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Compared to mono-species biofilm, biofilms formed by cross-kingdom pathogens are more refractory to conventional antibiotics, thus complicating clinical treatment and causing significant morbidity. Lemongrass essential oil and its bioactive component citral were previously demonstrated to possess strong antimicrobial efficacy against pathogenic bacteria and fungi. However, their effects on polymicrobial biofilms remain to be determined. In this study, the efficacy of lemongrass (Cymbopogon flexuosus) essential oil and its bioactive part citral against dual-species biofilms formed by Staphylococcus aureus and Candida species was evaluated in vitro. Biofilm staining and viability test showed both lemongrass essential oil and citral were able to reduce biofilm biomass and cell viability of each species in the biofilm. Microscopic examinations showed these agents interfered with adhesive characteristics of each species and disrupted biofilm matrix through counteracting nucleic acids, proteins and carbohydrates in the biofilm. Moreover, transcriptional analyses indicated citral downregulated hyphal adhesins and virulent factors of Candida albicans, while also reducing expression of genes involved in quorum sensing, peptidoglycan and fatty acids biosynthesis of S. aureus. Taken together, our results demonstrate the potential of lemongrass essential oil and citral as promising agents against polymicrobial biofilms as well as the underlying mechanisms of their activity in this setting.
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Introduction

Candida species is one of the most prevalent fungal pathogens worldwide and prone to forming biofilms which have been extensively identified in human body, hospital environment, and medical materials (Cavalheiro and Teixeira, 2018). Infections caused by Candida biofilms usually exhibit high degree of tolerance to antifungal therapies and thus pose a serious threat to human health.

Although microorganisms are able to form single-species biofilm, it is more common that two or more microorganisms coexist in biofilms. Such multi-species biofilms can significantly increase the resistance of commensal microbes to conventional antimicrobic therapies and host immune system. For instance, ability of S. aureus to make biofilms is greatly enhanced when grown with C. albicans, and moreover, the susceptibility of S. aureus cells to routine antibiotics like vancomycin and oxacillin is markedly reduced (Nabb et al., 2019). Indeed, it is highly evident that infections caused by multi-species biofilms can lead to diseases with higher morbidity and mortality than those caused by single-species biofilm (Kong et al., 2016). For example, infections caused by dual-species biofilms of C. albicans and S. aureus have been frequently reported in the clinic, which makes the pathogens difficult to be eradicated (Qu et al., 2016). Therefore, exploration of effective agents targeting multi-species biofilms is urgently required.

Essential oils fractionally distilled from plants have drawn increased attention because of its multiple pharmacological properties like antibacterial, antifungal, and antiviral activities. Offering better biocompatibility and less side effects on human body, plant essential oils are regarded as potential alternatives to synthesis-based antibiotics and have been widely used in the treatment of cutaneous infections (Wińska et al., 2019). Citral, representing the most abundant component of lemongrass essential oil, is regarded as its biologically active constituent. Previous investigations have conformed lemongrass essential oil and citral possess strong activity against a broad spectrum of fungal and bacterial species (Naik et al., 2010; Shi et al., 2017). For instance, Silva et al. reported lemongrass essential oil and citral showed strong antifungal activity against several Candida species (Silva Cde et al., 2008). Furthermore, investigations performed by Zouhir et al. demonstrated lemongrass essential oil can eradicate the methicillin-resistant Staphylococcus aureus (MRSA) in vitro (Zouhir et al., 2016). Besides the studies on antimicrobial activities, one recent research investigated the in-depth molecular mechanism of citral against MRSA biofilm by using proteomic approach. This study unveiled citral inhibited the MRSA biofilm by differentially regulating the proteins involved in several biofilm related pathways (Valliammai et al., 2020).

Although several studies have confirmed the antimicrobial abilities of lemongrass essential oil and its major component citral, killing effects on multi-species biofilms as well as the working mechanism of action were not determined. In this study, we investigated the activity of lemongrass essential oil and citral against dual-species biofilms formed by S. aureus and Candida species. First, chemical constituents of lemongrass essential oil were analyzed. Secondly, effects of lemongrass essential oil and citral on biomass and cell viability of each species in polymicrobial biofilms were examined. Thirdly, effects of lemongrass essential oil and citral on the structure of biofilm matrix were assessed. Lastly, transcriptional responses of each species in dual-species biofilms were explored after citral treatment. These investigations not only shed new light on the therapeutic significance of lemongrass essential oil and citral but also uncovered the molecular impact of citral on dual-species biofilms.



Materials and Methods


Microbial Strains and Growth Cultures

C. albicans SC5314 (kindly donated by Professor Ruoyu Li from Peking university, China), C. tropicalis ATCC1369 and S. aureus ATCC25923 (both purchased from ATCC) were used in this research. YPD and BHI plus 1% glucose (OXOID, Basingstoke, England) medium were used for the growth of C. albicans (or C. tropicalis) and S. aureus, respectively. RPMI1640 medium (Thermo Fisher Scientific, USA) buffered to a pH of 7.0 with 0.165 M MOPS (Sangon Biotech, Shanghai, China) was used for growing the dual-species biofilms between Candida species and S. aureus.



GC-MS Analysis

The chemical components of lemongrass (extracted from C. flexuosus) essential oil (doTERRA, USA) were analyzed by gas chromatography-mass spectra (GC-MS) system (Agilent gas chromatograph 6,890 coupled with Agilent 5973 mass selective detector, USA). The gas chromatographic separation was performed on a HP-INNOWAX capillary column (30 m × 0.25 mm i.d. with 0.25 μm film thickness, Agilent Technology, USA). The injector temperature was set at 250°C and high-purity helium was used as the carrier gas with flow rate of 1 ml/min. The sample was injected with a 1 μl volume and performed in a split mode (split ratio 30:1). The oven temperature was programmed as follows: initial temperature was maintained at 40°C for 2 min and then the temperature was increased to 250°C at 6°C/min and subsequently held for 10 min. The MS was performed in electron ionization mode (EI) with 70 eV ionization energy. The ion source temperature was set at 230°C with scan range from 30 to 300 m/z. The compounds were identified according to the NIST 2014 mass spectral library which is a standard mass spectrometry reference database released by National Institute of Standards and Technology (NIST) in 2014.



Susceptibility Test of Planktonic Cells

Minimal inhibitory concentration (MIC) was performed by serial microdilutions based on previously described method with minor modifications (Miao et al., 2019; Niu et al., 2020). Specifically, Candida and staphylococcal cell suspensions were diluted to 1 × 105 cells/ml in YPD and BHI respectively. Then aliquots of 100 µl of each species were separately transferred into each 96-well microtiter plates. Next, lemongrass essential oil was added in YPD or BHI to obtain final concentrations in the range of 0.0097–10 μg/ml; Similarly, citral was added in YPD or BHI to obtain final concentrations in the range of 0.0078–8 μg/ml. Following 24 h incubation at 37°C, the MIC value was determined as the lowest concentration (volume percent, v/v %) of lemongrass essential oil or citral which inhibited the visible growth of each species after overnight incubation. For each treatment condition, three replicates were performed and the experiment was repeated 3 times.



Biomass and Viability Determination of Biofilms

All strains were stored in 10% glycerol at -80°C. C. albicans or C. tropicalis strain was inoculated on the Sabouraud’s Dextrose Agar (SDA) and S. aureus was grown on the Trypticase Soy Agar (TSA, OXOID, Basingstoke, England) overnight. Then single colony of Candida strains was inoculated in YPD and S. aureus was grown in BHI at 37°C overnight. The cultures were diluted to OD600 = 0.01 with RPMI1640, and seeded into 96-well microplates for 24 h at 37°C. The medium was refreshed with lemongrass essential oil or citral (mixture of cis-citral and trans-citral, MedChemExpress, USA) and co-incubated for another 24 h. Then, antimicrobial efficacy against dual-biofilms was evaluated in three aspects. Firstly, biofilm biomass reduction was quantified by the crystal violet (CV) staining. Briefly, dried biofilms were stained with 0.2% CV solution for 45 min, washed with water, and destained with 95% ethanol for 45 min. OD570 were measured in a microplate reader (BioTek, USA). The biomass reduction was calculated by the following formula. Reduction ratio (%) = (ODuntreated-ODtreated)/ODuntreated × 100%. Furthermore, reduction ratio of viable cells within biofilm was assessed by Cell Counting Kit-8 (CCK-8) method as previously described (Tan et al., 2019).The depth of color is directly proportional to cellular viability and OD450 was measured by microplate reader. The viability reduction ratio was calculated by the same formula as above. Besides, the reduction in viable counts CFU (Colony Forming Units) was detected by plate assay. For this, after treatment, biofilms were dissociated from the surface into PBS and then added onto YPD + vancomycin (2 mg/L) plates (select C. albicans) and TSA+ amphotericin B (2.5 mg/L) plates (select S. aureus) by serial-dilutions plating (Qu et al., 2016). The effectiveness to kill each species of biofilm was determined by calculating the direct reduction of viable cells [Reduction ratio % = (untreated CFU - treated CFU)/untreated CFU ×100%]. For each treatment condition, three replicates were performed and the experiment was repeated 3 times.



Confocal Laser Scanning Microscopy

First, dual-species biofilms were grown on coverslips for 24 h, and supernatant was aspirated, and replaced with fresh RPMI-1640 containing lemongrass essential oil (0.0708% and 0.3125%, v/v) or citral (0.125% and 0.5%, v/v) for biofilm compositional analysis and lemongrass essential oil (0.3125%, v/v) or citral (0.5%, v/v) for viability analysis, and then grown for 24 h. Afterwards, biofilm components including carbohydrates, proteins and nucleic acids were visualized as previously described with modification (Shin and Eom, 2019). Briefly, the dual-species biofilms on coverslips were immersed with 4% (v/v) paraformaldehyde for 1 h and dried for 30 min. The amino groups of dual-species biofilm were stained 10 μg/ml fluorescein isothiocyanate isomer I (FITC) for 1 h. To visualize carbohydrates, 1 μg/ml of concanavalin A-Alex Fluor 594 conjugate (Con-A), which reacts with mannose and glucose of biofilm, was incubated for 30 min. Finally, nucleic acids were stained with 5 μg/ml of 4,6-diamidino-2-phenylindoldihydrochloride (DAPI) which binds to double-stranded DNA for 45 min. At the end of each staining, the biofilms were washed with PBS to remove dye residues. Besides, the biofilms were stained with the LIVE/DEAD BacLight Viability Kit (Thermo Fisher Scientific, USA) for 15 min according to the manufacturer’s protocol. Cellular fluorescence was evaluated with CLSM (Leica, SP8, Germany) and the image data was analyzed by Leica LAS AF Lite and ImageJ software (NIH, USA). For the image quantification, the fluorescence data were taken from four randomly selected fields with same size per sample and one of the four fields was chosen to represent the phenotype. In addition, the average of biofilm thickness was quantified by collecting the data from four z-stacks for each experiment condition. The CLSM experiment was independently repeated 3 times.



Scanning Electron Microscopy

The C. albicans/S. aureus biofilms were first fixed with 2.5% glutaraldehyde and next dehydrated in 30%, 50%, 70%, 80%, 90%, and 95% dilution series of ethanol for 15 min, respectively. Next the samples were immersed in isoamyl acetate for 15 min and then attached to metallic stubs by carbon stickers and sputter-coated with gold. Finally, the morphology of prepared samples was observed by Hitachi SU8100 SEM microscopy (HITACHI, Japan). The representative SEM images were chosen from three biological replicates.



qRT-PCR Analysis

1 ml overnight culture of bacteria and fungi were diluted to OD600 = 0.01, seeded into a 12-well polystyrene microplate, and grown for 24 h. After 24 h, the supernatant was refreshed with RPMI-1640 containing 0.5% citral, wells without treatment were set as control. After 24 h, fungal and bacterial mRNA were extracted according to Omega Yeast RNA kit and the Bacteria kit (Omega BioTek, USA) respectively. cDNA was obtained by FastKing RT Kit (Tiangen, China). The gene expression of C. albicans and S. aureus, were detected by SYBR Green quantitative Real-Time PCR assay (SuperReal PreMix Plus, Tiangen, China) and calculated using the formula 2-ΔΔCt. The reaction was run on ABI Step One qPCR system (Applied Biosystem, USA) as follows: initial step at 95°C for 15 min, followed by 40 cycles at 95°C for 10 s, 60°C for 30 s. Eighteen seconds rRNA was chosen as internal reference gene for fungi and 16s rRNA for bacteria to normalize the data respectively. The primers (Table 1) were synthesized by Shangya biotech company in China. qPCR analyses of each gene were performed in three biological replicates, each with three technical replicates.


Table 1 | Primer sequences used in this study (5′-3′).





Statistical Analysis

All experiments were performed at least 3 times with statistical significance of different treatment groups calculated by one-way analysis of variance (ANOVA, Bonferroni multiple-comparison test) or by students’ t test. Difference were considered significant if P value was less than 0.05. Statistical analyses and graphs were made using Microsoft Excel and GraphPad Prism 7.




Results


Chemical Compositions of Lemongrass Essential Oil

The biologically active component of lemongrass essential oil is citral, which is mixture of two isomeric acyclic monoterpene aldehydes (neral and geranial). Compositional analysis by GC-MS identified a total number of 19 compounds with content exceeding 0.05%, making up ~99.6% of the lemongrass (C. flexuosus) essential oil (Table 2). According to the results, the primary components identified included ~29.4% geranial (trans-citral, α-citral) and ~30.4% neral (cis-citral, β-citral) (Figure 1). This is consistent with a previous study reporting citral as the dominant component of lemongrass essential oil, accounting for more than 60% of total compounds (Hadjilouka et al., 2017). Other identified high-content ingredients included caryophyllene (~25.4%) and indan-1,3-diol monoacetate (~7%). These results therefore validated the composition of lemongrass essential oil used in this study with citral confirmed as the most abundant compound.


Table 2 | Major components of lemongrass essential oil (content>0.05%).






Figure 1 | Chromatogram of lemongrass (C. flexuosus) essential oil and two geometric isomers of citral. (A) GC-MS profile of lemongrass essential oil. (B) Chemical formulas of geranial and neral which are two geometric isomers of citral.





Susceptibility of Planktonic Cells to Lemongrass Essential Oil and Citral

To investigate the antimicrobial action of lemongrass essential oil and citral against planktonic phase of Candida species and S. aureus, the MIC values (v/v%) of each species and dual-species were determined (Table 3). The MIC of lemongrass essential oil against planktonic C. albicans, C. tropicalis and S. aureus were 0.0781%, 0.039%, and 0.0781%, respectively. The MIC of citral against C. albicans, C. tropicalis, and S. aureus were 0.0313%, 0.0156%, and 0.0313%, respectively. Regarding the dual-species planktonic Candida species and S. aureus, The MIC of lemongrass essential oil against C. albicans/S. aureus and C. tropicalis/S. aureus were 0.1563% and 0.0781%, respectively. The MIC of citral against C. albicans/S. aureus and C. tropicalis/S. aureus were 0.125% and 0.0313%, respectively. Therefore, both lemongrass essential oil and citral at low concentrations were enough to inhibit growth of planktonic S. aureus and Candida species.


Table 3 | MIC (v/v %) of lemongrass essential oil (LEO) and citral against planktonic S. aureus and Candida species.





Antimicrobial Activity of Lemongrass Essential Oil and Citral Against Dual-Species Biofilms

To evaluate the efficacy of lemongrass essential oil and citral against dual-species biofilms formed by Candida species and S. aureus, crystal violet (CV) staining and CCK-8 test were performed to quantify biofilm biomass and viability respectively. The volume percent (v/v%) of lemongrass essential oil at the range from 0.097% to 10% were used to assess its antibiofilm activity. As present in Figures 2A, C, treatment by 0.3125% lemongrass essential oil significantly reduced the biofilm biomass by ~80% and cell viability by ~85%, showing the highest activity to eliminate biofilm. Interestingly, treatment with concentrations more than 0.3125% actually diminished the antibiofilm effects although the effects on cell viability remained maximal beyond 0.3125%. Similarly, experiments conducted with citral showed 0.5% treatment strongly reduced the biofilm biomass by ~74% but higher concentrations led to reduced activity (Figure 2B). At this concertation citral reduced cell viability by ~87%, but like the results with lemongrass essential oil, higher concentrations were similarly effective against biofilm viability (Figure 2D).




Figure 2 | Antibiofilm activity of lemongrass essential oil or citral on dual-species biofilms of C. albicans and S. aureus after 24 h treatment. (A) Effect of lemongrass essential oil on biofilm biomass. The upper figure shows quantification data and the lower figures show representative biofilms stained by CV. (B) Effect of citral on biofilm biomass. The upper figure shows quantification data and the lower figures show the biofilms stained by crystal violet. (C) Effect of lemongrass essential oil on cell viability in biofilm. (D) Effect of citral on cell viability in biofilm. Data are shown as mean ± SD (n=3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, No Significance; LEO, lemongrass essential oil.



The next series of experiments turned to examine the effects of the two agents on dual-species biofilms formed by C. tropicalis and S. aureus. Following the same approach, treatment with lemongrass essential oil significantly reduced the biofilm biomass, and in this instance the inhibition was greater with increasing concentrations with a maximal inhibition of ~80% at 10% (Figure 3A). Intriguingly, cell viability measurements showed again that 0.3125% was a threshold concentration for affecting dual-species biofilms of C. tropicalis and S. aureus (Figure 3C). Comparative assays with citral showed treatment with 8% citral maximally reduced biofilm biomass by ~82%, and with 0.25% or higher concentrations of citral evidently led to maximal cell viability reduction by ~71% (Figures 3B, D).




Figure 3 | Antibiofilm activity of lemongrass essential oil or citral on dual-species biofilms of C. tropicalis and S. aureus after 24 h treatment. (A) Effect of lemongrass essential oil on biofilm biomass. (B) Effect of citral on biofilm biomass. (C) Effect of lemongrass essential oil on cell viability in biofilm. (D) Effect of citral on cell viability in biofilm. Data are shown as mean ± SD (n=3). **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, No Significance; LEO, lemongrass essential oil.





Antimicrobial Effects of Lemongrass Essential Oil and Citral on Residing Species in Dual-Species Biofilms

The preceding data provided evidence that lemongrass essential oil and citral could reduce both biofilm biomass and viability of C. albicans/S. aureus dual-species biofilms. However, these assays did not differentiate the effectiveness of these agents against the individual species inside the biofilm. To ascertain this, CFU measurements were undertaken after treating the dual-species biofilms with either lemongrass essential oil or citral (Figures 4A, B). Treating the biofilms with sub-optimal and optimal concentrations of lemongrass essential oil, 0.0781% and 0.3125%, respectively, resulted in killing rates of ~67% and ~97% for C. albicans in comparison to ~62% and ~95% for S. aureus (Figures 4C, E). Comparable experiments with citral at 0.125% killed ~70% C. albicans and ~60% S. aureus, while treatment with 0.5% citral killed ~96% C. albicans and ~94% S. aureus (Figures 4D, F).




Figure 4 | Antimicrobial effects of lemongrass essential oil or citral on the viability of residing species within dual-species biofilms. (A) Representative images of Candida CFU after 24 h treatment. (B) Representative images of staphylococcal CFU after 24 h treatment. (C) Comparison of the CFU treated by different concentrations of lemongrass essential oil and untreated CFU of C. albicans. (D) Comparison of the CFU treated by different concentrations of citral and untreated CFU of C. albicans. (E) Comparison of the CFU treated by different concentrations of LEO and untreated CFU of S. aureus. (F) Comparison of the CFU treated by different concentrations of citral and untreated CFU of S. aureus. LEO, lemongrass essential oil.





Effects of Lemongrass Essential Oil and Citral on the Structure of Biofilm Matrix

To investigate whether lemongrass essential oil and citral impact the architecture of C. albicans/S. aureus dual-species biofilms, three major components of biofilm matrix, namely nucleic acids, proteins and carbohydrates, were examined by CLSM. As shown in Figure 5A, treatment of either lemongrass essential oil or citral resulted in obvious changes in the biofilm matrix. In particular, the dense network of filaments in untreated biofilms became more sparsely distributed after treatment. Treatment with optimal dose of lemongrass essential oil (0.3125%) exerted strong effect, substantially impairing the coadhesion between C. albicans and S. aureus compared to the sub-optimal treatment (white square versus red square in Figure 5A). However, compared to the sub-optimal treatment, application of optimal dose of citral (0.5%) also reduced the coadhesion while the effect was not significant as the lemongrass essential oil did (white square versus yellow square in Figure 5A). These observations were therefore largely consistent with the treatment outcomes, with lemongrass essential oil being marginally more effective than citral treatment, although both agents reduced matrix density.




Figure 5 | Compositional analysis of dual-species biofilm matrix after lemongrass essential oil or citral treatment. (A) Alterations of nucleic acids, proteins and carbohydrates in biofilm matrix were visualized by CLSM. The upper figures show top view and the lower figures show side view of biofilms; Three fluorescent dyes including DAPI, FITC and concanavalin A were applied to mark nucleic acids, proteins and carbohydrates, respectively. White, yellow and red squares (dotted lines) indicated high level adhesion, low level adhesion, and dissociation areas, respectively. The scale bar indicates 20 μm. (B) Comparison of the nucleic acids biovolume treated by LEO (or citral) and untreated control. (C) Comparison of the proteins biovolume treated by LEO (or citral) and untreated control. (D) Comparison of the carbohydrates biovolume treated by LEO (or citral) and untreated control. (E) Comparison of the total biovolume (nucleic acids + proteins + carbohydrates) treated by LEO (or citral) and untreated control. Data are shown as mean ± SD (n=4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. LEO, lemongrass essential oil.



On the basis of CLSM images, alteration of nucleic acid, protein and carbohydrate contents were quantified after treatment by these two agents. As shown in Figure 5B, compared to the sub-optimal treatment (0.0781% lemongrass essential oil and 0.125% citral), application of 0.3125% lemongrass essential oil and 0.5% citral significantly reduced the biovolume of nucleic acids by ~86% and ~63% respectively. Furthermore, these optimal treatments also caused sharp reductions in proteins by ~89% and ~77% (Figure 5C), as well as carbohydrates by ~68% and ~44% (Figure 5D), respectively. Overall, these treatments reduced the total biovolume of three main biofilm components by ~85% and ~65% (Figure 5E), respectively. Again, based on the measurable changes in biofilm architecture, these results implied that lemongrass essential oil showed slight advantages over citral in inhibiting the compositional biovolume of dual-species biofilms.

Next, live/dead cell staining was performed by CLSM to further investigate effects of lemongrass essential oil and citral on the biofilm structure. As shown in Figure 6A, exposure of biofilms to 0.3125% lemongrass essential oil and 0.5% citral resulted in striking reductions in viable cells present in biofilm. As with the biovolume measures, the CLSM images could also be analyzed to estimate the cell viability rates within the treated biofilms. Image analysis revealed that 0.3125% lemongrass essential oil and 0.5% citral reduced the percent of viable cells from ~ 92% to ~14% and ~13%, respectively (Figure 6B). Moreover, the values calculated by CLSM were fully consistent with the activities of lemongrass essential oil and citral measured in both CCK-8 and CFU assays (refer Figures 2 and 4). In addition, 0.3125% lemongrass essential oil and 0.5% citral treatments also dramatically reduced the biofilm thickness from ~22 μm to ~7 μm and ~6 μm, respectively (Figure 6C), consistent with the reduced content of three major matrix components after treatment.




Figure 6 | CLSM evaluation of live/dead ratio and biofilm thickness after 24 h exposure to lemongrass essential oil or citral. (A) Visualization of dual-species biofilms by live/dead cell staining. The upper figures show top view and the lower figures show side view of biofilms. (B) Quantification of the live cells in dual-species biofilms after lemongrass essential oil or citral treatment. (C) Quantification of the biofilm thickness after LEO or citral treatment. The scale bar indicates 20 μm; Data are shown as mean ± SD (n=4), **p < 0.01, ****p < 0.0001, NS, No Significance.





Effects of Lemongrass Essential Oil and Citral on Biofilm Ultrastructure

To visualize the alterations of micro-architecture of dual-species biofilms after exposure to lemongrass essential oil and citral, SEM microscopy was applied. As shown in Figure 7, following treatment of 0.5% citral, the number of adherent bacterial cells was obviously decreased. Additionally, compared with the hyphae without treatment, treated hyphae underwent clearly changes with thinner filaments, wrinkled surface and fragile hyphae segmentations (indicated by yellow arrows in the figure). Treatment by 0.3125% lemongrass essential oil resulted in even further reduction of adherent bacterial cells, as well as shrunk surface compared to that treated with 0.5% citral (indicated by red arrows in the figure). These results were in line with the CLSM observations shown in Figure 5, indicating both lemongrass essential oil and citral could impose inhibitory effects on the coadhesion between C. albicans and S. aureus, as well as changing the hyphal morphology of C. albicans in dual-species biofilms.




Figure 7 | Observation of the inhibitory effects of lemongrass essential oil or citral on the microstructure of dual-species biofilms by SEM microscopy. LEO, lemongrass essential oil. Yellow arrows indicate fragile hyphae segmentation and red arrows indicate the shrunk surface on the Candida hyphae.





Impacts of Citral on Gene Expressions in Dual-Species Biofilms

To dissect molecular responses of each species to citral, qPCR assay was performed to examine the transcriptional level of biofilm-related genes. The relative fold change in gene expressions of C. albicans and S. aureus were normalized to each housekeeping gene 18s rRNA and 16s rRNA respectively and calculated by the DeltaDeltaCt method. Comparing gene expression changes in dual-species biofilms between untreated and 0.125% citral treated samples showed remarkable downregulated expression of Candida adhesion related genes als3 and hwp1 by ~ 95% and ~ 90%, respectively (Figure 8A). Furthermore, SAP genes including sap1, sap2, and sap3 which encode secreted aspartyl proteinases were significantly repressed by ~94.1%, ~96.2%, and ~96.8%, respectively. These data indicated citral counteracted C. albicans in dual-species biofilms through exerting effects on Candida adhesins and virulent factors.




Figure 8 | The expression profiles of related genes of each species in dual-species biofilms after 24 h exposure to 0.5% citral. (A) Expression levels of als3, hwp1, sap1, sap2, and sap3 in C. albicans. (B) Expression levels of agrA, hla, acpP, accA, fapR, murE, and pbp1 in S. aureus. The untreated biofilm was set as control.18s rRNA gene was used as internal control for C. albicans and 16s rRNA gene was used as internal control for S. aureus. Data are shown as mean ± SD (n=3), **p < 0.01, ***p < 0.001, ****p < 0.0001.



As for the transcriptional levels of S. aureus in dual-species biofilms, treatment by citral critically influenced several biosynthetic pathways and signaling system of S. aureus. As shown in Figure 8B, treatment with 0.5% citral led to dramatically downregulation of central toxin regulator AgrA and α-toxin (encoded by hla gene) by ~ 69.8% and ~ 87.3%, respectively. Moreover, expression of acpP, accA and fapR, genes encoding crucial components involved in fatty acids biosynthesis, were also prominently repressed (~70.5%, ~84.3%, and ~76.2% reductions, respectively). In addition, expressions of MurE and Pbp1, which are essential for the peptidoglycan biosynthesis, were downregulated by ~33.2% and ~54%, respectively. Thus, these data indicated that citral inhibited S. aureus in dual-species biofilms by affecting quorum sensing system, fatty acids and peptidoglycan biosynthesis.




Discussion

S. aureus and C. albicans are common opportunistic pathogens which cause serious systemic infections in humans. It is known that S. aureus and C. albicans can develop multi-species biofilms in order to increase the resistance of commensal cells to antibiotics treatment and host immune response (Nabb et al., 2019). Considering the life-threating infection imposed by multi-species biofilms and limited therapeutic options to treat such infection, it is urgent to search for novel and effective agents. Lemongrass essential oil and its major component citral have been reported to be able to inhibit the growth of a broad spectrum of pathogens including S. aureus and Candida species (Naik et al., 2010; Shi et al., 2017). Although both lemongrass essential oil and citral exhibit excellent antimicrobial effects, their effects on multi-species biofilms as well as antibiofilm mechanisms have not been revealed. In this study, we investigated the potential of lemongrass essential oil and citral against the dual-species biofilms formed by S. aureus and Candida species.

Susceptibility test of planktonic cells indicated low concentration of lemongrass essential oil (≥0.0781%) and citral (≥0.0313%) were sufficient to inhibit the planktonic growth of C. albicans, C. tropicalis and S. aureus. However, considering the relatively lower MIC compared to that of lemongrass essential oil, citral showed slightly advantage to inhibit the planktonic growth of the tested strains. Next, we examined the efficacy of lemongrass essential oil and citral against dual-species biofilms formed by S. aureus and Candida species. First, the test was performed on the dual-species biofilms of S. aureus and C. albicans. We found that treatment by 0.3125% lemongrass essential oil and 0.5% citral yielded the best performance, while higher concentration of both agents couldn’t improve the inhibitory effect, indicating a dose-optimal concentration for antibiofilm efficacy. However, although the same general properties of both lemongrass essential oil and citral were evident, the optimal concentration of 0.5% citral was found to be higher than the 0.3125% determined for the parental oil. The reasons for these are presently unclear but two possibilities maybe the effects of the citral isolation process or alternatively that other components of lemongrass essential oil also possess antibiofilm activity (Madeira et al., 2016). Regarding the C. tropicalis/S. aureus dual-species biofilms, the inhibitory effect of biofilm biomass was greater with increasing concentrations of these two agents, while 0.3125% lemongrass essential oil or 0.5% citral gave rise to the maximal killing effect on biofilm viability. Thus, collectively the data demonstrated that both lemongrass essential oil and citral could be used to eliminate dual-species biofilms to overall similar levels of efficiency. However, there are some differences according to the species composition of the fungal partners. The optimal reduction dosage for biofilms composed of C. albicans/S. aureus involves treatment with either 0.3125% lemongrass essential oil or 0.5% citral, respectively. This phenomenon is not evident for C. tropicalis/S. aureus biofilms since the responses were dose-dependent and the maximally effective dose of both lemongrass essential oil and citral were the highest used in the experimental range. Nevertheless, from the perspective of reducing biofilm viability, the effectively minimum doses of lemongrass essential oil and citral against either C. tropicalis/S. aureus or C. albicans/S. aureus dual-species biofilms were the same (0.3125% lemongrass essential oil and 0.5% citral, respectively).

Previous studies have reported that 0.125% lemongrass essential oil could inhibit biofilm formation of both methicillin susceptible S. aureus (MSSA) and methicillin resistant S. aureus (MRSA) strains in vitro (Adukwu et al., 2012). However, assuming that the effectiveness of preparations is similar, our data showed a higher concentration of lemongrass essential oil (0.3125%) was necessary to eliminate C. albicans/S. aureus dual-species biofilms, consistent with the idea that dual-species biofilms have increased resistance compared to mono-species biofilm. It is known that lemongrass essential oil is mainly composed of citral, which is a natural mixture of two geometric isomers and responsible for antimicrobial action (Somolinos et al., 2010; Verma et al., 2015). Although citral has been demonstrated to have strong antibacterial and antifungal activities (Lima et al., 2012; Shi et al., 2017), overdoses of citral can induce irritation and sensitization on human skin (Heydorn et al., 2003). For example, previous study found citral concentration higher than 1% could induce cytotoxicity in human fibroblast cells (Hayes and Markovic, 2002). Compared with citral, though lemongrass essential oil has less irritability to human body (Lalko and Api, 2006), the phototoxic and cytotoxic effects of lemongrass essential oil with high citral content (70%–90%) on the murine fibroblast cells and rabbit cornea derived cells have been reported (Dijoux et al., 2006). In addition, an early study on human subjects found the concentration of lemongrass essential oil above 4% could induce skin sensitization (Opdyke, 1976). By comparison, in our study, the optimal concentrations of both agents were much lower than that reported to be toxic, indicating the concentrations of both agents against dual-species biofilms were non-toxic to humans.

As discussed above, a higher concentration of 0.5% citral were required to achieve comparable efficacy to the optimal 0.3125% lemongrass essential oil against C. albicans/S. aureus dual-species biofilms, proposing that the unmodified formulation of lemongrass essential oil is the preferential form for topical applications.

Polymicrobial biofilm formation is attributed to synergistic effects of interspecies that enhance resistance of commensal microbes against antimicrobial agents. For example, in the context of dual-species biofilms, β-1,3-glucan, an important biofilm constituent produced by C. albicans, is able to protect MRSA from killing by vancomycin (Kong et al., 2016). To test whether dual-species biofilms provide protection to one or both residing species from the killing of lemongrass essential oil or citral, we assessed the number of viable cells for each species in biofilms. Our results demonstrated that lemongrass essential oil and citral displayed comparable effects against the growth of C. albicans and S. aureus in dual-species biofilms. These data suggested favorable properties of these agents since activity was evident against both species in the biofilm.

Different exopolymeric components secreted by C. albicans and S. aureus interact with each other to maintain the structural stability of biofilm matrix, giving rise to formation of three-dimensional network for shielding the microbial cells from environmental attack (Koo and Yamada, 2016; Lohse et al., 2018). The role of nucleic acids has been described as connecters to link different components in biofilm matrix and therefore indispensable for matrix integrity (Martins et al., 2010). Proteins, accounting for the most abundant component in biofilm matrix, are involved in various activities like amino acid metabolism, matrix homeostasis, and biofilm dispersal (Uppuluri et al., 2010; Zarnowski et al., 2014). Carbohydrates or exopolysaccharides, major components to constitute the scaffolds of biofilm matrix, are necessary for conferring the residing microbes tolerance against antibiotics (Pierce et al., 2017). Here, evaluation of lemongrass essential oil and citral showed their effectiveness not only relied on killing the commensal microbes, but also on disrupting the key components of three-dimensional (3D) structure, resulting in a thinner and less-dense biofilm.

Molecular responses of each species in the dual-species biofilms to citral were investigated by qPCR. The transcriptional levels of the critical genes involved in cell wall and membrane biosynthesis, quorum sensing signaling, biofilms formation and virulence factors were assessed after citral treatment. Citral was chosen over lemongrass essential oil for the molecular experiments given its relatively purified composition. For the transcriptional alterations of C. albicans, expression of hyphal adhesin Als3 and cell wall protein Hwp1, which were involved in the adherence of S. aureus to C. albicans in the biofilm matrix (Schlecht et al., 2015; Todd et al., 2019), were significantly downregulated by the citral treatment. In addition, expression of the secreted virulent factors such as aspartyl proteinases including SAP1, SAP2, and SAP3 were significantly reduced in response to citral treatment. These results were in agreement with the previous study showing treatment with Mentha × piperita essential oil reduced the expression of SAP family genes and adhesion gene hwp1 in C. albicans (Benzaid et al., 2019). In S. aureus, accessory gene regulator (agr) system is the only quorum sensing system reported to mediate the interaction between C. albicans and S. aureus in dual-species biofilms (Todd et al., 2019). AgrA and α-toxin, two dispensable elements of agr system, have been proven to be responsible for the host lethality caused by C. albicans/S. aureus dual-species biofilms in a mouse infection model (Todd et al., 2019). Our results showed expression of agrA and the α-toxin encoding gene hla were significantly reduced by citral treatment, implying the agr system dependent toxin secretion was blocked. Additionally, we found transcriptional levels of several genes encoding important enzymes involved in fatty acids and peptidoglycan biosynthesis in S. aureus were remarkedly suppressed after citral treatment, consistent with previous finding that showed exposure of Listeria monocytogenes to lemongrass essential oil caused downregulation of the genes involved in fatty acid and peptidoglycan biosynthesis (Hadjilouka et al., 2017).

Although low concentration of lemongrass essential oil and citral have been corroborated to possess low toxicity to human skin, it is still necessary to perform in vivo experiment to test effects of these two agents in animal models. Thus, in our future work, we will evaluate the antimicrobial activity of these two agents against dual-species biofilms of S. aureus and Candida species in mouse model, as well as revealing the host immune response. Another limitation of current study is lack of global molecular expression profiling in response to the treatment, and therefore transcriptome analysis by RNA sequencing will be applied to decipher the molecular interactions between the species inside multi-species biofilms in our future study.

In summary, we demonstrated lemongrass essential oil and citral were highly effective for eradicating the dual-species biofilms by hindering the interactions between C. albicans and S. aureus as well as breaking the matrix compositions of biofilms (Figure 9). Furthermore, it was found that treatment by citral suppressed hyphal adhesins and virulent factors in C. albicans, as well as the genes involved in quorum sensing, peptidoglycan, and fatty acids biosynthesis in S. aureus. Lastly, considering the low-cost and minimal risk to human, lemongrass essential oil and citral hold significant potential for pharmaceutical applications in the treatment of infections caused by polymicrobial biofilms.




Figure 9 | Schematic diagram of lemongrass essential oil or citral targeting the matrix composition and molecular systems of C. albicans and S. aureus in dual-species biofilms. Lemongrass essential oil and citral breaks the adhesion of staphylococcal cells to the Candida hyphae, as well as breaking the major constitutes of biofilm matrix. These two agents also repress the transcriptional levels of adhesion factors, virulent and biosynthetic pathways in C. albicans and S. aureus inside the dual-species biofilms.
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