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Abstract

:

The aim of this research is to profile the chemical composition of the essential oil (EO) extracted from the aerial parts of Origanum elongatum (O. elongatum) and to evaluate its antioxidant, antibacterial and insecticidal activities on Ceratitis capitata adults. Gas chromatography coupled with mass spectrometry (GC/MS) revealed a total of 27 constituents in EO of O. elongatum, which accounted for 99.08% of its constituents. Carvacrol (57.32%) was a main component, followed by p-cymene (14.70%) and γ-terpinene (9.84%). The antioxidant activity of O. elongatum EO was investigated using DPPH (1,1-diphenyl-2-picrylhydrazyl), FRAP (Ferric reducing antioxidant power), and TCA (the total antioxidant capacity) methods. This EO exhibited a remarkable antiradical and reducing power against DPPH (IC50 = 2.855 ± 0.018μL/mL), FRAP (EC0.5 = 0.124 ± 0.013µL/mL) and TCA (IC50 = 14.099 ± 0.389 mg AAE/g of the EO). The antibacterial tests in vitro, using the disc and dilution methods, were carried out on nine pathogenic bacteria isolated from the hospital patients, such as Enterococcus faecalis, Serratia fonticola, Staphylococcus aureus, Acinétobacter baumannii, Klebsiella oxytoca, Klebsiella pneumoniae sensible, E.coli sensible, E.coli resistante, and Enterobacter aerogenes. The EO demonstrated a considerable antibacterial activity with minimum inhibitory concentrations (MIC) from 2 to 8 µL/mL against all strains except Staphylococcus aureus (MIC = 32 µL/mL). Regarding the insecticidal activity, the fumigation test indicated a high efficacy (100% mortality), and a lethal dose of LD50  =  17 ± 0.53 μL/L air was found after 24 h of exposureTherefore, O. elongatum EO could be utilized as a natural antioxidant, antibiotic and biopesticides.
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1. Introduction


The natural flora is largely made up of medicinal and aromatic plants, which are valued as resources in a number of sectors, including the food, cosmetics, and pharmaceutical industries. The valorization of these natural plant resources essentially involves extracting their essential oils. Generally, they are obtained through steam distillation or hydrodistillation. The oils captured are volatile liquids that containsecondary metabolites characterized by a complex composition and a strong odor. Recent studies have concentrated on the biological characteristics of essential oils, such as their antioxidant, anti-inflammatory, antiviral, and insecticidal effects [1,2,3]. In fact, the many biological properties of essential oils make them very promising preservatives for the food industry [4,5,6]. Utilizing volatile oils in the food industry proves to be a relevant choice for a specific risk of contamination or the need to reduce or replace the agents of chemical or synthetic preservatives.



One of the most significant plant families for the production of essential oils with antioxidant and antimicrobial characteristics is the Lamiaceae family. The majority of aromatic plants that are abundant in essential oils can be found in the Mediterranean region, where the production of these oils is proving to be a lucrative source of ecological and economic development. Among these aromatic and medicinal plants, Origanum species are rich in EO and they are consumed worldwide as spices. In addition, they have various biological activities, the potentials of which have been revealed by several scientific studies [7,8,9]. Origanum belongs to the Lamiaceae family and it is called “Oregano” in English. It is divided into 39 species distributed in the Mediterranean, Euro-Siberian and Irano-Turanian regions [10,11]. Due to its multiple therapeutic and condiment properties, its medicinal use dates back thousands of years. The ancient Greek and Roman empires employed the leaves for the treatment of skin lesions and as an antiseptic, as well as for other ailments such asasthma, diarrhea and indigestion. In Greece, an infusion of oregano is still used as a folk remedy for colds and stomach ailments. In Morocco, the species of oregano have great popularity and are locally known as “Zaatar” or “Zwi” in Berber. In aqueous infusion, Zaatar is traditionally used to treat dysentery, colitis, bronchopulmonary, gastric acidity, and gastrointestinal diseases, while in the Middle Atlas (Jbel-Bouiblane), this species is used for the treatment of liver disorders [12].



We were interested in the phytochemical and biological studies of the species called Origanum elongatum (Bonnet) Emb. & Maire. It is an endemic perennial plant that grows in the mountains of the Rif and Middle Atlas. It grows in shale soils and at an altitude of between 400 and 1500 m above sea level. The lightness of the inflorescences, their abundance, and the staggered nature of the flowering can providean ornamental interest to this species. In the past, its essential oil was artisanally distilled and sold commercially under the name of Rif thyme essence. In Moroccan traditional medicine, O. elongatum is used as an infusion to treat hepatic diseases, and it is very much visited by the bees. The aim of the current investigation was to determine the chemical content of the essential oil of O. elongatum and to study its antibacterial and antioxidant activities. Therefore, these findings can be applied to additional applications of the EO of O. elongatum as a valuable natural product in the pharmaceutical and food industries.




2. Results and Discussion


2.1. The Yield of the Essential Oil


Based on the dry plant matter of the plant’s aerial portion, the average yield of the essential oil was estimated. Indeed, the aerial part of O. elongatum appears clearly rich in EO with a yield of 4.46 ± 0.1%. This result remains superior to those reported by several researchers [13,14,15]. By comparing these results with other species, our samples of Origanum elongatum presented the highest yield of the essential oil compared to Origanum compactum (2.10%), and Origanum vulgare (2.5%) [16]. El Harsal et al. (2018) have investigated the influence of the extraction time on the yield of the EO of O. elongatum using hydrodistillation as an extraction process [17]. They argue that 140 min is the optimal duration to achieve a maximum yield of the EO for the studied species. O. elongatum economic exploitation is justified by the relatively high essential oil output it produces when compared to other plants.




2.2. Chemical Composition of O. elongatum Essential Oil


The chemical analysis of the EO of O. elongatum using gas chromatography coupled with mass spectrometry presented in Figure 1 enabled the detection of 27 chemical compounds, accounting for 99.08% of the overall chemical composition (Table 1). The chemical profile of the EO showed the dominance of oxygenated monoterpenes (65.08%) and hydrocarbon monoterpenes (29.06%), while the hydrocarbon and oxygenated sesquiterpenes were found in low percentages (2.93% and 2.01%, respectively). This essential oil was mostly composed of carvacrol (57.32%), followed by two monoterpene hydrocarbons with much lower contents: p-cymene (14.7%) and γ-terpinene (9.84%). The other identified constituents were present with contents comprised between 2.94 and 0.75%. This is a decreasing order of abundance of linalool (2.94%), thymol (2.71%), (Z)-caryophyllene (2.38%), caryophyllene oxide (2.01%), myrcene (1.43%) and α-pinene (0.75%). In addition, we remark the presence of thymohydroquinone in very low quantities (0.29%). Based on the results shown in Figure 2, we can observe that the EO of O. elongatum is rich in phenols (60.03%) and hydrocarbons (29.06%). In addition, we note the presence, in lower proportion, of non-aromatic alcohols (4.56%) and ethers (2.5%). However, the rate of the compounds identified in the analyzed EO varies significantly with the literature. These differences in chemical composition are dedicated to several factors, such as origin, growth stage, environmental influences and genetic heritage. In general, the impact of these factors on biosynthetic pathways causes variations in the majority of distinctive chemicals’ qualitative and quantitative properties, which results in the existence of distinct chemotypes that identify EO from various sources. The identified chemical composition presents similarities with several previous studies established in the north of Morocco. A review of the phytochemistry of O. elongatum extracts indicates that the EOs of different parts of this plant are rich in terpenoids such as α-tujene, β-myrcene, p-cymene, γ-terpinene, linalool, terpinene-4-ol, thymol, carvacrol, β-caryophyllene, β-bisabolene, caryophyllene oxide, α-terpinene, limonene, thymoquinone, and thymohydroquinone, α-phellandrene, caryophyllene, 3-carene, and α-pinene [18]. According to the same authors, thymol, carvacrol, p-cymene, and γ-terpinene are compounds found in the EOs of all parts of O. elongatum, which consists of the chemical composition of our oil from which we have detected these terpenoids as the major composition of the oil in question. Indeed, Cosentino et al. (199) found that this essential oil is mainly composed of carvacrol (62.8–79.2%), γ-terpinene (0.6–7.3%) and p-cymene (5.2–16.9%) [19]. However, Bellakhdar et Il Idrissi (1990) reported that the EO of O. elongatum from the Middle Atlas are rich in thymol (60%) [20].Figuérédo et al. (2006) have reported that the essential oil of the species harvested from the Rif region is rich in carvacrol (79.2%) and the essential oils of the cultivated plants of O. elongatum are similarly dominated by carvacrol (56, 1–63.9%) [21]. El Moussaoui et al. (2013) determined the composition of the essential oils isolated from the leaves and flowers of O. elongatum harvested from the north of Morocco [13]. This comparative study showed that the essential oils of the leaves and flowers of O. elongatum contain the same compounds but with variable proportions. Indeed, the four main compounds identified are carvacrol (19.21% in the leaves and 40.12% in the flowers), thymol (3.57–14.24%), p-cymene (16.08–16.19%), and γ-terpinene (7.27–13.48%). Using hydrodistillation as an extraction process, El Harsal et al. (2018) have demonstrated the influence of the extraction time on the chemical composition of the EO isolated from O. elongatum harvested in the north of Morocco [17]. The chemical profile of the essential oil exhibits the predominance of the oxygenated compounds (65.14%) and hydrocarbon compounds (28.02%). Overall, the main constituents of the EO werethymol (63.44%), γ-terpinene (14.63%), p-cymene (9.56%), β-caryophyllene (2.33%) and α-terpinene (1.65%). Moreover, the chromatographic and spectrophotometric analyses performed by Ramzi et al. (2017) on the essential oils of O. elongatum of five populations originating from the Rif mountains, harvested in different vegetative stages, reported the presence of the same chemical composition in the EO with modest variations between the flowering and fruiting phases and origin [14]. The majority compounds are carvacrol (67.34–81.72%), γ-terpinene (3.29–10.75%), p-cymene (3.62–7.81%) and thymol (1.79–9.17%). Bakhaet al. (2018) have established a study of the intraspecific chemical variability of the EO from O. elongatum harvested in the Rif and Middle Atlas mountains [15]. They confirm the dominance of oxygenated monoterpenes such as carvacrol (10.52–77.45%), thymol (0.98–62.40%) and p-cymene (7.63–31.53%). Thus, elevated rates of γ-terpinene (1.72–4.98%) and linalool (1.51–2.88%) have been reported in some samples. They suggest the existence of four chemotypes: carvacrol, carvacrol/thymol, carvacrol/p-cymene and thymol as the main components. It is seen that the carvacrol chemotype was the most distributed in the studied geographical area, and it is the same chemotype encountered in our sample. An analogous composition was reported by Oualili et al.(2020)for the EO of O. elongatum harvested from Targuist in the Rif of Morocco, who noted that the major compounds are carvacrol (60.42%), p-cymene (13.9%), and γ-terpinene (9.4%) [22]. Using the gas chromatography coupled with mass spectrometry, Oumam et al. (2021) identified sabinene (43.92%), γ-terpinene (16.93%), carvacrol (9.71%), isoterpinolene (8.74%) and thymol (5.53%) as the major componentsof the EO of the O. elongatum leaves of the northern region of Morocco [23]. In overall, the chemical composition of EOs from different parts of O. elongatum remains nearly identical, albeit at varying concentrations. This variability could be attributed to the geographical origin of the samples, climatic and ecological conditions, harvest season and drying process, and extraction procedures [24,25,26].




2.3. Antioxidant Activity of the Essential Oil of O. elongatum


The results of the antioxidant activity of the EO of O. elongatum of Middle Atlas (Bouyblane) and standard (BHA) evaluated using three methods, DPPH, FRAP and TCA, are presented in Figure 3 and Figure 4.The antioxidant power of the EOs has been widely studied. It has been valued as a potential natural substitute for the synthetic antioxidants used in specific sectors for the preservation of foods stuffs. For comparative reasons, the values of the IC50 and EC0.5 of the antioxidant activity of the EO of O. elongatum and BHA standard were determined from the graphs for the DPPH and FRAP tests (Table 2). In the first method (Figure 3a), the EO of the studied oregano and BHA were able to reduce the stable DPPH radical which results in the color change from purple to yellow. The EO of O. elongatum shows a lower activity than standard BHA, with IC50 values of 2.855 ± 0.018µL/mL and 1.512 ± 0.005 mg/mL, respectively. Oualili and others (2020) have revealed a strong antioxidant activity of the EO of O. elongatum from the Rif, noting IC50, which equals 1.20 g of extract/g of DPPH. Indeed, they showed that the carvacrol is directly involved in this activity [22]. Moreover, El Babili et al. (2011) found that the essential oil of O. compactum from Morocco has a significant antioxidant power with an IC50 of 60 mg/L [16]. For the FRAP method, the presence of reducers in the medium results in the reduction of the complex Fe+3/ferric cyanide of the yellow color to the ferrous form of greenish blue color through the donation of an electron. The increase in the absorbance at 700 nm indicates an increase of the reduction capacity. According to the FRAP tests, we find that the EO of O. elongatum has a slightly higher antioxidant power (EC0.5 = 0.124 ± 0.013µL/mL) than that of the standard BHA (EC0.5 = 0.15 ± 0.002 mg/mL). The results obtained using the FRAP method (Figure 3b) demonstrate that the EO of O. elongatum is able to reduce the ferric ions (Fe3+) easily and therefore neutralize the free radicals by donating electrons. Concerning the third method, phosphomolybdenum is quantitative since the total antioxidant activity is expressed as the number of equivalents of ascorbic acid. The optical density and the antioxidant capacity of the essential oil of origanum elongatum are presented in Figure 4. O. elongatum oil had TAC of 14.099 ± 0.389 mg AAE/g of EO. As compared to the synthetic antioxidant BHA (15.041 ± 0.05 mg AAE/g), O. elongatum oil exhibited approximate total antioxidant capacity. The results suggest that O. elongatum oil could be used as a natural antioxidant in the food systems. Given that the unfavorable side effects of synthetic antioxidants, such as liver damage or carcinogenesis, are well-known, these results appear encouraging for the preservation of food [27].Alcohols, phenols, terpenes, and ketone molecules, which serve as antagonistic or synergistic components of essential oils, combine chemically to produce antioxidant activity. In fact, numerous studies have linked the phenol content to the plant’s essential oil’s antioxidant power [28,29]. The great antioxidant potential of the EO extracted from O. elongatum is linked to the dominance of the oxygenated and hydrocarbon monoterpenes, the majority compounds of which are carvacrol (57.32%), p-cymene (14.70%) and γ-terpinene (9.84%), without neglecting the minority presence of certain families, such as non-aromatic alcohols and ethers, or the synergy between them. Several studies have attributed the antioxidant potential of the oregano species to the high content of phenolic compounds such as the carvacrol and thymol as they are able to scavenge free radicals through their phenolic hydroxyl groups [30,31]. The carvacrol has several biological and pharmacological activities: antioxidant, antibacterial, antifungal, anticancer, anti-inflammatory, hepatoprotective, spasmolytic and vasorelaxan [8,32,33]. The evaluation of the antioxidant capacity of the thymol, carvacrol and γ-terpinene compared to that of the synthetic antioxidant Trolox showed that carvacrol and thymol have an antioxidant activity similar to that of Trolox [34]. Furthermore, the antioxidant capacity of carvacrol was significantly higher than the same concentration of its thymol isomer [34,35]. In addition, the essential oils that are composed of oxygenated monoterpenes and/or sesquiterpenes are recognized by strong antioxidant properties [36].




2.4. Antibacterial Activity of the EO of O. elongatum


Three categories can be used to describe the antibacterial activity of the EO:(i) weak activity (inhibition zone ≤12 mm), (ii) moderate activity (12 mm < inhibition zone <20 mm) and (iii) strong activity (inhibition zone ≥ 20 mm). The results of the antibacterial activity of the essential oil of O.elongatum are recorded in Table 3. The statistical analysis showed that the diameters of inhibition were significantly different for the EO (p < 0.05). The tests of the diffusion performed with a volume of 5 µL showed that the tested EO exerts an antibacterial activity against the most tested bacteria with inhibition zone diameters ranging from 9 ± 0.00 to 48.05 ± 0.95 mm. The EO isolated from the aerial part of the oregano exhibited a great antibacterial activity against all tested strains, especially against sensitive K.oxytoca, S. fonticola, E. coli, E. aerogenes, E. faecalis, A. baumannii, showing zones of inhibition that varied from 20.7 ± 1.20 mm to 48.05 ± 0.95 mm. On the other hand, a moderate activity was observed against sensitive K. pneumoniae and resistant E. coli with zones of inhibition ranging from 14.15 ± 0.15 mm to 19.95 ± 0.07 mm. Staphylococcus aureus was an exception, having revealed resistant activity to oregano oil. Compared with the antibiotics timentin TIM85, cefoxitin FOX30 and piperacillin PRL100 used as controls, the EO of oregano showed a more pronounced inhibitory action. The strains that have shown a resistance to the antibiotic action are vulnerable to the action of the EO of the studied oregano; this is the case for the bacteria: E. faecalis, S.fonticola, K. oxytoca, sensible E.coli and E. aerogenes. Our results agree with those of Moussaoui et al.’s (2013) study, where they have reported that the essential oils extracted from the flowering tops and leaves of O. elongatum (diameters of inhibition 18.00 ± 0.00 mm) exhibited a moderate antibacterial activity against E. coli O157:H7 (diameters of inhibition 19.67 ± 1.15 mm) [13]. Our findingsare further confirmed by the study of El Harsal et al. (2018) [17]. On the one hand, the EO of O. elongatum expressed a moderate antibacterial power against E.coli K12 (16.00 ± 1.00 mm). On the other hand, it exerted great activity against S. aureus ATCC 25923 and E. coli ATCC 25922 with diameters of inhibition of 27.00 ± 1.73 and 21.33 ± 0.57 mm, respectively. In addition, the existence of a linear correlation between the inhibition zones and the content of thymol, which is the main compound in each fraction of EO of O. elongatum, was found. Numerous studies investigated the antibacterial effect of the EO of different species of the genus Origanum. Bouyahya et al. (2017) reported the antibacterial activity of the EO extracted from the aerial part of O. compactum collected from the north of Morocco in three phenological stages: vegetative, flowering and post-flowering [37]. The EO extracted at the flowering stage with the carvacrol (43.584%) and thymol (10.33%) as major compounds revealed a remarkable antibacterial activity against S. aureus MBLA (35 ± 0.94 mm), E. coli K12 (31 ± 0.91 mm) and L. monocytogenes (21 ± 0.33 mm). Bouhdid et al. (2008) have studied the EO of O.compactum; the authors have found a powerful inhibitory activity against Staphylococcus aureus (27 mm), Bacillus subtilis (25 mm), Proteus mirabilis (32 mm), Escherichia coli K12 (20 mm) and Escherichia coli serovarO157:H7 (20 mm) [28]. Moreover, the EO extracted from the aerial part of O. glandulosum in Algeria showed significant antibacterial power against K. pneumoneae (16.4 mm), E. coli (22.6 mm) and S.aureus (25.6 mm) [38].



The determination of MIC and MBC performed for the EO of O. elongatum demonstrated a well-defined promising activity. The results of the test are given in Table 2. From the results, we can see that the values of MIC confirm the results of the diffusion method. In these tests, the EO of O. elongatum recorded the lowest MIC of 2 µL/mL against sensitive K.pneumoniae(Table 4). In contrast, the largest MIC of 32µL/mL is reported by this EO against resistant S. aureus (Table 4). The strains E. faecalis, E. aerogenes, S. fonticola, and A. baumannii were inhibited at the same MIC, which are equal to 4 μL/mL.On the other hand, for the resistant K. oxytoca and E. coli strains, the EO of the studied oregano is only active from 8 μL/mL and 16 μL/mL, respectively. Concerning MBC, the minimum concentration of 4 μL/mL was obtained by this EO against the strains: sensitive A. baumannii, E. coli and sensitive K. pneumoniae. The highest concentration of 32 μL/mL was remarked against the resistant strains S.aureus and E. coli. The EO of the studied oregano induces a strong decrease in the bacterial growth and leads to the cell death of the strains E.aerogenes and S. fonticola at the same concentration of 8µL/mL. For K. oxytoca strain, the EO has a bactericidal character at a concentration of 16 μL/mL. The MBC/MIC ratio allows the defining of the bacteriostatic or bactericidal character of an essential oil. When this ratio is less than 4, the oil is considered bactericidal. The EO of the studied oregano exerts a bactericidal effect against the following bacteria: E.aerogenes, sensitive K.pneumoniae, E. faecalis, resistante S.aureus, S. fonticola, K. oxytoca and A. baumannii, resistant and wild-type E. coli. These results highlighted the bactericidal power of the EO of O. elongatum against the studied bacteria. Similar results have been previously reported for the obtained EO of oregano from different species [13,28,29,38,39,40,41]. Furthermore, Oumam et al. (2021) demonstrate the in vitro antibacterial activity of O. elongatum essential oil from the Northern Moroccan region [23]. These authors indicate that the oil of this plant has antibacterial activity against S. aureus (ATCC 6538209P), S. aureus meticillin-resistant (T32370), K. pneumoniae (A9d), S. Aboni (CIP 8039), E. coli (CIP 53126), and P. aeruginosa (CIP 76110), with MIC values ranging from 200 to 3200 µg/mL, which is consistent with our results. In addition, El Moussaoui et al. (2013) reported that the EO isolated from the leaves and flowering tops of O. elongatum collected from the north of Morocco are dominated by the presence of two phenolic compounds: carvacrol (19.21–68.63%) and thymol (14.2–43.57%) [13]. These EOs presented a MIC and MBC varying between 0.125 and 0.5% against E. coli O157. El Harsal et al. (2018)have noticed that the fractions of the EO of O. elongatum extracted between 80 and 160 min have greater antibacterial activity than the fractions recovered at the start of the distillation and the total EO. The fractions of the EO recovered between 141 and 160 min mainly composed of the thymol (86.09%) have the strongest antibacterial activity with, values of MIC comprised between 0.0312 and 0.125% (v/v), and MBC of 0.0312 at 0.25% (v/v) against E. coli K12 MBLA, E. coli ATCC 25922 and S. aureus ATCC 25923. In the study of Bouyahya et al. (2017), the antibacterial activity of the EO extracted fromleaves of O. compactum, harvested at the flowering stage, mainly composed of carvacrol (43.584%) and thymol 10.33%, revealed MIC and MBC of 0.0312% against S. aureus MBLA and 0.0625% for E. coli K12 [42].The authors of this latest study linked the observed inhibitory effect for the main compounds to the synergistic effects between these components and to the additive effects of the minor compounds, which can enhance the antibacterial action. Another study testifies to the significant antibacterial effect of the EO of O. compactum from Morocco against Escherichia coli, Bacillus subtilis, Staphylococcus aureus and Listeria innocua, inducing diameters of inhibition zones varying from 10.33 to 49.00 mm, while the values of MIC and MBC vary from 0.06 to 0.25% (v/v) and from 0.12 to 0.5% (v/v), respectively [43]. In the same context, Ouedrhiri et al. (2016)demonstrated that the essential oils extracted from compactum and Origanum majorana have an antibacterial effect against Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, Bacillus subtilis ATCC 3366 and P. aeruginosa ATCC 27853, examined using the disk diffusion and microdilution method [44]. In our investigation, the inhibitory activity of the EO of the studied oregano is mainly due to the phenolic action of the carvacrol and thymol. According to [19], when the rates of the phenol are high, the antibacterial effectiveness of the essential oils isgreater. In fact, several authors have pointed out the antimicrobial activity of carvacrol and thymol against E. coli in vitro experiences [27,45]. Ultee et al.(1999) consider carvacrol to be a biocide that causes a disturbances in the bacterial membrane leading to intracellular leakage of ATP ions, potassium ions and ultimately cell death [46]. The possible synergistic and/or antagonistic effects of the oil’s minority components should also be considered, as the predominance of monoterpene constituents does not generally signal the highest antibacterial activity for the majority of the tested strains.




2.5. Insecticidal Activity


Insecticidal activity of O. elongatum EO was testedthrough fumigation. The EO tested at increasing concentrations presented a significant toxicity towards the adults of C.capitata. Figure 5 illustrates the percentages of mortality of the adults of C. capitata after application of the Oregano EO at different doses and after exposure times of 24 h and of 48 h. The results showed that the mortality rates (24 h and 48 h) of the control are almost non-existent for the adults of C. capitata. In fact, the survival rate of treated flies falls as the EO concentration increases. After 24 h of treatment, the mortality rate of adults of C. capitata was 100% from the lethal concentration of 100 µL/mL of O. elongatum EO. However, the lowest concentration induced only 10.04% mortality. For 48 h exposure, EO of oregano showed 99.17% mortality at a concentration of 50 μL/mL (Figure 5), while the concentration of oregano EO at 25µL/mL caused mortality rates of 80.83% and 53.32%.The values of LD50 of the EO of O. elongatum are shown in Table 5. We noticed that the values of LD50 of the EO tested vary in function of the duration of exposure. After 24 h and 48 h of exposure, the tests carried out on the adults of C. capitata showed that the LD50 of the EO of aerial parts of O. elongatum were 17 ± 0.53 and 10 ± 0.23µL/mL, respectively. The insecticidal effect of the EO of O. elongatum is most likely due to its chemical composition, which includes carvacrol as a major compound. This EO, as was shown, is rich in monoterpenoids, which consider insecticidal against various species of insects [47]. Moreover, Lima et al. (2011) reported that the toxicity of EOs on insects is induced by the action of their main compounds [48]. On the other hand, several authors such as Yakhlef et al. (2020), and Benchouikh et al. (2015) indicated that the insecticidal effect of EO is not limited only to the majority compounds, but it could be due to the synergistic action of several minority compounds [49,50]. According to the chemical composition of EO of O. elongatum, we remark its abundance in major compounds known for their insecticidal activities, as is the case for carvacrol, thymol, p-cymene, γ-terpinene. These compounds have been described to be toxic for several species of insects through various studies such as [51,52,53,54,55]. In a previous study, Ramzi et al. (2017) have found that the EOs of O. elongatum are rich in carvacrol(67.34–81.72%)and γ-terpinène (3.29–10.75%), which have toxic effects on Varroa destructor Anderson &Trueman [14]. In this study, the EOs which had percentages of carvacrol around 80, 58 and 69, 40% indicated efficacy rates of 81.80 and 77.27%, respectively against Varroa mites. In addition, these researchers revealed the synergistic effect between the two EOs extracted from T. satureioides and O. elongatum, which contain high percentages of carvacrol (55.35%) and borneol (20.60%) against the same mite. This mixture was considered the most effective treatment among all the others, as after one day of exposure, it caused a high mortality rate of 93.94%. This study corroborates the insecticidal activity of our EO of O. elongatum. However, factors that influence the severity of the action include its chemical makeup, insect type, and length of exposure.





3. Materials and Methods


3.1. Plant Material


The aerial parts of O. elongatum (stems, leaves, and flowers) were sampled in August 2018 while in full bloom on Bouyblane mountain in the Middle Atlas, Morocco. This species identification was performed at the laboratory of botany and plant ecology of the Scientific Institute of Rabat. After identification, a specimen of the plant was deposited in the herbarium of Mohammed First University, Oujda, Morocco, under voucher number HUMPOM517. The various plant parts were dried in the shade for thirteen days.




3.2. Extraction of the Essential Oils


The volatile oil of O. elongatum was extracted through a hydrodistillation technique utilizing a Clevenger-type device for three hours [56]. The process is repeated three times for each sample of 100 g of the plant material. The obtained essential oils are dried on sulfate of anhydrous sodium, and then stored at a temperature of 4 °C in the dark until their use.




3.3. Gas Chromatography Coupled with Mass Spectrometry Analysis of Essential Oils


A gas chromatograph of the Thermo Electron type (Trace GC Ultra) and a mass spectrometer system of the Thermo Electron Trace MS type were used for the chromatographic examination of EOs (Thermo Electron: Trace Ultra GC, Polaris Q MS). The fragmentation was achieved with an electronic impact intensity of 70 eV. A DB-5 column (5% phenyl-methyl-siloxane) (30 m × 0.25 mm × 0.25 m film thickness) and a flame ionization detector (FID) powered by a mixture of He gas/air were installed in the chromatograph. For 5 min, the column temperature was designed to rise at a rate of 4 °C/min from 50 to 200 °C. The used carrier gas was nitrogen, flowing at a rate of 1 mL/min in the split injection mode (leak rate: 1/70). By comparing the essential oil compounds’ Kováts index (KI) and Adams to those of the reference products noted in the literature, the essential oil compounds were identified [57,58]. Additionally, the mass spectra and indexes of each of these compounds were compared to those in the aforementioned databases [59]. The retention duration of any product is compared using the Kováts index to a linear alkane with the same carbon number.




3.4. Determination of the Antioxidant Activity of the Essential Oil of O. elongatum


3.4.1. Antiradical of DPPH Method


The antiradical activity of the essential oil of O. elongatum was studied using the method based on DPPH (1,1-diphenyl-2-picrylhydrazyl) as a relatively stable radical. The solution of DPPH was prepared by dissolving 2.4 mg of DPPH in 100 mL of ethanol. Different concentrations of the EO (1–20 µL/mL) extracted from O. elongatum were prepared by dissolution in absolute ethanol. The test was performed by mixing 200 µL of each concentration with 2.8 mL of the solution of DPPH. These same concentrations were prepared with butylhydroxyanisole (BHA) to serve as positive controls. In addition, a blank was performed with absolute ethanol alone. Then, the samples were left in the dark for 30 min, and the discoloration compared to the negative control containing only the solution of DPPH was measured at 517 nm. The results were expressed as a reduction percentage of DPPH (AA%):


   AA %    =    A  control   −  A  sample      A  control     × 100  











AA%: percentage of the antioxidant activity, Acontrol: absorbance of the solution containing only the solution of DPPH• radical, and Asample: absorbance of the solution of the samples to be tested in the presence of DPPH.



The graph presents the variation of the absorbance as a function of the concentration of the extract permitted to determine IC50. The values of the concentrations to inhibit or reduce 50% of the initial concentration of DPPH (IC50) were determined graphically using a linear regression. Since a compound’s antioxidant capacity cannot be measured in absolute terms, the results are frequently compared to an antioxidant reference, such as butylated hydroxytoluene (BHT) or butylated hydroxyanisole (BHA).




3.4.2. Method of the Reduction of Iron: FRAP (Ferric Reducing Antioxidant Power)


The method proposed by [60], is used to test the ability of phenolic extracts to convert ferric iron (Fe3+) present in the potassium ferricyanide complex to ferrous iron (Fe2+). In a test tubes, 1 mL of the essential oil of O. elongatum diluted in absolute ethanol at different concentrations (1–20 µL/mL) is mixed with 2.5 mL of a solution of the phosphate buffer at 0.2 M (pH 6.6) and 2.5 ml of a solution of potassium ferricyanide K3Fe (CN)6 at 1%. The set is incubated in a water bath at 50 °C for 20 min. Then, 2.5 mL of trichloroacetic acid at 10% is added to stop the reaction. For 10 min, the set is centrifuged at 3000 rpm. After that, 2.5 mL of the distilled water, 2.5 mL of each concentration’s supernatant, and 0.5 mL of the FeCl3 aqueous solution containing 0.1% are combined. To calibrate the UV–VIS spectrophotometer, the reaction medium’s absorbance is measured at 700 nm in comparison to a similarly prepared blank, but with distilled water in place of the essential oil. The standard antioxidant solution butylated hydroxyanisole (BHA), whose absorbance was measured under the same circumstances as the samples, serves as the positive control. The increase in absorption corresponds to an increase in the reducing ability of the tested essential oils.




3.4.3. Total Antioxidant Activity by Phosphomolybdenum Method


According to the method described by [61], the total antioxidant capacity (TAC) of the essential oil was evaluated. One milliliter of the reagent solution was added to an aliquot of 100 L of each essential oil that had been diluted in ethanol (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). For 90 min, the tubes were incubated at 95 °C in a bath of boiling water. The absorbance of the aqueous solution of each sample was measured in the spectrophotometer at 695 nm after the samples were cooled to room temperature (Genesys 10 UV, Thermo Scientific, Bordeaux, France). BHA was employed as the BHA standard, and the results were represented as equivalents of ascorbic acid (mg/g) of the oil.





3.5. Determination of the Antibacterial Activity


3.5.1. Bacterial Strains


We have chosen nine strains of the bacteria, which are frequent in human pathology belonging to the category of the gram-negative. These bacterial strains are: Escherichia coli sensitive, Escherichia coli resistant, Enterobacter aerogenes, sensitive Klebsiella pneumonia, Enterococcus faecalis, Serratia fonticola, Staphylococcus aureus, Acinétobacter baumannii, and Klebsiella oxytoca. They were provided by the laboratory of bacteriology of the Mohammed V hospital center of Meknes, Morocco, isolated from the patients, and then preserved in a subculture on a specific agar media. These bacterial species frequently cause nosocomial infections, which represent a serious public health issue. One of the key reasons why treatments do not work for these bacteria is the development of multi-resistance.




3.5.2. Agar Disk Diffusion Assay


Disk diffusion was used to conduct the test in an agar medium (Mueller Hinton Agar). In short, the microorganisms that have grown on nutrient agar and been incubated at 37 °C for 18 h were suspended in a saline solution (NaCl) at 0.9% and adjusted to a turbidity of 0.5 Mac Farland standards (108 CFU/mL). The suspension was inoculated into Petri dishes of a diameter of 90 mm using a sterile non-toxic cotton swab on a wooden applicator. The dissolution of the essential oils was performed in 0.5% (v/v) of DMSO. According to our experiences, the latter does not affect the growth of the bacteria. The discs of the sterile paper of a diameter of 6 mm impregnated with 5 μL of the studied EO were placed in the Petri dishes and incubated during 24 h at T = 37 °C. The sensitivity of the investigated strains was assessed using the commercial antibiotics as a positive reference. Finally, the diameters of zones of inhibition (DZI)) were determined to ascertain the antibacterial characteristics of the explored EO.




3.5.3. Determination of the Minimum Inhibitory Concentration (MIC) and the Minimum Bactericidal Concentration (MBC) in the Liquid Medium


A bacterial culture that has been incubated for 18 to 24 h was used to create a suspension of bacteria with a density that was equal to the 0.5 Mac Farland standard (108 CFU/mL). In order to create a stock solution, the essential oil and dimethyl sulfoxide were combined (v/v) (DMSO is the chosen emulsifier). The dilution of the used essential oil was 70% (70% of the EO, 30% of DMSO). A test tube containing 4 mL of the liquid culture medium was filled with a volume of 40 µL of the bacterial suspension. Then, we aseptically added various volumes of the emulated essential oil to achieve a rise in the essential oil final concentrations of the from C1 to C9 (1, 4, 8, 16, 32, 64, 128, 256 and 512 µL/mL). A tube of a negative control was prepared and contained only the suspension and culture medium. Three repetitions were made. The set was vortexed for homogenization, and then incubated in an oven at a temperature of 37 °C for 24 h. After 24 h of incubation at T = 37 °C, the lowest concentration of the essential oil inhibited any increase visible to the naked eye, which was noted as the minimum inhibitory concentration (MIC). Furthermore, the MBC was assessed by inoculating 100 μL of each tube, the concentration of which is greater than or equal to the MIC on a solid medium (MHA). The concentration of the lowest essential oil at which 99.99% of the bacteria are killed after 24 h of incubation at T = 37 °C corresponds to the MBC. The estimation of the MBC/MIC ratio describes the bactericidal effect (MBC/MIC < 4) or bacteriostatic (MBC/MIC ≥ 4) of the studied EO.





3.6. Determination of the Insecticidal Activity


3.6.1. Animal Matter


The insecticidal property of the EO of O. elongatum was studied against adults of Ceratitis capitata.




3.6.2. Preparation of the Concentrations


Pure essential oils are dissolved in dimethylsuloxide to create the doses for each plant. From this initial concentration (100 µL/mL), a variety of concentrations of 50, 25, 12.5, 6.25, 3.125, and 1.562 µL/mL were created. Dimethyl sulfoxide is the single component of the control. The bioassay is conducted in a lab setting with a temperature of 28 °C. A total of 10 fruit fly adults are injected into each 400 mL box using a pump after circular sponges with a diameter of 5 cm and a thickness of 0.5 cm are placed in the various concentrations. The coverings of the boxes are hermetically sealed with mosquito nets that have been fastened to create a circle in the middle for better observation control and ventilation assurance. A control with the same number of repetitions was performed to examine the impact of the dimethylsulfoxide. For each essential oil, the bioassay was conducted three times under identical circumstances. Therefore, there are a total of 12 repetitions for each concentration.





3.7. Statistical Analysis


The evaluation of the antioxidant activity of the tested EO using the three methods as well as the antibacterial activity (diameter of inhibition) was performed with an analysis of the variance (ANOVA). GraphPad Prism 8 for Windows was used to determine the means and standard deviations. With the Tukey post hoc test, analysis of the variance (ANOVA) was carried out to determine the significance. To compare the mean, a probability threshold of 5% was employed.





4. Conclusions


The current investigation showedthat the leaves of O. elongatum collected from Bouiblane mountain, Middle Atlas (Morocco) are an important source of EO. Its yield is 4.46%, significantly higher than those reported previously. The chromatographic analysis revealed that carvacrol (57.32%), was the major component of the oil. The essential oil exhibited promising antioxidant, antibacterial and insecticidal activities.The EO’s considerable antioxidant, antibacterial, and insecticidal actions may be attributed to a synergy between the major compound “carvacrol” and the EO’s other minority constituents. The essential oil of O. elonagtum has the potential to be a novel alternative source of natural antioxidant, antibacterial, and insecticidal compounds.







Author Contributions


Conceptualization, I.T. and T.Z.; methodology, I.T., M.R.A. and C.H.; software, H.Z.; validation, I.T., T.Z., M.B. and R.A.M.; formal analysis, I.T. and N.B.; investigation, I.T., S.A. and M.R.A.; resources, M.R.A.; data curation, R.B. and R.A.M.; writing—original draft preparation, I.T.; writing—review and editing, I.T., N.B., R.A.M. and C.H.; project administration, R.A.M.; funding acquisition, R.A.M.; visualization, T.Z., M.B, I.T. and N.B; supervision, T.Z. All authors have read and agreed to the published version of the manuscript.




Funding


Researchers Supporting Project number (RSP2023R119), King Saud University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available upon request.




Acknowledgments


The authors extend their appreciation to the Researchers Supporting Project number (RSP2023R119), King Saud University, Riyadh, Saudi Arabia for funding this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Franz, C.; Novak, J. Sources of Essential Oils; CRC Press: Boca Raton, FL, USA, 2015. [Google Scholar] [CrossRef]

	



Mancianti, F.; Ebani, V.V. Biological activity of essential oils. Molecules 2020, 25, 678. [Google Scholar] [CrossRef]

	



Sharifi-Rad, J.; Sureda, A.; Tenore, G.C.; Daglia, M.; Sharifi-Rad, M.; Valussi, M.; Tundis, R.; Sharifi-Rad, M.; Loizzo, M.R.; Ademiluyi, A.O.; et al. Biological activities of essential oils: From plant chemoecology to traditional healing systems. Molecules 2017, 22, 70. [Google Scholar] [CrossRef] [PubMed]

	



Saeed, K.; Pasha, I.; Chughtai, M.F.J.; Ali, Z.; Bukhari, H.; Zuhair, M. Application of essential oils in food industry: Challenges and innovation. J. Essent. Oil Res. 2022, 34, 97–110. [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. 2018, 45, 62–72. [Google Scholar] [CrossRef]

	



Sanches-Silva, A.; Costa, D.; Albuquerque, T.G.; Buonocore, G.G.; Ramos, F.; Castilho, M.C.; Machado, A.V.; Costa, H.S. Trends in the use of natural antioxidants in active food packaging: A review. Food Addit. Contam.—Part A 2014, 31, 374–395. [Google Scholar] [CrossRef]

	



Sharifi-Rad, M.; Yılmaz, Y.B.; Antika, G.; Salehi, B.; Tumer, T.B.; Venil, C.K.; Das, G.; Patra, J.K.; Karazhan, N.; Akram, M.; et al. Phytochemical constituents, biological activities, and health-promoting effects of the genus Origanum. Phyther. Res. 2021, 35, 95–121. [Google Scholar] [CrossRef] [PubMed]

	



Baranauskaitė, J.; Kubiliene, A.; Marksa, M.; Petrikaite, V.; Vitkevicius, K.; Baranauskas, A.; Bernatoniene, J. The Influence of Different Oregano Species on the Antioxidant Activity Determined Using HPLC Postcolumn DPPH Method and Anticancer Activity of Carvacrol and Rosmarinic Acid. Biomed Res. Int. 2017, 2017, 1681392. [Google Scholar] [CrossRef] [PubMed]

	



Morshedloo, M.R.; Mumivand, H.; Craker, L.E.; Maggi, F. Chemical composition and antioxidant activity of essential oils in Origanum vulgare subsp. gracile at different phenological stages and plant parts. J. Food Process. Preserv. 2018, 42, 1–8. [Google Scholar] [CrossRef]

	



Sözmen, F.; Uysal, B.; Köse, E.O.; Aktaş, Ö.; Cinbilgel, I.; Oksal, B.S. Extraction of the essential oil from endemic origanum bilgeri P.H. davis with two different methods: Comparison of the oil composition and antibacterial activity. Chem. Biodivers 2012, 9, 1356–1363. [Google Scholar] [CrossRef] [PubMed]

	



Vila, R.; Iglesias, J.; Cañigueral, S.; Santana, A.I.; Solís, P.N.; Gupta, M.P. Chemical composition and biological activity of the leaf oil of Siparuna thecaphora (poepp. et endl.) a.dc. J. Essent. Oil Res. 2002, 14, 66–67. [Google Scholar] [CrossRef]

	



Bellakhdar, J. La pharmacopée marocaine traditionnelle. Médicine Arab. Ancienne Savoirs Pop. 1997, 189, 764. [Google Scholar]

	



El Moussaoui, N.; Sanchez, G.; Khay, E.O.; Idaomar, M.; Ibn Mansour, A.; Abrini, J.; Aznar, R. Antibacterial and anti-viral activities of essential oils of northern Moroccan plants. Br. Biotechnol. J. 2013, 3, 318–331. [Google Scholar] [CrossRef]

	



Ramzi, H.; Ismaili, M.R.; Aberchane, M.; Zaanoun, S. Chemical characterization and acaricidal activity of Thymus satureioides C. & B. and Origanum elongatum E. & M. (Lamiaceae) essential oils against Varroa destructor Anderson & Trueman (Acari: Var-roidae). Ind. Crops Prod 2017, 108, 201–207. [Google Scholar] [CrossRef]

	



Bakha, M.; El Mtili, N.; Machon, N.; Aboukhalid, K.; Amchra, F.Z.; Khiraoui, A.; Gibernau, M.; Tomi, F.; Al Faiz, C. Intraspecific chemical variability of the essential oils of Moroccan endemic Origanum elongatum L. (Lamiaceae) from its whole natural habitats. Arab. J. Chem 2018, 20, 1–14. [Google Scholar] [CrossRef]

	



El Babili, F.; Bouajila, J.; Souchard, J.P.; Bertrand, C.; Bellvert, F.; Fouraste, I.; Moulis, C.; Valentin, A. Oregano: Chemical analysis and evaluation of its antimalarial, antioxidant, and cytotoxic activities. J. Food Sci. 2011, 76, 512–518. [Google Scholar] [CrossRef]

	



El Harsal, A.; Ibn Mansour, A.; Senhaji, N.S.; Khay, E.O.; Bouhdid, S.; Amajoud, N.; Farah, A.; Belmehdi, O.; Abrini, J. Influence of Extraction Time on the Yield, Chemical Composition, and Antibacterial Activity of the Essential Oil from Origanum elongatum (E. & M.) Harvested at Northern Morocco. J. Essent. Oil-Bearing Plants 2018, 21, 1460–1474. [Google Scholar] [CrossRef]

	



Abdelaali, B.; El Menyiy, N.; El Omari, N.; Benali, T.; Guaouguaou, F.-E.; Salhi, N.; Mrabti, H.N.; Bouyahya, A. Phytochemistry, Toxicology, and Pharmacological Properties of Origanum elongatum. Evid.-Based Complement. Altern. Med 2021, 2021, 13–16. [Google Scholar] [CrossRef]

	



Cosentino, S.; Tuberoso, C.; Pisano, M.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]

	



Bellakhdar, J.; Idrissi, A. Composition chimique des huiles essentielles de trios origans endémiques du Maroc: O. compactumBenth., O. grosii Pau and FQ., O. elongatum Emb and Mair. Proc. Lst Eur. Symp. Ethnopharmacol. Sources Methods Object. 1990, 12, 440–445. [Google Scholar]

	



Figuérédo, G.; Cabassu, P.; Chalchat, J.C.; Pasquier, B. Studies of mediterranean oregano populations. VI: Chemical composition of essential oils of Origanum elongatum emberger et maire from Morocco. J. Essent. Oil Res 2006, 18, 278–280. [Google Scholar] [CrossRef]

	



Oualili, H.; Nmila, R.; Chibi, F.; Mariama, L.; Abderrahmane, M.; Rchid, H. Chemical Composition and Antioxidant Activity of Origanum elongatum Essential Oil. Pharmacognosy Res. 2020, 10, 24–30. [Google Scholar] [CrossRef]

	



Oumam, N.; Rais, A.; Benaamara, A.; Fatouma, M.A.-L.; Ayoub, A.; André, P.; Tarik, A.; Abourriche, A. Chemical composition and biological activities of essential oils and solvent extracts of Origanum elongatum from Morocco. PharmacologyOnLine 2021, 2, 527–537. [Google Scholar] [CrossRef]

	



Hayani, M.; Bencheikh, N.; Ailli, A.; Bouhrim, M.; Elbouzidi, A.; Ouassou, H.; Kharchoufa, L.; Baraich, A.; Atbir, A.; Ayyad, F.Z.; et al. Quality Control, Phytochemical Profile, and Antibacterial Effect of Origanum compactum Benth. Essential Oil from Morocco. Int. J. Plant Biol. 2022, 13, 546–560. [Google Scholar] [CrossRef]

	



Ložiene, K.; Venskutonis, P.R. Influence of environmental and genetic factors on the stability of essential oil composition of Thymus pulegioides. Biochem. Syst. Ecol. 2005, 33, 517–525. [Google Scholar] [CrossRef]

	



Kulkarni, R.N.; Baskaran, K.; Ramesh, S.; Kumar, S. Intra-clonal variation for essential oil content and composition in plants derived from leaf cuttings of rosescented geranium (Pelargonium sp.). Ind. Crops Prod 1997, 6, 107–112. [Google Scholar] [CrossRef]

	



Xu, J.; Zhou, F.; Ji, B.P.; Pei, R.S.; Xu, N. The antibacterial mechanism of carvacrol and thymol against Escherichia coli. Lett. Appl. Microbiol. 2008, 47, 174–179. [Google Scholar] [CrossRef]

	



Bouhdid, S.; Skali, S.; Idaomar, M.; Zhiri, A.; Baudoux, D.; Amensour, M.; Abrini, J. Antibacterial and antioxidant activities of Origanum compactum essential oil. African J. Biotechnol. 2008, 7, 1563–1570. [Google Scholar] [CrossRef]

	



Hazzit, M.; Baaliouamer, A.; Faleiro, M.L.; Miguel, M.G. Composition of the essential oils of Thymus and Origanum species from Algeria and their antioxidant and antimicrobial activities. J. Agric. Food Chem. 2006, 54, 6314–6321. [Google Scholar] [CrossRef]

	



Hazzit, M.; Baaliouamer, A.; Veríssimo, A.R.; Faleiro, M.L.; Miguel, M.G. Chemical composition and biological activities of Algerian Thymus oils. Food Chem. 2009, 116, 714–721. [Google Scholar] [CrossRef]

	



Amorati, R.; Foti, M.C.; Valgimigli, L. Antioxidant activity of essential oils. J. Agric.Food Chem. 2013, 61, 10835–10847. [Google Scholar] [CrossRef]

	



Baser, K.H.C. Biological and Pharmacological Activities of Carvacrol and Carvacrol Bearing Essential Oils. Curr. Pharm. Des. 2008, 14, 3106–3119. [Google Scholar] [CrossRef]

	



Baydar, H.; Sa, O.; Özkan, G.; Karado, T. Antibacterial activity and composition of essential oils from Origanum, Thymbra and Satureja species with commercial importance in Turkey. Food Control. 2004, 15, 169–172. [Google Scholar] [CrossRef]

	



Ünde, Ü.; Başaran, A.; Degen, G.H.; Başaran, N. Antioxidant activities of major thyme ingredients and lack of (oxidative) DNA damage in V79 Chinese hamster lung fibroblast cells at low levels of carvacrol and thymol. Food Chem. Toxicol. 2009, 47, 2037–2043. [Google Scholar] [CrossRef]

	



Guimarães, A.G.; Xavier, M.A.; De Santana, M.T.; Camargo, E.; Santos, C.A.; Brito, F.A.; Barreto, E.O.; Cavalcanti, S.C.H.; Antoniolli, A.R.; Oliveira, R.C.M.; et al. Carvacrol attenuates mechanical hypernociception a’d inflammatory response. Naunyn-Schmiedeberg's Arch. Pharmacol 2012, 385, 253–263. [Google Scholar] [CrossRef]

	



Miladi, H.; Slama, R.B.; Mili, D.; Zouari, S.; Bakhrouf, A.; Ammar, E. Essential oil of Thymus vulgaris L. and Rosmarinus offici-nalis L.: Gas chromatography-mass spectrometry analysis, cytotoxicity and antioxidant properties and antibacterial activities against foodborne pathogens. Nat. Sci. 2013, 5, 729–739. [Google Scholar] [CrossRef]

	



Bouyahya, A.; Dakka, N.; Talbaoui, A.; Et-Touys, A.; El-Boury, H.; Abrini, J.; Bakri, Y. Correlation between phenological changes, chemical composition and biological activities of the essential oil from Moroccan endemic Oregano (Origanum compactum Benth). Ind. Crops Prod. 2017, 108, 729–737. [Google Scholar] [CrossRef]

	



Bekhechi, C.; Atik-Bekkara, F.; Abdelouahid, D.E. Composition et activité antibactérienne des huiles essentielles d’Origanum glandulosum d’Algérie. Phytotherapie 2008, 6, 153–159. [Google Scholar] [CrossRef]

	



Stefanakis, M.K.; Touloupakis, E.; Anastasopoulos, E.; Ghanotakis, D.; Katerinopoulos, H.E.; Makridis, P. Antibacterial activity of essential oils from plants of the genus Origanum. Food Control 2013, 34, 539–546. [Google Scholar] [CrossRef]

	



Özkalp, B.; Sevgi, F.; Özcan, M.; Özcan, M.M. The antibacterial activity of essential oil of oregano (Origanum vulgare L.). J. Food Agric. Environ 2010, 8, 6–8. [Google Scholar]

	



Prerna, P.; Vasudeva, N. Origanum majorana L. -Phytopharmacological review. Indian J. Nat. Prod. Resour 2015, 6, 261–267. [Google Scholar]

	



Bouyahya, A.; Abrini, J.; Bakri, Y.; Dakka, N. Screening phytochimique et évaluation de l’activité antioxydante et antibactérienne des extraits d’Origanum compactum. Phytotherapie 2017, 15, 379–383. [Google Scholar] [CrossRef]

	



Laghmouchi, Y.; Belmehdi, O.; Senhaji, N.S.; Abrini, J. Chemical composition and antibacterial activity of Origanum compactum Benth. essential oils from different areas at northern Morocco. South African J. Bot. 2018, 115, 120–125. [Google Scholar] [CrossRef]

	



Ouedrhiri, W.; Balouiri, M.; Bouhdid, S.; Moja, S.; Chahdi, F.O.; Taleb, M.; Greche, H. Mixture design of Origanum compactum, Origanum majorana and Thymus serpyllum essential oils: Optimization of their antibacterial effect. Ind. Crops Prod. 2016, 89, 1–9. [Google Scholar] [CrossRef]

	



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]

	



Ultee, A.; Kets, E.P.W.; Smid, E.J. Mechanisms of Action of Carvacrol on the Food-Borne Pathogen Bacillus cereus. Appl. Environ. Microbiol. 1999, 65, 4606–4610. [Google Scholar] [CrossRef]

	



Abdelgaleil, S.A.M.; Mohamed, M.I.E.; Badawy, M.E.I.; El-Arami, S.A.A. Fumigant and contact toxicities of monoterpenes to Sitophilus oryzae (L.) and Tribolium castaneum (Herbst) and their inhibitory effects on acetylcholinesterase activity. J. Chem. Ecol 2009, 35, 518–525. [Google Scholar] [CrossRef]

	



Lima, R.K.; Cardoso, M.G.; Moraes, J.C.; Carvalho, S.M.; Rodrigues, V.G.; Guimarães, L.G.L. Chemical composition and fumigant effect of essentialoil of Lippia sidoides Cham. and monoterpenes against Tenebrio molitor (L.) (coleoptera: Tenebrio-nidae). Ciênc. Agrotecnol 2011, 35, 664–671. [Google Scholar] [CrossRef]

	



Yakhlef, G.; Hambaba, L.; Pinto, D.C.G.A.; Silva, A.M.S. Chemical composition and insecticidal, repellent and antifungal activities of essential oil of Mentha rotundifolia (L.) from Algeria. Ind. Crops Prod 2020, 158, 112988. [Google Scholar] [CrossRef]

	



Benchouikh, A.; Allam, T.; Kribii, A.; Ounine, K. The Study of the Insecticidal Effect of Nigella Sativa Essential Oil Against Tuta Absoluta Larvae. Int. J. Sci. Technol. Res. 2015, 4, 88–90. [Google Scholar]

	



Bisrat, D.; Jung, C. Insecticidal Toxicities of Three Main Constituents Derived from Trachyspermum ammi (L.) Sprague ex Turrill Fruits against the Small Hive Beetles, Aethina tumida Murray. Molecules 2020, 25, 2–11. [Google Scholar] [CrossRef]

	



Youssefi, M.R.; Tabari, M.A.; Esfandiari, A.; Kazemi, S.; Moghadamnia, A.A.; Sut, S.; Dall’Acqua, S.; Benelli, G.; Maggi, F. Efficacy of Two Monoterpenoids, Carvacrol and Thymol, and Their Combinations against Eggs and Larvae of the West Nile Vector Culex pipiens. Mol. Artic. 2019, 24, 1867. [Google Scholar] [CrossRef]

	



Khanavi, M.; Laghaei, P.; Isman, M.B. Essential oil composition of three native Persian plants and their inhibitory effects in the cabbage looper, Trichoplusia ni. J. Asia. Pac. Entomol. 2017, 20, 1234–1240. [Google Scholar] [CrossRef]

	



Park, J.H.; Jeon, Y.J.; Lee, C.H.; Chung, N.; Lee, H.S. Insecticidal toxicities of carvacrol and thymol derived from Thymus vulgaris Lin. against Pochazia shantungensis Chou &lu., newly recorded pest. Sci. Rep. 2017, 7, 1–7. [Google Scholar] [CrossRef]

	



Erler, F.; Tunc, I. Monoterpenoids as fumigants against greenhouse pests: Toxic, development and reproduction-inhibiting effects. J. Plant Dis. Prot. 2005, 112, 181–192. [Google Scholar]

	



Amarti, F.; El Ajjouri, M.; Ghanmi, M.; Satrani, B.; Aafi, A.; Farah, A.; Khia, A.; Guedira, A.; Rahouti, M.; Chaouch, A. Composition chimique, activité antimicrobiennne et antioxydante de l’huile essentielle de Thymus zygis du Maroc. Phytotherapie 2011, 9, 149–157. [Google Scholar] [CrossRef]

	



Adams, R.P. Identification of essential oil components by gas chromatography/mass spectroscopy. J. Am. Soc. Mass Spectrom. 1997, 8, 671–672. [Google Scholar] [CrossRef]

	



Clevenger, J.F. American pharmaceutical association apparatus for the determination of volatile oil. J. Pharm. Sci. 1928, 17, 345–349. [Google Scholar]

	



Kovats, E.S. Gas chromatographic characterization of organic substances in the retention index system. Adv. Chromatogr. 1965, 1, 229–247. [Google Scholar]

	



Koncic, M.Z.; Kremer, D.; Karlovic, K.; Kosalec, I. Evaluation of antioxidant activities and phenolic content of Berberis vulgaris L. and Berberis croatica Horvat. Food Chem. Toxicol. J. 2010, 48, 2176–2180. [Google Scholar] [CrossRef]

	



Sagdic, O.; Aksoy, A.; Ozkan, G. Evaluation of the Antibacterial and Antioxidant Potentials of Cranberry (Gilaburu, Viburnum opulus L.) Fruit Extract. Acta Aliment 2006, 35, 493–500. [Google Scholar] [CrossRef]








[image: Antibiotics 12 00174 g001 550] 





Figure 1. Chromatogram of the O. elongatum EO. 
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Figure 2. Percentage of the main chemical families of the EO of O. elongatum. 
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Figure 3. Antioxidant activity of the EO of O. elongatum and BHA standard by DPPH (a) and FRAP (b) methods. 
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Figure 4. (a)Absorbance at 695 nm, (b) total antioxidant capacity of the EO of O. elongatum and BHAstandard; (c) Regression curve of ascorbic acid. 
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Figure 5. Mortality rate of adults of C. capitata at different concentrations of EO of O. elongatum after 24 and 48 h of exposure (The results are significantly different (p < 0.0001). 
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Table 1. Chemical composition of the EO of O. elongatum from Morocco.
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N°

	
Compounds

	
IK

	
O. elongatum






	
1

	
α-Thujene

	
930

	
0.23




	
2

	
α-Pinene

	
939

	
0.75




	
3

	
Camphene

	
954

	
0.12




	
4

	
Octen-3-ol

	
979

	
0.61




	
5

	
β-Pinene

	
979

	
0.09




	
6

	
Myrcene

	
990

	
1.43




	
7

	
α-Phellandrene

	
1009

	
0.19




	
8

	
α-Terpinene

	
1017

	
1.10




	
9

	
p-Cymene

	
1024

	
14.70




	
10

	
Limonene

	
1029

	
0.37




	
11

	
1.8-Cineole

	
1031

	
0.31




	
12

	
γ -Terpinene

	
1059

	
9.84




	
13

	
cis-4-thujanol

	
1070

	
0.04




	
14

	
Terpinolène

	
1088

	
0.12




	
15

	
p-cymenene

	
1091

	
0.12




	
16

	
Linalool

	
1096

	
2.94




	
17

	
Terpinen-4-ol

	
1177

	
0.28




	
18

	
α-Terpineol

	
1188

	
0.4




	
19

	
Thymol,methyl ether

	
1235

	
0.18




	
20

	
Thymol

	
1290

	
2.71




	
21

	
Carvacrol

	
1299

	
57.32




	
22

	
Caryophyllene <(Z)>

	
1412

	
2.38




	
23

	
α-Humulene

	
1500

	
23




	
24

	
α –Muurolene

	
1500

	
0.18




	
25

	
γ-Cadinene

	
1523

	
0.22




	
26

	
Thymohydroquinone

	
1555

	
0.29




	
27

	
Caryophylleneoxide

	
1583

	
2.01




	
Monoterpene hydrocarbons

	
29.06




	
Oxygenated monoterpenes

	
65.08




	
Sesquiterpene hydrocarbons

	
2.93




	
Oxygenated sesquiterpenes

	
2.01




	
Total identified compounds

	
99.08
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Table 2. Antioxidant activity of the EO of O. elongatum and BHA (Butylated_hydroxyanisole) measured by DPPH, FRAP and TCA methods.
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	Methods
	O. elongatum (µL/mL)
	BHA (mg/mL)





	CI50DPPH
	2.855 ± 0.018 ****
	1.512 ± 0.005 ****



	EC0.5 FRAP
	0.124 ± 0.013 *
	0.15 ± 0.002 *



	TAC (mg EAA/g HE)
	14,099 ± 0.389 *
	15.041 ± 0.05 *







The results are significantly different (* p < 0.05 and **** p < 0.0001).













[image: Table] 





Table 3. Antibacterial activity of the EO of O. elongatum and antibiotics (FOX30,TIM85, PRL100) (agar diffusion method) expressed in terms of inhibition zone (mm) [mean ± standard deviation].
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	Strains
	O. elongatum
	FOX30
	TIM85
	PRL100





	Enterococcus faecalis
	20.85 ± 1.06
	0 ± 0.00
	0 ± 0.00
	9 ± 0.00



	Serratia fonticola
	45.35 ± 0.919
	0 ± 0.00
	0 ± 0.00
	0 ± 0.00



	Staphylococcus aureus
	9.00 ± 0.00
	0 ± 0,00
	0 ± 0.00
	0 ± 0.00



	Acinétobacter baumannii
	20.70 ± 1.67
	21 ± 0,00
	15 ± 0.00
	10.5 ± 0.00



	Klebsiella oxytoca
	48.05 ± 1.34
	0 ± 0,00
	0 ± 0.00
	11 ± 0.00



	Klebsiella pneumoniae sensible
	14.15 ± 0.212
	12 ± 0.00
	0 ± 0.00
	0 ± 0.00



	E.coli sensible
	45.60 ± 0.566
	22 ± 0,00
	9 ± 0,00
	0 ± 0.00



	E.coli resistante
	14.65 ± 0.495
	0 ± 0.00
	0 ± 0.00
	0 ± 0.00



	Enterobacter aerogenes
	28.90 ± 0.424
	20 ± 0.00
	14 ± 0.00
	10 ± 0.00







The experience was performedin at least two replicates; all results are significantly different from each other (p < 0.0001).
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Table 4. Minimal inhibitory concentration (MIC), minimal bactericidal concentration (MBC), MBC/MIC report values (µL/mL) of O. elongatum.






Table 4. Minimal inhibitory concentration (MIC), minimal bactericidal concentration (MBC), MBC/MIC report values (µL/mL) of O. elongatum.





	
Bacterial Strains

	




	
MIC

	
MBC

	
MBC/MIC






	
E. aerogenes

	
4

	
8

	
2




	
Staphylococcus aureus

	
32

	
32

	
1




	
E. faecalis

	
4

	
8

	
2




	
E. coli sensible

	
4

	
4

	
1




	
E. colirésistante

	
16

	
32

	
2




	
K. oxytoca

	
8

	
16

	
2




	
S. fonticola

	
4

	
8

	
2




	
K. pneumoniae sensible

	
2

	
4

	
2




	
A. baumannii

	
4

	
4

	
1
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Table 5. DL50 of the EO of O. elongatum against the adults of C. capitata.
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EO

	
Duration of Exposure






	
O. elongatum

	
24 h

	
48 h




	
17 ± 0.53

	
10 ± 0.23
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