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Abstract

:

The essential oil of Achillea setacea was isolated by hydrodistillation and characterized by GC-MS. The antioxidant and antimicrobial activity of Achillea setacea essential oil was evaluated, as well as its biocompatibility (LDH and MTT methods). DPPH, FRAP, and CUPRAC methods were applied for antioxidant activity evaluation, while qualitative and quantitative assays (inhibition zone diameter, minimum inhibitory concentration, and minimum fungicidal concentration), NO release (by nitrite concentration determination), and microbial adhesion capacity to the inert substrate (the biofilm microtiter method) were used to investigate the antimicrobial potential. A total of 52 compounds were identified by GC-MS in A. setacea essential oil, representing 97.43% of the total area. The major constituents were borneol (32.97%), 1,8-cineole (14.94%), camphor (10.13%), artemisia ketone (4.70%), α-terpineol (3.23%), and γ-eudesmol (3.23%). With MICs ranging from 0.78 to 30 μg/mL, the A. setacea essential oil proved to inhibit the microbial adhesion and induce the NO release. To the best of our knowledge, the present study reports for the first time the antimicrobial activity of A. setacea EO against clinically and biotechnologically important microbial strains, such as Shigella flexneri, Listeria ivanovii, L. innocua, Saccharomyces cerevisiae, Candida glabrata, Aspergillus niger, Rhizopus nigricans, Cladosporium cladosporioides, and Alternaria alternata, demonstrating its antimicrobial applications beyond the clinical field.
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1. Introduction


The genus Achillea comprises over 100 species worldwide, which are used as medicinal plants against fever, common cold, digestive complaints, slow-healing wounds and skin inflammations [1]. Achillea setacea Waldst. & Kit. is an herbaceous perennial plant, common from the steppe to the beech floor, growing in meadows, rare forests, rocky coasts, and ruderal places. A. setacea contains essential oils, flavonoids, alkaloids, glycosides, tannins, resins, organic acids, and vitamins C and K [2,3,4,5].



The chemical composition of the A. setacea essential oil (EO) depends on the period and the harvesting area, the analyzed taxa, and the studied vegetative organs. However, Karamenderes [6] has shown that 1,8-cineole (34.30–48.50%) was the major component in the majority of A. setacea samples harvested from seven different areas of Turkey. Important differences can also be observed regarding the significant compounds in the EO of A. setacea reported in different studies. Thus, eucalyptol (18.5%) and sabinene (10.8%) were reported as major compounds by Unlu [7], α-bisabolol oxide by Turkmenoglu [8], nerolidol (20%) and α-cubebene (14%) by Rezaei [9], and β-eudesmol (29.17%) and debromoallolaurinterol (14.90%) by Yener [10].



To our knowledge, there are no data available on the antioxidant activity of A. setacea essential oil. However, it has been reported that Achillea millefolium contains in very different percentages terpenoids known for their antioxidant properties (i.e., α- and β-pinene, camphene, limonene, 1,8-cineole, borneol, sabinene, α-phellandrene, α-terpinene, α-terpinolene, p-cymene, α-thujone, camphor, terpinen-4-ol, humulene, α-terpineol, β-caryophyllene, and chamazulene) [11].



There are also very few studies published so far that have focused on the antimicrobial activity of A. setacea EO, but the reported results seem very promising. The minimum inhibitory concentration (MIC) of EO varied between 0.28 and 2.25 mg/mL for Clostridium perfringens, Acinetobacter lwoffii, and Candida albicans, and camphor, borneol, terpinene- 4-ol, and eucalyptol have been considered responsible for this antimicrobial activity [7]. The EO extracted from A. setacea diluted in culture medium (5% concentration) and containing 1,8-cineole (34.30–48.50%) exhibited antimicrobial activity on Proteus vulgaris A, Salmonella thyphimurium, and C. albicans. In comparison, the EO sample in which camphor was predominant (30.2%) was active only on C. albicans [6].



The present study reports for the first time the antimicrobial activity of A. setacea EO against a wide variety of bacterial and fungal strains, such as Shigella flexneri, Listeria ivanovii, L. innocua, Saccharomyces cerevisiae, Candida glabrata, Aspergillus niger, Rhizopus nigricans, Cladosporium cladosporioides, and Alternaria alternata. Worldwide, it is considered that Alternaria alternata is a fungal allergenic source frequently responsible for the positive results of prick tests (SPT), being often associated with severe forms of bronchial asthma [12], the degree of severity of this pathology being linked to the presence of Rhizopus nigricans strains [12]. In addition, it is known that there are respiratory diseases with pulmonary localization produced by Aspergillus through direct infection (invasive pulmonary aspergillosis) or hypersensitivity reactions (allergic bronchopulmonary aspergillosis) [13].



Small conidia of Cladosporium cladosporioides are an essential cause of respiratory arrest in asthmatic patients and allergic rhinitis due to their easy dispersion in the air [14].



Listeria ivanovii and Listeria innocua are pathogens reported in ruminants and rarely in humans, especially in immunosuppressed individuals. The first was associated with spontaneous abortion in sheep, goats, and cattle, being identified in food products derived from them, while the second produced infections in various experimental models in mice and zebrafish [15,16].



Another pathogen with food relevance is Shigella flexneri, responsible for bacillary dysentery in various regions of the globe, especially in countries with a low socio-economic level. Resistant strains to azithromycin, fluoroquinolones, and generation cephalosporins have been recently reported [17].



Although S. cerevisiae was considered safe for humans, in recent years its involvement in a wide range of infections (skin, systemic, and significant organ infections, especially in immunocompromised and catheterized patients) has been established, and it is currently considered an opportunistic fungal pathogen [18]. In addition, Candida glabrata, an opportunistic fungal pathogen, can cause urinary tract, vaginal tract, and bloodstream infections, especially in transplant and diabetics patients [19].



Therefore, the aim of this study was to perform a physico-chemical characterization and to determine the antimicrobial and antioxidant activity of A. setacea essential oil against bacteria, yeast, and mold strains. A secondary aim was to calculate the selectivity index of this EO, as a key step for selecting the optimal EO concentrations with minimal cytotoxicity. The taxon analyzed in this study is A. setacea Waldst. & Kit. (bristly yarrow) from the Asteraceae family, with an area that includes continental Eurasia. A. setacea was determined based on morphological features (hairy stem, lacinia of the leaves ending with a cartilaginous mucron, involucral leaflets ovate, hairy, fimbriated at the lacerated tip, careened on the back) according to the specialized literature [20,21,22].



This study reports for the first time the inhibitory activity on microbial adhesion capacity and the correlation of this antipathogenic feature with the extracellular NO release induced by A. setacea EO, as well as the evaluation of its biocompatibility, by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and lactate dehydrogenase (LDH) tests.




2. Results and Discussion


2.1. Physico-Chemical Characterization


The average content of the extracted A. setacea EO (10 determinations) was 0.41 ± 0.14%, expressed as mL EO/100 g plant. EOs had a blue color, with a density of 0.8576 ± 0.0609 g/mL.



A total of 52 compounds were identified through GC-MS in A. setacea EO, representing 97.43% of the total area. The main identified compounds were borneol (a bicycle monoterpene alcohol), eucalyptol (a bicycle monoterpene ether), and camphor (a bicycle monoterpene ketone), which have the largest relative areas 32.97%, 14.94%, and 10.13%, respectively. In addition, the EO is also rich in artemisia ketone (4.70%), an acyclic monoterpene ketone, α-terpineol (3.23%), a monoterpene alcohol, and γ-eudesmol (3.23%), a sesquiterpene alcohol.



The EO contains monoterpenes hydrocarbons (7.58%), sesquiterpenes hydrocarbons (1.19%), monoterpenes and sesquiterpenes alcohols (44.24% and 5.42%, respectively), and monoterpenes ketones (15.97%). Table 1 shows the relative content of volatile compounds from the A. setacea herba EO growing in Romania, expressed as a percentage of the total area. The gas chromatogram of A. setacea EO is shown in Figure 1.



The presence of chamazulene responsible for the blue color of A. setacea EO is confirmed only by some of the authors [6,7,23], a possible explanation being the low amounts of this compound produced only during the flowering period, and only by certain taxa, as reported by Karamenderes and Hethelyi [7,23]. In addition, the aerial parts of A. setacea could contain some (colorless) compounds that can be considered as proazulenes, such as 11,13-dehydrodeacetylmatricarin (14-deoxylactucin), rupicolin A, and rupicolin B [24], along with 13 other lactones sesquiterpenes identified by Todorova [25].



It is known that azulenogenic sesquiterpene lactones (naturally present in various species of Achillea) transform into azulenes during the EO extraction by hydrodistillation but not in case of supercritical extraction. Therefore, the extraction method applied to obtain the EOs could be another source of the compositional differences reported in the literature [26].



The presence of chamazulene in the composition of the EO influences not only the color but also the therapeutic effects, such as photodynamic antimicrobial activity, antiviral, anti-inflammatory, anti-acid effects, etc. [27].




2.2. Antioxidant Activity


The radical scavenger activity of the A. setacea EO was expressed as the amount of the antioxidants necessary to decrease the initial 2,2-diphenylpicrylhydrazyl (DPPH) absorbance by 50% (median effective concentration value, IC50), and results were compared with IC50 for butylated hydroxytoluene (BHT) (Table 2). The scavenging activity toward the DPPH radical of the EO of A. setacea (IC50 = 12.38 ± 0.63 mg/mL) was significantly higher (p < 0.0001) than the control, BHT (IC50 = 0.64 ± 0.07 mg/mL). The results are substantially different from those published by Rezaei et al. [9], probably due to the differences in the chemical composition, influenced by the pedoclimatic conditions. For this species, the antioxidant activity was determined through ferric reducing antioxidant power (FRAP) and cupric ion reducing antioxidant capacity (CUPRAC) assays for the first time and was significantly lower than that given by BHT (p < 0.0001). These methods aim to evaluate the capacity of the sample to reduce ferric or cupric ions in aqueous media. It can be observed that the antioxidant activity for essential oil in an acidic environment (FRAP) is higher than that obtained by CUPRAC, where the environment is neutral. In the case of BHT, the antioxidant activity is higher in neutral pH, suggesting that the antioxidant mechanism is different from that of A. setacea EO, probably due to the hydrophobic character [28].



Among the major components of the tested EO, borneol, camphor, and eucalyptol are known for their strong antioxidant activity [29,30,31,32]. Other compounds present in this EO that could contribute to the antioxidant effect are chamazulene [33], eudesmol [34], caryophyllene oxide [35], nerolidol [36], bornyl acetate [37], α-pinene [38], camphene [39], terpinen-4-ol [40], etc. According to Karakaya et al., caryophyllene oxide is correlated with a substantial cholinesterase inhibitory activity [35].




2.3. Antimicrobial Activity


The qualitative testing of microbial susceptibility to the A. setacea herba EO highlighted growth inhibition zones for the following microbial strains: Escherichia coli, Staphylococcus aureus, Salmonella typhimurium vs. enterica, Shigella flexneri, Bacillus cereus, Listeria ivanovii, Listeria innocua, Saccharomyces cerevisiae (SMR4), Candida glabrata, and strains isolated from seeds, Aspergillus niger, Rhizopus nigricans, Cladosporium cladosporioides, and Alternaria alternata (Table 3). In addition, the solvent (DMSO) in which the essential oil was solubilized showed no antimicrobial activity for any tested strains.



The qualitative results of the antimicrobial activity correlate with those obtained by Unlu et al. [7], the A. setacea EO being most active on B. cereus, S. aureus, and E. coli, with higher growth inhibition zones obtained in this study. According to Karamenderes et al. (2003) [6], the A. setacea EO also shows activity on S. thyphimurium, P. vulgaris, and C. albicans strains, but it is inactive on the S. aureus and E. coli strains. These significant differences could be explained by the differences in the composition of the A. setacea EO. To our knowledge, the antimicrobial activity of A. setacea EO against Shigella flexneri, Listeria ivanovii, L. innocua, Saccharomyces cerevisiae, C. glabrata, Aspergillus niger, Rhizopus nigricans, Cladosporium cladosporioides, and Alternaria alternata are reported for the first time in the literature.



The comparison between the MIC values of the stock solution and the solvent, respectively, revealed statistically significant results for the following strains: B cereus, L. ivanovii, E. coli, and C. glabrata with p < 0.001; S. aureus, L. inoccua, A. niger, A. alternata and C. cladosporioides (p < 0.01); and S. enterica and R. nigricans (p < 0.05). However, in the case of the S. cerevisiae strain, the difference is not statistically significant compared to the solvent control.



In Table 3, the results obtained for MMC are reported, highlighting that the MIC values are clearly lower than the MMCs. In the case of S. aureus and Listeria sp. the microbial growth was observed at concentrations of 3.75 μL/mL (S. aureus), 7.5 μL/mL (L. inoccua), and 0.94 μL/mL (L. ivanovii). The positive control specific to each strain and the solvent (DMSO) showed confluent colonies after 24 h of incubation in the case of all studied strains, as expected. The obtained MMCs for A. setacea EO indicate better activity on Gram-positive bacterial strains and yeasts.



Of particular importance among the components of essential oils with antimicrobial activity are the phenolic derivatives, represented by eugenol in the case of A. setacea EO, followed by aldehydes (not present in the studied extract), followed by terpene alcohols (present in large quantities, for example, borneol, terpinen-4-ol, α-terpineol, cis-piperitol), esters, and ketones, while monoterpene hydrocarbons used alone present a modest antimicrobial activity [41].



Although a mathematical prediction for complex matrices such as essential oils is difficult to achieve, the correlation data for EO of Thymus sp. showed that the synergism generated by the association of p-cymene with cis-geraniol (both present in the A. setacea EO) could be responsible for the antibacterial activity on Salmonella typhimurium and Shigella flexneri strains (thymol recorded negative correlations with bacterial strains) [42].



Among the compounds identified in the A. setacea EO, terpinen-4-ol and eucalyptol show remarkable antifungal activity against Fusarium subglutinans, F. cerealis, F. verticillioides, F. proliferatum, F. oxysporum, F. sporotrichioides, Aspergillus tubingensis, A. carbonarius, Alternaria alternata, and Penicillium sp. [43].



According to Kotan et al. [44], bornyl acetate and eucalyptol do not show antimicrobial activity, while terpinen-4-ol had a broad-spectrum antimicrobial activity against 35 strains including S. aureus, P. aeruginosa, E. coli, and S. typhimurium.



Borneol has been shown to exhibit antiadhesion effects by reducing bacterial attachment and biofilm formation [45]. Despite its low antimicrobial activity, borneol, in combination with conventional antibiotics or other antimicrobial compounds, can penetrate the bacterial membrane and impair the efflux pump activity [46], leading to a synergistic interaction and improving the antibacterial activity of other compounds found in low concentrations but with a strong antimicrobial effect, such as terpinen-4-ol [44], limonene [47], pinene [48], carvone [49], and eugenol [50].



Eugenol and its derivatives from the essential oil of Piper divaricatum are probably responsible for its antifungal action (obtained by a direct bioautography test after nebulization of fungal spores) on C. cladosporioides [51], similar to that of miconazole (MIC 0.5 μg/mL). The essential oils of Eugenia caryophyllus and Cinnamomum zeylanicum inhibited the A. alternata isolate, this activity correlating with the high percentages of eugenol, 90.5% and 80.7%, respectively [51,52]. Although present in a much lower percentage in the case of the essential oil studied in this article, eugenol certainly influences its antimicrobial activity.



Jadhav (2013) [53] showed that the A. millefolium essential oil has a bactericidal effect on L. monocytogenes and L. innocua planktonic cells. α-pinene, 1,8-cineole, terpinene-4-ol, and caryophyllene were the main components of this essential oil, the first two being attributed to the respective effect.



A hydroalcoholic extract (ethanol: water = 1:1, V:V) of A. millefolium L. inhibited the growth of A. niger and Penicillium hirsutum by 70.19 and 47.40%, respectively, while for the EO of the same plant, the inhibition ratio was greater than 85% for both strains (for 20 μL/mL of oil) [54], maybe due to the morphological changes induced by EO.



A recent study on EO isolated from two species of Artemisia (Asteraceae family) shows that sesquiterpenoids, such as bisabolol, are responsible for inhibiting the growth of A. niger, A. flavus, and Candida sp. [55].



Tanacetum chiliophyllum var. chiliophyllum, which belongs to one of the largest genera in the Asteraceae family, contains 1,8-cineole (16.1%), camphor (36.2%), borneol (2.8%), chamazulene (2.9%), and terpinene-4-ol (2.2%) in the essential oil extracted from stems. The antibacterial activity of this essential oil (with a composition close to A. setacea EO, at least in terms of the majority of compounds) isolated from plants collected from Van-Muradiye in Istanbul was remarkable because it has had the same MIC as chloramphenicol (62.5 μg/mL) for E. coli NRRL B-3008 [56].



Another species from the Asteraceae family, Dittrichia viscosa, contains an essential oil in which borneol and bornyl acetate represent over 50% and which had antimicrobial activity on E. coli, S. aureus, C. albicans, and S. cerevisiae (with MIC between 0.1 and 3.3 mg/mL) [57].




2.4. Correlation between Inhibition of Microbial Adherence and the Release of Extracellular NO


Regarding the influence on the adhesion capacity, a significant decrease in the absorbances measured at the wavelength of 490 nm was observed, the graphic representations being expressed as a function of the absorbance for each well specific to the concentrations used from the A. setacea essential oil stock solution in DMSO (1:1) in comparison with the used solvent, DMSO, and the microbial growth control.



The ability to adhere to the inert substrate was inhibited for all tested microbial strains at concentrations between MIC/2 and MIC/4 (μL/mL), the tested EO being more active on Listeria sp. (Table 4).



NO is used as a dispersal signal in many microbial species, modulating the tolerance to antimicrobial substances. An additional study demonstrated that nitrite-induced stress in S. aureus resulted in the impairment of both polysaccharide intracellular adhesion (PIA) synthesis and biofilm formation. Nitrite-induced stress led to the upregulation of genes associated with oxidative and nitrosative stress (including genes for DNA repair, iron homeostasis, and ROS detoxification) [58].



Oxidative and nitrosative stress is produced inside biofilms according to Miranda et al. [59], thus affecting their growth under different conditions and producing ROS and RNI, with a decrease in the extracellular matrix. These radicals could accumulate in the extracellular environment and thus affect the matrix.



Nitrosative stress involves the production and subsequent damage induced by RNIs, which include nitric oxide (NO), peroxynitrite (ONOO−), nitric acid (HNO2), dinitrogen trioxide (N2O3), and others. RNIs are small, potentially highly reactive molecules that can be continuously produced in organisms as by-products of anaerobic respiratory metabolism. When the production of ROIs and/or RNIs overwhelms the cell’s ability to eliminate such molecules, they can generate damage to DNA, lipids, and proteins [60]. Due to their hydrophobic nature and lower density compared to water, the EO accumulates on the surface, leading to the occurrence of an anaerobic environment. The lack of oxygen induces cellular stress, and the amount of nitric oxide is increased. Although the NO synthesized endogenously by bacterial NOS inhibits aerobic respiration, the tricarboxylic acid cycle is still active, generating the NADH that could reduce the alternative electron acceptor nitrate, thus maintaining the membrane potential during microaerobiosis [61].



Table 5 shows a significant increase in the extracellular concentration of NO in most tested strains, except S. cerevisiae and A. alternata (p > 0.05) induced by the tested EO at MIC/2 concentration. The MIC/4 concentration does not significantly influence the NO release in the case of L. ivanovii, S. flexneri, E. coli, S. cerevisiae, and A. alternata strains. The highest extracellular concentration of NO was observed in the case of the L. inoccua strain (MIC/2: 4.63 ± 0.43 µM/mL, MIC/4: 5.49 ± 0.43 µM/mL), followed by C. glabrata (MIC/2: 3.47 ± 0.14 µM/mL). In the case of fungi, much higher concentrations of NO were observed compared to bacteria, probably due to the hypoxia induced by A. setacea EO. The denitrifying system coupled to the mitochondrial electron transport chain facilitates anaerobic respiration associated with ATP synthesis under hypoxic conditions. Nitrite reductases located in the intermembrane space of fungal mitochondria have been shown to reduce NO2− to NO in an NADP-dependent manner according to Arasimowicz-Jelonek and Floryszak-Wieczorek [62].



NO release has been significantly correlated with microbial adherence inhibition (p-value < 0.05), but the relationship depends on the microbial strains used, being much stronger for the C. cladosporioides and R. nigricans fungal strains (Table 6).




2.5. Biocompatibility of A. setacea Essential Oil


The obtained results of the MTT and LDH release assays in cultured mouse fibroblast L929 cells showed that the tested concentrations of A. setacea EO stock solution have a cytotoxic effect similar to the solvent used (DMSO) depending on the concentration used. Figure 2 shows the comparison between the solvent and the sample and the control of viable cells. Practically, the cytotoxicity of the EO stock solution is given by an additive effect of the mixture because the used solvent is highly cytotoxic. However, at the concentration of 1.875 µL/mL of essential oil, the cytotoxicity was considerably reduced. The IC50 for the essential oil stock solution was 4.68 ± 0.08 µL/mL, while for DMSO it was 5.72 ± 0.04 µL/mL.



From Figure 3, the solvent used increases the release of LDH, while the essential oil solubilized in a similar solvent concentration significantly reduced the release of LDH, which leads to the conclusion that the oil protects the cell from the aggressive action of the solvent. The differences between the essential oil stock solution and the cell viability control are not significant (p > 0.05).



Therefore, it can be concluded that the cytotoxic effect is given by the used solvent and not by the A. setacea essential oil. Moreover, due to its density being lower than water, the essential oil tends to remain on the surface and thus changes the microenvironment of eukaryotic cells.



By calculating the selectivity index (SI), the MIC obtained values indicate higher toxicity on microorganisms compared to mammalian cells (Table 7). The antifungal effect is much more pronounced than the antimicrobial one in the case of B. cereus, L. inoccua, L. ivanovii, C. glabrata, S. cerevisiae, R. nigricans, A. alternata, and C. cladosporioides strains, while the used solvent is more toxic to mammalian cells.





3. Materials and Methods


3.1. Plant Material


The plants were collected from Bucharest, Dămăroia area, near Poligrafiei Boulevard, from a field in the vicinity of the railway in July 2020 (in the blossom period). An herbarium voucher with the number [BUC 410047] was deposited in the herbarium of the “Dimitrie Brandza” Botanical Garden of the University of Bucharest (BUC).




3.2. Essential Oil Isolation


Ninety grams of A. setacea leaves were hydrodistilled in a Clevenger-type apparatus for 4 h. The essential oil was dried over anhydrous Na2SO4, stored in a dark glass bottle, and kept at 4 °C until analysis [63].




3.3. Gas Chromatography-Mass Spectrometry Analysis


The GC-MS analysis was carried out with a Thermo Electron system (Focus GC chromatograph coupled with a Polaris Q ion trap mass detector) controlled with Xcalibur® software. DB-5MS column (25 m × 0.25 mm; 0.25 μm film thickness) was used with helium as the carrier gas (1 mL/min). Both headspace (500 μL headspace gas) and liquid (1 μL injection from 1:10 hexane dilution) samples were analyzed under the same chromatographic conditions. The GC oven temperature program was kept at 60 °C for 3 min and programmed to 200 °C at a rate of 10 °C/min and after that at 12 °C/min to the final temperature of 240 °C (2 min). The injector temperature was set at 250 °C. Mass spectra were recorded at 70 eV. Mass range was from m/z 35 to 450.



Identification of the volatile components was carried out by comparison of their relative retention index to series of n-alkanes (C8-C20 in hexane, Sigma Aldrich Co., St. Louis, MO, USA) and the literature [64].




3.4. Antioxidant Activity


3.4.1. DPPH


The method of Ahmed et al. [65], with slight modification, was used to assay the DPPH radical scavenging activity. The stable free radical DPPH was dissolved in methanol to a final concentration of 300 μmol/L solution; 25 μL of the essential oil in methanol (or methanol itself as blank control) was added to 175 μL of the methanol DPPH solution. Different concentrations were tested (100, 50, 25, 12.5, and 6.25 mg/mL for oils in methanol). After further mixing, the decrease in absorbance was measured at 515 nm after 20 min. The antioxidant activity of each test sample was expressed as an IC50 value, i.e., the concentration in mg/mL that inhibits DPPH absorption by 50%, and it was calculated from the concentration–effect linear regression curve. 2,6-Ditert-butyl-4-methylphenol (IUPAC) or butylated hydroxytoluene (BHT) was used as a positive control. The DPPH radical scavenging activity was calculated as the percentage inhibition.


% Inhibition of DPPH radical activity = [(A0 − A1)/A0] × 100%



(1)




where A0 is the absorbance of the DPPH with the solvent used; A1 is the absorbance of the sample or the positive control (BHT).




3.4.2. FRAP


The determination of the antioxidant capacity of iron reduction was performed by the FRAP assay method [66]. The stock solutions included 300 mM acetate buffer, pH 3.6, 10 mM 2,4,6-tri(2-pyridinyl(-1,3,5-triazine (TPTZ) solution in 40 mM HCl, and 20 mM FeCl3 6H2O solution in a volume ratio of 10:1:1, which were warmed to 37 °C before use. A 150 µL aliquot of FRAP reagent was mixed with 25 µL of methanolic essential oil solution (100 mg/mL). After incubation, the absorbance was read at 593 nm. A 1 mM Trolox stock solution was used to plot the calibration curve, the concentration ranging between 30 and 250 µM Trolox/mL (R2 = 0.9989). The results were expressed in mM Trolox equivalent/mL (TE) of extract. BHT was used as a positive control.




3.4.3. CUPRAC


Copper ion reduction was performed as previously described [67]: 120 µL of the sample (1 mg/mL in methanol)/standard solutions of different concentrations were mixed with 100 µL CuCl2 (10 mM), 100 µL neocuproine (7.5 mM), and 100 µL ammonium acetate buffer 1 M, pH = 7.00. After 30 min, the absorbance was measured at 450 nm. The stock Trolox solutions required for the calibration curve were 2 mM, and the working concentrations were between 0.24 and 2.0 mM Trolox/mL (R2 = 0.9980). The results were expressed in mM Trolox equivalent/mL (TE) extract. BHT was used as the positive control.





3.5. Antimicrobial Activity


3.5.1. Microbial Strain


The antimicrobial activity was tested on Gram-positive (Staphylococcus aureus ATCC 25923, Bacillus cereus ATCC 11778, Listeria inoccua ATCC 33096, Listeria ivanovii ATCC 19110), and Gram-negative (Escherichia coli ATCC 25922, Salmonella typhimurium vs. enterica ATCC 14028, Shigella flexneri ATCC 12022) bacterial as well as yeast (Candida glabrata ATCC MYA-2950, Saccharomyces cerevisiae SMR4) reference strains.



Four species of fungi, Aspergillus niger, Alternaria alternata, Rhizopus nigricans, and Cladosporium cladosporioides strains, were obtained from the Microbial Strain Collection of Faculty of Biology, University of Bucharest, Romania, and confirmed by MALDI-TOF.




3.5.2. Qualitative Assay of Antimicrobial Activity


Qualitative assay was performed using microbial suspensions adjusted to 1.5 × 108 CFU/mL according to 0.5 McFarland from 18–24 h cultures. The inoculation in the cloth was carried out on solid media (ALOA for Listeria sp and Muller Hilton for the rest of the bacteria, Sabouraud for yeasts, and Dichloran Glycerol Agar (DG18) for fungi). Sterile discs were distributed, on which 5 µL of stock solution was impregnated. The plates were incubated for 24 h at a temperature of 37 °C for bacteria and 72 h at 28 °C for fungi. The zone of inhibition (mm) at the spot level was measured.




3.5.3. Quantitative Assay of Antibacterial Activity


Quantitative antimicrobial activity was carried out by the method of serial binary microdilutions in liquid medium (Demi-Fraser for Listeria sp., and TSB (Trypton Soy Broth) for the rest of the bacteria, Sabouraud for yeast) in 96-well plates using a negative control (DMSO). The dilutions of the samples belong to the range of 0.94–30 µL/mL for each strain tested. Simultaneously, serial dilutions were performed with the samples without stems in order to observe the absorbance specific to the sample. Each well was inoculated with 15 µL of 0.5 McFarland microbial suspension. After 20–24 h of incubation at 37 °C, the MIC value was established both macroscopically, as the last concentration at which microbial growth was not observed with respect to the appearance of turbidity of the environment, and spectrophotometrically. The absorbance of the microbial cultures was measured at 620 nm using a FlexStation 3 UV-Vis spectrophotometer (Molecular Devices, GA, USA). The interpretation of the results was achieved by subtracting the absorbances specific to the concentration of each non-inoculated dilution from the inoculated sample.



To determine the minimum microbicidal concentrations (MMC), 10 µL was spotted from the wells where no microbial growth was observed in plates with specific solid media, Aloa for Listeria sp., Muller Hilton for the rest of the bacterial strains, and Sabouraud for yeasts.




3.5.4. Quantitative Assay of Antifungal Activity


The fungicidal activity was achieved by the method of binary serial microdilutions in a liquid medium, RPMI 1640 (5.2 g of powder in 500 mL of distilled water, at a pH greater than 7) and inoculated with 0.1 mL of 1 McFarland fungal suspension (made in a solution of 0.01% Tween 80). Essential oil stock solution concentrations ranged from 0.01 to 12.5 µL/mL. Positive control (represented by the untreated strain), solvent control (DMSO), and negative control (sterility control) were used. The tubes were incubated for 3 days at a temperature of 28 °C. On the third day after incubation, the absorbance was read at 550 nm, and they were sown in the spot on the DG18 medium (medium specific for products with a water activity below 0.95) by pipetting 10 μL of the suspension. Finally, the plates were incubated for 3–4 days at a temperature of 28 °C. The minimum fungicidal concentration was represented by the last concentration at which no fungal growth was observed.




3.5.5. Evaluation of NO Release


Nitric oxide (NO) is rapidly converted to nitrite in aqueous solutions, and therefore total nitrite can be used as an indicator of NO concentration. This was measured using a spectrophotometric analysis of total nitrite performed using the Griess reagent according to the methodology described by Quinteros et al. (2016) with some modifications. To the microbial supernatant (MIC/2 and MIC/4) obtained after 24 h incubation for bacteria and 72 h for fungi (50 μL), 50 μL of 2% sulfanilamide in 5% (v/v) H3PO4 and 50 μL of 0.1% N-(1-naphthyl)-ethylenediamine aqueous solution were added. The formation of the azo dye was measured after 30 min at λ = 540 nm. For the quantification of nitric oxide, a calibration curve was produced with NaNO2 in the range of 0–100 μM (R2 = 0.9993).




3.5.6. Microbial Adhesion Capacity to the Inert Substrate


The influence on the adhesion capacity to the inert substrate was quantified after performing the protocol for the quantitative analysis of the antimicrobial effect and establishing the MIC. Using the microtitration method, the biomass adhered to the wells of the microplates was evaluated after washing with AFS, fixation with cold methanol (10 min), and staining with crystal violet (concentration 0.1%, staining time 15 min). The absorbance of the biological material adhered and resuspended in acetic acid (CH3COOH 33%, 15 min) was determined by reading the absorbance at 490 nm.





3.6. Biocompatibility of Essential Oil


Mouse fibroblast L929 cells were cultured in Gibco Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and Penicillin-Streptomycin (100 U/mL) and Amphotericin B (25 µg/mL). A. setacea essential oil and DMSO were serially diluted in liquid media. The concentrations tested were 7.5, 3.75, and 1.875 µL/mL.



3.6.1. LDH


Cytotoxicity was assessed using the LDH Released Detection Kit (Roche). LDH activity was measured spectrophotometrically at λ = 490 nm with a wavelength reference λ = 600 nm.




3.6.2. MTT


The MTT assay was used to assess cell viability and proliferation in the presence of A. setacea essential oil stock solution and DMSO. The Vybrant® MTT Cell Proliferation Assay Kit (cat no. V-13154) was used for the determination according to the manufacturer’s instructions.




3.6.3. Selectivity Index


The IC50 (cytotoxicity) values were calculated as the concentration of essential oil, resulting in a 50% reduction in absorbance compared to untreated cells [68]. The SI was defined as IC50 of essential oil against eukaryotic cell line/MIC of essential oil for every microbial strain. SI > 1 means that the extract is more toxic to bacteria/fungi than to mammalian cells [69]. Selective activities of the essential oil were calculated as follows:


   SI     %  =     IC   50        µ L  / mL      MIC       µ L  / mL      



(2)









3.7. Statistical Analysis


Data obtained in triplicate/duplicate were expressed as means ± SD. Statistical analysis was performed using GraphPad Prism v9. Data were analyzed using the unpaired t-test for antioxidant activity. The correction of multiple comparisons was carried out by the Holm–Sidak method, the comparison being sample vs. solvent control or sample vs. cell viability control. The correlation between microbial adherence and the ability of microorganisms to release extracellular NO was achieved through the Pearson correlation. The cytotoxicity assays were analyzed by ordinary two-way Anova using a two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, with a single pooled variance method. The level of statistical significance was set at p < 0.05.





4. Conclusions


The Achillea setacea essential oil proved to be rich in borneol, eucalyptol, and camphor compounds, well known for their antimicrobial and antioxidant activity. The obtained EO has shown a strong antifungal effect and inhibited microbial adhesion, especially in the case of Gram-positive bacteria (with the S. aureus strain exception) and C. glabrata strains. The NO release favors the inhibition of microbial adhesion to the inert substrate in a strain-dependent manner. The selectivity index highlighted that the maximum concentration of EO that does not influence the mammalian cells is 3.75 µL/mL. Therefore, this EO can be used as an antibacterial and antifungal agent for food product decontamination, and in topical formulations for fungal skin infections.
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Figure 1. The gas chromatogram of A. setacea essential oil. 
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Figure 2. Cytotoxicity assessment of A. setacea essential oil by MTT test under standard cultivation conditions. Comparison between the stock solution of essential oil: DMSO (1:1) and DMSO (A), and the cell viability control (B). The tests were performed in duplicate, and the differences were considered significant for p < 0.05 (** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 3. Cytotoxicity assessment of A. setacea essential oil by LDH release test under standard cultivation conditions. Comparison between the stock solution of essential oil: DMSO (1:1) and DMSO (A), and the cell viability control (B). The tests were performed in duplicate, and the differences were considered significant for p < 0.05 (*** p < 0.001, **** p < 0.0001). 
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Table 1. The chemical composition of A. setacea EO resulted from gas chromatography coupled with mass spectrometry.
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	No.
	Compound Name
	Compound Classes
	RI [l]
	Relative Area (%)





	1
	Santolina triene
	MH [a]
	915
	0.35



	2
	Tricyclene
	MH [a]
	928
	0.15



	3
	α-Thujene
	MH [a]
	932
	0.17



	4
	α-Pinene
	MH [a]
	940
	1.40



	5
	Camphene
	MH [a]
	956
	2.45



	6
	Sabinene (β-Thujene)
	MH [a]
	983
	0.58



	7
	β-Pinene
	MH [a]
	985
	0.89



	8
	2,3-Dehydro-1,8-cineole
	ME [c]
	998
	0.19



	9
	Yomogi alcohol
	MA [b]
	1006
	1.31



	10
	α-Phellandrene
	MH [a]
	1013
	0.17



	11
	α -Terpinene
	MH [a]
	1025
	0.69



	12
	p-Cymene
	MH [a]
	1033
	0.49



	13
	Limonene
	MH [a]
	1038
	0.46



	14
	Eucalyptol (1,8-Cineole)
	ME [c]
	1042
	14.94



	15
	Artemisia ketone
	MK [e]
	1067
	4.70



	16
	cis-Sabinene hydrate
	MA [b]
	1078
	0.07



	17
	Artemisia alcohol
	MA [b]
	1094
	1.73



	18
	α-Terpinolene
	MH [b]
	1097
	0.28



	19
	trans-Sabinene hydrate
	MA [b]
	1111
	0.09



	20
	α-Thujone
	MK [e]
	1117
	0.30



	21
	cis-p-Menth-2-en-1-ol
	MA [b]
	1132
	0.85



	22
	trans-p-Menth-2-en-1-ol
	MA [b]
	1151
	0.71



	23
	Camphor
	MK [e]
	1160
	10.13



	24
	cis-Chrysanthenol
	MA [c]
	1169
	0.76



	25
	Lavandulol
	MA [b]
	1177
	0.45



	26
	Borneol
	MA [b]
	1181
	32.97



	27
	Terpinen-4-ol
	MA [b]
	1191
	2.36



	28
	α-Terpineol
	MA [b]
	1204
	3.23



	29
	cis-Piperitol
	MA [b]
	1220
	0.15



	30
	cis-Carveol
	MA [b]
	1232
	0.64



	31
	trans-Crysanthenyl acetate
	MAE [d]
	1242
	1.62



	32
	Carvone
	MK [e]
	1259
	0.38



	33
	Geraniol
	MA [b]
	1264
	0.14



	34
	Piperitone
	MK [e]
	1271
	0.46



	35
	cis-Chrysanthenyl acetate
	MAE [d]
	1273
	0.24



	36
	Bornyl acetate
	MAE [d]
	1296
	1.49



	37
	trans-Carvyl acetate
	MAE [d]
	1348
	0.43



	38
	Eugenol
	PM [f]
	1372
	0.29



	39
	cis-Jasmone
	CK [g]
	1417
	0.16



	40
	β-caryophyllene
	SH [h]
	1441
	0.36



	41
	α-Humulene
	SH [h]
	1476
	0.10



	42
	γ-Muurolene
	SH [h]
	1494
	0.25



	43
	Germacrene D
	SH [h]
	1503
	0.26



	44
	Viridiflorene (Ledene)
	SH [h]
	1509
	0.11



	45
	δ-Cadinene
	SH [h]
	1542
	0.12



	46
	trans-β-Nerolidol
	SA [i]
	1575
	0.28



	47
	Spathulenol
	SA [i]
	1604
	0.41



	48
	Caryophyllene oxide
	SE [j]
	1612
	1.33



	49
	γ-Eudesmol
	SA [i]
	1659
	3.23



	50
	α-Eudesmol
	SA [i]
	1682
	1.46



	51
	α-Bisabolol
	SA [i]
	1704
	0.31



	52
	Chamazulene
	AH [k]
	1756
	0.35



	
	Total
	
	
	97.43



	
	Monoterpenes hydrocarbons
	
	
	8.07



	
	Monoterpenes alcohols and esters
	
	
	49.23



	
	Monoterpenes ketones
	
	
	15.97



	
	Sesquiterpenes hydrocarbons
	
	
	1.19



	
	Sesquiterpenes alcohols and ethers
	
	
	6.75







[a] MH, monoterpene hydrocarbon; [b] MA, monoterpene alcohol; [c] ME, monoterpene ether; [d] MAE, monoterpene alcohol ester; [e] MK, monoterpene ketone; [f] PH, phenolic monoterpene; [g] CK, cyclic ketone; [h] SH, sesquiterpene hydrocarbon; [i] SA, sesquiterpene alcohol; [j] SE, sesquiterpene ether; [k] AH, aromatic hydrocarbon; [l] RI, Kovats Index, the retention index relative to C8-C20 n-alkanes (DB-5MS column).
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Table 2. The antioxidant properties of the A. setacea essential oil.






Table 2. The antioxidant properties of the A. setacea essential oil.











	
	DPPH (IC50, mg/mL)
	FRAP (µM TE/mg)
	CUPRAC (µM TE/mg)





	A. setacea essential oil
	12.38 ± 0.63
	14.70 ± 0.99
	6.17 ± 0.68



	BHT
	0.64 ± 0.07
	823.46 ± 14.69
	988.03 ± 11.35



	p-value
	<0.0001
	<0.0001
	<0.0001







TE, Trolox equivalent; DPPH, 2,2-diphenylpicrylhydrazyl; FRAP, ferric reducing antioxidant power; CUPRAC, cupric ion reducing antioxidant capacity; BHT, butylated hydroxytoluene.
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Table 3. The minimum inhibitory (MIC) and microbicidal (MMC) concentrations for the essential oils stock solution and DMSO on the microbial strains involved in the contamination of food products and the etiology of food poisoning.
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IDZ *

(mm)

	
MIC (µL/mL)

	
MMC (µL/mL)




	
A. setacea EO

	
DMSO

	
A. setacea EO

	
DMSO

	
p-Value

	
A. setacea EO

	
DMSO




	
MIC **

	
MV% #

	
MV% #






	
S. aureus

	
13.00 ± 1.00

	
-

	
7.50

	
1.62 ± 0.28

	
55.45 ± 2.53

	
0.001116

	
7.50

	
>30.00




	
B. cereus

	
20.00 ± 2.00

	
-

	
3.75

	
0.71 ± 0.29

	
82.57 ± 2.76

	
0.000574

	
3.75

	
>30.00




	
L. inoccua

	
NA ##

	
-

	
3.75

	
3.57 ± 0.33

	
80.46 ± 3.95

	
0.001326

	
15.00

	
>30.00




	
L. ivanovii

	
NA

	
-

	
1.88

	
0.59 ± 0.42

	
102.04 ± 2.28

	
0.000261

	
1.88

	
>30.00




	
E. coli

	
8.33 ± 0.58

	
-

	
7.50

	
23.97 ± 0.76

	
88.59 ± 2.53

	
0.000835

	
7.50

	
>30.00




	
S. flexneris

	
8.00 ± 2.00

	
-

	
30.00

	
>30

	
12.55 ± 8.46

	
-

	
30.00

	
>30.00




	
S. enterica

	
6.33 ± 0.58

	
-

	
15.00

	
36.75 ± 2.03

	
49.23 ± 1.45

	
0.019399

	
30.00

	
>30.00




	
C. glabrata

	
10.00 ± 1.00

	
-

	
3.75

	
4.40 ± 0.93

	
80.57 ± 1.87

	
0.000376

	
3.75

	
>30.00




	
S. cerevisiae

	
13.33 ± 0.58

	
-

	
1.88

	
6.19 ± 0.34

	
46.00 ± 7.74

	
0.350835

	
3.75

	
>30.00




	
A. niger

	
8.00 ± 1.00

	
-

	
0.78

	
7.32 ± 3.45

	
82.93 ± 0.00

	
0.001039

	
12.50

	
>12.50




	
R. nigricans

	
6.33 ± 0.58

	
-

	
1.56

	
32.89 ± 1.86

	
68.42 ± 7.44

	
0.022511

	
>12.50

	
>12.50




	
A. alternata

	
7.66 ± 0.58

	
-

	
1.56

	
0.00 ± 0.40

	
114.61 ± 7.15

	
0.001946

	
>12.50

	
>12.50




	
C. cladosporioides

	
9.33 ± 0.16

	
-

	
3.125

	
7.69 ± 4.35

	
70.77 ± 1.09

	
0.002517

	
>12.50

	
>12.50








* IDZ—inhibition diameter zone; ** MIC—minimum inhibition concentration; # MV—microbial viability; ## NA—Not Active.
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Table 4. Microbial adherence (%) in the case of MIC/2 and MIC/4 for the essential oil stock solution and DMSO on the microbial strains involved in the contamination of food products.
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EO

	
DMSO

	
p-Value

	
EO

	
DMSO

	
p-Value




	
MIC/2

	
MA (%) *

	
MA (%) *

	
MIC/4

	
MA (%) *

	
MA (%) *






	
S. aureus

	
3.75

	
34.38 ± 12.64

	
60.84 ± 2.30

	
0.100432

	
1.88

	
78.57 ± 11.78

	
65.06 ± 2.27

	
0.252256




	
B. cereus

	
1.88

	
14.19 ± 1.76

	
68.73 ± 3.71

	
0.002822

	
0.94

	
12.60 ± 2.43

	
39.93 ± 3.14

	
0.010389




	
L. inoccua

	
1.88

	
1.87 ± 0.64

	
54.57 ± 0.83

	
0.000198

	
0.94

	
1.92 ± 0.70

	
58.70 ± 2.33

	
0.000917




	
L. ivanovii

	
0.94

	
7.08 ± 0.24

	
78.80 ± 2.16

	
0.000459

	
<0.94

	
-

	
-

	
-




	
E. coli

	
3.75

	
101.76 ± 2.15

	
134.88 ± 14.75

	
0.088098

	
1.88

	
104.18 ± 5.69

	
150.39 ± 21.55

	
0.099298




	
S. enterica

	
7.50

	
13.02 ± 3.66

	
25.99 ± 2.02

	
0.048218

	
3.75

	
11.52 ± 0.27

	
27.20 ± 3.73

	
0.027284




	
C. glabrata

	
1.88

	
0.18 ± 0.25

	
70.22 ± 2.72

	
0.000760

	
0.94

	
22.64 ± 0.97

	
127.84 ± 2.02

	
0.000227




	
C. cladosporioides

	
1.56

	
32.81 ± 4.42

	
105.88 ± 13.87

	
0.687280

	
0.78

	
40.63 ± 2.21

	
86.27 ± 11.09

	
0.029350




	
R. nigricans

	
0.78

	
23.64 ± 1.29

	
58.18 ± 1.29

	
0.001392

	
0.39

	
25.45 ± 0.00

	
49.09 ± 2.57

	
0.005858




	
A. niger

	
0.39

	
87.5 ± 13.26

	
229.69 ± 15.47

	
0.010111

	
0.20

	
120.21 ± 2.21

	
223.42 ± 12.31

	
0.007262




	
A. alternata

	
0.78

	
118.39 ± 13.00

	
133.33 ± 17.88

	
0.440060

	
0.39

	
145.98 ± 16.26

	
112.64 ± 1.63

	
0.102062








* MA—microbial adherence.
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Table 5. The concentrations of NO released in the extracellular environment for the MIC/2 and MIC/4 values in the presence of EO stock solution and DMSO on the microbial strains involved in the contamination of food products.
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EO

	
DMSO

	
p-Value

	
EO

	
DMSO

	
p-Value




	
MIC/2

	
ENOC *

	
ENOC *

	
MIC/4

	
ENOC *

	
ENOC *






	
S. aureus

	
3.75

	
1.82 ± 0.14

	
0.39 ± 0.14

	
<0.000001

	
1.88

	
0.18 ± 0.14

	
1.41 ± 0.14

	
<0.00001




	
L. inoccua

	
1.88

	
4.63 ± 0.43

	
3.55 ± 0.58

	
<0.0001

	
0.94

	
5.49 ± 0.43

	
3.25 ± 0.14

	
<0.000001




	
L. ivanovii

	
0.94

	
2.14 ± 0.14

	
NA **

	
<0.000001

	
0.47

	
0.92 ± 0.14

	
0.51 ± 0.14

	
>0.05




	
S. flexneri

	
15.00

	
NA

	
0.82 ± 0.14

	
<0.001

	
7.50

	
0.82 ± 0.14

	
0.41 ± 0.14

	
>0.05




	
E. coli

	
3.75

	
2.43 ± 0.14

	
1.20 ± 0.43

	
<0.00001

	
1.88

	
1.10 ± 0.29

	
1.00 ± 0.14

	
>0.05




	
S. enterica

	
7.50

	
1.10 ± 0.00

	
0.59 ± 0.14

	
<0.05

	
3.75

	
1.41 ± 0.14

	
0.69 ± 0.00

	
<0.01




	
C. glabrata

	
1.88

	
3.47 ± 0.14

	
0.41 ± 0.14

	
<0.000001

	
0.94

	
0.41 ± 0.14

	
0.10 ± 0.00

	
<0.001




	
S. cerevisiae

	
0.94

	
0.41 ± 0.00

	
NA

	
>0.05

	
0.47

	
0.20 ± 0.00

	
0.31 ± 0.14

	
>0.05




	
C. cladosporioides

	
1.56

	
2.68 ± 0.07

	
1.92 ± 0.14

	
<0.01

	
0.78

	
2.68 ± 0.07

	
2.07 ± 0.21

	
<0.01




	
R. nigricans

	
0.78

	
2.73 ± 0.07

	
1.97 ± 0.14

	
<0.01

	
0.39

	
2.78 ± 0.14

	
2.07 ± 0.29

	
<0.05




	
A. niger

	
0.39

	
3.64 ± 0.14

	
2.32 ± 0.14

	
<0.001

	
0.20

	
2.07 ± 0.07

	
0.61 ± 0.14

	
<0.0001




	
A. alternata

	
0.78

	
2.89 ± 0.64

	
2.02 ± 0.64

	
>0.05

	
0.39

	
1.87 ± 0.36

	
2.12 ± 0.07

	
>0.05








* ENOC—extracellular nitric oxide concentration (µM/mL); ** NA—Not Active.
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Table 6. The correlation coefficients (Pearson correlation) between NO release and inhibition of microbial adherence capacity.
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	Strains
	R2
	p-Value
	Significance

(α = 0.05)





	S. aureus
	0.6246
	0.0228
	Yes



	L. inoccua
	0.8790
	0.0437
	Yes



	L. ivanovii
	0.6036
	0.0578
	No



	E. coli
	0.3825
	0.2079
	No



	S. enterica
	0.9022
	0.0152
	Yes



	C. glabrata
	0.4970
	0.1183
	No



	C. cladosporioides
	0.9861
	0.0041
	Yes



	R. nigricans
	0.9772
	0.0060
	Yes



	A. niger
	0.5044
	0.0677
	No



	A. alternata
	0.3558
	0.0561
	No
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Table 7. Selectivity index values of A. setacea essential oil and DMSO against microbial strains.
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SI (IC50/MIC)




	
A. setacea EO

	
DMSO




	
MIC

	
SI

	
Interpretation

	
MIC

	
SI

	
Interpretation






	
S. aureus

	
7.50

	
0.624

	
*MTEC

	
>60.00

	
-

	
*MTEC




	
B. cereus

	
3.75

	
1.248

	
**MTMC

	
30.00

	
0.191

	
*MTEC




	
L. inoccua

	
3.75

	
1.248

	
**MTMC

	
>60.00

	
-

	
*MTEC




	
L. ivanovii

	
1.88

	
2.489

	
**MTMC

	
60.00

	
0.095

	
*MTEC




	
E. coli

	
7.50

	
0.624

	
*MTEC

	
>60.00

	
-

	
*MTEC




	
S. flexneris

	
30.00

	
0.156

	
*MTEC

	
30.00

	
0.191

	
*MTEC




	
S. enterica

	
15.00

	
0.312

	
*MTEC

	
60.00

	
0.095

	
*MTEC




	
C. glabrata

	
3.75

	
1.248

	
**MTMC

	
30.00

	
0.191

	
*MTEC




	
S. cerevisiae

	
1.88

	
2.489

	
**MTMC

	
15.00

	
0.381

	
*MTEC




	
A. niger

	
0.78

	
6.000

	
**MTMC

	
6.25

	
0.915

	
*MTEC




	
R. nigricans

	
1.56

	
3.000

	
**MTMC

	
12.50

	
0.458

	
*MTEC




	
A. alternata

	
1.56

	
3.000

	
**MTMC

	
>25.00

	
-

	
*MTEC




	
C. cladosporioides

	
3.125

	
1.498

	
**MTMC

	
6.25

	
0.915

	
*MTEC








*MTEC—more toxic to eukaryotic cell; **MTMC—more toxic to microbial cell.
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