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Abstract

:

Four taxa of the Lamiaceae family growing in Apulia (Clinopodium suaveolens, Satureja montana subsp. montana, Thymbra capitata, and Salvia fruticosa subsp. thomasii) that had not been previously studied for their potential use in the food sector, were analyzed for their essential oils (EOs) composition and antioxidant and antimicrobial properties against some microorganisms, isolated from bread and bakery products, including molds (Aspergillus niger, Penicillium roqueforti) and spore-forming bacteria (Bacillus amyloliquefaciens and Bacillus subtilis). Two different sites were considered for each plant species, and the strongest antimicrobial EOs, which were active against all of the microorganisms tested, were those from one S. montana subsp. montana sample (Sm2) and both T. capitata EOs (Tc1 and Tc2) with Minimal Inhibitory Concentration (MIC) values ranging between 0.093% and 0.375% (v/v) against molds, while higher values were registered for bacteria (0.75–1%). In particular, the biological activity of EOs from T. capitata and S. montana subsp. montana was maybe due to the high amount of thymol and carvacrol, which were also responsible for the highest antioxidant activity. S. fruticosa subsp. thomasii EOs had different chemical profiles but showed only a slight antibacterial effect and no antifungal activity. C. suaveolens showed no significant changes between EOs with an interesting antifungal activity (MIC 0.093%÷0.187% v/v), which may be due to the presence of pulegone. These plant species can be considered as promising sources of bioactive compounds to be exploited as biopreservatives in bread and bakery products mainly considering the low concentration needed to inhibit microorganism’s growth.
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1. Introduction


Bread and bakery products represent fundamental foods in the daily diet. Although they are considered as staple foods, the microbiological spoilage occurs a few days after production if no preservative systems have been used, then causing economic losses for industries and consumers due to the wastes. The most common contaminants are molds, which grow on the product surface and originate from the bakery environment [1,2], but the presence of bacterial sporeformers belonging to the Bacillus genus is also a relevant issue for the bakery industries, since they can cause the “rope” spoilage often confused as insufficient bake [3,4,5]. While spores from fungi contaminate the product after baking [2], Bacillus spores originate from grains and flours but survive to the cooking process, germinating during storage into the bread crumb [4,6]. The most common solutions for shelf-life extension are those including the use of chemical preservatives (mainly propionate and sorbate salts), packaging (active or MAP), biopreservatives (including sourdough or essential oils from plants) [7,8,9,10]. The last trend in food manufacture is toward the application of biopreserving systems: the fermentation by lactic acid bacteria in sourdough is a well-known biotechnological strategy appreciated by consumers since the pleasant flavor given to the final products [11,12,13]. The use of essential oils from medicinal plants in food manufacturing is an ancient technology mainly used to add specific flavor to foods. These substances contain a complex pattern of chemical compounds (essential oils, hereafter EOs) characterized by several biological activities as antioxidants, antimicrobial, anticancer, etc. [14,15,16]. The EOs influence the multiplication and development of microorganisms interfering in physiological and biochemical processes. These activities are different for bacteria and fungi; in fact, some bacteria are more susceptible to essential oils because there are no hydrophilic lipopolysaccharides in the outer membrane that ensure protection to antimicrobial compounds [17], whereas the antifungal activities of essential oils are manifold: they have an action on the disintegration of fungal hyphae operated by the terpene compounds or increase the membrane permeability and influence the enzymes involved in the synthesis of the cell wall [18,19].



Generally, EOs are synthesized in the aromatic vascular plants as a defense mechanism to exert antifungal, anti-parasitic, antiviral, and antibacterial activities [20]. The use of medicinal and aromatic herbs in the treatment of infectious diseases dates back thousands of years. Many of the secondary metabolites of these plants have been shown to have important biological activities that are desperately needed even now [16]. Plant-derived antimicrobial compounds capable of killing bacteria with a different mechanism than antibiotics may represent a valid approach especially for the treatment of infections caused by resistant microbe strains [21].



The use of wild medicinal plants has long since been lost, but the process of speciation and extinction has continued. This has led to a lack of knowledge, as these “recent” medicinal plants have been described by taxonomists as new species, never used by man for medicinal or food purposes. Furthermore, it must be added that some ancient medicinal species have never been studied from a biochemical point of view, because they are very rare, with limited distribution or endemic.



The Lamiaceae (formerly known as Labiatae) constitute the family that best represents officinal plants, including the Lamiales order with 258 genera and more 6000 species [22]. It can inhabit different natural ecosystems and can be cultivated. Lamiaceae are distributed globally with a particularly high concentration in the Mediterranean region, including Italy, which provides a great level of biodiversity [23]. Most of the species belonging to the family are aromatic and possess essential oils (EOs) making them valuable in cosmetics, perfumery, food, agriculture, and medicine [24,25]. The use of Lamiaceae species as antimicrobial agents for bread and bakery products preservation has also been reported [7,26,27,28,29].



For their interesting properties, investigation into the mode of action, biological activities, and potential uses of essential oils has regained momentum. Moreover, as the public is becoming more informed about issues of food safety, nutrition, and health, a strong demand has appeared for reducing chemicals in agriculture and food commodities and to produce healthier and more natural alternatives. Therefore, it becomes worthy to develop a better understanding of the chemical complexity and the biological properties of these extracts in order to invent new and valuable applications in fields related to human health, agriculture, and environment without inducing the same secondary effects that chemicals may cause. The strong variation in the chemical composition confers to EOs different biological properties. However, the major constituents are not the sole agents responsible for these properties [30]; the inactive and minor compounds can influence the rate of reactions and the bioactivity of active compounds. Therefore, the synergy between all phytochemicals can play a significant role in enhancing or reducing the power of the biological effects that EOs can induce [30]. Hence, EOs are a possible alternative providing natural compounds with antimicrobial properties. These natural extracts are considered by the Food and Drug Administration as GRAS (Generally Recognized as Safe) (U.S code of Federal Regulations, 2016), making them a good option for food preservation and packaging.



Particularly, active food packaging can be applied on different food matrices, and the system has gained increasing attention mainly due to its ability to reduce fungal contaminations occurring on the food surface. In the case of bacterial contaminations occurring inside the product, it would be more convenient to add EOs as ingredients into the food formulation [7,8].



The objective of the present study was to evaluate the antimicrobial properties of EOs from two common officinal wild species Thymbra capitata (L.) Cav., Satureja montana L. subsp. montana, and two threatened taxa, which are both listed in the Regional Red List [31], the rare Clinopodium suaveolens (Sm.) Kuntze and the endemic Salvia fruticosa Mill. subsp. thomasii (Lacaita) Brullo, Guglielmo, Pavone & Terrasi, against common fungal and bacterial contaminants of bakery products, and to correlate the chemical composition of EOs with their biological activity (antimicrobial and antioxidant properties). In particular, the EOs were investigated for their ability to inhibit the growth of two fungal strains, Aspergillus niger and Penicillium roqueforti, and two bacterial strains causing the rope spoilage (Bacillus amyloliquefaciens and Bacillus subtilis) to have a preliminary understanding on the suitability of the plant species as sources of potential biopreservatives for bakery products.




2. Materials and Methods


2.1. Plant Material


The following plant species were considered for this study: Clinopodium suaveolens, Salvia fruticosa subsp. thomasii, Satureja montana subsp. montana, and Thymbra capitata. Germplasm was taken from two sites for each species, for a total of 8 sites. The ecological and plant community characteristics of sites were previously studied in Perrino et al. [32]. The number of individuals collected for the laboratory analyses and the correspondence between species and site collection are reported in Table 1. For each plant, a specific identification code (IC) was attributed.




2.2. Extraction and Chemical Characterization of EOs


The essential oils (EOs) of the wild plant species were extracted by hydrodistillation as described by Perrino et al. [32], using a Clevenger-type apparatus. Briefly, the dry plant material (100 g) was distilled for 4 h in 500 mL H2O in a 1000 mL flask (extraction ratio 1:5 w/vol). Each EO was collected in an amber glass vial, weighted, and stored at 4 °C. The identification and relative abundance of EOs components was performed, as reported in Perrino et al. [32], by gas chromatography coupled with Mass Spectrometer (GC-MS) using a Clarus 680 GC equipped with an Elite-5 MS fused silica capillary column (30 m × 0.25 mm and 0.25 μm film thickness) and interfaced with a single quadrupole Clarus SQ8C (Perkin Elmer). The analytic instrumental conditions were as follows: ionization energy: 70 eV; mass transfer line and injector temperatures: 280 °C; Oven temperature: (a) 50–160 °C at 5 °C/min; (b) 250 °C at 10 °C/min for 5 min; split mode with a split ration: 1:20; solvent delay: 4 min. Mass spectra of target compounds were obtained by an electron impact ionization system with ionization energy of 70 eV. Pure helium was used as a carrier gas at a constant flow rate of 1 mL/min. Mass transfer line and injector temperatures were set at 280 °C, and the oven temperature was programmed from 50 to 160 °C at 5 °C/min; then, it was finally raised to 250 °C at 10 °C/min for 5 min. Diluted samples (1:10 v/v in hexane) were injected in split mode at a ratio of 1:20. Data were collected in full-scan mode in the range 40–300 Da. The relative abundance of each identified compound was expressed as percentage of the total peak areas in chromatographs using a three-step approach: (a) comparison of the obtained mass spectra with a reference mass spectra database (NIST and Wiley); (b) calculation of Retention Indexes (RI) through the injection of a n−alkanes mixture C8−C20 under the same analytic conditions [33]; (c) comparison of components RIs with published data [34] and subsequent identification.



The most abundant compounds detected were identified and quantified by using commercially available standards in the current study. Calibration curves were obtained by injecting standard solutions of each compound at 10, 25, 50, 100, and 200 ng/mL. After plotting the peaks of the different compounds and concentrations, the linearity of the curve was checked by the determination of R2 that exceeds 0.99.



The limit of detection (LOD) and limit of quantification (LOQ) for each compound were calculated and were respectively 0.541 ng/mL and 1.802 ng/mL for α-pinene; 0.574 ng/mL and 1.915 ng/mL for myrcene; 0.461 ng/mL and 1.536 ng/mL for p-cymene; 0.485 ng/mL and 1.616 ng/mL for eucalyptol; 0.566 ng/mL and 1.886 ng/mL for γ-terpinene; 0.685 ng/mL and 2.284 ng/mL for linalol; 0.531 ng/mL and 1.771 ng/mL for camphor; 0.601 ng/mL and 2.003 ng/mL for iso-menthone; 0.690 ng/mL and 2.299 ng/mL for pulegone; 0.681 ng/mL and 2.270 ng/mL for thymol; 0.560 ng/mL and 1.868 ng/mL for carvacrol; 0.623 ng/mL and 2.075 ng/mL for caryophyllene (E).




2.3. Total Phenols Content and In Vitro Antioxidant Activity


The total phenolic content (TPC) was determined by Folin–Ciocalteau via colorimetric method according to Waterhouse [35]. The final concentration was expressed in mg of gallic acid equivalent per ml of EO. The radical scavenging activity was investigated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay according to the method reported in Kedare and Singh [36]. Results were expressed in mg Trolox equivalent per ml of EO. All samples were analyzed in triplicate.




2.4. Biological Assays


2.4.1. Microbial Strains and Growth Conditions


Fungal strains used in this study were isolated from bakery products. Aspergillus niger ITEM5132 belongs to the ITEM Culture Collection of the CNR, Institute of Sciences of Food Production, Bari, Italy (http://server.ispa.cnr.it/ITEM/Collection/). Penicillium roqueforti IBT18687 was obtained from the Culture Collection of the Technical University of Denmark, Lyngby, Denmark and deposited into the ITEM Culture Collection with the number ITEM5139. Fungal conidia were collected from 7-day-old cultures on potato dextrose agar (PDA, Biolife Italiana, Milan, Italy) using Triton X 100 0.05% (v/v), counted in the Thoma chamber, and used in antifungal activity tests. Among bacterial contaminants, Bacillus subtilis ATCC8473 and Bacillus amyloliquefaciens DSM7 strains, isolated from bread and soil, respectively, were used. Bacterial strains are stored in the ITEM collection and were cultured in Brain–Heart Infusion broth (BHI; Difco, Becton Dickinson Co., Sparks, MD, USA) for 24 h at 37 °C. For long-term storage, stock cultures were prepared by mixing 0.8 mL of a culture with 0.2 mL of Bacto glycerol (Difco) and freezing mixtures at −80 °C. Strains were subcultured (1% vol/vol) twice in BHI for 24 h at 37 °C using an inoculation before use in experiments.




2.4.2. Disc Diffusion Test


The agar disc diffusion method was employed to determine the antimicrobial activity of EOs. A suspension of 0.1 mL of the tested microorganism (105 fungal spores/mL or 107 bacterial cells/mL) was spread on PDA for fungi and BHI agar plates for bacteria. Filter paper discs (6 mm diameter, Biolife Italiana) were impregnated with 10 μL of the oil, or of a calcium propionate 0.3% (w/v) solution (control), placed on the inoculated plates and then incubated at 25 °C for 5 days for the fungal strains and at 37 °C for 24 h for the bacterial strains. The diameters of the inhibition zones were measured in centimeters, and all tests were performed in duplicate.




2.4.3. Antimicrobial Microdilution Test


Based on the disc diffusion results, specific EOs were selected and tested with a spectrophotometric assay to determine the Minimal Inhibitory Concentration (MIC) using a Bioscreen C (Bioscreen C Oy‘growth curves AB Ltd.; Helsinki, Finland) spectrophotometer, following the method reported by Valerio et al. [36] with slight modifications. Twofold serial dilutions (v/v) of EOs (10%, 7.5%, 5%, 3.75%, 2.5%, 1.87%, 1.25%, 0.93%, 0.62%) were prepared in the growth medium containing Tween 80 (0.5% v/v). PDB and BHI broths were used as media for fungal and bacterial strains, respectively.



After shaking, 20 μL of each EO dilution were inserted in each well of sterile and disposable, multiwell plates (“honeycomb” plates 10×10 wells; Lab systems, Helsinki, Finland). Then, 160 μL of BHI broth or PDB, both containing Tween 80 (0.05%) and 20 μL of the microbial suspension (bacteria ca.1×107 CFU/mL, fungi ca. 0.5−1×105 spores/mL) were added in each well. The final concentration of each EO into the wells was decimally diluted (from 1% to 0.062%). A well containing 180 μL of broth and 20 μL of microbial suspension was used as a growth control. Three replicates for each EO dilution were considered. As blank wells (not inoculated wells), two replicates were considered for each EO dilution.



Then, microplates were incubated at 25 or 37 °C for about 120 h or 48 h in the Bioscreen C, and the growth of microorganisms was automatically measured through determining the optical density at 600 nm every 30 min (for B. subtilis and B. amyloliquefaciens) and at 580 nm every 3 h (for A. niger and P. roqueforti). The microplate was shaken every 10 min to ensure the solubilization of the EO.



The efficacy of different concentrations of EOs was expressed as inhibition percentage (inhibition %), which was calculated basing on the fungal growth reached after 72 h and bacterial growth after 24 h compared to the growth control (PDB−Tween or BHI−Tween), and as minimum inhibitory concentration (MIC), which was defined as the minimal concentration able to cause at least 90% of growth inhibition after 24 h for bacteria and 72 h for fungi [37]. Additionally, optical density measurements recorded every 6 h from zero time to 162 h were used to generate growth curves for each fungal strain.



The inhibitory efficacy of the tested EOs was expressed as growth inhibition percentage calculated with respect to the fungal growth in the inoculated PDB-Tween medium or to the bacterial growth in the inoculated BHI-Tween medium not containing the EO, and it was obtained using the OD values (adjusted by subtracting the value relevant to the blank well) after 72 and 24 h growth, respectively.



Percent Inhibition = 1 − (OD test well/OD of corresponding control well) × 100.





2.5. Statistical Analysis


All data are presented as mean values ± standard error of the mean. Data relevant to the chemical composition of EOs (factors: plant species and chemical compound) and to the disk diffusion test (factors: plant species and target microorganism) were compared by two-way ANOVA followed by Fisher’s LSD post hoc test. The one-way ANOVA followed by Fisher’s LSD post hoc test was used for data from TPC, antioxidant activity, and percentage of inhibition. Results were considered as statistically significant when the p-value was less than 0.05. Data (EO composition, antioxidant activity, TPC, antimicrobial activity by disk diffusion test) were analyzed by principal component analysis (PCA) to discriminate EOs basing on chemical composition and biological activity. The relationships between variables (EOs chemical compounds and biological activities) were tested by Pearson correlation analyses.



Multivariate analysis (PCA) was performed by the Unscrambler (version 10.1, CAMO, Oslo, Norway). All statistical analyses were performed by Statistica 13 software (Dell Inc., 2015).





3. Results


3.1. Essential Oil Composition and Yield


Among plant samples analyzed, some species were more productive in terms of quantity as observed by the different percentages of EO yield (Table 1).



Hence, S. montana subsp. montana samples Sm1 and Sm2 had the highest yields followed by Sf2, Tc1, Sf1, Tc2, Cs2, and Cs1. A difference in yield within species was also apparent for all sampled individuals except for S. montana subsp. montana, which exhibited a minimal variation. The highest variation was observed within the samples of S. fruticosa subsp. thomasii (Sf1 and Sf2) and T. capitata (Tc1 and Tc2). EOs samples were first subjected to a qualitative evaluation to study the chemical composition (data reported in Perrino et al. [32]) and then, the identified compounds were quantified.



In Table 2, the concentration (µg/mL) of the major compounds investigated in the EOs is shown. Both S. fruticosa subsp. thomasii samples have high content of eucalyptol. Moreover, Salvia samples differed regarding the camphor content that was higher in Sf1 (232.7 ± 17.2 µg/mL) with respect to Sf2 (14.9 ± 0.6 µg/mL). Although thymol and carvacrol were not observed in Sf1, it contained a higher concentration of almost each compound. The chemical composition of T. capitata EOs samples was quite similar. The EOs extracted from this plant species were those most rich in chemical compounds. In the case of Clinopodium L., only four out of twelve compounds have been found in the two EOs. Both Cs1 and Cs2 have a high content of pulegone and iso-pulegone. Santureja montana subsp. montana EOs samples showed a different chemical compound profile. Indeed, Sm1 was characterized by the highest amount of α-pinene, α-myrcene, and linalool, while Sm2 EOs was rich in thymol, γ-terpinene, and carvacrol.




3.2. Total Phenolic Content and Antioxidant Activity


The results in Table 3 indicated that T. capitata had the highest phenolic amounts in both Tc1 and Tc2 followed by Sm2 of S. montana subsp. montana. All samples of S. fruticosa subsp. thomasii, C. suaveolens, and sample Sm1 of S. montana subsp. montana presented much lower amounts ranging from 0.25 to 0.77 mg GA eq/mL EO. Significant differences within species were only observed for S. montana subsp. montana, whereas the rest of the analyzed samples had similar antioxidant properties and TPC amounts.



As expected, the antioxidant activity of EOs was linked to the TPC value (Table 2 and Table 3). Both samples of T. capitata and Sm2 of S. montana subsp. montana had high antioxidant activities as a result of the phenolic content. The rest of EOs were drastically weaker and ranging from 0.12 to 0.18 mg TEs/mL EO. S. fruticosa subsp. thomasii and C. suaveolens had the lowest radical scavenging activity.



Despite the absence of differences in the phenolic content of T. capitata samples, significant differences in their antioxidant activity were observed, with Tc1 having a higher antioxidant potential compared to Tc2. Additionally, a big difference was observed between the two samples of S. montana subsp. montana with Sm1 being drastically lower than Sm2. As for C. suaveolens and S. fruticosa subsp. thomasii, the antioxidant activity was almost undetectable, and no significant differences were registered among samples.



Similarly, the strong presence of thymol was responsible for the antioxidant activity of Sm2 of S. montana subsp. montana. Sm1 was deprived of these phenolic compounds and was richer in α-pinene, α-terpineol, and linalol, which lack a phenolic group, making them unable to induce a strong activity (Table 2 and Table 3).



Pulegone was the predominant compound for both samples of C. suaveolens. Therefore, lower antioxidant activities were observed. This weak effect was also apparent in both S. fruticosa subsp. thomasii samples, which were rich in eucalyptol and β-pinene.




3.3. Antimicrobial Activity


3.3.1. Disk Diffusion Assay


Results from the disk diffusion assay are reported in Table 4 and showed differences in the antimicrobial effect among the EOs and microorganisms. Generally, EOs were more effective against the fungal strains than the Bacillus species. In particular, the most active EOs were those from T. capitata samples and from one S. montana subsp. montana sample (Sm2), which inhibited both fungi and bacteria. EOs from C. suaveolens were also active against both fungi and bacteria but to a lesser extent. Finally, EOs from the two samples of S. fruticosa subsp. thomasii were almost ineffective. The higher inhibitory activity was registered against the P. roqueforti strain by Sm2.



In order to assess the strength of the effect, intervals of inhibition were selected. Inhibition zones lower than 1 cm were translated to very low antimicrobial activity, those from 2 to 4 cm were considered as medium antimicrobial activity, those from 4 to 6 cm were considered as high antimicrobial activity, whereas EOs with inhibition zones higher than 6 cm were classified as very high antimicrobial activity. Based on this classification, an effective antifungal activity was observed in EOs Sm2 (S. montana subsp. montana), Tc1, and Tc2 (T. capitata), which were very strong against A. niger and P. roqueforti (Table 4). These samples were followed by EOs Cm1 and Cm2 (C. suaveolons), which had a medium inhibitory activity on the same fungal strains. No observable effect on fungal strains was present for both samples of S. fruticosa subsp. thomasii. Similarly, to S. fruticosa subsp. thomasii, the EO Sm1 from S. montana subsp. montana has no effect on fungal strains. It showed a completely opposite behavior to EO Sm2.



The most effective samples against Bacillus strains were Tc1, Tc2, and Sm2. The same differences in the antibacterial potential were observed within the S. montana subsp. montana samples, and the inhibition properties of Sm1 were extremely lower than those of EO Sm2.




3.3.2. Antimicrobial Activity of EOs by Microdilution Test


The microdilution experiments were performed to study the antimicrobial activity of the most effective EOs. EOs Tc1 and Sm2 were tested against B. subtilis and B. amyloliquefaciens, whereas EOs Cs1 and Cs2, Tc1 and Tc2, and Sm2 were evaluated against A. niger and P. roqueforti at different concentrations. The results confirmed the higher susceptibility of the fungal strains to EOs as indicated by the percentage of growth inhibition even high at the low concentrations tested (Table 5 and Table 6).



In particular, P. roqueforti was more susceptible than A. niger to the EO samples, which caused almost total growth inhibition until levels of 0.093% (Cs1, Sm2) or 0.125% (Tc1, Tc2, Cs2). Values higher than 50% were observed starting from 0.187% for Cs1 and Cs2, 0.375% for Tc1, and 0.25% for Tc2 and Sm2.



Looking to the growth curves (Figure S1), it was clear that A. niger grew better, reaching OD values higher than P. roqueforti. By comparing the effect of EO from C. suaveolons against the two fungal strains, it was observed that all dilutions of Cs1 induced an inhibition or a delay in the growth kinetics with respect to the control but, while a complete inhibition of growth was observed for P. roqueforti using an EO concentration up to 0.93% until at least 135 h incubation, a level of 0.375% was needed to obtain the same effect on A. niger. A delay in the development of A. niger was obtained using Cs1 concentrations lower than 0.375%. However, the lowest concentration tested was still able to delay the growth of both fungal strains, mainly P. roqueforti.



Regarding Cs2, although the same percentage of inhibition of Cs1 was registered after 72 h incubation, the concentrations lower than 0.19% were shown to be less active against the two fungal strains. In the case of A. niger, a significant reduction of the antifungal activity of Cs2 was observed at concentration lower than 0.187%, while for P. roqueforti, it was observed at concentration lower than 0.125%.



The growth kinetics of A. niger treated with Tc1 (T. capitata) indicated that the lowest concentrations (0.125 to 0.0625%) did not show an effect and behaved similarly to the control. Concentrations from 0.187% to 0.25% were slightly more effective in the short term. Whereas dilution ranging from 0.375% to 1% caused a significant increase in the strength of inhibition and induced a complete inhibition of the strain’s growth. Hence, the choice of the lowest dilution between effective ones is sufficient to ensure the same effect and a better management of biological compounds to avoid any risk of toxicity in very high amounts. In the case of P. roqueforti, a complete inhibition was observed until the level 0.125% for the whole incubation time, while the concentration lower than this level had no effect on the fungal growth similarly to the control, as also demonstrated by the high percentage of inhibition (Table 5).



Similarly to EO Tc1, sample Tc2 showed three separate reaction groups for A. niger; the one of lower concentrations (0.063%, 0.093%, and 0.125%) induced similar results to the control, the second group (0.187% and 0.25%) caused a better inhibition, while the third batch almost completely blocked the development of the fungi (0.375%, 0.5%, 0.75%, and 1%). Instead, a slight difference was observed for EO Tc2 against P. roqueforti, since a level of 0.25% was needed to completely inhibit the fungal growth throughout the experimental time. However, looking to the percentage of growth inhibition after 72 h incubation reported in Table 5, Tc2 was slightly more efficacious on A. niger than Tc1 at 0.187% and 0.125% concentration, while a lower effect was observed against P. roqueforti that was partially inhibited at 0.125%.



Different dilutions of EO Sm2 from of S. montana subsp. montana exhibited more homogeneous growth curves of A. niger. The strength of inhibition decreased with the decrease of the EO’s concentration (Figure S1, Table 5). With the exception of the lowest dilution (0.062%) that did not differ from the control, the rest of the concentrations presented an antifungal activity that ranged from a slight inhibition to a complete one. However, a concentration of 0.25% of Sm1, causing 80% of the growth inhibition after 72 h, can be used to reduce and delay the fungal growth. Similarly to the other EOs tested, a higher inhibitory activity was observed against P. roqueforti: Sm2 0.125% completely inhibited the fungal growth during the entire experimental time, thus suggesting a fungicidal effect, and a very low concentration (0.093%) was able to inhibit the fungal growth at 72 h incubation.



The growth kinetic experiments on B. subtilis and B. amyloliquefaciens were performed using only Tc2 and Sm2, which resulted in the most active EOs from the disk diffusion test (Table 4). As reported in Table 6 and Figure S2, EO Tc2 was completely active against both strains at concentrations higher than 0.75%, while a complete loss of efficacy was observed at the lower concentrations. For Sm2, the degree of strength of the antibacterial effect was proportional to the concentration of the EO. The lower dilutions (0.062% to 0.187%) had similar kinetics to the control at the beginning of growth but later on induced an effect on the development of the bacteria.



A big increase in the antibacterial activity appeared with dilutions 0.5% and 0.75%, which almost caused a complete inhibition of bacterial strains.



The percentage of inhibition observed at 24 h showed variability in the activity among dilutions, and values above 50% of inhibition were observed at concentrations higher than 0.5% for EO Tc2 and 0.75% for EO Sm2 (Table 6).




3.3.3. Minimum Inhibitory Concentration (MIC)


The Minimum Inhibitory Concentration (MIC) was defined as the minimal concentration able to cause at least 90% of growth inhibition after 24 h for bacteria and 72 h for fungi. Results extrapolated from Table 5 and Table 6 are reported in Table 7.



C. suaveolens had the lowest MIC values for both of its samples against A. niger (0.187%) and P. roqueforti (0.093% and 0.187%), while EO Tc1 and 2 showed a different response on the fungal strains with MIC values higher for A. niger with respect to P. roqueforti, which was more inhibited by Tc1. Finally, only one sample of S. montana subsp. montana (Sm2) exerted an inhibitory activity against microorganisms. Hence, T. capitata and S. montana subsp. montana remain more effective even if they required higher concentrations, while C. suaveolens produced the most active antifungal EOs. Interestingly, although the MIC shown by Cs2 against A. niger was the same than Cs1, the effect of the two EOs on the fungal growth was slightly different, as also resulted from the percentage of growth inhibition, which was higher for Cs1 (Table 5 and Table 6).



The two bacterial strains tested were considerably more resistant to the EOs: the two EOs tested (Tc2 and Sm2) resulted in completely inhibiting the bacterial growth after 24 h at concentrations higher than 0.75%.





3.4. Principal Component Analysis


In order to discriminate the EOs basing on their biological properties and chemical composition, a PCA was performed. Results are shown in Figure 1 and demonstrated that all EOs were clearly discriminated on the basis of the plant species except for Sm EOs, which were located separately in the plot due to their different composition and biological activity (Figure 1a). On the left part of the plot can be distinguished the most active EOs (Tm1, Tm2, Sm2). Of the remaining samples located in the right part, Sm1 was more similar in chemical composition and biological activity to EOs from S. fruticosa subsp. thomasii, while Sm2 was located in the left high part of the plot, and it was characterized by the higher antimicrobial activity mainly against fungi. Figure 1b shows the loading plot that was utilized to identify the compounds and biological activities accountable for the separation among EOs. The compounds pulegone and iso-menthone mainly characterized the Cs EOs, while linalol, α-pinene, camphor, eucalyptol, and myrcene accounted for Sm1, Sf1, and Sf2. The Tc EOs were mainly characterized by the presence of antioxidant compounds and antibacterial activity and the Sm2 EOs were mainly characterized by the antifungal properties. As shown in Table S1, the antioxidant properties and antibacterial activity were mainly correlated to the presence of thymol, γ-terpinene, carvacrol, and p-cymene. No significant correlations were found between the chemical compounds and the antifungal activity, suggesting a synergistic action of all compounds.





4. Discussion


In the current study, the EOs from four Lamiaceae species from Southern Italy have been chemically and biologically characterized. Results demonstrated the high variability and complexity of EOs composition and biological effect mainly in relation to the antimicrobial activity. The compound composition is characteristic for each plant depending on the species, specific site, temperature, rainfall, altitude, sun radiation, and soil features [38,39,40]. In the current research, four wild plant species belonging to the Lamiaceae family (C. suaveolens, S. fruticosa subsp. thomasii, S. montana subsp. montana, and T. capitata), recently characterized for the chemical composition of their EOs in Perrino et al. [32], were further studied to obtain an exact quantification of the most abundant compounds occurring in the EOs and the relevant biological activity. In particular, the antimicrobial activity of EOs was tested against fungal and bacterial contaminants of bakery products to evaluate their potential as bio-preservatives in these food products.



The strong variability between the plant species and within the same species observed in our preliminary study [32] reflects the antioxidant activity registered for EOs and was the result of the differences in EOs compositions and abundances of the major compounds, since the most active EOs were those showing also the higher antioxidant activity. In order to better understand the relationships between the biological properties (results from the disk diffusion assay, antioxidant properties, and total phenol content) and the amounts of the most abundant compounds in EOs, a PCA analysis was performed. As a result, the chemical composition and quantification of the specific compounds in EOs were correlated with the biological activity. The analysis allowed better understanding the significant factors responsible for the antioxidant and antibacterial properties (thymol, carvacrol, γ-terpinene, p-cymene) activity and for the antifungal effect (thymol, carvacrol, γ-terpinene, p-cymene, pulegone, and iso-menthone). Although the presence of compounds with known antimicrobial properties, such as camphor and eucalyptol [41,42] EOs from S. fruticosa subsp. thomasii samples (Sf1 and Sf2), did not show significant effect against the tested microorganisms. Differently from Chaturvedi et al. [42], in this study, the EO containing camphor did not show an antifungal effect despite it being present in combination with eucalyptol in Sf1 and Sf. Similarly to S. fruticosa subsp. thomasii, the Sm1 from S. montana subsp. montana has no effect on fungal strains and showed a completely opposite behavior to Sm2. This difference in effect for the S. montana subsp. montana samples could be explained by the impact of environmental and plant community conditions on the chemical composition of EOs [32]. Indeed, Sm2 had a higher content of thymol and carvacrol than Sm1, which was ineffective against microorganisms, but lower than Tc1 and Tc2 and even showing comparable MIC values, which may be due to a synergistic effect of all compounds detected even if occurring at low concentrations. It has been reported that most of the antioxidant activity from plant sources are derived from phenolic phytochemicals [43] such as thymol and carvacrol, which were proven to be potent antioxidants [44]. In contrast, other usually abundant phytochemicals such as γ-terpinene, α-pinene, β-pinene, limonene, linalol, eucalyptol, pulegone, and menthone have extremely low and almost nonexistent antioxidant activities [44,45]. However, other authors found a strong association between the monoterpene γ-terpinene and the antimicrobial and antioxidant properties of Satureja thymbra [46]. In our study, EOs Tc1 and Tc2, characterized by the highest thymol (413.2 and 484.5 µg/mL, respectively) and carvacrol (261.3 and 163.5 µg/mL, respectively) amounts, were characterized by the highest antioxidant activity as EO Sm2, although this sample contained a significantly lower concentration of thymol (53.4 µg/mL). This result can be explained by the different composition of Sm2 with respect to Tc1 and Tc2: as reported in Perrino et al. [32], thymol represented 46.1% of the total compounds in Sm2, while in Tc1 and Tc2, thymol and carvacrol accounted for 31–35% and 26–17%, respectively, thus not representing the predominant compounds. Moreover, Sm2 was characterized by the presence of γ-terpinene to the same extent (14.57%) of Tc1 and Tc2 (14.95% and 17.71%, respectively) although lower amounts were quantified among the three EOs (14.9, 178.7, and 202.9 µg/mL). We can suppose that the strong antimicrobial activity of T. capitata samples was the result of the dominance of phenolic compounds thymol and carvacrol and the monoterpene γ-terpinene, which are all known for their strong bioactivity [46,47,48].



In contrast, the EOs from S. fruticosa subsp. thomasii did not show biological activity. Sf1 was rich in eucalyptol (541.2 µg/mL), camphor (232.7 µg/mL), α-myrcene (50 µg/m), α-pinene (36.2 µg/m), and caryophyllene (E) (15.5 µg/mL). Sf2 mainly differed from Sf1 in the higher eucalyptol (671.9 µg/mL) content and the presence of a low amount of carvacrol (6.6 µg/mL), but no differences in the biological activity between the two samples were observed. Moreover, EOs from S. fruticosa subsp. thomasii had no effect on A. niger and had a weak activity against B. subtilis, which was mainly due to the predominance of eucalyptol and camphor, which are only active in extremely high amounts.



In the case of C. suaveolens, pulegone was the predominant compound in both samples: it is a monoterpene ketone, typical of Lamiaceae EOs and with commercial value because of its important antimicrobial activities [49,50]. The most known sources of pulegone are Mentha pulegium L., Hedeoma pulegioides L. Pers., and genus Calamintha Mill. and Acinos Mill., which show a high content of pulegone (59.9–96.9%) [51,52]. Both EO samples did not show antioxidant properties due to the lack of phenolic compounds.



Therefore, it can be supposed that the biological activity of EOs is not only due to the higher concentration of specific compounds, but a different combination of compounds can act in a synergistic way, thus affecting the biological properties of EOs.



Regarding the antimicrobial activity of EOs, a comparison with MIC values reported in the literature is not possible, since the antimicrobial susceptibility mainly depends on the test used other than the target strains. However, some similarities were found with published data. In particular, Moukhles et al. [53] demonstrated that T. capitata was active against B. subtilis. Additional articles showcased the strength of Thymbra L. species against A. niger and numerous fungal and bacterial strains such as Aspergillus fumigatus, Penicillium funiculosum, Bacillus cereus, Listeria monocytogenes, Salmonella enterica, and Escherichia coli [54,55,56]. S. montana subsp. montana had lower MIC results in the literature against B. subtilis (0.25%) and A. niger (from 0.06 to 0.5%) [57]. The antimicrobial effect was apparent on a wide range of microorganisms such as Bacillus cereus, Staphylococcus aureus, Streptococcus faecalis, Escherichia coli, Salmonella typhi, Aspergillus fumigates, Pseudomonas aeruginosa, Enterecoccus feacalis, and Saccharomyces cerevisiae [57,58]. However, it is important to indicate a deficiency in comparable data; with the exception of T. capitata, the tested species are rare and/or endemic and are found in specific places around the Mediterranean basin. Rather few data are available for S. fruticosa subsp. thomasii and C. suaveolens. Additionally, it is necessary to consider the differences in the methodological approaches, making the comparison between findings rather inaccurate.



Several studies have been performed to extend bread shelf-life using essential oils, as recently reviewed by some authors [7,10,59]. EOs can be applied as ingredients in the bread formulation, as additives in the packaging or in combination with other technologies (hurdle technology) to prolong the product shelf-life. Recently, Skendi et al. [28] tested the effect of three aromatic plants belonging to the Lamiaceae family (oregano, thyme, and Satureja) as EOs or in dry form directly in the bread formulation. According to our results, the authors detected carvacrol, α-pinene, p-cymene, and γ-terpinene as main components and observed that both forms of addition (essential oil and dry material) resulted in a higher efficacy against the Penicillium spp. strain compared to Aspergillus niger. The use of EOs at a concentration of 50 µl/100 g flour allowed reducing the fungal growth on the bread surface with respect to the control. Even if a comparison with our results cannot provide a realistic prevision of the actual efficacy of the EOs, we suppose that the combination of different preserving technologies, such as the use of sourdough, metabolites from lactic acid bacteria, and/or packaging can induce a delay in the microbial growth on bread. As an example, Debonne et al. [8] tested different concentrations of EO from Thymus zygis in sourdough bread to inhibit the growth of A. niger and P. paneum, but the promising performance observed in vitro were not confirmed in bread. This result was attributed to the food matrix effect, which caused a not homogeneous distribution of the oil. However, other studies [59] demonstrated that large phenolic compounds such as thymol and eugenol (thyme, cinnamon, and clove) show a higher antifungal effect if they are applied directly to the medium, whereas small molecules such as allyl isothiocyanate and citral (mustard and lemongrass) were most efficient when added as volatiles.



S. montana subsp. montana and T. capitata, which are generally used as spices and food preservatives, mainly in meat and fruit products, for their antimicrobial properties [60,61,62,63,64,65] were shown in the current study to be the most active against fungi and bacteria and have the highest the antioxidant properties. The low MIC values observed for the studied EOs, mainly against fungal strains, can be exploited in the preservation of bakery products, which are frequently contaminated by strains belonging to the species tested in the current study. Moreover, the results of the present study highlight the antifungal efficacy of a scarcely studied species, C. suaveolens, which was rich in pulegone, which is a monoterpene ketone associated to the inhibition of wood-decay fungi [66].



The most actives were those from two species, S. montana subsp. montana and T. capitata, which can be exploited as bio-preservatives for bakery products. Moreover, the research provides additional scientific evidence on the potential uses of some common Lamiaceae species for food uses, in order to obtain effective conservation, protection, and valorization of these species. Data relevant to C. suaveolens and S. fruticosa subsp. thomasii, both species of conservation interest and limited geographic distribution, provide new information on the chemical composition of their essential oils and on the potential of C. suaveolens as a source of antifungal compounds.



Factors as temperature, rainfall, altitude, soil features, and habitat conditions have a qualitative and quantitative impact on Lamiaceae species essential oils. This variability does not permit a comparison between essential oils composition. Nevertheless, exploring the essential oils composition is possible to understand how environmental and plant communities condition affect the second metabolism of plants. In turns, this can allow recreating the optimal conditions for domesticating plants that have to produce specific essential oils.



The results suggest that using very low concentrations of EOs in different antifungal approaches such as the hurdle technology can result in the efficacious fungal inhibition. The hurdle technology (or combination technology) is a concept that relies mainly on the simultaneous manipulation and optimization of a series of preservation factors (or hurdles) and their interaction (hurdle effect) in food.



Further studies are necessary to demonstrate the efficacy of the EOs deriving from aromatic plants of the Lamiaceae family when applied to bakery products.




5. Conclusions


In the current study, the EOs from four Lamiaceae species from the Southern Italy have been chemically and biologically characterized. The most active were those from two species, S. montana subsp. montana and T. capitata, which can be exploited as bio-preservatives for bakery products. Moreover, the research provides additional scientific evidence on the potential uses of some common Lamiaceae species for food uses, in order to obtain effective conservation, protection, and valorization of these species. Data relevant to C. suaveolens and S. fruticosa subsp. thomasii, both species of conservation interest and limited geographic distribution, provide new information on the chemical composition of their essential oils and on the potential of C. suaveolens as a source of antifungal compounds.



As reported in the recent study by Perrino et al. [32], some factors as temperature, rainfall, altitude, soil features, and habitat conditions have a qualitative and quantitative impact on Lamiaceae species essential oils. This variability does not permit a comparison between essential oils composition. Nevertheless, exploring the essential oils composition makes it possible to understand how environmental and plant communities’ conditions affect the second metabolism of plants. In turns, this can allow recreating the optimal conditions for domesticating plants that have to produce specific essential oils.



The results suggest that using very low concentrations of EOs in different antifungal approaches such as the hurdle technology can result in efficacious fungal inhibition. The hurdle technology (or combination technology) is a concept that relies mainly on the simultaneous manipulation and optimization of a series of preservation factors (or hurdles) and their interaction (hurdle effect) in food.
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Figure 1. Principal component analysis (PCA) of data from the biological activity of EOs and their chemical characterization. (a) Score plot indicating sample distribution (EOs) basing on the biological activity and EO composition. (b) Loading plot indicating the correlation between variables: antimicrobial activity against A. niger (AN), P. roqueforti (PR), B. amyloliquefaciens (BA), and B. subtilis (BS); total phenol content (TPC); antioxidant activity; concentration of the single compounds (thymol, carvacrol, caryophillene, eucalyptol, canphor, α-pinene, γ-terpene, linalool, myrcene, p-cymene, pulegone, and iso-menthone) for each EO. 
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Table 1. Plant germoplasm location, code, number of individuals detected, and yield of the relevant essential oils extracted by hydrodistillation.
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Species

	
Detected Location

	
Relief and Data Reference

	
Yield (% w/w)

	
Individual Detected

	
IC






	
Salvia fruticosa subsp. thomasii

	
Gravina Petruscio (Mottola–TA)

	
11.03.19.03

	
0.56

	
7

	
Sf1




	
Gaudella (Laterza−TA)

	
15.03.19.01

	
0.68

	
10

	
Sf2




	
Clinopodium suaveolens

	
Scannapecora (Altamura–BA)

	
17.04.19.01

	
0.37

	
150

	
Cs1




	
Jazzo Filieri (BA)

	
17.04.19.02

	
0.42

	
120

	
Cs2




	
Thymbra capitata

	
Gravina Capo di Gavito (Mottola–TA)

	
11.03.19.02

	
0.60

	
30

	
Tc1




	
Torre Santa Sabina (Carovigno–BR)

	
22.03.19.01

	
0.48

	
50

	
Tc2




	
Satureja montana subsp. montana

	
Azienda Sabatelli (Fasano–BR)

	
22.03.19.02

	
0.90

	
40

	
Sm1




	
Monte Castiglione (Altamura–BA)

	
1.04.19.01

	
0.92

	
50

	
Sm2
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Table 2. Concentrations (µg/mL) of the most abundant compounds occurring in the EOs, identified and quantified by GC-MS.
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Salvia fruticosa subsp. thomasii

	
Thymbra capitata

	
Clinopodium suaveolens

	
Satureja montana subsp. montana




	




	
Compound Name

	
Sf1

	
Sf2

	
Tc1

	
Tc2

	
Cs1

	
Cs2

	
Sm1

	
Sm2




	
µg/mL






	
α-Pinene

	
36.2 ± 0.1 b,c

	
18.7 ± 0.8 a,b

	
1.9 ± 0.3 a

	
–a

	
–

	
–

	
270.4 ± 24.7 e

	
–




	
α-Myrcene

	
50 ± 1.1 c,d

	
58.5 ± 0.9 d

	
35.3 ± 1.7 e

	
26.8 ± 0.1 c,d

	
6.4 ± 0.4 a

	
7.3 ± 0.1 a

	
42.8 ± 5.1 c

	
5 ± 0.1 a,b




	
p-Cymene

	
3.2 ± 0.2 a

	
–

	
83.8 ± 0.1 f

	
82.2 ± 4.6 f

	
–

	
–

	
–

	
4.3 ± 0.2 a,b




	
Eucalyptol

	
541.2 ± 39.2 f

	
671.9 ± 2.6 g

	
–

	
–

	
–

	
–

	
–

	
–




	
γ-Terpinene

	
3.3 ± 0.3 a

	
0.99 ± 0.1 a

	
178.7 ± 4.4 h

	
202.9 ± 8.6 j

	
–

	
–

	
–

	
14.9 ± 0.2 b




	
Linalool

	
4.06 ± 0.4 a

	
4.1 ± 0.1 a

	
16.4 ± 0.6 b

	
29.5 ± 0.7 d,e

	
7.7 ± 0.3 a

	
5.2 ± 0.3 a

	
82 ± 5.3 d

	
4.7 ± 0.1 a,b




	
Camphor

	
232.7 ± 17.2 e

	
14.9 ± 0.6 a

	
–

	
–

	
–

	
–

	
–

	
–




	
Thymol

	
–

	
10.2 ± 0.1 a

	
413.2 ± 5.1 i

	
484.5 ± 13.3 l

	
–

	
–

	
7.1 ± 0.2 a,b

	
53.4 ± 1.6 c




	
Carvacrol

	
–

	
6.6 ± 0.1 a

	
261.3 ± 4.2 k

	
163.5 ± 6.2 g

	
–

	
–

	
5.8 ± 0.1 a,b

	
6.7 ± 0.2 a,b




	
Caryophyllene, (E)

	
15.5 ± 1.4 a

	
10.7 ± 0.1 a

	
19.2 ± 1.4 b,c

	
20.3 ± 0.3 b,c

	
–

	
–

	
1.1 ± 1.5 a

	
0.6 ± 0.9 a




	
Isopulegone, trans-

	
–

	
–

	
–

	
–

	
116.8 ± 0.1 b

	
172.3 ± 7.3 c

	
–

	
–




	
Pulegone

	
–

	
–

	
–

	
–

	
1146.9 ± 8.5 e

	
1062.7 ± 41.6 d

	
–

	
–








For each plant species, means followed by different letters differ significantly (p < 0.05) by the LSD post hoc test.; a values ≤ LOD.
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Table 3. Total phenolic content (TPC) and antioxidant activity of EOs.
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EO Code

	
TPC

	
Antioxidant Activity




	
mg GA eq./mL EO

	
mg TEs/mL EO






	
Sf1

	
0.25 ± 0.03 a

	
0.12 ± 0.003 a




	
Sf2

	
0.33 ± 0.02 a

	
0.17 ± 0.004 a




	
Cs1

	
0.31 ± 0.03 a

	
0.18 ± 0.001 a




	
Cs2

	
0.31 ± 0.04 a

	
0.16 ± 0.01 a




	
Tc1

	
279 ± 8.3 c

	
9.61 ± 0.19 d




	
Tc2

	
286 ± 19.8 c

	
8.39 ± 0.11 c




	
Sm1

	
0.77 ± 0.03 a

	
0.19 ± 0.004 a




	
Sm2

	
231 ± 9.4 b

	
6.16 ± 0.25 b








In each column, means followed by different letters differ significantly (p < 0.05) by the LSD post hoc test.
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Table 4. Screening of the antimicrobial activity of EOs against A. niger ITEM5132, P. roqueforti ITEM5139, B. amyloliquefaciens DSM7, and B. subtilis ATCC8473 using the disk diffusion assay.
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	EO
	A. niger ITEM5132
	P. roqueforti ITEM5139
	B. subtilis ATCC 8473
	B. amyloliquefaciens DSM7





	Sf1
	–a
	–
	1 ± 0.17 c
	–



	Sf2
	–
	–
	0.97 ± 0.11 c
	1 ± 0.10 c,d



	Cs1
	4.9 ± 0.13 d
	4.05 ± 0.13 d
	1.23 ± 0.11 c
	1.25 ± 0.13 c



	Cs2
	3.05 ± 0.12 e
	3.1 ± 0.14 e
	1.13 ± 0.10 c
	1.23 ± 0.10 c



	Tc1
	6.05 ± 0.13 b
	6.95 ± 0.12 c
	4.33 ± 0.11 a
	4.5 ± 0.13 b



	Tc2
	5.55 ± 0.12 c
	7.25 ± 0.13 b
	3.5 ± 0.10 b
	4.76 ± 0.11 a,b



	Sm1
	–
	–
	1.13 ± 0.11 c
	1.1 ± 0.13 c,d



	Sm2
	6.25 ± 0.13 a
	8.95 ± 0.13 a
	4.03 ± 0.11 a
	5.2 ± 0.12 a







Halo of inhibition expressed in cm.; Means followed by different letters differs significantly (p < 0.05) by the LSD post hoc test.; a Halo of inhibition not visible around the disc.
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Table 5. Percent of inhibition (%) of fungal growth after 72 h incubation at 25 °C by the EOs.
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A. niger ITEM5132

	
P. roqueforti ITEM5139

	
A. niger ITEM5132

	
P. roqueforti ITEM5139

	
A. niger ITEM5132

	
P. roqueforti ITEM5139

	
A. niger ITEM5132

	
P. roqueforti ITEM5139

	
A. niger ITEM5132

	
P. roqueforti ITEM5139




	
EO Concentration

	
Cs1

	
Cs2

	
Tc1

	
Tc2

	
Sm2






	
1%

	
100 ± 0.4 a

	
95.5±0.8 b

	
98.8 ± 0.4 a,b

	
100.9 ± 0.7 a

	
100 ± 3.2 a,b

	
91.5 ± 13.9 a

	
100 ± 2.0 a

	
100 ± 21.2 a

	
100 ± 2.2 a

	
100 ± 0.2 a




	
0.75%

	
99.8 ± 0.1 a

	
100.3 ± 0.1 a

	
98.5 ± 0.5 a,b

	
100.0 ± 0.1 a

	
100 ± 2.1 a

	
100 ± 3.2 a

	
100 ± 3.4 a

	
100 ± 1.9 a,b

	
100 ± 6.4 a

	
100 ± 0.6 a




	
0.5%

	
99.7 ± 0.04 a

	
99.7 ± 0.1 a

	
99.7 ± 0.1 a,b

	
98.9 ± 1.7 a,b

	
98.8 ± 0.1 a,b

	
100 ± 3.4 a

	
100 ± 1.4 a

	
97.8 ± 2.0 b

	
97.5 ± 1.7 a

	
100 ± 0.4 a




	
0.375%

	
99.7 ± 0.1 a

	
99.4 ± 0.3 a

	
99.4 ± 0.3 a,b

	
99.0 ± 0.3 a,b

	
95.3 ± 2.4 b

	
99.9 ± 0.2 a

	
97.5 ± 0.6 a

	
100 ± 0.1 b

	
92.3 ± 3.1 a,b

	
100 ± 1.02 a




	
0.25%

	
98.04 ± 0.7 a

	
99.9 ± 0.1 a

	
100 ± 0.3 a

	
95.9±1.5 a,b

	
41.1 ± 13.3 c

	
99.0 ± 0.5 a

	
60.4 ± 1.5 b

	
100 ± 0.06 b

	
79.9 ± 8.6 b

	
100 ± 0.08 a




	
0.187%

	
90.1 ± 2.6 a

	
100.3 ± 0.1 a

	
89.1 ± 6.2 b

	
98.3 ± 0.7 a,b

	
30.0 ± 1.9 c

	
100 ± 0.1 a

	
48.7 ± 0.5 b

	
100 ± 0.2 b

	
27.8 ± 4.8 c

	
99.6 ± 0.4 a




	
0.125%

	
66.1 ± 4.2 b

	
99.9 ± 0.5 a

	
27.7 ± 7.7 c

	
82.0 ± 9.6 b

	
7.6 ± 4.3 d

	
100 ± 23.2 a

	
10.04 ± 1.7 c

	
87.5 ± 10.1 b

	
17.8 ± 5.7 c,d

	
100 ± 0.06 a




	
0.093%

	
46.7 ± 8.8 c

	
98.9 ± 2.4 a

	
13.2 ± 3.4 d

	
59.0 ± 13.8 c

	
9.2 ± 1.5 d

	
23.4 ± 3.9 b

	
5.3 ± 1.6 c

	
21.2 ± 4.2 c

	
5.8 ± 1.6 c

	
100 ± 5.1 a




	
0.062%

	
10.2 ± 5.4 d

	
35.9 ± 0.08 c

	
1.9 ± 2.1 e

	
23.0 ± 5.3 d

	
-

	
33.1 ± 12.6 b

	
-

	
22.02 ± 3.02 c

	
-

	
20.6 ± 2.6 b








In each column, means followed by different letters differ significantly (p < 0.05) by the LSD post hoc test.
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Table 6. Percent of inhibition (%) of bacterial growth (B. amyloliquefaciens DSM7 and B. subtilis ATCC8473) after 24 h incubation at 37 °C.
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B. subtilis ATCC8473

	
B. amyloliquefaciens DSM7

	
B. subtilis ATCC8473

	
B. amyloliquefaciens DSM7




	
EO Concentration

	
Tc2

	
Sm2






	
1%

	
100 ± 5.68 a

	
100 ± 10.6 a

	
96.8 ± 2.3 a

	
96.2 ± 1.0 a




	
0.75%

	
100 ± 2.62 a

	
100 ± 4.17 a

	
88.2 ± 1.8 b

	
93.9 ± 0.8 a




	
0.5%

	
34.4 ± 1.13 b

	
17.0 ± 1.77 c,d

	
61.6 ± 2.9 c

	
65.7 ± 1.0 b




	
0.375%

	
24.0±1.47 c

	
0.8 ± 2.13 e

	
27.1 ± 0.6 d

	
8.8 ± 1.0 e,f




	
0.25%

	
34.0 ± 0.34 b

	
28.2 ± 0.1 b,c

	
23.8 ± 3.0 d

	
7.2 ± 0.9 f




	
0.187%

	
37.6 ± 1.29 b

	
23.65 ± 1.3 b,c,d

	
23.4 ± 0.4 d

	
30.2 ± 0.7 c




	
0.125%

	
4.56 ± 0.17 d

	
22.8 ± 2.5 b,c,d

	
22.2 ± 0.2 d

	
27.7 ± 0.3 c




	
0.093%

	
19.8 ± 5.45 c

	
29.6 ± 0.5 b

	
2.6 ± 1.0 e

	
13.7 ± 1.3 d




	
0.062%

	
1.8 ± 1.82 d

	
13.9 ± 0.06 d

	
-

	
11.5 ± 2.3 d,e








In each column, means followed by different letters differ significantly (p < 0.05) by the LSD post hoc test.
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Table 7. MIC values of EOs against fungal (A. niger ITEM5132 and P. roqueforti ITEM5139) and bacterial (B. subtilis ATCC 8473 and B. amyloliquefaciens DSM7).






Table 7. MIC values of EOs against fungal (A. niger ITEM5132 and P. roqueforti ITEM5139) and bacterial (B. subtilis ATCC 8473 and B. amyloliquefaciens DSM7).





	

	
MIC90 72 h

	
MIC90 24 h




	
EO

	
A. niger ITEM5132

	
P. roqueforti ITEM5139

	
B. subtilis ATCC 8473

	
B. amyloliquefaciens DSM7






	
Sf1

	
NT

	
NT

	
NT

	
NT




	
Sf2

	
NT

	
NT

	
NT

	
NT




	
Cs1

	
0.187%

	
0.093%

	
NT

	
NT




	
Cs2

	
0.187%

	
0.187%

	
NT

	
NT




	
Tc1

	
0.375%

	
0.125%

	
NT

	
NT




	
Tc2

	
0.375%

	
0.187%

	
0.75%

	
0.75%




	
Sm1

	
NT

	
NT

	
NT

	
NT




	
Sm2

	
0.375%

	
0.093%

	
1%

	
0.75%








NT: not tested.
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