and rsmZ expression by ajoene in P. aeruginosa.  In a previous study, we specu-
lated, based on a gene-chip based transcriptomic analysis, that the QS inhibitory e�ect of ajoene on P. aeruginosa 
could be exerted upstream of the central QS machinery, notably by targeting the Gac/Rsm cascade. In the same 
study we measured a decrease in expression with our QSI reporter systems, lasB-gfp and rhlA-gfp which are trans-
lational constructions supporting the possibility that ajoene targets the Gac/Rsm cascade30. In the present study 
we used rsmY-gfp (PAO099) and rsmZ-gfp (PAO098) transcriptional fusions to demonstrate that exposure to 
ajoene decreased expression of the sRNAs in a dose-dependent manner (Fig.�1a,b), with half-maximal inhibitory 
concentrations (IC50) for rsmY on 2.5 µg/ml (10.7 � M) and rsmZ on 2.3 µg/ml (9.8 � M), respectively (Fig.�S1). �e 
Minimal Inhibitory Concentration (MIC) of the synthetic ajoene used in this study was �160  µg/ml against wild 
type (wt) PAO1 and 20 µg/ml against wt S. aureus 8325-4, which corresponds to the results shown in a earlier 
study of the antimicrobial activity of ajoene32. �e decrease in expression of rsmY and rsmZ by ajoene was further 
validated by qRT-PCR. Cultures with wt PAO1 were treated with 40 � g/ml (170.8 � M) and 80 � g/ml (341.6 � M) 
ajoene and retrieved at late exponential and early stationary growth phase (Fig.�S2). �ere was a limited inhibition 
of rsmY and rsmZ expression at late exponential phase as expected due to the low expression of rsmY and rsmZ 
early in the growth phase, whereas at early stationary phase, expression of rsmY and rsmZ was reduced 4- and 
10-fold, respectively, in the sample with 80 �g/ml ajoene administered (Fig.� 1c).

Ajoene’s QS inhibition activity depends on rsmY and rsmZ.  Ajoene did neither a�ect lasB expression 
in the rsmY (PAO102) and rsmZ (PAO103) single mutants nor in an rsmYZ double mutant (PAO101) (Fig.�S3a�c).  
�is loss of QS inhibitory activity taken together with the inhibitory e�ect of rsmY and rsmZ expression in the 
wt background indicated that ajoene exerts its action on QS through the Gac/Rsm cascade by decreasing the 
synthesis of RsmY and RsmZ. �e lack of impact of ajoene in the single mutant backgrounds illustrates that both 
sRNAs need to be present to e�ectively sequester RsmA. �e impact of ajoene on lasB expression in an rsmA 
mutant (PAO104) was also tested. However, the growth inhibitory activity of ajoene was too high in this particu-
lar mutant strain to generate any useable results (Fig.�S3e). In a gacA mutant (PAO105), lasB expression was to low 
to measure any QS inhibitory activity of ajoene (Fig.�S3d).

�e e�ect of ajoene on rsmY and rsmZ expression could be redily explained if ajoene worked as a kinase 
inhibitor that would subsequently a�ect the phosphorylation state of GacA. However, we were unable to record 
any change in GacA phosphorylation by using either a GacA antibody combined with SuperSep Phos-tag gels or 
Phos-tag phosphorprotein gel stain (Fig.�S4). Moreover, so far we have not been able to detect any direct molec-
ular interaction between the sRNAs and ajoene in a gel mobility shi� assay suggesting that ajoene is not likely 
forming a complex with the sRNAs (data not shown). To investigate whether ajoene has a general impact on gene 
transcription modulation of additional sRNAs (phrS, prrF and prrH) and the housekeeping genes rpoD were 
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