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Abstract

:

In order to discover new natural resources with biological properties, the chemical composition, the antioxidant and antimicrobial activities, and the potential use as food preservative of essential oils of Moroccan Achillea odorata subsp. pectinata (AOpEO) and Ruta montana (RMEO) were studied. Gas chromatography-mass spectrometry (GC-MS) analysis revealed the presence of 21 and 25 compounds in AOpEO and RMEO, respectively. The results showed that the major compounds of AOpEO are camphor (45.01%), bornyl acetate (15.07%), borneol (11.33%), β-eudesmol (4.74%), camphene (3.58%), and 1.8-cineole (eucalyptol) (2.96%), whereas 2-undecanone (63.97%), camphor (3.82%) and cyclopropanecarboxylic acid (3.66%) were the main components of RMEO. The antioxidant activities were evaluated by diphenylpicrylhydraziyl radical (DPPH) and reducing power assays. The antimicrobial activities of essential oils were tested against bacterial strains and food contaminant yeast using agar disc diffusion and microdilution methods. A significant antimicrobial activity of AOpEO was observed against Bacillus subtilis, Proteus mirabilis and Candida albicans, compared to RMEO. The efficacy of AOpEO was also evaluated in model food systems (cabbage and barley) artificially inoculated during storage. The results found that the adding of a minimal inhibitory concentration (MIC) and 4× MIC were potent in decreasing the Proteus mirabilis growth in food model systems. Our findings suggested that AOpEO may be potentially used as an alternative food preservative.
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1. Introduction


Microbial attack causes serious loss in the organoleptic and health qualities of food products worldwide, and this problem represents a major challenge for food industry [1]. In this regard, ensuring food safety, while meeting demands for the retention of their nutritional value and quality, is an important international challenge [2]. The most used strategy to overcome the undesirable microorganism activities is the use of chemical products that possess antimicrobial and antioxidant effects, with potential side effects on the consumer [3,4,5]. This has led not only to the reduction of some chemicals but also to the restriction of some others. Recently, consumer exigency for natural molecules as an alternative preservative to replace chemical products is increasing [6,7,8]. Among the secondary metabolites, the natural mixtures of volatile and hydrophobic compounds produced by medicinal and aromatic plants—namely, essential oils (EOs)—have been widely used for a long time in medicine, perfumery and cosmetics, and were added as spices or herbs in food preparations [9,10]. In recent years, the essential oils have received increasing attention as they exhibit significant antibacterial, antifungal, and antioxidant properties [11,12,13,14,15,16]. Moreover, the effectiveness of EOs as food preservatives reported by many studies are encouraging [8,17,18,19,20,21]. Some compounds occurring in essential oils, such as thymol, cinnamaldehyde, limonene, camphor, carvacrol, borneol, linalool, terpineol-4-ol, and 1,8-cineole, are considered effective natural antimicrobial agents against foodborne strains [22,23,24,25,26,27,28,29,30]. For these proprieties, carvacrol, cinnamaldehyde, limonene, and thymol have been accepted by the European Commission and the United States Food and Drug Administration (FDA) for use as flavorings in foodstuffs, since they are considered to present no risk to the health of the consumer [4,9].



Achillea odorata (subspecies unspecified), a member of Asteraceae family, has been used as an anti-inflammatory [31], anti-diabetic [32], anti-rum, stimulating tonic, and for ethno-veterinary treatments (cattle, poultry and dogs) [33,34]. The Achillea species is largely distributed throughout North America, different parts of Europe, the Mediterranean regions, Eastern and Western Asia, Australia, New Zealand and the Middle East regions [35,36]. Previous papers reported the antimicrobial and antioxidant properties [37,38,39,40] of the essential oils of the Achillea species; thus, the chemical composition of the essential oils of all species is characterized by high amounts of oxygenated monoterpenes, specifically 1,8-cineole camphor and borneol [41], with promising antimicrobial and antioxidant activities [42,43].



Ruta montana, a herb from the family Rutaceae, is a commonly used plant in traditional medicine to treat diabetes mellitus, in abscesses treatment, an emetic in pediatric treatment, and in treating psychic sicknesses [33,34,44]. The main habitats of the Ruta species are concentrated in the Mediterranean region [45], and grow widely in tropical and temperate countries [46]. Many studies have reported the antimicrobial and antioxidant activities that essential oils of the Ruta species exhibit [47,48,49,50]. The volatile variation of the Ruta species’ essential oils is known by the abundance of 2-Undecanone [47,51,52,53,54]; this ketone was reported as a promising antifungal and antibacterial compound [50,55].



To the best of our knowledge, no reports on the variation of essential oil composition, or the antioxidant and antimicrobial activities, of Achillea odorata subsp. pectinata and Ruta montana collected from the Province of Taza, Northern Morocco, are available; although several studies exist with respect to the in vitro antimicrobial properties of essential oils, just a few investigations into their activity in food systems have been reported in the literature. Therefore, the purpose of this work is to determine the chemical composition of AOpEO and RMEO, to evaluate their antioxidant and antimicrobial effects, and to examine for the first time the efficacy of AOpEO in preserving cabbage and barley model food systems during storage.




2. Materials and Methods


2.1. Plant Material and Isolation of Essential Oils


Achillea odorata subsp. pectinata and Ruta montana were collected at the flowering stage from Taza region (34°13.367’N, 003°53.111’W and 34°31.050’N, 003°58.991’W, respectively) in 2016. Plants were identified in the laboratory of Natural Resources and Environment, Polidisciplinary Faculty of Taza, Sidi Mohamed Ben Abdellah-Fez University, where samples (FPT-LRNE 33 and FPT-LRNE 34, respectively) have been deposited. Aerial parts were dried at 25 °C, then the observation of the aerial part sections was performed, to check the presence of structures responsible for essential oils, using a scanning electron microscopy (Brand: FEI Company, Model: Quanta 200 equipped with an EDAX probe for micro-analysis) (Figure 1 and Figure 2). Moreover, 100 g of each aerial part was extracted using hydro-distillation Clevenger-type apparatus for 4 h. The essential oils were stored at 4 °C until use.




2.2. Gas Chromatography–Mass Spectrometry (GC–MS) Analysis


Volatile compounds of AOpEO and RMEO were analyzed on Hewlett Packard model HP6890 gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) equipped with DB-5MS capillary column (30 m × 0.25 mm i.d., film thickness 0.25 μm; Agilent Technologies, Santa Clara, CA, USA) and coupled to an HP model 5973 mass selective detector. The oven temperature was initially held at 50 °C and then increased by 7 °C/min to 300 °C. The injector temperature was 290 °C. Purified helium was used as the carrier gas with a flow rate 1mL/min, and the split ratio was 60:1. Mass spectra were obtained in EI mode at 60 eV ionization energy, and the mass range was from m/z 35 to 400. For each essential oil (EO), a sample of 10 μL was diluted in 990 μL of pure hexane, and 1 μL was injected for the analysis. The device was managed by a computer system type "HP Chem Station Software" G1701BA version B.01.00 and the data reworks was done with the same software [56]. The identification of each compound was based on the comparison of its retention index (RI) (calculated using n-alkanes series between C9 and C31) and its mass spectra (MS) spectra with those described in the literature [57], and by computer matching with standard reference databases (NIST98, Wiley275 and CNRS libraries).




2.3. Antioxidant Activities


2.3.1. Free Radical Scavenging Activity by DPPH


The evaluation of the radical scavenging effect of EOs was performed using the radical 2.2-diphenyl-1-picrylhydrazyl (DPPH) method as reported by Huang et al. [58]. First, the DPPH solution (0.2 mM) was prepared in methanol. Then 2.5 mL of test samples at different concentrations (2.5–100 μg/mL) were added to 0.5 mL of DPPH solution. The absorbance was measured at 517 nm after 30 min. Ascorbic acid and Trolox were used as standard antioxidants.



The antioxidant activity was calculated using the following formula Equation (1):


DPPH scavenging activity (%) = [(A0 − As)/Abs0] × 100



(1)




where A0 is the Absorbance of the negative control, and As is Absorbance of the test sample at 30 min. The tests were done in triplicate and the half maximal inhibitory concentration (IC50) values were reported as means ± SD.




2.3.2. Reducing Power Assay


The reducing power activity of EOs was evaluated according to Oyaizu [59]: The mixture made up by the sample (1 mL), the phosphate buffer (2.5 mL, 0.2 M, pH 6.6) and the potassium ferricyanide (2.5 mL) was prepared. A volume of 2.5 mL of trichloroacetic acid (10%) was added after incubation for 20 min at 50 °C (water bath). Then, the solution was centrifuged at 3000 rpm/min for 10 min. Afterwards, 2.5 mL of the supernatant was mixed with 0.5 mL of 0.1% ferric chloride and 2.5 mL of distilled water. Absorbance was measured at 700 nm. The reducing power is expressed in milligram equivalence of ascorbic acid per gram of essential oil (mg AAE/g of EO).





2.4. Antimicrobial Activity


2.4.1. Microorganisms and Growth Conditions


Food-borne bacteria tested for antimicrobial activity included Gram-positive bacteria (Staphylococcus aureus CECT 976, Bacillus subtilis DSM 6633, and Listeria innocua CECT 4030), Gram-negative bacteria [Escherichia coli K12, Pseudomonas aeruginosa CECT 118 and Proteus mirabilis (National Institute of Hygiene, Rabat, Morocco: NIH)], and the yeast Candida albicans ATCC 10231. Bacterial strains were cultured in Mueller–Hinton Agar (MHA) or Mueller–Hinton Broth (MHB) at 37 °C. From frozen stocks (−80 °C in 20% glycerol), a pre-culture step was carried out in 1 mL of MHB at 37 °C for 5 h to aid bacteria growth. Then, 100 µL of the inoculum was spread onto MHA medium and incubated for 18h in order to detect possible airborne contaminants which may have been introduced during the opening of the tube. The next day, a colony was picked from the MHA medium and used to inoculate a 5mL MHB, then incubated at 37 °C for 18h [60]. The same steps were performed for Candida albicans ATCC 10231, which was cultured on Yeast Peptone Glucose Agar (YPGA) medium (5g yeast extract, 5 g Peptone, 10 g Glucose, 15–18 g Agar, in 1 liter) or Yeast Peptone Glucose (YPG) Broth medium, and incubated for 48 h at 30 °C. Cell suspensions were adjusted to 106 CFU/mL for bacteria and 105 spores/mL for yeast before the experiences.




2.4.2. Agar Disc Diffusion Method


Antimicrobial activity was performed by the disc diffusion technique according to Rota et al. [61], with many modifications. First, sterile disks (6 mm diameter) containing 12.5 µL of pure essential oil were applied onto the surface of the MHA, which was previously spread with the test inoculum concentrations. Gentamicin (15 μg), Vancomicym (30 µg), and Amphotericin (10 μg) served as a positive control, and 10% dimethylsulfoxide (DMSO) as negative control. After the incubation, the antimicrobial effect was assessed by calculating the diameter of inhibition zones. Tests were conducted in triplicate.




2.4.3. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration


Minimum Inhibitory Concentrations (MICs) were realized in sterile 96 well microplates as described by Güllüce et al. [1]. First, 100 μL of MHB was distributed in all test wells, except the first well which contained 200 μL of the essential oil (25 mg/mL). A series of concentrations varying from 0.097 to 25 mg/mL were prepared by the transfer of 100 μL by serial dilutions from the first to the ninth well. Then, except for the 10th well used as sterility control, a volume of 10 μL from each well was eliminated and replaced with the test inoculum concentrations as described above. The 11th well was used as positive growth control containing only broth medium. The last well, comprising 10% DMSO (v/v), served as negative control. Then, the microplates were incubated at conditions of growth as described above. After incubation, a volume of 25 μL of an indicator of microorganism’s growth was added in each well: tetrazolium [MTT: 3-(4,5-dimethythiazol)-2-yl-2, 5-diphenyltetrazolium bromide (Sigma-Aldrich, Darmstadt, Germany) (0.5 mg/mL in sterile distilled water). The microplate was re-incubated for 30 min at 25 °C or 37 °C. Where bacterial growth was inhibited, the solution kept the initial color of MTT. To conclude, the minimum bactericidal concentration (MBC) value, 10 μL of broth from the uncolored wells, was inoculated and incubated at growth conditions.





2.5. Antibacterial Activity of Essential Oils in Cabbage and Barley Food Model Systems


2.5.1. Preparation of Model Food Systems


Preservative activity of AOpEO showing high antimicrobial potency was tested using two food model systems according to Catherine et al. [8]. Cabbage bought from the local supermarket was cut into fine pieces and mixed with distilled water (1:2, w/v). The pH of the juice was adjusted to 7.2. Barley soup was prepared by mixing barley powder with distilled water (10%, w/v) (pH: 5.6). Thereafter, a volume of 50 mL of each food model system was introduced separately into bottles of 250 mL and sterilized. After cooling, bottles (cabbage and barley food systems) were divided into three groups: the first group received a value of the MIC concentration of AOpEO, the second group received a value of 4× MIC, and the third group served as control (without AOpEO). Food model systems were inoculated with 106 CFU/mL of Bacillus subtilis DSM 6633 and Proteus mirabilis NIH and incubated at 37 °C for 28 days. Experiments were done in triplicates.




2.5.2. Bacterial Analysis


Bacillus subtilis DSM 6633 and Proteus mirabilis NIH strains were counted on Plate Count Agar medium during storage period from the 1st to the 28th day. The results are expressed in log CFU/mL.





2.6. Statistical Analysis


All tests were done in triplicates. Values of each experiment were expressed as mean ± standard deviation (SD) and were subjected to analysis of variance (one-way ANOVA). The statistical analysis was performed using GraphPad Prism version 6.00 (GraphPad Inc., San Diego, CA, USA). Differences (between groups) were considered as statistically significant at p < 0.05.





3. Results and Discussion


3.1. Chemical Composition


Essential oil yields (w/w) were 1.04% ± 0.01% and 0.37% ± 0.03% for AOpEO and RMEO, respectively. The results of gas chromatography analysis of Achillea odorata subsp. pectinata and Ruta montana are shown in Figure 3 and Figure 4. GC analysis was coupled with mass spectrometry to identify volatile compounds produced by both plants. Results of GC-MS analysis of the essential oils are listed in Table 1. In total, 21 and 25 compounds were identified in AOpEO and RMEO, respectively. The results showed that the oxygenated monoterpenes were the main components of AOpEO, which were dominated by camphor (45.01%), bornyl acetate (15.07%), followed by borneol (11.33%), and 1.8-cineole (eucalyptol) (2.96%). For RMEO, the essential oil was characterized by a rich presence of methylketone 2-undecanone (63.97%) as a major compound, followed by camphor (3.82%) and cyclopropanecarboxylic acid (3.66%).



To the best of our knowledge, the volatile compounds of the subspecies AOpEO from Morocco have not been studied. In Algeria, an analysis of the Achillea odorata L. subsp. pectinata (Lamk) var. microphylla (Willd.) Willk. showed that, in the flowering period, the major compound is camphor, with a percentage of 22.9% to 26.3%, followed by 1,8-cineole (15.7% to 17.8%) and then the α -pinene (11.3% to 12.5%) [62]. In addition, the compounds bornyl acetate (15.07%) and borneol (11.33%) are identified in the essential oil of the Moroccan subspecies, whereas they are absent in the volatile compounds content of the essential oil of the Algerian variety. It was also noted that AOpEO is richer in 1,8-cineole (15.7% to 17.8%) and α-pinene (11.3% to 12.5%) in comparison with their content in the essential oil of our subspecies. As described above, the Achillea species is dominated by oxygenated monoterpenes, meaning that our results were in agreement with previous research.



For RMEO, the results are similar to other studies reporting that 2-undecanone is the major compound of RMEO species with different percentages. Indeed, Kambouche et al. [63] identified the presence of 2-undecanone with a percentage of 32.8%. Belkassam et al. [64] and Boutoumi et al. [65] found that this product is present at 60.19% and 67%–67.4%, respectively, in RMEO.



The qualitative and quantitative variations encountered in the volatile compounds of the essential oils of AOpEO and RMEO may be due to many factors, such as the environment, harvest season, ecological parameters, and also the extraction methods used, as well as the trial conditions [66,67,68,69,70].




3.2. Antioxidant Activity


The antioxidant activity of AOpEO and RMEO was examined by DPPH and reducing power tests. The obtained results are summarized in Table 2. The results demonstrated that AOpEO has a higher capacity to reduce the DPPH (IC50 = 189.8 ± 1.09 µg/mL) than RMEO (IC50 = 244.62 ± 0.34 µg/mL), but they were all less potent than the standards used as positive controls, namely Trolox and ascorbic acid, IC50 = 1.4 ± 0.04 µg/mL and IC50 = 1.82 ± 0.025 µg/mL, respectively (statistically significant at p < 0.05).



In the reducing power test, in which results are expressed in milligram equivalence of ascorbic acid per gram of extract (mg AAE/g EO), the highest reducing power was exhibited by RMEO, as 1.39 ± 0.07 mg AAE/g of EO, while that of AOpEO was 0.85 ± 0.24 mg AAE/g of EO.



The difference in antioxidant capacities between AOpEO and RMEO may be due to the variability in chemical composition [71,72]. However, variations in the antioxidant effects of essential oils, tested by DPPH and FRAP assay, may be due to the differences in reagents used by each method [73]. Indeed, the DPPH assay evaluates the capacity of essential oils to scavenge free radicals, while the FRAP method assesses EO’s reducing power. Oxidative degradation can occur in food matrices during storage; specifically, the lipid peroxidation, which is a major cause of food deterioration, and which affects its organoleptic qualities [74,75]. Thus, the interest in the use of essential oils as food preservatives for increasing the food shelf life is related to their efficacy in scavenging the reactive oxygen species (ROS) [76,77].




3.3. Antimicrobial Activity


In vitro tests of the antimicrobial activity of AOpEO and RMEO, by using the filter paper disc diffusion and the microdilution methods against microorganism tests, are summarized in Table 3 and Table 4. The obtained results revealed a sensitivity variation between the microorganisms tested.



Among the Gram-positive bacteria, Bacillus subtilis DSM 6633 was the most sensitive strain to the AOpEO and RMEO, with an inhibition zone of 31 ± 1 mm and 21.33 ± 1.52 mm, respectively. The MBC/MIC values indicate that both oils exhibit a bacteriostatic effect against B.subtilis, while E. coli K12 was the most resistant, with inhibition zones of 6.00 ± 0.00 mm–9.33 ± 1.52 mm. Moreover, S. aureus (12 ± 1.52 mm–12 ± 1 mm) and L. innocua (12 ± 1 mm–10.33 ± 1.52 mm) were less sensitive to AOpEO and RMEO, respectively.



Concerning Gram-negative bacteria, the strain most sensitive to EOs was P. mirabilis NIH (30.33 ± 2.08 mm–16.66 ± 1.15 mm). Moreover, The MBC/MIC values mean that AOpEO and RMEO exhibit bactericidal and bacteriostatic effects, respectively. An important antifungal activity was observed against C. albicans (25.33 ± 0.57 mm–21.66 ± 0.57 mm), with a fungicidal effect exhibited by AOpEO.



There are no reports on the antimicrobial activity of AOpEO, and the unique study on the antimicrobial activity of Achillea odorata L. subsp. pectinata (Lamk) var. microphylla (Willd.) Willk against P. aeruginosa, E.coli, S.aureus, E.faecalis, C. herbarum, A. fumigatus, F. oxysporum, and A. flavus reported that the bacterial strain’s inhibition zone values are in the range of 6 to 17 mm [62], and that the antifungal effects on A. alternaria, A. fumigatus and C. herbarum have MIC values of 4 µL/mL and 5 µL/mL, respectively. Furthermore, previous investigations into the antimicrobial activity of many Achillea species’ essential oils, against Gram-positive and Gram-negative bacteria and fungi, report their important efficacy in inhibition of the microorganisms tested [78,79,80,81,82,83].



Regarding the antimicrobial activity of Ruta montana’s essential oil, Mohammedi et al. [84] reported a moderate antimicrobial effect against eight microbial species, including B. subtilis, S. aureus, E.coli, P. aeruginosa and C. albicans tested in our study (9.2 ± 0.5 mm ≤ inhibition zones’ diameters ≤ 18 mm). In another work, Djarri et al. [85] indicated that the R. montana’s essential oil exhibits a good antibacterial activity against E. coli, K. pneumoniae P. aeruginosa, and S. aureus, with an MIC value of 20–80 µg/mL. In addition, an important antifungal activity of the oil (1000 µg/disk) was revealed against B.cinerea, F. solani, F. oxysporum and A.oryzae (MIC = 100, 140, 160 and 1100 µg/mL, respectively) [86].



From the point of view of the susceptibility of Gram-negative and Gram-positive organisms, it has been demonstrated that the Gram-negative bacteria are less sensitive to plant extracts than Gram-positive bacteria [87,88], since Gram-negative bacteria possess double membranes which protect them against the antibacterial agents [89,90]. The present work showed, on the one hand, that RMEO is more active against Gram-positive bacteria. This activity could be due to the presence of 2-undecanone and 2-undecanol, known for their antimicrobial activity [91,92]. On the other hand, AOpEO was active against both Gram-positive (B. subtilis) and Gram-negative (P. mirabilis) bacteria; this non-selective antibacterial activity is associated with the membrane composition differences of microorganism tested. These findings may be related to the presence of a high content of camphor, bornyl acetate and borneol. Indeed, the antibacterial and antifungal activities of these compounds have been demonstrated in earlier works [93,94,95,96,97,98,99]




3.4. Antibacterial Effect of Essential Oils in Food Model Systems


The antibacterial activity of Achillea odorata subsp. pectinata oil in model food systems was assessed, with B. subtilis as the Gram-positive bacteria and P. mirabilis as the Gram negative bacteria, separately. Achillea odorata subsp. pectinata oil was effective in reducing bacterial count in food model systems, cabbage and barley, during storage (Figure 5 and Figure 6). The reduction was dose-dependent.



In cabbage system, the reduction of the count of P. mirabilis strain by 4× MIC of AOpEO was significant (p < 0.05), as compared to the control, from the 1st day to the end of storage duration (104 CFU/mL), while MIC stabilized the growth of P. mirabilis at 105 CFU/mL up to the 28th day (Figure 5A). However, for B. subtilis, a significant reduction (p < 0.05) was exhibited by MIC of AOpEO on the first day, and 4× MIC of AOpEO up to the fifth day (104 CFU/mL), when the bacteria returned to normal growth (Figure 5B).



In barley systems, a significant (p < 0.05) inhibition of P. mirabilis growth was observed at 4× MIC of AOpEO, as compared to the control, up to the 28th day. At MIC of AOpEO, the growth of P. mirabilis was stabilized at 105 CFU/mL up to the 28th day (Figure 6A). B. subtilis barley systems showed that 4× MIC of AOpEO reduced significantly (p < 0.05) the growth of this strain in the first 14 days (104 CFU/mL), then the bacteria return to normal growth. No effect on B. subtilis growth was observed after the addition of the MIC of AOpEO (Figure 6B).



Our findings revealed, for the first time, the long-term effectiveness (up to 28 days) of AOpEO against P. mirabilis in food model system. Few studies reported the same effectiveness of other EOs against food-born bacteria [4,8]. Like in in vitro tests, P. mirabilis was more sensitive to AOpEO as compared to B. subtilis in the food model system. In fact, AOpEO only exhibited a bacteriostatic effect against P. mirabilis in the food model system, while it showed a bactericidal effect in vitro, whereas AOpEO lost its bacteriostatic effect against B. subtilis, suggesting that after a few days B. subtilis could develop a resistance to AOpEO, while P. mirabilis remains sensitive up to 28 days. On the other hand, the decrease of effectiveness of the antibacterial effect of EOs in food systems, as compared to in vitro tests, could be due to certain factors. According to Burt et al. [4], at low pH value, the hydrophobicity of EOs increases, easing their penetration into the target cell, indicating that the pH of the medium could alter the antibacterial activity in the food system. Mejholm and Dalgaard [100] showed that the affinity of essential oils to fatty acids decreases their interaction with bacteria in the aqueous phase. Another suggestion is that the food system is a highly nutritional environment that can allow the regrowth of food-borne strains that have been damaged [101]. To overcome these problems, many researchers have suggested that it is mandatory to add higher concentrations (of around 10- to 100-fold of MIC) of an essential oil in food model systems [102,103,104].





4. Conclusions


AOpEO and RMEO collected from the Taza region (northern Morocco) showed a variation in chemical compositions, antioxidant and antimicrobial activities: AOpEO is rich with camphor, bornyl acetate and borneol, while RMEO is characterized by a dominance of 2-undecanone. A significant capacity of AOpEO to reduce the DPPH was observed, while the highest reducing power was exhibited by RMEO. The strongest antibacterial activity against B. subtilis and P. mirabilis strains was obtained for AOpEO. Due to their high antibacterial activity, B. subtilis and P. mirabilis were exposed long-term to AOpEO in food model systems, which showed a high efficacy against P. mirabilis that was maintained up to 28 days. Rare studies have reported a similar long-term maintenance of EOs’ antibacterial effects in food model systems. This advantage makes AOpEO very useful as a food preservative agent at an industrial level. Future studies should be done into the influence of essential oil addition on sensory and textural properties of foods, as well as toxic effects, before any application at an industrial level.







Author Contributions


Conceptualization, T.B and K.H. (Khalil Hammani), Methodology, T.B., K.H. (Khaoula Habbadi), I.M., A.K., H.C., T.A. and E.H.A., Supervision, K.H. (Khalil Hammani), Writing—original draft, T.B., G.Z., T.A., I.C., and A.B., Writing—review and editing, T.B. and A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding




Acknowledgments


We are very thankful to the Laboratory of Biology and Health, Sciences Faculty of Tetouan, and the Laboratory of Agri-Food and Health of FST-Settat, for providing us with the microorganisms used in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Güllüce, M.; Sahin, F.; Sokmen, M.; Ozer, H.; Daferera, D.; Sokmen, A.; Polissiou, M.; Adiguzel, A.; Ozkan, H. Antimicrobial and antioxidant properties of the essential oils and methanol extract from Mentha longifolia L. ssp. longifolia. Food Chem. 2007, 103, 1449–1456. [Google Scholar] [CrossRef]

	



Tiwari, B.K.; Valdramidis, V.P.; O’donnell, C.P.; Muthukumarappan, K.; Bourke, P.; Cullen, P.J. Application of Natural Antimicrobials for Food Preservation. J. Agric. Food Chem. 2009, 57, 5987–6000. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, M.; Henika, P.R.; Mandrell, R.E. Bactericidal activities of plant essential oils and some of their isolated constituents against Campylobacter jejuni, Escherichia coli, Listeria monocytogenes and Salmonella enterica. J. Food Prot. 2002, 65, 1545–1560. [Google Scholar] [CrossRef] [PubMed]

	



Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—A review. Int. J. Food Microbiol. 2004, 94, 223–253. [Google Scholar] [CrossRef]

	



Chanthaphon, S.; Chanthachum, S.; Hongpattarakere, T. Antimicrobial activities of essential oils and crude extracts from tropical Citrus spp. against food-related microorganisms. Songklanakarin J. Sci. Technol. 2008, 30, 125–131. [Google Scholar]

	



Sacchetti, G.; Maietti, S.; Muzzoli, M.; Scaglianti, M.; Manfredini, S.; Radice, M.; Bruni, R. Comparative evaluation of 11 essential oils of different origin as functional antioxidants, antiradicals and antimicrobials in foods. Food Chem. 2005, 91, 621–632. [Google Scholar] [CrossRef]

	



Viuda-Martos, M.; El-Nasser, A.; El Gendy, G.S.; Sendra, E.; Fernandez-Lopez, J.; El Razik, K.A.A.; Omer, E.O.; Pérez-Alvarez, J.A. Chemical composition and antioxidant and anti- Listeria activities of essential oils obtained from some Egyptian plants. J. Agric. Food Chem. 2010, 58, 9063–9070. [Google Scholar] [CrossRef]

	



Catherine, A.A.; Deepika, H.; Negi, P.S. Antibacterial activity of eugenol and peppermint oil in model food systems. J. Essent. Oil Res. 2012, 24, 481–486. [Google Scholar] [CrossRef]

	



Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential oils in food preservation: Mode of action, synergies, and interactions with food matrix components. Front. Microbiol. 2012, 3, 12. [Google Scholar] [CrossRef]

	



de Almeida, W.S.; de Lima, S.G.; Barreto, H.M.; de Sousa Andrade, L.M.; Fonseca, L.; Sobrinho, C.A.; Santos, A.R.B.; Muratori, M.C.S. Chemical composition and antimicrobial activity of the essential oil of Lippia lasiocalycina Cham. (Verbenaceae). Ind. Crops Prod. 2018, 125, 236–240. [Google Scholar] [CrossRef]

	



Ricci, D.; Fraternale, D.; Giamperi, L.; Bucchini, A.; Epifano, F.; Burini, G.; Curini, M. Chemical composition, antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae). J. Ethnopharmacol. 2005, 98, 195–200. [Google Scholar] [CrossRef] [PubMed]

	



Tepe, B.; Daferera, D.; Sokmen, A.; Sokmen, M.; Polissiou, M. Antimicrobial and antioxidant activities of the essential oil and various extracts of Salvia tomentosa Miller (Lamiaceae). Food Chem. 2005, 90, 333–340. [Google Scholar] [CrossRef]

	



Unlu, M.; Ergene, E.; Unlu, G.V.; Zeytinoglu, H.S.; Vural, N. Composition antimicrobial activity and in vitro cytotoxicity of essential oil from Cinnamomum zeylanicum Blume (Lauraceae). Food Chem. Toxicol. 2010, 48, 3274–3280. [Google Scholar] [CrossRef] [PubMed]

	



El Gendy, A.N.; Leonardi, M.; Mugnaini, L.; Bertelloni, F.; Ebani, V.V.; Nardoni, S.; Mancianti, F.; Hendawy, S.; Omer, E.; Pistelli, L. Chemical composition and antimicrobial activity of essential oil of wild and cultivated Origanum syriacum plants grown in Sinai, Egypt. Ind. Crops Prod. 2015, 67, 201–207. [Google Scholar] [CrossRef]

	



Marques, J.D.L.; Volcão, L.M.; Funck, G.D.; Kroning, I.S.; da Silva, W.P.; Fiorentini, Â.M.; Ribeiro, G.A. Antimicrobial activity of essential oils of Origanum vulgare L. and Origanum majorana L. against Staphylococcus aureus isolated from poultry meat. Ind. Crops Prod. 2015, 77, 444–450. [Google Scholar] [CrossRef]

	



Kıvrak, S. Essential oil composition and antioxidant activities of eight cultivars of Lavender and Lavandin from western Anatolia. Ind. Crops Prod. 2018, 117, 88–96. [Google Scholar] [CrossRef]

	



Mytle, N.; Anderson, G.L.; Doyle, M.P.; Smith, M.A. Antimicrobial activity of clove (Syzgium aromaticum) oil in inhibiting Listeria monocytogenes on chicken frankfurters. Food Control 2006, 17, 102–107. [Google Scholar] [CrossRef]

	



da Silveira, S.M.; Luciano, F.B.; Fronza, N.; Cunha Jr, A.; Scheuermann, G.N.; Vieira, C.R.W. Chemical composition and antibacterial activity of Laurus nobilis essential oil towards foodborne pathogens and its application in fresh Tuscan sausage stored at 7°C. LWT Food Sci. Technol. 2014, 59, 86–93. [Google Scholar] [CrossRef]

	



Yuan, G.; Chen, X.; Li, D. Chitosan films and coatings containing essential oils: The antioxidant and antimicrobial activity, and application in food systems. Food Res. Int. 2016, 89, 117–128. [Google Scholar] [CrossRef]

	



Khorshidian, N.; Yousefi, M.; Khanniri, E.; Mortazavian, A.M. Potential application of essential oils as antimicrobial preservatives in cheese. Innov. Food Sci. Emerg. Technol. 2016, 45, 62–72. [Google Scholar] [CrossRef]

	



Shi, C.; Zhang, X.; Guo, N. The antimicrobial activities and action-mechanism of tea tree oil against food-borne bacteria in fresh cucumber juice. Microb. Pathog. 2018, 125, 262–271. [Google Scholar] [CrossRef] [PubMed]

	



Olasupo, N.A.; Fitzgerald, D.J.; Gasson, M.J.; Narbad, A. Activity of natural antimicrobial compounds against Escherichia coli and Salmonella enterica serovar Typhimurium. Lett. Appl. Microbiol. 2003, 37, 448–451. [Google Scholar] [CrossRef] [PubMed]

	



Nostro, A.; Blanco, A.R.; Cannatelli, M.A.; Enea, V.; Flamini, G.; Morelli, I.; Roccaro, A.S.; Alonzo, V. Susceptibility of methicillin-resistant staphylococci to oregano essential oil, carvacrol and thymol. FEMS Microbiol. Lett. 2004, 230, 191–195. [Google Scholar] [CrossRef]

	



Trombetta, D.; Castelli, F.; Sarpietro, M.G.; Venuti, V.; Cristani, M.; Daniele, C.; Saija, A.; Mazzanti, G.; Bisignano, G. Mechanisms of antibacterial action of three monoterpenes. Antimicrob. Agents Chemother. 2005, 49, 2474–2478. [Google Scholar] [CrossRef]

	



Hendry, E.R.; Worthington, T.; Conway, B.R.; Lambert, P.A. Antimicrobial efficacy of eucalyptus oil and 1, 8-cineole alone and in combination with chlorhexidine digluconate against microorganisms grown in planktonic and biofilm cultures. J. Antimicrob. Chemother. 2009, 64, 1219–1225. [Google Scholar] [CrossRef]

	



Ait-Ouazzou, A.; Cherrat, L.; Espina, L.; Lorán, S.; Rota, C.; Pagán, R. The antimicrobial activity of hydrophobic essential oil constituents acting alone or in combined processes of food preservation. Innov. Food Sci. Emerg. Technol. 2011, 12, 320–329. [Google Scholar] [CrossRef]

	



Kifer, D.; Mužinić, V.; Klarić, M.Š. Antimicrobial potency of single and combined mupirocin and monoterpenes, thymol, menthol and 1,8-cineole against Staphylococcus aureus planktonic and biofilm growth. J. Antibiot. 2016, 69, 689–696. [Google Scholar] [CrossRef]

	



Friedman, M. Chemistry, antimicrobial mechanisms, and antibiotic activities of cinnamaldehyde against pathogenic bacteria in animal feeds and human foods. J. Agric. Food Chem. 2017, 65, 10406–10423. [Google Scholar] [CrossRef]

	



Rúa, J.; del Valle, P.; de Arriaga, D.; Fernández-Álvarez, L.; García-Armesto, M.R. Combination of carvacrol and thymol: Antimicrobial activity against Staphylococcus aureus and antioxidant activity. Foodborne Pathog. Dis. 2019, 16, 622–629. [Google Scholar] [CrossRef]

	



Han, Y.; Sun, Z.; Chen, W. Antimicrobial Susceptibility and Antibacterial Mechanism of Limonene against Listeria monocytogenes. Molecules 2020, 25, 33. [Google Scholar] [CrossRef]

	



Boutennoun, H.; Boussouf, L.; Rawashdeh, A.; Al-Qaoud, K.; Abdelhafez, S.; Kebieche, M.; Madani, K. In vitro cytotoxic and antioxidant activities of phenolic components of Algerian Achillea odorata leaves. Arab. J. Chem. 2017, 10, 403–409. [Google Scholar] [CrossRef]

	



Idm’hand, E.; Msanda, F.; Cherifi, K. Ethnopharmacological review of medicinal plants used to manage diabetes in Morocco. Clin. Phytosci. 2020, 6, 18. [Google Scholar] [CrossRef]

	



Khabbach, A.; Libiad, M.; Ennabili, A.; Bousta, D. Medicinal and cosmetic use of plants from the province of Taza, Northern Morocco. Lat. Am. Caribb. Bull. Med. Aromat. Plants 2012, 11, 46–60. [Google Scholar]

	



Benali, T.; Khabbach, A.; Ennabili, A.; Hammani, K. Ethnopharmacological prospecting of medicinal plants from the Province of Guercif (NE of Morocco). Mor. J. Biol. 2017, 14, 1–14. [Google Scholar]

	



Bremer, K.; Humphries, C.J. Generic monograph of the Asteraceae-Anthemideae. Bull. Nat. Hist. Mus. Bot. Ser. 1993, 23, 71–177. [Google Scholar]

	



Mozaffarian, V. A Dictionary of Iranian Plant Names; Farhang Moaser Press: Tehran, Iran, 1996. [Google Scholar]

	



Baser, K.H.C.; Demirci, B.; Demirci, F.; Kocak, S.; Akinci, C.; Malyer, H.; Guleryuz, G. Composition and antimicrobial activity of the essential oil of Achillea multifida. Planta Med. 2002, 68, 941–943. [Google Scholar] [CrossRef]

	



Candan, F.; Unlu, M.; Tepe, B.; Daferera, D.; Polissiou, M.; Sokmen, A.; Akpulat, H.A. Antioxidant and antimicrobial activity of the essential oil and methanol extracts of Achillea millefolium subsp. millefolium Afan. (Asteraceae). J. Ethnopharmacol. 2003, 87, 215–220. [Google Scholar] [CrossRef]

	



Tzakou, O.; Couladis, M.; Milenkovic, M.; Vucicevic, D.; Kovacevic, N. Composition and antimicrobial activity of Achillea coarctata essential oils from Greece. J. Essent. Oil Bear. Plants 2009, 12, 541–545. [Google Scholar] [CrossRef]

	



Turkoglu, I.; Turkoglu, S.; Celik, S.; Kahyaoglu, M. Antioxidant and antimicrobial activities of Turkish endemic Achillea species. Afr. J. Microbiol. Res. 2010, 4, 2034–2042. [Google Scholar]

	



Mohammadhosseini, M.; Sarker, S.D.; Akbarzadeh, A. Chemical composition of the essential oils and extracts of Achillea species and their biological activities: A review. J. Ethnopharmacol. 2017, 199, 257–315. [Google Scholar] [CrossRef]

	



Kotan, R.; Kordali, S.; Cakir, A. Screening of antibacterial activities of twenty-one oxygenated monoterpenes. Z. Naturforsch. C J. Biosci. 2007, 62, 507–513. [Google Scholar] [CrossRef] [PubMed]

	



Badawy, M.E.; Marei, G.I.K.; Rabea, E.I.; Taktak, N.E. Antimicrobial and antioxidant activities of hydrocarbon and oxygenated monoterpenes against some foodborne pathogens through in vitro and in silico studies. Pestic. Biochem. Phys. 2019, 158, 185–200. [Google Scholar] [CrossRef] [PubMed]

	



Tahraoui, A.; El-Hilaly, J.; Israili, Z.H.; Lyoussi, B. Ethnopharmacological survey of plants used in the traditional treatment of hypertension and diabetes in south-eastern Morocco (Errachidia province). J. Ethnopharmacol. 2007, 110, 105–117. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Trujano, M.E.; Carrera, D.; Ventura-Martinez, R.; Cedillo-Portugal, E.; Navarrete, A. Neuropharmacological profile of an ethanol extract of Ruta chalepensis L. in mice. J. Ethnopharmacol. 2006, 106, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



De Sa, R.Z.; Rey, A.; Argañaraz, E.; Bindstein, E. Perinatal toxicology of Ruta chalepensis (Rutaceae) in mice. J. Ethnopharmacol. 2000, 69, 93–98. [Google Scholar] [CrossRef]

	



Haddouchi, F.; Chaouche, T.M.; Zaouali, Y.; Ksouri, R.; Attou, A.; Abdelhafid Benmansour, A. Chemical composition and antimicrobial activity of the essential oils from four Ruta species growing in Algeria. Food Chem. 2013, 141, 253–258. [Google Scholar] [CrossRef]

	



Kacem, M.; Kacem, I.; Simon, G.; Mansour, A.B.; Chaabouni, S.; Elfeki, A.; Bouaziz, M. Phytochemicals and biological activities of Ruta chalepensis L. growing in Tunisia. Food Biosci. 2015, 12, 73–83. [Google Scholar] [CrossRef]

	



Orlanda, J.F.F.; Nascimento, A.R. Chemical composition and antibacterial activity of Ruta graveolens L. (Rutaceae) volatile oils, from São Luís, Maranhão, Brazil. S. Afr. J. Bot. 2015, 99, 103–106. [Google Scholar] [CrossRef]

	



Attia, E.Z.; El-Baky, R.M.A.; Desoukey, S.Y.; Mohamed, M.A.E.H.; Bishr, M.M.; Kamel, M.S. Chemical composition and antimicrobial activities of essential oils of Ruta graveolens plants treated with salicylic acid under drought stress conditions. Future J. Pharm. Sci. 2018, 4, 254–264. [Google Scholar] [CrossRef]

	



El-Sherbeny, S.E.; Hussein, M.S.; Khalil, M.Y. Improving the production of Ruta graveolens L. plants cultivated under different compost levels and various sowing distance. Am. Eurasian J. Agric. Environ. Sci. 2007, 2, 271–281. [Google Scholar]

	



Dob, T.; Dahmane, D.; Gauriat-Desrdy, B.; Daligault, V. Volatile constituents of the essential oil of Ruta chalepensis L. subsp. angustifolia (Pers.) P. Cout. J. Essent. Oil Res. 2008, 20, 306–309. [Google Scholar] [CrossRef]

	



Merghache, S.; Hamza, M.; Tabti, B. Etude physicochimique de l’huile essentielle de Ruta Chalepensis L. de Tlemcen, Algérie. Afr. Sci. 2009, 05, 67–81. [Google Scholar] [CrossRef]

	



Saidani-Tounsi, M.; Wannes, W.A.; Ouerghemmi, I.; Msaada, K.; Smaoui, A.; Marzouk, B. Variation in essential oil and fatty acid composition in different organs of cultivated and growing wild Ruta chalepensis L. Ind. Crops Prod. 2011, 33, 617–623. [Google Scholar] [CrossRef]

	



Popova, A.A.; Koksharova, O.A.; Lipasova, V.A.; Zaitseva, J.V.; Katkova-Zhukotskaya, O.A.; Eremina, S.I.; Mironov, A.S.; Leonid, S.; Chernin, L.S.; Khmel, I.A. Inhibitory and toxic effects of volatiles emitted by strains of Pseudomonas and Serratia on growth and survival of selected microorganisms, Caenorhabditis elegans, and Drosophila melanogaster. BioMed Res. Int. 2014, 2014, 125704. [Google Scholar] [CrossRef] [PubMed]

	



Habbadi, K.; Meyer, T.; Vial, L.; Gaillard, V.; Benkirane, R.; Benbouazza, A.; Kerzaon, I.; Achbani, E.H.; Lavire, C. Essential oils of Origanum compactum and Thymus vulgaris exert a protective effect against the phytopathogen Allorhizobium vitis. Environ. Sci. Pollut. Res. 2018, 25, 29943–29952. [Google Scholar] [CrossRef] [PubMed]

	



Adams, R.P. Identification of Essential Oil Components by Gas Chromatograph/Mass Spectrometry, 4th ed.; Allured Publishing Corporation: Carol Stream, IL, USA, 2007. [Google Scholar]

	



Huang, B.; Ke, H.; He, J.; Ban, X.; Zeng, H.; Wang, Y. Extracts of Halenia elliptica exhibit antioxidant properties in vitro and in vivo. Food Chem. Toxicol. 2011, 49, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Oyaizu, M. Studies on products of browning reaction-antioxidative activities of products of browning reaction prepared from glucosamine. Jpn. J. Nutr. Diet. 1986, 44, 307–315. [Google Scholar] [CrossRef]

	



Dinjaski, N.; Fernández-Gutiérrez, M.; Selvam, S.; Parra-Ruiz, F.J.; Lehman, S.M.; San Román, J.; Prieto, M.A. PHACOS, a functionalized bacterial polyester with bactericidal activity against methicillin-resistant Staphylococcus aureus. Biomaterials 2014, 35, 14–24. [Google Scholar] [CrossRef]

	



Rota, C.; Carramiñana, J.J.; Burillo, J.; Herrera, A. In vitro antimicrobial activity of essential oils from aromatic plants against selected foodborne pathogens. J. Food Prot. 2004, 67, 1252–1256. [Google Scholar] [CrossRef]

	



Bekhechi, C.; Bekkara, F.A.; Casanova, J.; Tomi, F. Composition and antimicrobial activity of the essential oil of Achillea odorata L. subsp. pectinata (Lamk) var. microphylla (Willd.) Willk. from Northwestern Algeria. J. Essent. Oil Res. 2011, 23, 42–46. [Google Scholar] [CrossRef]

	



Kambouche, N.; Merah, B.; Bellahouel, S.; Bouayed, J.; Dicko, A.; Derdour, A.; Younos, C.; Soulimani, R. Chemical Composition and Antioxidant Potential of Ruta montana L. Essential Oil from Algeria. J. Med. Food 2008, 11, 593–595. [Google Scholar] [CrossRef] [PubMed]

	



Belkassam, A.; Amar, Z.; Gherraf, N.; Mesbah, L.; Rhouati, S. Essential Oil Composition of Algerian Ruta Montana (Clus.) L. and its Antibacterial Effects on Microorganisms Responsible for Respiratory Infections. Adv. Nat. Appl. Sci. 2011, 5, 264–268. [Google Scholar]

	



Boutoumi, H.; Moulay, S.; Khodj, M. Essential Oil from Ruta montana L. (Rutaceae) Chemical Composition, Insecticidal and Larvicidal Activities. J. Essent. Oil Bear. Plants 2009, 12, 714–721. [Google Scholar] [CrossRef]

	



Palá-Paúl, J.; Velasco-Negueruela, A.; José Pérez-Alonso, M.J.; Sanz, J. Seasonal Variation in Chemical Composition of Cistus albidus L. from Spain. J. Essent. Oil Res. 2005, 17, 19–22. [Google Scholar] [CrossRef]

	



Sefidkon, F.; Abbasi, K.; Khaniki, G.B. Influence of drying and extraction methods on yield and chemical composition of the essential oil of Satureja hortensis. Food Chem. 2006, 99, 19–23. [Google Scholar] [CrossRef]

	



Harkat-madouri, L.; Asma, B.; Madani, K.; Si, Z.B.; Rigou, P.; Grenier, D.; Allalou, H.; Remini, H.; Adjaoud, A.; Boulekbache-makhlouf, L. Chemical composition, antibacterial and antioxidant activities of essential oil of Eucalyptus globulus from Algeria. Ind. Crops Prod. 2015, 78, 148–153. [Google Scholar] [CrossRef]

	



Kpoviessi, S.; Agbani, P.; Gbaguidi, F.; Gbenou, J.; Sinsin, B.A.; Accrombessi, G.; Bero, J.; Moudachirou, M.; Quetin-Leclercq, J. Seasonal variations of volatile constituents of Hemizygia bracteosa (Benth.) Briq. aerial parts from Benin. C. R. Chim. 2016, 19, 890–894. [Google Scholar] [CrossRef]

	



Bennaoum, Z.; Benhassaini, H.; Falconieri, D.; Piras, A.; Porcedda, S. Chemical variability in essential oils from Ruta species among seasons, and its taxonomic and ecological significance. Nat. Prod. Res. 2017, 31, 2329–2334. [Google Scholar] [CrossRef]

	



Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.J. Flavonoid antioxidants: Chemistry, metabolism and structure-activity relationships. J. Nutr. Biochem. 2002, 13, 572–584. [Google Scholar] [CrossRef]

	



Luís, Â.; Duarte, A.; Gominho, J.; Domingues, F.; Duarte, A.P. Chemical composition, antioxidant, antibacterial and anti-quorum sensing activities of Eucalyptus globulus and Eucalyptus radiata essential oils. Ind. Crops Prod. 2015, 79, 274–282. [Google Scholar] [CrossRef]

	



Ouedraogo, R.A.; Koala, M.; Dabire, C.; Hema, A.; Bazie, V.B.E.J.T.; Outtara, L.P.; Nebie, R.H. Teneur en phénols totaux et activité antioxydante des extraits des trois principales variétés d’oignons (Allium cepa L.) cultivées dans la région du Centre-Nord du Burkina Faso. IJBCS 2015, 9, 281–291. [Google Scholar] [CrossRef]

	



Kuppusamy, U.R.; Indran, M.; Balraj, B.R.S. Antioxidant effects of local fruits and vegetable extracts. J. Trop. Med. Plants 2002, 3, 47–53. [Google Scholar]

	



Fernández-López, J.; Zhi, N.; Aleson-Carbonell, L.; Pérez-Alvarez, J.A.; Kuri, V. Antioxidant and antibacterial activities of natural extracts: Application in beef meatballs. Meat Sci. 2005, 69, 371–380. [Google Scholar] [CrossRef] [PubMed]

	



Chivandi, E.; Dangarembizi, R.; Nyakudya, T.T.; Erlwanger, K.H. Use of Essential Oils as a Preservative of Meat. In Essential Oils in Food Preservation, Flavor and Safety; Elsevier: Amsterdam, The Netherlands, 2016. [Google Scholar]

	



Karami, A.; Kavoosi, G.; Maggi, F. The Emulsion Made with Essential Oil and Aromatic Water from Oliveria Decumbens Protects Murine Macrophages from LPS-Induced Oxidation and Exerts Relevant Radical Scavenging Activities. Biocatal. Agric. Biotechnol. 2019, 17, 538–544. [Google Scholar] [CrossRef]

	



Almadiy, A.A.; Nenaah, G.E.; Al Assiuty, B.A.; Moussa, E.A.; Mira, N.M. Chemical composition and antibacterial activity of essential oils and major fractions of four Achillea species and their nanoemulsions against foodborne bacteria. LWT-Food Sci. Technol. 2016, 69, 529–537. [Google Scholar] [CrossRef]

	



Aminkhani, A.; Sharifi, R.; Dorosti, R. Chemical composition and antimicrobial activity of Achillea tenuifolia Lam. essential oil at different phenological stages from Khoy. Chem. Biodivers. 2019, 16, e1900289. [Google Scholar] [CrossRef] [PubMed]

	



Eruygur, N.; Koçyiğit, U.M.; Taslimi, P.; Ataş, M.E.H.M.E.T.; Tekin, M.; Gülçin, İ. Screening the in vitro antioxidant, antimicrobial, anticholinesterase, antidiabetic activities of endemic Achillea cucullata (Asteraceae) ethanol extract. S. Afr. J. Bot. 2019, 120, 141–145. [Google Scholar] [CrossRef]

	



Ozdemir, F.A. Potential Effects of Essential Oil Compositions on Antibacterial Activities of Achillea nobilis L. subsp. neilreichii. J. Essent. Oil Bear. Plants 2019, 22, 574–580. [Google Scholar] [CrossRef]

	



Ahmed, W.; Aburjai, T.; Hudaib, M.; Al-Karablieh, N. Chemical Composition of Essential Oils Hydrodistilled from Aerial Parts of Achillea fragrantissima (Forssk.) Sch. Bip. and Achillea santolina L. (Asteraceae) Growing in Jordan. J. Essent. Oil Bear. Plants 2020, 23, 15–25. [Google Scholar] [CrossRef]

	



Açıkgöz, M.A. Determination of essential oil compositions and antimicrobial activity of Achillea gypsicola Hub.-Mor. at different plant parts and phenological stages. J. Essent. Oil Res. 2020. [Google Scholar] [CrossRef]

	



Mohammedi, H.; Mecherara-Idjeri, S.; Hassani, A. Variability in essential oil composition, antioxidant and antimicrobial activities of Ruta montana L. collected from different geographical regions in Algeria. J. Essent. Oil Res. 2020, 32, 88–101. [Google Scholar] [CrossRef]

	



Djarri, L.; Ferhat, M.; Merabet, G.; Chelghoum, A.; Laggoune, S.; Semra, Z.; Smati, F.; Kabouche, Z. Composition and antibacterial activity of the essential oil of Ruta montana from Constantine (Algeria). Der Pharm. Lett. 2013, 5, 70–73. [Google Scholar]

	



Zellagui, A.; Belkassam, A.; Belaidi, A.; Gherraf, N. Environmental impact on the chemical composition and yield of essential oils of Algerian Ruta montana (clus.) L and their antioxidant and antibacterial activities. Adv. Environ. Biol. 2012, 6, 2684–2688. [Google Scholar]

	



Cosentino, S.; Tuberoso, C.I.G.; Pisano, B.; Satta, M.; Mascia, V.; Arzedi, E.; Palmas, F. In vitro antimicrobial activity and chemical composition of Sardinian Thymus essential oils. Lett. Appl. Microbiol. 1999, 29, 130–135. [Google Scholar] [CrossRef] [PubMed]

	



Soković, M.; Marin, P.D.; Brkić, D.; Van Griensven, L.J.L.D. Chemical composition and antibacterial activity of essential oils of ten aromatic plants against human pathogenic bacteria. Food Glob. Sci. Book 2007, 1, 220–226. [Google Scholar]

	



McGowan, J.E., Jr. Resistance in nonfermenting Gram-negative bacteria: Multidrug resistance to the maximum. Am. J. Infect. Control 2006, 34, S29–S37. [Google Scholar] [CrossRef]

	



Saunders, N.A.; Lee, M.A. Real-Time PCR: Advanced Technologies and Applications; Horizon Scientific Press: Salisbury, UK, 2013. [Google Scholar]

	



Gibka, J.; Kunicka-Styczyñska, A.; Gliñski, M. Antimicrobial Activity of Undecan-2-one, Undecan-2-ol and Their Derivatives. J. Essent. Oil Bear. Plants 2009, 12, 605–614. [Google Scholar] [CrossRef]

	



Kunicka-Styczyńska, A.; Gibka, J. Antimicrobial activity of undecan-x-ones (x = 2-4). Pol. J. Microbiol. 2010, 59, 301–306. [Google Scholar] [CrossRef] [PubMed]

	



Knobloch, K.; Pauli, A.; Iberi, B.; Wegand, H.; Weis, N. Antibacterial and antifungal properties of essential oil components. J. Essent. Oil Res. 1989, 1, 119–128. [Google Scholar] [CrossRef]

	



De Vincenzi, M.; Mancini, E.; Dessi, M.R. Monographs on botanical avouring substances used in foods. Part V. Fitoterapia 1996, 67, 241–251. [Google Scholar]

	



Pattnaik, S.; Subramanyam, V.R.; Bapaji, M.; Kole, C.R. Antibacterial and antifungal activity of aromatic constituents of essential oils. Microbios 1997, 89, 39–46. [Google Scholar] [PubMed]

	



Tzakou, O.; Pitarokili, D.; Chinou, I.B.; Harvala, C. Composition and antimicrobial activity of the essential oil of Salvia ringens. Planta Med. 2001, 67, 81–83. [Google Scholar] [CrossRef] [PubMed]

	



Mourey, A.; Canillac, N. Anti-Listeria monocytogenes activity of essential oils components of conifers. Food Control 2002, 13, 289–292. [Google Scholar] [CrossRef]

	



Viljoen, A.; Vuuren, S.V.; Ernst, E.; Klepser, M.; Demirci, B.; Baser, H.; Wyk, B.E.V. Osmitopsis asteriscoides (Asteraceae)—The antimicrobial and essential oil composition of a Cape-Dutch remedy. J. Ethnopharmacol. 2003, 88, 137–143. [Google Scholar] [CrossRef]

	



Ojeda-Sana, A.M.; van Baren, C.M.; Elechosa, M.A.; Juárez, M.A.; Moreno, S. New insights into antibacterial and antioxidant activities of rosemary essential oils and their main components. Food Control 2013, 3, 189–195. [Google Scholar] [CrossRef]

	



Mejlholm, O.; Dalgaard, P. Antimicrobial effects of EOs on the seafood spoilage microorganism Photobacterium phosphoreum in liquid media and fish products. Lett. Appl. Microbiol. 2002, 34, 27–31. [Google Scholar] [CrossRef]

	



Gill, A.O.; Delaquis, P.; Russo, P.; Holley, R.A. Evaluation of antilisterial action of cilantro oil on vacuum packed ham. Int. J. Food Microbiol. 2002, 73, 83–92. [Google Scholar] [CrossRef]

	



Pandit, V.A.; Shelef, L.A. Sensitivity of Listeria monocytogenes to rosemary (Rosmarinus officinalis L.). Food Microbiol. 1994, 11, 57–63. [Google Scholar] [CrossRef]

	



Ultee, A.; Smid, E.J. Influence of carvacrol on growth and toxin production by Bacillus cereus. Int. J. Food Microbiol. 2001, 64, 373–378. [Google Scholar] [CrossRef]

	



Mendoza-Yepes, M.J.; Sanchez-Hidalgo, L.E.; Maertens, G.; Marin-Iniesta, F. Inhibition of Listeria monocytogenes and other bacteria by a plant essential oil (DMC) en Spanish soft cheese. J. Food Saf. 1997, 17, 47–55. [Google Scholar] [CrossRef]








[image: Foods 09 00668 g001 550] 





Figure 1. Scanning Electron Microscope micrographs of trichome from untreated leaves of Ruta montana (P, Peltate gland; NG, non-glandular; C, Distribution of trichomes on the leaf). 
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Figure 2. Scanning Electron Microscope micrographs of trichome leaf from Achillea odorata subsp. pectinata (P, Peltate gland; C, Distribution of trichomes on the leaf). 
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Figure 3. Chromatogram of gas chromatography analysis of Achillea odorata subsp. pectinata essential oil. 
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Figure 4. Chromatogram of gas chromatography analysis of Ruta montana essential oil. 
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Figure 5. Effect of MIC and 4× MIC of Achillea odorata subsp. pectinata essential oil on Proteus mirabilis (A) and Bacillus subtilis (B) in cabbage food system. 
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Figure 6. Effect of MIC and 4× MIC of Achillea odorata subsp. pectinata essential oil on Proteus mirabilis (A) and Bacillus subtilis (B) in Barley food system. 
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Table 1. Chemical composition of essential oils obtained from A. odorata subsp. pectinata and R. montana.
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Compounds

	
RI *

	
A. Odorata Subsp. Pectinata

	
R. Montana




	
Area %






	
α-Pinene

	
930

	
1.61

	
nd




	
Camphene

	
947

	
3.58

	
nd




	
β- Pinene

	
975

	
0.45

	
nd




	
Paracymene

	
1025

	
nd

	
0.31




	
Limonene

	
1030

	
1.42

	
nd




	
1,8-Cineole (Eucalyptol)

	
1034

	
2.96

	
nd




	
Camphor

	
1153/1151

	
45.01

	
3.82




	
2(1H)–pyridinone

	
1158

	
1.07

	
-




	
Bicyclo [2.2.1] heptan-3-one

	
1165

	
0.35

	
-




	
Cyclopentene,3-ethylidene-1-methyl

	
1172

	
2.05

	
-




	
Borneol

	
1175/1173

	
11.33

	
0.66




	
Terpineol-4

	
1181

	
1.44

	
nd




	
Decanone-2

	
1191

	
nd

	
0.46




	
Terpinolene

	
1195

	
2.3

	
nd




	
Cyclopentane, 2-methyl-1-methylene

	
1228

	
0.59

	
nd




	
Geranylbromide

	
1249

	
1.56

	
nd




	
Geranial

	
1266

	
nd

	
0.42




	
Bornyl acetate

	
1283

	
15.07

	
1.16




	
Phenol,2-(2-methylpropyl)

	
1292

	
0.72

	
-




	
2-undecanone

	
1294

	
nd

	
63.97




	
2-undecanol

	
1302

	
nd

	
3.25




	
Eugenol

	
1349

	
0.47

	
nd




	
Nerol

	
1376

	
1.69

	
nd




	
Trimethyl-tetrahydronaphtalene

	
1383

	
nd

	
0.45




	
Cis-Jasmone

	
1390

	
0.82

	
nd




	
Dodecacone-2

	
1392

	
nd

	
1.14




	
β-Trans-caryophyllene

	
1419

	
nd

	
1.1




	
2-Acetoxydodecane

	
1428

	
nd

	
3.66




	
β-E- Farnesene

	
1451

	
0.49

	
nd




	
Tridecanone-2

	
1493

	
nd

	
1.2




	
Tetramethylsuccinimide

	
1529

	
nd

	
3




	
Caryophyllene oxide

	
1581

	
nd

	
3.38




	
Ɣ-Gurjunene

	
1593

	
nd

	
0.42




	
(-)-isoledene

	
1608

	
nd

	
0.73




	
2-pentene, 4-methyl

	
1614

	
nd

	
0.65




	
Adamantane

	
1636

	
nd

	
0.78




	
Globulol

	
1653

	
nd

	
0.4




	
β-Eudesmol

	
1654

	
4.74

	
nd




	
3-Heptene,7-phenyl

	
1668

	
nd

	
3.38




	
2-nonen-4-one

	
1761

	
nd

	
0.59




	
1,3-benzodioxole,5-(2,2-dimethyl)

	
1820

	
nd

	
3.09




	
Trimethyl-6,10,14-pentadecanone-2

	
1841

	
nd

	
0.41




	
Isomaturnin

	
2162

	
nd

	
0.44




	
Total

	
99.72

	
98.87








* RI: identification by Kovats indices. Retention index relative to C9–C31 on DB-5 MS capillary column. nd: not detected.
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Table 2. Antioxidant activity of A. odorata subsp. pectinata and R. montana essential oils.
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Assays

	
Essential Oils

	
Ascorbic Acid

	
Trolox




	
A. Odorata Subsp. Pectinata

	
R. Montana






	
DPPH (IC50, µg/mL) *

	
189.8 ± 1.09 a

	
244.62 ± 0.34 b

	
1.82 ± 0.025 c

	
1.4 ± 0.04 d




	
Reducing power (mg AAE/g of EO) **

	
0.85 ± 0.24

	
1.39 ± 0.07

	
ND

	
ND








Values represent means (standard deviations) for triplicate experiments; values with different superscripts (a–d) were significantly different at p < 0.05. * IC50: the concentration at 50% of inhibition. ** mg AAE/g EO: milligram equivalence of ascorbic acid per gram of essential oil; ND: not determined.
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Table 3. Antimicrobial activity of A. odorata subsp. pectinata and R. montana essential oils determined by disc diffusion method.
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Inhibition Zones Diameter (mm) *




	

	
Essential Oils

	
Standard Antimicrobial




	

	
A. Odorata Subsp. Pectinata

	
R. Montana

	
Gentamicin

(15 μg)

	
Vancomicym (30 µg)

	
Amphotericin (10 μg)






	
S. aureus CECT 976

	
12 ±1.52 a

	
12 ± 1 a

	
34.33 ± 0.57 b

	
30.66 ± 0.57 c

	
NT




	
B. subtilis DSM 6633

	
31 ± 1 a

	
21.33 ± 1.52 b

	
26 ± 1 c

	
27.66 ± 0,57 d

	
NT




	
L. innocua CECT 4030

	
12 ± 1 a

	
10.33 ± 1.52 a

	
17.66 ± 0.57 b

	
25.33 ± 0.57 c

	
NT




	
E. coli K12

	
9.33 ± 1.52 a

	
6 ± 0.00 b

	
20.33 ± 0.5 c

	
8 ± 0.00 ab

	
NT




	
P. aeruginosa CECT 118

	
12 ± 1 a

	
9 ± 2.64 b

	
19 ± 1 c

	
6 ± 0.00 b

	
NT




	
P. mirabilis NIH

	
30.33 ± 2.08 a

	
16.66 ± 1.15 b

	
28.66 ± 0.57 a

	
24.33 ± 0.57 c

	
NT




	
C. albicans ATCC 10231

	
25.33 ± 0.57 a

	
21.66 ± 0.57 b

	
NT

	
NT

	
18.66±1.15c








* The diameter of the inhibition zones (mm), including diameter of disc 6 mm, are given as mean ± SD of triplicate experiments; NT: not tested; Within each line, Different letters (a–c) indicate significant differences (p < 0.05).
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Table 4. The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) (mg/mL) of A. odorata subsp. pectinata and R. montana essential oils.
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Bacterial Strains

	
Essential Oils




	
A. Subsp. Pectinata

	
R. Montana




	
MIC

	
MBC

	
MIC

	
MBC






	
S. aureus CECT 976

	
12.5

	
25

	
>25

	
>25




	
B. subtilis DSM 6633

	
0.19

	
3.12

	
0.39

	
6.25




	
L. innocua CECT 4030

	
25

	
>25

	
nt

	
NT




	
P. aeruginosa CECT 118

	
25

	
>25

	
nt

	
NT




	
P. mirabilis NIH

	
0.19

	
0.19

	
0.78

	
6.25




	
C. albicans ATCC 10231

	
6.25

	
12.5

	
6.25

	
>25








MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration; NT: not tested.
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