

  microorganisms-08-00455




microorganisms-08-00455







Microorganisms 2020, 8(3), 455; doi:10.3390/microorganisms8030455




Article



Activity of Cinnamaldehyde on Quorum Sensing and Biofilm Susceptibility to Antibiotics in Pseudomonas aeruginosa



Sanjida Halim Topa 1,*, Enzo A. Palombo 1[image: Orcid], Peter Kingshott 1 and Linda L. Blackall 1,2





1



Department of Chemistry and Biotechnology, Swinburne University of Technology, Hawthorn, VIC 3122, Australia






2



School of Biosciences, The University of Melbourne, Parkville, VIC 3052, Australia









*



Correspondence: stopa@swin.edu.au; Tel.: +61-426201626







Received: 20 February 2020 / Accepted: 22 March 2020 / Published: 23 March 2020



Abstract

:

Quorum sensing (QS) plays an important role during infection for the opportunistic human pathogen Pseudomonas aeruginosa. Quorum sensing inhibition (QSI) can disrupt this initial event of infection without killing bacterial cells, and thus QS inhibitors have been suggested as novel approaches for anti-infective therapy. Cinnamaldehyde (CAD) is a P. aeruginosa biofilm inhibitor and disperser of preformed biofilms. In this study, the combined use of CAD and colistin (COL) revealed a synergistic activity, but this was not the case for CAD combined with carbenicillin, tobramycin (TOB), or erythromycin in checkerboard assays for P. aeruginosa. CAD demonstrated QSI activity by repression of the expression of lasB, rhlA and pqsA in GFP reporter assays. Approximately 70% reduction in GFP production was observed with the highest CAD concentration tested in all the QS reporter strains. TOB also showed strong QSI when combined with CAD in reporter assays. Combination treatments revealed an additive activity of CAD with COL and TOB in biofilm inhibition (75.2% and 83.9%, respectively) and preformed biofilm dispersion (~90% for both) when compared to the individual treatments. Therefore, a proposed method to mitigate P. aeruginosa infection is a combination therapy of CAD with COL or CAD with TOB as alternatives to current individual drug therapies.
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1. Introduction


The 20th century is recognized as the “antibiotic era”, which started with the discovery of antibiotics to fight bacterial infections. However, this has been marred by the emergence of multidrug-resistant bacteria [1] which has diminished the efficacy of antibiotic treatments. While the spread of antibiotic resistance is largely due to horizontal gene exchange or the acquisition of mutations associated with resistance, it is increasingly recognized that bacteria can exhibit increased tolerance to antimicrobials when they grow as a biofilm [2,3]. Biofilm formation is associated with the establishment of persistent and chronic infections [4,5]. The role of biofilms in forming chronic, drug-tolerant infections is particularly well known for Pseudomonas aeruginosa, which is one of the most studied pathogens for antimicrobial research according to the Infectious Diseases Society of America (IDSA) [6,7].



P. aeruginosa is an opportunistic pathogen that employs a number of different pathogenic traits (e.g., biofilm formation) by means of a cell-to-cell communication system, termed quorum sensing (QS) [8]. P. aeruginosa utilizes signaling molecules to coordinate the expression of virulence factors, such as elastase and rhamnolipids, as well as genes involved in biofilm formation. The QS system of P. aeruginosa is comprised of three hierarchically integrated QS systems, Las, Rhl and PQS, to control the expression of these virulence factors and biofilm genes that contribute to its pathogenicity [9]. One emerging strategy for supplementing the existing antibiotic treatment options is through the disruption of QS to inhibit virulence factor expression instead of inhibiting growth [10,11]. Since growth is not dependent on QS, there is a reduced selection pressure for resistance to develop.



A number of publications have identified natural compounds and their synthetic analogues that interfere with QS and that have been shown to reduce virulence factor expression in vitro or virulence in vivo [10,11,12,13,14,15,16,17]. Some natural foods have compounds with QS inhibitory activity, and such foods might offer a natural prophylaxis against chronic P. aeruginosa infections [15,16]. An additional benefit of QSI is that QS-mediated biofilm formation is also associated with increased tolerance to antibiotics. Reduction in P. aeruginosa biofilm resistance to antibiotics was previously reported by combining a QS inhibitor (e.g., N-(2-pyrimidyl)butanamide) and antibiotics (ciprofloxacin, colistin and tobramycin) [18]. Therefore, reducing antibiotic resistance by QSI could be a practical approach in mitigating future crises of antibiotic resistance. The use of subinhibitory concentrations of macrolides was recently reported as another option for developing novel treatment strategies for P. aeruginosa infections [19]. Indeed, it has been shown that QS inhibitors work synergistically with antibiotics [20,21,22]. Thus, the application of QS inhibitors with standard antibiotics could be a promising strategy to attenuate biofilm infections [22,23].



Cinnamaldehyde (CAD) is one of the primary phytoconstituents of cinnamon, with therapeutic potential to act as an antimicrobial agent against P. aeruginosa [24,25]. In a previous study, we demonstrated that CAD can disrupt biofilms and other surface colonization phenotypes (e.g., swarming motility) of P. aeruginosa [26]. CAD also modulated intracellular signaling processes through decreasing cyclic-di-GMP levels [26], which led us to investigate whether CAD could be used as potential antivirulence compound [26]. A previous study with sublethal concentrations of CAD demonstrated inhibition of QS virulence factors and biofilm formation in P. fluorescence [27]. In a recent study [28], subinhibitory levels of CAD downregulated las and rhl of P. aeruginosa. We demonstrated that CAD is capable of interfering in the P. aeruginosa Las, Rhl and PQS QS systems, while having no impact on bacterial growth. CAD combined with COL or tobramycin (TOB) inhibited biofilm formation and dispersed preformed biofilms more efficiently than individual treatments. We have also exploited a combined positive effect of CAD and TOB on P. aeruginosa QS systems.




2. Materials and Methods


2.1. Bacterial Strains, Media and Culture Conditions


Bacterial strains tagged with green fluorescent protein (GFP) were used in QS assays with P. aeruginosa PAO1. The lasB::gfp (ASV) [29], rhlA::gfp (ASV) [30] and pqsA::gfp (ASV) with GmR [31] translational reporter fusions were used. Reporter strains were routinely grown overnight in Mueller Hinton Broth (MHB, Oxoid, Thermo Fisher Scientific, VIC, Australia) with 125.6 μM gentamicin (Gm, Sigma-Aldrich, NSW, Australia) at 37 °C with shaking at 180 rpm. For QS assays, reporter strains were grown in ABTGC medium, which is AB minimal medium [32] plus 7.4 µM thiamine, 0.01 M glucose and 0.01 M casamino acids [33]. AB minimal medium consists of 15.1 mM ammonium sulfate, 33.7 mM sodium phosphate dibasic, 22 mM potassium dihydrogen phosphate, 50 mM sodium chloride, 1 mM magnesium chloride hexahydrate, 100 µM calcium chloride dehydrate and 1 µM iron (III) chloride hexahydrate [33,34]. All the chemicals to prepare ABTGC medium were purchased from Sigma-Aldrich, NSW, Australia. For the other experiments in this study, a wild-type P. aeruginosa PAO1 [33] was grown in MHB overnight at 37 °C with shaking at 180 rpm.




2.2. Determination of Minimum Inhibitory Concentration (MIC) for Antibiotics


MICs of four different classes of antibiotics (polypeptide (colistin), penicillin (carbenicillin), aminoglycoside (tobramycin), and macrolide (erythromycin)) were determined using the broth microdilution method [35]. It was carried in 96-well microtiter plates (Nunc, Thermo Fisher Scientific, VIC, Australia) with an MHB overnight culture of P. aeruginosa PAO1 adjusted to OD600 of 0.1. Two-fold serial dilutions with MHB achieved final concentrations of antibiotics (Sigma-Aldrich, Singapore): colistin (COL 27.2 to 0.2 µM), carbenicillin (CARB 1353.1 to 10.6 µM), tobramycin (TOB 13.3 to 0.1 µM), and erythromycin (ERY 1395.2 to 10.9 µM). The plate was incubated at 37 °C for 18–20 h with shaking at 180 rpm. The lowest concentration of antibiotics inhibiting growth as observed visually was recorded as the MIC for each antibiotic.




2.3. Checkerboard Assay to Test Interaction between CAD and Antibiotics


The aim of the experiment was to evaluate the ability of antibiotics combined with CAD to inhibit the growth of P. aeruginosa PAO1. Four different classes of antibiotics were tested in combination with CAD (Product No: W228613, Sigma-Aldrich, NSW, Australia). Interactions of each antibiotic with CAD was assessed using a checkerboard assay in 96-well microtiter plates (Nunc, Thermo Fisher Scientific, VIC, Australia) (12 columns (1 to 12) × 8 rows (A to H)). For the checkerboard assay, each antibiotic was added to individual wells in the microtiter plate at concentrations ranging from 16 to 0.13 MIC (concentrations decreasing from rows A to H) and CAD was added to individual wells at concentrations representing 16 to 0.13 MIC (concentrations decreasing from columns 1 to 8). Columns 9 and 10 were used for testing antibiotics and CAD alone, respectively. Column 11 was used as positive growth control with P. aeruginosa grown in MHB alone, and column 12 was used as sterility control with uninoculated MHB. After preparing each well with the appropriate dilutions of CAD and antibiotics, 100 µL of a P. aeruginosa PAO1 overnight MHB culture adjusted to OD600 of 0.1 was added to each well, and plates were incubated at 37 °C for 18-20 h with shaking at 180 rpm. The MIC for each compound was the lowest concentration that inhibited bacterial growth. The synergistic interactions were expressed as the fractional inhibitory concentration index (FICI), which is calculated as:


  ∑ F I C I = F I C   a n t i b i o t i c + F I C   C A D ,  



(1)




where


  F I C   a n t i b i o t i c =   M I C   o f   a n t i b i o t i c   i n   c o m b i n a t i o n   M I C   o f   a n t i b i o t i c   a l o n e   ,  



(2)






  F I C   C A D =   M I C   o f   C A D   i n   c o m b i n a t i o n   M I C   o f   C A D   a l o n e   ,  



(3)







A synergistic effect was defined at an FICI of ≤ 0.5; an indifferent effect at an FICI between 0.5 and ≤ 4 and an antagonistic effect at an FICI > 4. Similar checkerboard assays were followed for all four antibiotics.




2.4. Development of Resistance to CAD


CAD was tested for development of resistance in P. aeruginosa PAO1 by serial passaging [36]. An overnight bacterial culture adjusted to OD600 of 0.1 was amended with different concentrations of CAD (23.6, 11.8 (= MIC), 5.9 and 3 mM). Inoculum without CAD was used as a control. Following 24 h incubation at 37 °C with shaking at 180 rpm, the culture with visible growth in the highest CAD concentration was adjusted to an OD600 of 0.1 with MHB and used as the inoculum for the next round of growth with CAD at 23.6, 11.8, 5.9 and 3 mM and the same incubation conditions as before. This was repeated for 23 days. Growth curves of P. aeruginosa PAO1 treated with 5.9 mM CAD for 24 h were generated at days 1 and 23 to determine the effect of serial passage. The relative growth rate was calculated by dividing the generation time of the 5.9 mM grown culture at day 1 with the generation time of the 5.9 mM grown culture at day 23 [37]. The generation time was determined as follows:


  G e n e r a t i o n   t i m e ,   G =  t  3.3 l o g   b / B   ,  



(4)




where t is the time interval in min, B is the OD600 at the beginning of the time interval and b is the OD600 at the end of the time interval




2.5. QS Inhibition Assays with CAD or TOB


Overnight cultures of the QS reporter strains were adjusted to an OD600 of 0.1 and added with 100 µL of CAD to achieve 3, 1.5 or 0.8 mM CAD in a 96-well plate. Similarly, 0.9 µM TOB alone and 0.9 µM TOB combined with 1.5 mM CAD were tested to determine their combined effect as QS inhibitors. Cultures with no CAD or antibiotics added were used as growth controls. A proprietary synthetic QS inhibitor named “A7” at 10 µM final concentration (kindly provided by Liang Yang, Singapore Centre for Environmental Life Sciences Engineering (SCELSE), Nanyang Technological University, Singapore) was used as a standard QS inhibitor. Plates were incubated at 37 °C with shaking at 180 rpm for 7 h. GFP fluorescence (excitation wavelength of 485–512 nm and emission wavelength of 520–530 nm) and bacterial cell density (OD600) measurements were collected at 1, 3, 5 and 7 h using a FLUOstar Omega microplate reader (BMG Labtech, VIC, Australia). The relative fluorescence units (RFU) were measured by dividing the fluorescence value by the corresponding OD600 value. p values were calculated using regression analyses in Excel and values ≤0.05 were statistically significant.




2.6. Biofilm Inhibitory Assay with CAD and Antibiotics


The biofilm inhibitory activities of CAD and antibiotics were determined using Calgary biofilm devices (CBDs) consisting of a 96-well microtiter plate with 96 pegs on the lid (Thermo Fisher Scientific, VIC, Australia). The sub-MICs of CAD and antibiotics used in this experiment were determined from the results of the checkerboard assay. Volumes of 100 µL of overnight MHB cultures of P. aeruginosa PAO1 adjusted to OD600 of 0.1 were amended with 100 µL of 1:1 ratios of CAD-COL or CAD-TOB (50 µL of CAD + 50 µL of COL or TOB) to achieve final concentrations of 1.5 mM (CAD), 0.9 µM (COL) and 0.9 µM (TOB). The peg lid was added, and plates were incubated at 37 °C with shaking at 180 rpm for 6 h, which was determined to yield the maximum biofilm on the pegs [26]. Peg lids with adherent biofilms were transferred to a fresh plate base containing phosphate-buffered saline (PBS, 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate dibasic and 2 mM potassium dihydrogen phosphate (Sigma-Aldrich, NSW, Australia)) to remove loosely attached bacterial cells. Biofilms on the peg lids were stained in 200 µL of 0.1% aqueous crystal violet (CV) (Sigma-Aldrich, NSW, Australia) for 20 min at 37 °C with shaking (180 rpm), rinsed twice with 200 µL PBS, then placed into 200 µL of ethanol (100%) to solubilize the CV. The OD570 of the CV in ethanol solution was determined using an Omega microplate reader. Biofilm formation inhibition of tested compounds was measured using Equation (5).


   Biofilm   formation   inhibition   %  =     O D   e x p e r i m e n t a l   w e l l   w i t h o u t     c o m p o u n d − O D   e x p e r i m e n t a l   w e l l   w i t h     c o m p o u n d   O D   e x p e r i m e n t a l   w e l l   w i t h o u t   c o m p o u n d     × 100 ,  



(5)








2.7. The Effect of CAD and Antibiotics on Preformed Biofilms


MHB cultures of P. aeruginosa PAO1 formed 6 h biofilms on peg lids in CBDs as described above. The preformed biofilms were exposed to 1.5 mM CAD, 0.9 µM COL, 0.9 µM TOB, CAD-COL (1.5 mM and 0.9 µM, respectively) or CAD-TOB (1.5 mM and 0.9 µM, respectively) for 3 h at 37 °C with shaking at 180 rpm. Biofilms were washed and CV stained as above, and the biofilm dispersal activity was determined by Equation (6).


   Preformed   biofilm   dispersion   %  =     O D   e x p e r i m e n t a l   w e l l   w i t h o u t   c o m p o u n d − O D   e x p e r i m e n t a l   w e l l   w i t h   c o m p o u n d   O D   e x p e r i m e n t a l   w e l l   w i t h o u t   c o m p o u n d     × 100 ,  



(6)









3. Results


3.1. Synergistic Activity of CAD and Antibiotics against Planktonic Cells of P. aeruginosa


The MICs for all the antibiotics (Table 1) were determined with planktonic cells of P. aeruginosa. MICs were then used to establish the checkerboard assay to study interactions between CAD and the antibiotics on P. aeruginosa growth (Table 1).




3.2. P. aeruginosa Did Not Develop Resistance to CAD with Serial Passage


Cells serially passaged 23 times in MHB containing CAD at sub-MIC (5.9 mM) did not demonstrate a change in their CAD MIC. However, the resultant culture did not attain the same optical density at the stationary phase of growth (Figure 1), and the calculated log phase generation time increased from 55.5 to 83.4 min. However, there was no change in the lag-to-log phase time (at ~6 h) of the culture grown with CAD on day 1 and on day 23 (Figure 1). Additionally, there was no change in the growth curve of the culture grown without CAD between day 1 and day 23 (data not shown). Thus, the reduction in growth rate with CAD was deemed CAD-specific and not the result of multiple passages of the culture. It could be that the culture evolved over the 23 passages with consistent exposure to CAD, albeit at a sub-MIC level.




3.3. QSI Activity of CAD


Elastase (encoded by lasB) is a virulence factor that is controlled by LasR and is an indicator of LasR activity [38]. To test the ability of CAD to inhibit LasR, a P. aeruginosa PAO1-lasB-gfp strain was treated with different concentrations of CAD. At all tested concentrations of CAD, we observed a significant (p values of ≤ 0.05) reduction in RFU corresponding to GFP inhibition over 7 h, and there was a decrease in expression of fluorescence after 7 h (data not shown); this reduction was dose dependent (Figure 2a).



After 7 h incubation, GFP inhibition at the lowest concentration of CAD tested (0.8 mM) was 32.5% of the non-CAD treated control culture. At 1.5 and 3 mM, the inhibition of GFP was 51.9% and 68.9% of the control culture, respectively (Figure 2d). The activity of 3 mM CAD was quite similar to the QSI control compound A7. For all CAD concentrations tested, there was no reduction in biomass as determined by OD600 (data not shown), suggesting that the effect on QS was not due to growth inhibition or toxicity of the CAD.



To determine if CAD was specific for the Las system or if it more generally inhibited QS, reporter bioassays for Rhl and PQS were also tested. Incubation of CAD with the P. aeruginosa PAO1-rhlA-gfp reporter strain (Figure 2b) and the P. aeruginosa PAO1-pqsA-gfp reporter strain (Figure 2c) showed a dose-dependent inhibition of GFP production. Compared to the inhibition of LasR (32.5%), a slightly weaker inhibition was observed for RhlR (21.8%) (Figure 2d). However, 70.4% inhibition was observed with 3 mM CAD, which is similar to the LasR system. It could be that the lower CAD concentration (0.5 MIC; 0.8 mM) might have higher binding affinity for LasR than for RhlR. Thus, this binding to LasR or RhlR resulted in inhibition of QS expression by disrupting LasR or RhlR activity. CAD also strongly inhibited PQS (43.4%, Figure 2d). In every case, the maximum inhibition attained was not more than 70% at 3 mM CAD (Figure 2d). The highest tested concentration of CAD (3 mM) showed a higher inhibition compared to the synthetic QS inhibitor A7 for all of the QS systems, although the concentration used for A7 (10 µM) was considerably lower than the CAD concentrations that were used here. We exposed a strain of P. aeruginosa that constitutively expresses gfp to 3 mM CAD and observed no change in RFU [26]. This suggests that CAD does not directly interfere with the stability or fluorescence of GFP.




3.4. QS Inhibitory Activity of CAD and TOB


TOB has been demonstrated to inhibit the Rhl QS system in P. aeruginosa at sub-MICs [39]. In this study, 1.5 mM CAD and 0.9 µM TOB were assessed to determine their individual (CAD or TOB) and combined (CAD-TOB) QSI effects on the QS GFP reporter strains of P. aeruginosa.



CAD and TOB alone reduced LasR-mediated QS over time, as shown by the reduction in RFU (Figure 3a) and calculated GFP reductions (Figure 3d), compared to the non-CAD treated culture. CAD reduced GFP expression by 51.9% and TOB reduced it by 35.8%, compared to non-CAD treatments, and the combination of CAD and TOB showed a 70.7% GFP reduction in expression (Figure 3d). The combination of CAD and TOB was also assessed for the effects on rhlA and pqsA as determined by GFP expression (Figure 3b,c). Treatment with CAD and TOB alone reduced RhlR controlled GFP expression by 56.7% and 32.2%, respectively (Figure 3d). CAD and TOB alone reduced PQS by 50% and 55.9%, respectively (Figure 3d). The combination of CAD-TOB repressed RhlR and PQS by 64.7% and 69.4% (Figure 3d), respectively, which was higher than either compound alone. The CAD and TOB concentrations used for this study had no impact on the growth of P. aeruginosa PAO1 (data not shown). These results demonstrate that CAD and TOB in combination have an additive effect in disrupting Las, Rhl and PQS QS systems.




3.5. Biofilm Inhibition by CAD, COL and TOB


When combined with 3 mM CAD, the MIC of COL was reduced from 6.8 to 1.7 µM (checkerboard assay). Therefore, to evaluate the combination of CAD and COL on biofilm formation, sub-MICs of 1.5 and 0.9 µM were used for CAD and COL, respectively. Similarly, CAD and TOB were evaluated at 1.5 and 0.9 µM (both sub-MIC values), respectively. CAD showed 31.3% inhibition of biofilm formation, whereas COL and TOB showed approximately 35% inhibition of biofilm formation, as shown by the CV assay (Figure 4). When CAD was combined with COL or TOB, biofilm inhibition was significantly (p values of < 0.05) higher at 83.9% and 75.2%, respectively, compared to the untreated control (Figure 4).




3.6. Preformed Biofilm Dispersion by CAD, COL and TOB


To determine if CAD or CAD in combination with COL or TOB can disperse preformed biofilms, biofilms formed on the pegs of a CBD were treated for 3 h and quantified by the CV assay. Treatment with CAD alone showed 43.1% dispersal of the preformed biofilm (Figure 5).



Similarly, treatment with COL or TOB alone at 0.9 µM concentrations showed 32.6% and 35.2% biofilm dispersion, respectively. When COL or TOB were used in combination with CAD, there was a significant increase (p values of < 0.05) in biofilm dispersion as determined by ~90% reduction in preformed biofilm (Figure 5). Thus, CAD combined with COL or TOB synergistically removes established biofilms.





4. Discussion


The increase in antibiotic resistance of P. aeruginosa and its ability to form persistent biofilms highlight the need to develop alternative clinical treatment strategies [40]. In part, this increased resistance and persistence is associated with biofilm formation [4]. In this study, CAD was combined separately with representatives from four classes of antibiotics (COL, CARB, TOB and ERY), and the synergistic or antagonistic activities towards the MICs of the antibiotics were evaluated with planktonic P. aeruginosa PAO1. Only COL showed a synergistic effect with CAD against planktonic cells, although there were slight reductions observed for the combinations of CARB, TOB or ERY with CAD according to the FICI (Table 1). A synergistic activity of CAD and COL was also observed in 10% of clinical P. aeruginosa isolates in a prior study [41]. Thus, further work investigating the spectrum of isolates for which COL and CAD show synergistic activity is needed to better clarify this activity. To investigate the possible underlying reason of this synergistic activity, we tested the effect of CAD and COL on biofilm inhibition and also biofilm dispersion assays. Our study on biofilm assays revealed a positive combined effect of CAD and COL at sub-MIC levels which could be due to a disruption in QS system of P. aeruginosa. However, this is yet to be tested.



One issue in the development of antibacterial strategies is the selection for drug resistant mutants, and this concern also applies to QSI-based approaches. Due to the nonlethal nature of QS strategies, it has been suggested that QSI poses no or little selective pressure to pathogens, thus mitigating microbial resistance development to QS inhibitors. However, it was shown that P. aeruginosa developed resistance to COL after 15 passages [42]. In this study, serial passage did not lead to a change in the MIC of CAD but was associated with a reduction in fitness after 23 days of daily treatment with CAD (Figure 1). Therefore, based on these results, resistance to CAD was not demonstrated, but some growth fitness reduction occurred. The cytotoxic effect of CAD must also be considered. Previous research demonstrated that 57 mM CAD did not show inhibitory effects on primary human T cells or macrophages [43] or that 4% (303 mM) CAD in calcium carbonate hydrogel had no cytotoxic effect on human gingival fibroblast cells [44]. We evaluated CAD concentrations substantially lower than these (e.g., around the MIC of 11.8 mM), so we predict that our tested CAD concentrations would not be cytotoxic.



In recent years, a number of different antipathogenic drugs and strategies have been developed to reduce bacterial virulence by disrupting QS [45]. Thus, blocking QS in P. aeruginosa by QSI is suggested as a promising strategy for the treatment of infections [20,46,47]. It was recently shown that iberin, from horseradish, has QSI activity in P. aeruginosa according to two reporter systems tested: lasB::gfp and rhlA::gfp [15]. Cinnamon oil (in which CAD is one of the major ingredients) has been previously reported to show QSI effect on P. aeruginosa [48]. This study demonstrated a reduction in long-chain acyl-homoserine lactones (AHLs) and pyocyanin of the QS system by cinnamon oil. In our study, CAD inhibited the Las-, Rhl- and PQS-mediated expression of GFP in a concentration-dependent manner, without affecting microbial growth. Similar results with CAD significantly reducing the expression of LasR and RhlR were reported [28]. However, there was no demonstrated inhibition of CAD on the PQS system of P. aeruginosa [28]. PQS regulates the release of extracellular DNA, which is an important structural component of P. aeruginosa biofilms [33]. Other previous studies found that CAD inhibited pyocyanin production [25,48,49,50]. A study of CAD, QS and pyocyanin demonstrated that CAD specifically targets the short-chain AHL synthase (RhlI) [50], which is important for pyocyanin production. Thus, our work expands the spectrum of CAD activity beyond its inhibition of pyocyanin production by showing that CAD is inhibitory towards the Las and Rhl systems, and additionally towards PQS system of P. aeruginosa, in a concentration-dependent manner (Figure 2d).



We also confirmed the QSI activity of TOB, which is consistent with previously published findings [39]. TOB did not affect the transcription rates of the lasI or rhlI (for AHL synthases), but there was a substantial reduction (20–25%) in short-chain AHL when P. aeruginosa PUPa3 was grown in the presence of sub-MIC TOB [39]. However, in our study, CAD and TOB reduced the expression of lasB, rhlA and pqsA in a LasR-independent manner. TOB alone reduced RhlR-controlled GFP expression by 32.2%, and the combination of CAD-TOB repressed GFP by 64.7%. Similar results were observed for LasB and PQS (Figure 3d). Thus, sub-MIC CAD and TOB combined is an avenue that should be explored to increase the chance of success in the treatment of P. aeruginosa infections as it does not kill the bacteria, which limits its tendency to develop resistance to CAD-TOB. Instead of imposing direct selective pressure on the growth of P. aeruginosa, CAD and TOB could preferentially reduce QS-based communication and eventually attenuate cascades of gene expression and production of virulence factors which could lead to less pathogenicity. It was also demonstrated that they have a combined efficacy in biofilm formation inhibition and dispersion of preformed biofilms by disrupting QS.



Given that biofilm formation in P. aeruginosa is partially QS controlled, COL and TOB were investigated for their control of biofilms in combination with CAD. Previously, CAD demonstrated a significant reduction in biofilm formation at sub-MIC level, and CAD at 3 mM (sub-MIC) was also able to disperse preformed biofilm up to 95%, confirmed by confocal laser scanning microscopy images [26]. As predicted, a substantial inhibition in biofilm formation was observed when CAD was combined with either COL (83.9%) or TOB (75.2%) compared to the CAD-treated (31.3%) biofilms alone (Figure 4). Thus, we propose that a combination treatment could be aimed first at disabling the QS system and then inhibiting biofilm formation. This could be a promising strategy to prevent biofilm infections from developing into the chronic state. For example, it was reported that treatment with a QS inhibitor and TOB resulted in an increased clearance of P. aeruginosa in a foreign body infection model, demonstrating that this approach can work in vivo [23]. Another study demonstrated eradication of P. aeruginosa biofilms when a QS inhibitor and TOB were combined [51]. Sub-MIC CAD and 2×MIC of TOB had demonstrated a significant inhibition of P. aeruginosa biofilms [22]. We focused on sub-MICs of CAD and COL or TOB, as our main focus was to control the signaling pathways of P. aeruginosa in attempts to avoid antimicrobial resistance. CAD in combination with COL or TOB dispersed preformed biofilms by up to ~90% compared to untreated biofilms, whereas COL and TOB alone only dispersed biofilms by 32.6% and 35.2%, respectively (Figure 5). These findings could be due to the absence of functional QS as CAD is able to disrupt the QS systems, thus making P. aeruginosa more susceptible to antibiotics and showing synergistic effects on inhibiting biofilms and dispersing preformed biofilms.



In conclusion, CAD and COL showed a synergistic action in killing planktonic cells of P. aeruginosa. The 23 passages with CAD reduced P. aeruginosa growth rate, but these levels of passaging are beyond what might occur in a clinical setting. CAD is a QS inhibitor at sub-MICs, and the additive effect of TOB with CAD was also apparent in the inhibition of QS. CAD combined with COL or TOB reduced biofilm formation and increased dispersal of preformed biofilm cells compared to individual treatment. Collectively, these results demonstrated that CAD as a QS inhibitor may increase the success of antibiotic treatment in combination therapy by disrupting QS more efficiently and subsequently increasing the susceptibility of bacterial biofilms to antibiotic therapy. Thus, CAD shows promise for use as an antipathogenic compound that is enhanced if used in combination with antibiotics.







Author Contributions


S.H.T., E.A.P. and L.L.B. designed the experiments. S.H.T. conducted the experiments. S.H.T. and L.L.B. analyzed the results. S.H.T. wrote the main manuscript text. All authors reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


A Swinburne University Postgraduate Research Award (SUPRA) and additional research funds from Swinburne University supported S.H.T. to do this work.




Acknowledgments


We gratefully acknowledge all the technical assistance provided from Swinburne University throughout the study. The authors would also like to acknowledge guidance and support from an anonymous person.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aminov, R.I. A brief history of the antibiotic era: Lessons learned and challenges for the future. Front. Microbiol. 2010, 1, 134. [Google Scholar] [CrossRef]

	



Bjarnsholt, T.; Jensen, P.Ø.; Burmølle, M.; Hentzer, M.; Haagensen, J.A.; Hougen, H.P.; Calum, H.; Madsen, K.G.; Moser, C.; Molin, S. Pseudomonas aeruginosa tolerance to tobramycin, hydrogen peroxide and polymorphonuclear leukocytes is quorum-sensing dependent. Microbiology 2005, 151, 373–383. [Google Scholar] [CrossRef] [PubMed]

	



Van Gennip, M.; Christensen, L.D.; Alhede, M.; Phipps, R.; Jensen, P.Ø.; Christophersen, L.; Pamp, S.J.; Moser, C.; Mikkelsen, P.J.; Koh, A.Y. Inactivation of the rhlA gene in Pseudomonas aeruginosa prevents rhamnolipid production, disabling the protection against polymorphonuclear leukocytes. APMIS Acta Pathol. Microbiol. Immunol. Scand. 2009, 117, 537–546. [Google Scholar] [CrossRef] [PubMed]

	



Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial biofilms: From the natural environment to infectious diseases. Nat. Rev. Microbiol. 2004, 2, 95–108. [Google Scholar] [CrossRef] [PubMed]

	



Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections. Science 1999, 284, 1318–1322. [Google Scholar] [CrossRef]

	



Talbot, G.H.; Bradley, J.; Edwards Jr, J.E.; Gilbert, D.; Scheld, M.; Bartlett, J.G. Bad bugs need drugs: An update on the development pipeline from the Antimicrobial Availability Task Force of the Infectious Diseases Society of America. Chemother. J. 2006, 15, 97–105. [Google Scholar] [CrossRef]

	



Pendleton, J.N.; Gorman, S.P.; Gilmore, B.F. Clinical relevance of the ESKAPE pathogens. Expert Rev. Anti Infect. Ther. 2013, 11, 297–308. [Google Scholar] [CrossRef]

	



Rasmussen, T.B.; Givskov, M. Quorum sensing inhibitors: A bargain of effects. Microbiology 2006, 152, 895–904. [Google Scholar] [CrossRef]

	



Pesci, E.C.; Pearson, J.P.; Seed, P.C.; Iglewski, B.H. Regulation of las and rhl quorum sensing in Pseudomonas aeruginosa. J. Bacteriol. 1997, 179, 3127–3132. [Google Scholar] [CrossRef]

	



Smith, R.S.; Iglewski, B.H. Pseudomonas aeruginosa quorum sensing as a potential antimicrobial target. J. Clin. Investig. 2003, 112, 1460–1465. [Google Scholar] [CrossRef]

	



Rasmussen, T.B.; Givskov, M. Quorum-sensing inhibitors as anti-pathogenic drugs. Int. J. Med Microbiol. 2006, 296, 149–161. [Google Scholar] [CrossRef] [PubMed]

	



Eibergen, N.R.; Moore, J.D.; Mattmann, M.E.; Blackwell, H.E. Potent and selective modulation of the RhlR quorum sensing receptor by using non-native ligands: An emerging target for virulence control in Pseudomonas aeruginosa. ChemBioChem 2015, 16, 2348–2356. [Google Scholar] [CrossRef] [PubMed]

	



Rasamiravaka, T.; Vandeputte, O.M.; Pottier, L.; Huet, J.; Rabemanantsoa, C.; Kiendrebeogo, M.; Andriantsimahavandy, A.; Rasamindrakotroka, A.; Stévigny, C.; Duez, P.; et al. Pseudomonas aeruginosa biofilm formation and persistence, along with the production of quorum sensing-dependent virulence factors, are disrupted by a triterpenoid coumarate ester isolated from Dalbergia trichocarpa, a tropical legume. PLoS ONE 2015, 10, 132791. [Google Scholar] [CrossRef] [PubMed]

	



Fong, J.; Yuan, M.; Jakobsen, T.H.; Mortensen, K.T.; Delos Santos, M.M.S.; Chua, S.L.; Yang, L.; Tan, C.H.; Nielsen, T.E.; Givskov, M. Disulfide bond-containing ajoene analogues as novel quorum sensing inhibitors of Pseudomonas aeruginosa. J. Med. Chem. 2017, 60, 215–227. [Google Scholar] [CrossRef] [PubMed]

	



Jakobsen, T.H.; Bragason, S.K.; Phipps, R.K.; Christensen, L.D.; van Gennip, M.; Alhede, M.; Skindersoe, M.; Larsen, T.O.; Høiby, N.; Bjarnsholt, T.; et al. Food as a source for quorum sensing inhibitors: Iberin from horseradish revealed as a quorum sensing inhibitor of Pseudomonas aeruginosa. Appl. Environ. Microbiol. 2012, 78, 2410–2421. [Google Scholar] [CrossRef] [PubMed]

	



Bjarnsholt, T.; Jensen, P.Ø; Rasmussen, T.B.; Christophersen, L.; Calum, H.; Hentzer, M.; Hougen, H.P.; Rygaard, J.; Moser, C.; Eberl, L.; et al. Garlic blocks quorum sensing and promotes rapid clearing of pulmonary Pseudomonas aeruginosa infections. Microbiology 2005, 151, 3873–3880. [Google Scholar] [CrossRef]

	



Givskov, M.; de Nys, R.; Manefield, M.; Gram, L.; Maximilien, R.; Eberl, L.; Molin, S.; Steinberg, P.D.; Kjelleberg, S. Eukaryotic interference with homoserine lactone-mediated prokaryotic signalling. J. Bacteriol. 1996, 178, 6618–6622. [Google Scholar] [CrossRef]

	



Furiga, A.; Lajoie, B.; El Hage, S.; Baziard, G.; Roques, C.J.A. Impairment of Pseudomonas aeruginosa biofilm resistance to antibiotics by combining the drugs with a new quorum-sensing inhibitor. Antimicrob. Agents Chemother. 2016, 60, 1676–1686. [Google Scholar] [CrossRef]

	



Ding, Y.; Teo, J.W.; Drautz-Moses, D.I.; Schuster, S.C.; Givskov, M.; Yang, L.J. Acquisition of resistance to carbapenem and macrolide-mediated quorum sensing inhibition by Pseudomonas aeruginosa via ICE Tn4371 6385. Commun. Biol. 2018, 1, 1–10. [Google Scholar] [CrossRef]

	



Hentzer, M.; Wu, H.; Andersen, J.B.; Riedel, K.; Rasmussen, T.B.; Bagge, N.; Kumar, N.; Schembri, M.A.; Song, Z.; Kristoffersen, P. Attenuation of Pseudomonas aeruginosa virulence by quorum sensing inhibitors. EMBO J. 2003, 22, 3803–3815. [Google Scholar] [CrossRef]

	



Roudashti, S.; Zeighami, H.; Mirshahabi, H.; Bahari, S.; Soltani, A.; Haghi, F. Synergistic activity of sub-inhibitory concentrations of curcumin with ceftazidime and ciprofloxacin against Pseudomonas aeruginosa quorum sensing related genes and virulence traits. World J. Microbiol. Biotechnol. 2017, 33, 50. [Google Scholar] [CrossRef] [PubMed]

	



Brackman, G.; Cos, P.; Maes, L.; Nelis, H.J.; Coenye, T. Quorum sensing inhibitors increase the susceptibility of bacterial biofilms to antibiotics in vitro and in vivo. Antimicrob. Agents Chemother. 2011, 55, 2655–2661. [Google Scholar] [CrossRef] [PubMed]

	



Christensen, L.D.; van Gennip, M.; Jakobsen, T.H.; Alhede, M.; Hougen, H.P.; Høiby, N.; Bjarnsholt, T.; Givskov, M. Synergistic antibacterial efficacy of early combination treatment with tobramycin and quorum-sensing inhibitors against Pseudomonas aeruginosa in an intraperitoneal foreign-body infection mouse model. J. Antimicrob. Chemother. 2012, 67, 1198–1206. [Google Scholar] [CrossRef] [PubMed]

	



Kavanaugh, N.L.; Ribbeck, K. Selected antimicrobial essential oils eradicate Pseudomonas spp. and Staphylococcus aureus biofilms. Appl. Environ. Microbiol. 2012, 78, 4057–4061. [Google Scholar] [CrossRef] [PubMed]

	



Subhaswaraj, P.; Barik, S.; Macha, C.; Chiranjeevi, P.V.; Siddhardha, B.J.L. Anti quorum sensing and anti biofilm efficacy of cinnamaldehyde encapsulated chitosan nanoparticles against Pseudomonas aeruginosa PAO1. LWT 2018, 97, 752–759. [Google Scholar] [CrossRef]

	



Topa, S.H.; Subramoni, S.; Palombo, E.A.; Kingshott, P.; Rice, S.A.; Blackall, L.L.J.M. Cinnamaldehyde disrupts biofilm formation and swarming motility of Pseudomonas aeruginosa. Microbiology 2018, 164, 1087–1097. [Google Scholar] [CrossRef]

	



Li, T.; Wang, D.; Liu, N.; Ma, Y.; Ding, T.; Mei, Y.; Li, J. Inhibition of quorum sensing-controlled virulence factors and biofilm formation in Pseudomonas fluorescens by cinnamaldehyde. Int. J. Food Microbiol. 2018, 269, 98–106. [Google Scholar] [CrossRef]

	



Ahmed, S.A.; Rudden, M.; Smyth, T.J.; Dooley, J.S.; Marchant, R.; Banat, I.M. Natural quorum sensing inhibitors effectively downregulate gene expression of Pseudomonas aeruginosa virulence factors. Appl. Microbiol. Biotechnol. 2019, 103, 3521–3535. [Google Scholar] [CrossRef]

	



Hentzer, M.; Riedel, K.; Rasmussen, T.B.; Heydorn, A.; Andersen, J.B.; Parsek, M.R.; Rice, S.A.; Eberl, L.; Molin, S.; Høiby, N. Inhibition of quorum sensing in Pseudomonas aeruginosa biofilm bacteria by a halogenated furanone compound. Microbiology 2002, 148, 87–102. [Google Scholar] [CrossRef]

	



Yang, L.; Rybtke, M.T.; Jakobsen, T.H.; Hentzer, M.; Bjarnsholt, T.; Givskov, M.; Tolker-Nielsen, T. Computer-aided identification of recognized drugs as Pseudomonas aeruginosa quorum-sensing inhibitors. Antimicrob. Agents Chemother. 2009, 53, 2432–2443. [Google Scholar] [CrossRef]

	



Yang, L.; Barken, K.B.; Skindersoe, M.E.; Christensen, A.B.; Givskov, M.; Tolker-Nielsen, T. Effects of iron on DNA release and biofilm development by Pseudomonas aeruginosa. Microbiology 2007, 153, 1318–1328. [Google Scholar] [CrossRef] [PubMed]

	



Clark, D.J.; Maaløe, O. DNA replication and the division cycle in Escherichia coli. J. Mol. Biol. 1967, 23, 99–112. [Google Scholar] [CrossRef]

	



Tan, S.Y.-Y.; Chua, S.-L.; Chen, Y.; Rice, S.A.; Kjelleberg, S.; Nielsen, T.E.; Yang, L.; Givskov, M. Identification of five structurally unrelated quorum-sensing inhibitors of Pseudomonas aeruginosa from a natural-derivative database. Antimicrob. Agents Chemother. 2013, 57, 5629–5641. [Google Scholar] [CrossRef] [PubMed]

	



Chua, S.L.; Hultqvist, L.D.; Yuan, M.; Rybtke, M.; Nielsen, T.E.; Givskov, M.; Tolker-Nielsen, T.; Yang, L. In vitro and in vivo generation and characterization of Pseudomonas aeruginosa biofilm-dispersed cells via c-di-GMP manipulation. Nat. Protoc. 2015, 10, 1165–1180. [Google Scholar] [CrossRef]

	



Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163. [Google Scholar] [CrossRef]

	



Arias, C.A.; Panesso, D.; McGrath, D.M.; Qin, X.; Mojica, M.F.; Miller, C.; Diaz, L.; Tran, T.T.; Rincon, S.; Barbu, E.M.; et al. Genetic basis for in vivo daptomycin resistance in Enterococci. N. Engl. J. Med. 2011, 365, 892–900. [Google Scholar] [CrossRef]

	



Lofton, H.; Pränting, M.; Thulin, E.; Andersson, D.I. Mechanisms and fitness costs of resistance to antimicrobial peptides LL-37, CNY100HL and wheat germ histones. PLoS ONE 2013, 8, e68875. [Google Scholar] [CrossRef]

	



Pearson, J.P.; Pesci, E.C.; Iglewski, B.H. Roles of Pseudomonas aeruginosa las and rhl quorum-sensing systems in control of elastase and rhamnolipid biosynthesis genes. J. Bacteriol. 1997, 179, 5756–5767. [Google Scholar] [CrossRef]

	



Babić, F.; Venturi, V.; Maravić-Vlahoviček, G. Tobramycin at subinhibitory concentration inhibits the RhlI/R quorum sensing system in a Pseudomonas aeruginosa environmental isolate. BMC Infect. Dis. 2010, 10, 148. [Google Scholar]

	



Mulcahy, L.R.; Isabella, V.M.; Lewis, K. Pseudomonas aeruginosa biofilms in disease. Microb. Ecol. 2014, 68, 1–12. [Google Scholar] [CrossRef]

	



Utchariyakiat, I.; Surassmo, S.; Jaturanpinyo, M.; Khuntayaporn, P.; Chomnawang, M.T. Efficacy of cinnamon bark oil and cinnamaldehyde on anti-multidrug resistant Pseudomonas aeruginosa and the synergistic effects in combination with other antimicrobial agents. BMC Complement. Altern. Med. 2016, 16, 158. [Google Scholar] [CrossRef] [PubMed]

	



Pollard, J.E.; Snarr, J.; Chaudhary, V.; Jennings, J.D.; Shaw, H.; Christiansen, B.; Wright, J.; Jia, W.; Bishop, R.E.; Savage, P.B. In vitro evaluation of the potential for resistance development to ceragenin CSA-13. J. Antimicrob. Chemother. 2012, 67, 2665–2672. [Google Scholar] [CrossRef] [PubMed]

	



Fang, S.-H.; Rao, Y.K.; Tzeng, Y.-M. Cytotoxic effect of trans-cinnamaldehyde from cinnamomum osmophloeum leaves on Human cancer cell lines. Int. J. Appl. Sci. Eng. 2004, 2, 136–147. [Google Scholar]

	



Dewi, A.H.; Ana, I.D.; Jansen, J. Calcium carbonate hydrogel construct with cynnamaldehyde incorporated to control inflammation during surgical procedure. J. Biomed. Mater. Res. A 2016, 104, 768–774. [Google Scholar] [CrossRef]

	



LaSarre, B.; Federle, M.J. Exploiting quorum sensing to confuse bacterial pathogens. Microbiol. Mol. Biol. Rev. 2013, 77, 73–111. [Google Scholar] [CrossRef]

	



Müh, U.; Hare, B.J.; Duerkop, B.A.; Schuster, M.; Hanzelka, B.L.; Heim, R.; Olson, E.R.; Greenberg, E.P. A structurally unrelated mimic of a Pseudomonas aeruginosa acyl-homoserine lactone quorum-sensing signal. Proc. Natl. Acad. Sci. USA 2006, 103, 16948–16952. [Google Scholar]

	



Rasmussen, T.B.; Bjarnsholt, T.; Skindersoe, M.E.; Hentzer, M.; Kristoffersen, P.; Köte, M.; Nielsen, J.; Eberl, L.; Givskov, M. Screening for quorum-sensing inhibitors (QSI) by use of a novel genetic system, the QSI selector. J. Bacteriol. 2005, 187, 1799–1814. [Google Scholar] [CrossRef]

	



Kalia, M.; Yadav, V.K.; Singh, P.K.; Sharma, D.; Pandey, H.; Narvi, S.S.; Agarwal, V. Effect of cinnamon oil on quorum sensing-controlled virulence factors and biofilm formation in Pseudomonas aeruginosa. PLoS ONE 2015, 10, e0135495. [Google Scholar] [CrossRef]

	



Kim, Y.G.; Lee, J.H.; Kim, S.I.; Baek, K.H.; Lee, J. Cinnamon bark oil and its components inhibit biofilm formation and toxin production. Int. J. Food Microbiol. 2015, 195, 30–39. [Google Scholar] [CrossRef]

	



Chang, C.-Y.; Krishnan, T.; Wang, H.; Chen, Y.; Yin, W.-F.; Chong, Y.-M.; Tan, L.Y.; Chong, T.M.; Chan, K.-G. Non-antibiotic quorum sensing inhibitors acting against N-acyl homoserine lactone synthase as druggable target. Sci. Rep. 2014, 4, 7245. [Google Scholar] [CrossRef]

	



Fong, J.; Mortensen, K.T.; Nørskov, A.; Qvortrup, K.; Yang, L.; Tan, C.H.; Nielsen, T.E.; Givskov, M. Itaconimides as novel quorum sensing inhibitors of Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol. 2019, 8. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 08 00455 g001 550] 





Figure 1. Growth curve of P. aeruginosa isolates in the presence of 5.9 mM CAD that were passaged for 1 day (●) or 23 days (▲). The results are the average of three independent experiments in parallel, and error bars indicate ± standard deviations. 
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Figure 2. Dose–response curves of CAD incubated with (a) P. aeruginosa PAO1-lasB-gfp; (b) P. aeruginosa PAO1-rhlA-gfp and (c) P. aeruginosa PAO1-pqsA-gfp. ×, 3 mM CAD; ▲, 1.5 mM CAD; ◆, 0.8 mM CAD; ●, A7; ■, untreated. (d) Green fluorescent protein (GFP) inhibition percent with varying levels of CAD at 7 h: 0.8 mM CAD (white bars); 1.5 mM CAD (black bars); 3 mM CAD (downward diagonal bars). A7 (gray bars) is a QS inhibitor. Data represent the average of three independent experiments, and error bars indicate ± standard deviations. p values of ≤ 0.05. Relative fluorescence units (RFU) were normalized to OD600 for all reporter assays. 
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Figure 3. The effect of combined CAD and tobramycin (TOB) treatment on quorum sensing (QS). (a) P. aeruginosa PAO1-lasB-gfp; (b) P. aeruginosa PAO1-rhlA-gfp and (c) P. aeruginosa PAO1-pqsA-gfp. ◆, CAD; ▲, TOB ●; CAD-TOB; ■, untreated. (d) GFP inhibition % with CAD and TOB at 7 h. CAD (white bars); TOB (black bars); CAD + TOB (downward diagonal bars). Data represent the average of three independent experiments, and error bars indicate ± standard deviation. p values of ≤ 0.05. RFU were normalized to OD600 for all reporter assays. 
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Figure 4. CAD-, colistin (COL)-, TOB-, CAD-COL- and CAD-TOB-mediated inhibition of biofilm formation according to the crystal violet (CV) assay. Data represents the average of six technical replicates from three independent experiments, and error bars indicate ± standard deviation. p values of < 0.05. 






Figure 4. CAD-, colistin (COL)-, TOB-, CAD-COL- and CAD-TOB-mediated inhibition of biofilm formation according to the crystal violet (CV) assay. Data represents the average of six technical replicates from three independent experiments, and error bars indicate ± standard deviation. p values of < 0.05.



[image: Microorganisms 08 00455 g004]







[image: Microorganisms 08 00455 g005 550] 





Figure 5. Effect of CAD, TOB, COL, CAD-TOB and CAD-COL on preformed biofilms. Data represent the average of six technical replicates from three independent experiments, and error bars indicate ± standard deviations. p values of < 0.05. 
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Table 1. MICs of antibiotics alone and in combination with cinnamaldehyde (CAD).
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Antibiotic

	
MIC 1

	
FICI 2

	
Activity




	
Alone

	
Combined with 3 mM CAD






	
Colistin

	
6.8 μM

	
1.7 μM

	
0.5

	
Synergistic




	
Carbenicillin

	
338.3 μM

	
169.2 μM

	
0.75

	
Indifferent




	
Tobramycin

	
3.3 μM

	
1.7 μM

	
0.75

	
Indifferent




	
Erythromycin

	
348.8 μM

	
174.4 μM

	
0.75

	
Indifferent








1, MIC—minimum inhibitory concentration. 2, FICI— fractional inhibitory concentration index. The MIC of COL was 6.8 µM, which was reduced to 1.7 µM when combined with CAD. The calculated FICI for COL plus CAD was 0.5, which indicates synergistic activity. Although carbenicillin (CARB), tobramycin (TOB) and erythromycin (ERY) showed reduced MICs when combined with CAD (Table 1), their FICI values of 0.75 deemed them to be indifferent or having no synergy with CAD.
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