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Abstract

:

Essential oils and their constituents, such as carvacrol, are potential food preservatives because of their great antimicrobial properties. However, the long-term effects of these compounds are unknown and raise the question of whether resistance to these antimicrobials could emerge. This work aims to evaluate the occurrence of genetic resistant variants (RVs) in Listeria monocytogenes EGD-e by exposure to carvacrol. Two protocols were performed for the RVs selection: (a) by continuous exposure to sublethal doses, where LmSCar was isolated, and (b) by reiterative exposure to short lethal treatments of carvacrol, where LmLCar was isolated. Both RVs showed an increase in carvacrol resistance. Moreover, LmLCar revealed an increased cross-resistance to heat treatments at acid conditions and to ampicillin. Whole-genome sequencing identified two single nucleotide variations in LmSCar and three non-silent mutations in LmLCar. Among them, those located in the genes encoding the transcriptional regulators RsbT (in LmSCar) and ManR (in LmLCar) could contribute to their increased carvacrol resistance. These results provide information regarding the mode of action of this antimicrobial and support the importance of knowing how RVs appear. Further studies are required to determine the emergence of RVs in food matrices and their impact on food safety.
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1. Introduction


Increasing restrictions on the use of chemically synthesized food preservatives, as well as consumer rejection of those additives, have led to the search for new food preservatives of natural origin [1]. In this regard, plant essential oils (EOs) and their individual constituents (ICs) have been proposed as alternatives to chemical preservatives used in the food industry [2] due to their great antimicrobial and antioxidant properties, among others [3,4].



However, the use of EOs and ICs for food preservation currently shows some drawbacks that compromise their industrial application. The necessary doses of EOs and ICs for food preservation are not very high, but even so, these small concentrations can cause food alterations in odor and taste that might be rejected by consumers [5]. Reducing the necessary doses for food preservation to concentrations that are not unpleasant or detectable by the consumer requires, among things, the knowledge of the mechanisms of action of these natural antimicrobials [6,7].



On the other hand, in recent decades, the emergence of bacterial antimicrobial resistance (AMR) and its spread in the environment has become one of the greatest hazards to global health [8,9]. One of the solutions to this problem focuses on the search for new antimicrobial compounds as an alternative to antibiotics currently used in human and veterinary medicine [10,11], such as EOS and ICs [12]. However, the long-term effects of EOs and ICs are unknown and raise the question of whether resistance to these natural antimicrobials could also appear. According to de Souza [13], the emergence of genetic resistant variants (RVs) by exposure to EOs and ICs would be unlikely. This fact would be due to the antioxidant capacity of these compounds at low doses [14], which can, in some cases, even reduce the mutagenic rate in Gram-negative [15] and Gram-positive bacteria [16]. Nevertheless, recent studies have shown that prolonged exposure to these natural antimicrobials can lead to the emergence of RVs in bacteria such as Escherichia coli [15], Salmonella Typhimurium [17], Staphylococcus aureus [16,18], and more recently, Listeria monocytogenes [19], that are insensitive not only against these compounds (direct-resistance) but also against antibiotics (cross-resistance) used in human and veterinary medicine [20].



The emergence of these RVs may pose a risk to food safety as they can survive lethal preservation treatments or grow under unfavorable conditions. In addition, the fact that RVs also exhibit development of cross-resistance to antibiotics may compromise the clinical treatment of RV-infections [20,21]. For this reason, it is necessary to determine under which conditions RVs to natural antimicrobials can appear in the food chain. Furthermore, the genetic study of these RVs to natural antimicrobials would allow the identification of the mutations responsible for resistance and, consequently, help target cellular structures or functions involved in the bacterial response to EOs and ICs. Consequently, this study might provide information on the mechanisms of action of these compounds. These results would make it possible to optimize the conditions of use of EOs and CIs, reducing the doses added to foods and facilitating sensory acceptance by the consumer.



Therefore, this study aims (a) to isolate RVs in L. monocytogenes by two evolution assays in the presence of carvacrol: one by continuous exposure to sublethal doses and another by exposure to short lethal treatments, (b) to characterize the direct resistance of the isolated RVs to carvacrol, (c) to assess the cross-resistance to heat treatments and antibiotics in the clinical use of the isolated RVs, and (d) to identify the genetic modifications that may be responsible for their increased resistance.




2. Materials and Methods


2.1. Microorganisms and Growth Conditions


L. monocytogenes EGD-e was kindly provided by Prof. Chakraborty (Institute for Medical Microbiology, Giessen, Germany). This bacterium has been extensively studied, including its whole-genome sequence [22,23,24], due to its high relevance in food outbreaks. Throughout this investigation, the strain was kept in cryovials at −80 °C with glycerol (20% v/v), from which plates of tryptone soya agar (Oxoid, Basingstoke, England) with 0.6% yeast extract (Oxoid; TSAYE) were prepared on a weekly basis. To prepare the working bacterial cultures, test tubes containing 5 mL of tryptone soya broth (Oxoid) with 0.6% yeast extract (TSBYE) were inoculated with one colony and then incubated aerobically overnight on an orbital shaker (130 rpm; Heidolph Vibramax 100, Schwabach, Germany) at 37 °C (Incubig, Selecta, Barcelona, Spain). Subsequently, flasks containing 10 mL of fresh TSBYE were inoculated with the resulting subculture to achieve an initial concentration of 106 colony-forming units per mL (CFU/mL), which were incubated for 24 h at 37 °C and 130 rpm until the stationary growth phase was reached (2 × 109 CFU/mL approximately). The same protocol was followed to obtain the bacterial cultures of the isolated strains that resulted from the evolution assays with carvacrol (≥98%; Sigma-Aldrich, Steinheim, Germany).




2.2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)


The minimum inhibitory concentration (MIC) was determined according to CLSI [25] with some modifications due to the hydrophobicity of the EO. First, strains were inoculated in test tubes with 5 mL of cation-adjusted Mueller–Hinton broth (Sigma-Aldrich; MHB) at an initial concentration of 5 × 105 CFU/mL in the presence of different concentrations of carvacrol: from 50 up to 500 µL/L with 25 μL/L intervals (based on previous results not shown), which were incubated at 37 °C for 24 h and 130 rpm. Afterwards, MIC was determined as the lowest concentration of the antimicrobial compound that was capable of inhibiting bacterial growth. To objectively determine bacterial growth, the optical density was read at 595 nm (OD595) using a microplate reader (Genios, Tecan, Männedorf, Switzerland). In total, 10% of the OD595 measure of the positive control was established as the lower limit to consider that a strain could grow [26]. Vigorous shaking by vortex (Genius 3, Ika, Königswinter, Germany) was used to prepare carvacrol dispersions in MHB, thus avoiding the use of solvents that could be detrimental to antibacterial activity. Positive control tubes with 5 mL MHB inoculated at 5 × 105 CFU/mL without ICs, and negative control tubes with 5 mL of MHB with 500 µL/L of carvacrol, were also prepared in every experiment.



In parallel, minimum bactericidal concentration (MBC) was evaluated. From the test tubes employed for the determination of MIC, a 100-µL aliquot of each tube was spread onto cation-adjusted Mueller–Hinton agar plates (Sigma-Aldrich; MHA), which were incubated at 37 °C for 48 h. Colonies were counted, and the lowest concentration of carvacrol that killed ≥99.9% of the initial bacterial population (5 × 105 CFU/mL) was defined as the MBC endpoint [27]. The same positive and negative controls of the MIC test were employed in this experiment.



MIC and MBC were firstly determined in the wild-type strain to establish the necessary doses of carvacrol to be added in the evolution assays and then to compare the resistance of the evolved strains with that of the wild-type strain.




2.3. Carvacrol Evolution Assays


The wild-type L. monocytogenes strain (LmWT) was exposed to two different evolution assays to obtain RVs: (a) exposure to prolonged sublethal treatments and (b) cyclic exposure to short lethal treatments, according to Berdejo et al. [28].



(a) The first protocol was based on the isolation of strains by prolonged exposure to a subinhibitory concentration of carvacrol during bacterial growth. LmWT was grown on TSAYE plates for 48 h at 37 °C. A single colony was inoculated in 5 mL of TSBYE and incubated under agitation for 12 h at 37 °C. This preculture was diluted 1:1000 into 50 mL of TSBYE and incubated for 3.5 h to obtain an exponential phase culture. From this culture, 5 mL of TSBYE were inoculated at an initial bacterial concentration of 106 CFU/mL in the presence of 75 µL/L of carvacrol (1/2 × MIC). This bacterial suspension was incubated (24 h/37 °C/130 rpm), and once the stationary phase was reached, the same step was repeated: the culture was diluted (up to 106 CFU/mL) in 5 mL of TSBYE with 75 µL/L of carvacrol and incubated (24 h/37 °C/130 rpm). This procedure was repeated 20 times. After the 20th step, an aliquot was diluted in phosphate-buffered saline (Sigma-Aldrich; PBS) and spread on TSAYE plates (without carvacrol). After plate incubation for 48 h at 37 °C, five colonies were randomly picked to evaluate their MIC against carvacrol. Since the MIC values were similar for the five strains, one evolved clone was selected, hereinafter referred to as LmSCar, to carry out its phenotypic and genotypic characterization. This methodology was adapted from Kohanski, DePristo and Collins [26], and Andersson and Hughes [29].



(b) The second protocol was based on the isolation of strains by recovering surviving cells after short-term lethal treatments with carvacrol. For this purpose, a stationary phase culture of LmWT was diluted 1:100 in 50 mL of TSBYE with 300 µL/L of carvacrol (2 × MIC) and incubated for 4.5 h at 37 °C. Subsequently, treated cells were centrifuged for 20 min at 15,000 RCF (centrifuge 1736R, Gyrozen, Gimpo, South Korea), washed twice with TSBYE, resuspended in 1 mL of TSBYE, and incubated 19.5 h at 37 °C under agitation until the stationary phase was reached. This procedure was repeated 30 times. This assay had to be extended for 10 more days than protocol (a) in order to evolve the strain on the basis of its resistance. After the 30th step, an aliquot was diluted in PBS, spread on TSAYE plates (without carvacrol), and incubated for 48 h at 37 °C. After the incubation period, five colonies were randomly picked to evaluate their MIC against carvacrol. Since the MIC values were similar for the five strains, one evolved clone was selected, hereinafter referred to as LmLCar, to carry out phenotypic and genotypic characterization. This methodology was adapted from Levin-Reisman et al. [30].




2.4. Survival Curves to Lethal Concentrations of Carvacrol and Heat Treatments


The resistance of LmWT and evolved strains, LmSCar and LmLCar, against carvacrol was evaluated with lethal treatments. The treatment medium was citrate–phosphate buffer or “McIlvaine buffer” at pH 4.0 or pH 7.0 [31], prepared from citric acid monohydrate (Panreac) and disodium hydrogen phosphate (Panreac). Those pH values were chosen as representative of acidic and neutral foods. The treatment was carried out in 10 mL of McIlvaine buffer at 25 °C, to which carvacrol was added at a concentration of 200 µL/L, for treatment at pH 4.0, and 300 µL/L, for treatment at pH 7.0, and then vigorously agitated to obtain a homogeneous dispersion of the IC. This concentration was selected based on preliminary experiments where carvacrol treatment reached 5 log10 cycles of inactivation of LmWT. Once carvacrol was added, the stationary phase culture was centrifuged for 5 min at 6000 RCF in a microcentrifuge (Mini Spin, Eppendorf, Hamburg, Germany) and resuspended in the treatment medium. Test tubes were then inoculated at 107 CFU/mL, thus initiating the lethal carvacrol treatment. The total treatment time was set to 30 min, during which aliquots were obtained every 5 min. These samples were diluted in PBS and subsequently spread on TSAYE plates. After plate incubation (48 h/37 °C), the count of survival cells was carried out in an automatic plate counter by image analysis (Analytical Measuring Systems, Protos, Cambridge, United Kingdom). Once survival curves of LmWT and evolved strains were obtained, inactivation kinetics were compared in order to evaluate the increase in resistance of LmSCar and LmLCar against carvacrol.



Following the same protocol, the heat resistance of evolved strains was assessed and compared to that of LmWT. Test tubes containing McIlvaine buffer (without carvacrol added) were incubated at 54 °C for treatment at pH 4.0; and at 58 °C for treatment at pH 7.0. Once the appropriate temperature was reached, the test tubes were inoculated with bacteria to initiate a 30 min treatment, during which aliquots were obtained every 5 min. Then, heat inactivation kinetics were analyzed to assess whether RVs to carvacrol could also exhibit cross-resistance against food processing technologies.




2.5. Antibiotic Susceptibility Test


An agar disk diffusion assay was conducted to test antimicrobial susceptibility according to CLSI [32,33]. Following the suggestions for fastidious bacteria [34], bacterial cultures were grown in cation-adjusted MHB supplemented with 2.5% lysed horse blood (Sigma-Aldrich). Bacterial suspensions were then spread on MHA plates supplemented with 2.5% lysed horse blood and, after 5 min at room temperature, blank disks (Ø: 6.0 mm; Thermo Scientific™ Oxoid™ Anti-microbial Susceptibility Disk Dispenser, ST6090, Waltham, MA, USA) were placed on the surface of plates and individually impregnated with the following antibiotics: 30 µg of kanamycin sulphate, 30 µg of tetracycline, 30 µg of chloramphenicol, 400 µg of nalidixic acid sodium, 5 µg of rifampicin, 30 µg of norfloxacin, 150 µg of novobiocin sodium, 10 µg of trimethoprim, 10 µg of ampicillin, and 150 µg of cephalexin (Sigma-Aldrich). These plates were incubated at 37 °C for 24 h, after which the diameters of the resulting inhibition zones were measured (paper disks included).



These antibiotics were selected in order to evaluate different cell targets and to identify structures or pathways involved in the resistance of the evolved strains that could be related to the mechanism of action of carvacrol. Limited information is provided in CLSI documents [33,34] for testing Listeria spp. strains. Consequently, antibiotics concentrations were chosen and adjusted according to Yehia et al. [35] and previous experiments to achieve inhibition halos higher than 20.0 mm of LmWT and thus to enhance sensitivity to detect increased resistance to antibiotics in the evolved strains.




2.6. Statistical Analysis


Results from phenotypic characterization were obtained from at least 3 independent experiments carried out on different working days with different bacterial cultures. MIC and MBC data correspond to the results obtained from 5 different assays. Lethal treatment curves and antibiotic susceptibility tests are displayed as the mean ± standard deviation, using Prism 4.03 software (GraphPad Software, San Diego, CA, USA). Data were compared using analysis of variance (ANOVA) and paired t-tests followed by post hoc Tukey with Prism 4.03 software, and differences were considered significant if p ≤ 0.05.




2.7. Whole Genome Sequencing (WGS)


Illumina technology was used to carry out whole genome sequencing (WGS) of LmWT, LmSCar, and LmLCar, on NextSeq equipment at mid-output flow, with a total of 2 × 150 cycles (Illumina; Fasteris, SA, Geneva, Switzerland). Quality control and the genetic study were carried out as described by Berdejo, Merino, Pagán, García-Gonzalo, and Pagán [17]. The quality-control-filtered paired-end reads were mapped on the reference genome sequence of Listeria monocytogenes EGD-e (National Center for Biotechnology Information; NCBI accession: NC_003210.1). A total of 3.66, 4.17, and 4.37 million 150 bp-reads, with an average Phred quality score of 33.07, 33.26, and 32.82, were mapped for LmWT, LmSCar, and LmLCar, respectively. The reference genome was sufficiently covered (≥100-fold coverage depth) to allow the detection of genetic changes in the strains studied. The presence of single nucleotide variants (SNVs), short insertion (Ins), deletions (Del), and structural variations (SVs) was analyzed in the evolved strains in comparison to LmWT. The resulting genome sequences were deposited in the sequence read archive (SRA) of NCBI (BioProject ID: PRJNA669703). The accession numbers of the sample data are SAMN16457448 (LmWT), SAMN30451154 (LmSCar), and SAMN30451155 (LmLCar). Finally, specific primers (Table S1) were designed to carry out PCR amplification, and Sanger sequencing was used to verify the mutations detected in the WGS analysis.





3. Results


3.1. Isolation of RVs of L. monocytogenes against Carvacrol


Once the carvacrol evolution assays with L. monocytogenes were performed, LmSCar (exposed to prolonged sublethal doses of carvacrol) and LmLCar (cyclically exposed to lethal treatments of carvacrol) were selected and stored in cryovials with glycerol at −80 °C for subsequent phenotypic and genotypic characterization. The evolved strains were kept and re-cultured in the absence of carvacrol to avoid phenomena of phenotypic adaption and thus to confirm the involvement of genetic modifications on their resistance changes.



Then, MIC and MBC against carvacrol for the evolved strains were determined and compared to those obtained for LmWT, with the purpose of assessing the emergence of RVs to carvacrol after both evolution protocols (Table 1).



The MIC and MBC data reveal an increase in resistance against carvacrol in both isolated strains in comparison to LmWT, although to different extents. LmSCar showed an increase in MIC from 150 µL/L (LmWT) to 175 µL/L, i.e., an increase in resistance of more than 15%, similar to that observed for MBC values (from 250 µL/L to 300 µL/L). Regarding LmLCar, the increase in resistance was even higher, from 150 µL/L to 200 µL/L for MIC and from 250 µL/L to 350 µL/L for MBC, which corresponded to a 40% increase in resistance to carvacrol.



These results demonstrated the emergence of RVs to carvacrol in L. monocytogenes by both prolonged exposure to sublethal doses and reiterative exposure to short lethal treatments.




3.2. Decreased Lethal Efficacy of Carvacrol against RVs


In order to further characterize RVs, lethal carvacrol treatments were carried out under acid and neutral pH conditions. Figure 1 shows the survival curves of LmWT and its evolved strains, LmSCar and LmLCar, to lethal treatments for 30 min with 200 µL/L carvacrol at pH 4.0 (Figure 1A) and with 300 µL/L carvacrol at pH 7.0 (Figure 1B).



As shown in Figure 1A, both evolved strains exhibited a higher survival to carvacrol than LmWT under acidic conditions (p < 0.05). While LmWT showed inactivation greater than 5.5 log10 cycles at 20 min of treatment, the same level of inactivation was not achieved until 25 min of treatment by LmSCar and 30 min by LmLCar.



Regarding neutral pH, as can be seen in Figure 1B, no significant differences (p > 0.05) were observed between the inactivation of LmSCar and LmWT, except at 30 min. Nevertheless, the differences observed in survival at pH 7.0 between LmLCar and LmWT were greater than those observed in acid conditions (p < 0.05). LmWT population was reduced by more than 5.5 log10 cycles after 25 min of treatment, while LmLCar was only inactivated by less than 3.0 log10 cycles after 30 min treatment.



These results demonstrated that both evolutionary approaches could lead to the emergence of L. monocytogenes RVs with increased survival to carvacrol lethal doses. Nonetheless, inactivation kinetics showed that increased resistance was influenced by treatment conditions such as pH.




3.3. Slight Increased Cross-Resistance to Heat of RVs to Carvacrol


The survival of carvacrol-RVs to heat treatments was characterized to assess whether evolution assays towards carvacrol resistance development can also lead to the emergence of cross-resistance to food processing methods. Figure 2 represents the survival curves of LmWT and its RVs, LmSCar and LmLCar, to heat treatments for 30 min at 54 °C/pH 4.0 (Figure 2A) and 58 °C/pH 7.0 (Figure 2B).



As illustrated in Figure 2A, no significant differences (p > 0.05) were observed between LmWT’s and LmSCar’s inactivation by heat at acid conditions. Only LmLCar exhibited cross-resistance against heat: LmLCar reached two log10 cycles of inactivation after 15 min of treatment, while LmWT and LmSCar exceeded the 3.5 log10 cycles (p < 0.05). In contrast, as shown in Figure 2B, no significant differences (p > 0.05) in heat survival were observed between LmWT and both carvacrol-RVs at neutral pH, except after 25 min treatment where LmSCar counts fell below the detection limit (−5.5 log10 cycles). It should be taken into account that different food matrices and heat treatments might lead to higher or lower differences in heat resistance between RVs and LmWT.



The slight differences in heat resistance observed (54 °C at pH 4.0 for 15 min) in LmLCar compared to LmWT might be because the mutations acquired by LmLCar during carvacrol evolution assay also provide protection against this food processing technology. These results support that carvacrol and heat may share some target structures or mechanisms of action.




3.4. Ampicillin Resistance Changes in RVs to Carvacrol


The occurrence of cross-resistance to other types of antimicrobials, such as antibiotics for clinical use, was also assessed in LmSCar and LmLCar. Table 2 displays the inhibition halos obtained by agar disk diffusion in LmWT, LmSCar, and LmLCar for several antibiotics: kanamycin sulfate, tetracycline, chloramphenicol, nalidixic acid, rifampicin, norfloxacin, novobiocin, trimethoprim, ampicillin, and cephalexin.



The antibiotic inhibition halos in RVs to carvacrol showed no significant differences (p > 0.05) with respect to LmWT for any of the antibiotics tested, except for ampicillin in both strains. However, the behavior of each carvacrol-RV against ampicillin was different (p < 0.05). While LmLCar showed a decrease in the ampicillin-inhibition halo size in comparison with LmWT from 20.28 mm to 18.74 mm, i.e., an increase in cross-resistance, LmSCar was more sensitive to this antibiotic showing an increase in inhibition halo of up to 23.94 mm.




3.5. Whole-Genome Sequencing of RVs to Carvacrol


After phenotypic characterization, the whole genomes of the evolved strains were sequenced and compared with that of LmWT to identify the mutations that could be responsible for their increased resistance against carvacrol, heat, and in the case of LmLCar, against ampicillin. We first identified several common mutations in LmWT and its RVs compared to the reference genome (NCBI accession: NC_003210.1) which were ignored (Table S2). Table 3 and Table 4 summarize the genetic modifications detected in LmSCar and LmLCar strains, respectively, compared to LmWT. Table 3 and Table 4 also show the function of the proteins encoded by the mutated genes. All these mutations were confirmed by Sanger sequencing in LmWT and RVs.



In LmSCar, two SNVs were observed compared to LmWT (Table 3). The first SNV was detected in lmo0891 (T341C), leading to the substitution of phenylalanine (Phe) by serine (Ser) at position 114. This mutation was located in the rsbT gene, which encodes the RsbT regulator of Sigma-B activity (σB). The second SNV was identified in lmo2202 (C110A), resulting in the substitution of threonine (Thr) by asparagine (Asn) in the amino acid 37 of the 3-oxoacyl ACP synthase.



Table 4 displays the mutations detected in LmLCar compared to LmWT, two SNVs, one insertion, and one deletion; three of which resulted in protein changes:




	(i)

	
A transversion from thymine to guanine at position 287 bp (T287G) of lmo0785 led to the substitution of leucine (Leu) by arginine (Arg) at amino acid 96. The missense mutation was located in the manR gene, which encodes a transcriptional activator of a phosphotransferase system domain.




	(ii)

	
An insertion at position 423 bp of lmo1539 produced a reading frameshift in the transcription of a glycerol transporter.




	(iii)

	
A frameshift mutation at position 123 bp of lmo1921, which function has not been evidenced in vivo.











4. Discussion


EOs and ICs are known as potential food preservatives due to their strong antimicrobial and antioxidant properties, as well as their higher consumer acceptance compared to synthesized food additives [2,36]. Moreover, these natural antimicrobials are also under study as potential alternatives or enhancers to antibiotics treatment against multidrug-resistant (MDR) bacteria and the spread of AMR [12]. One of the most promising ICs as a food preservative is carvacrol due to its great antimicrobial properties against food-borne pathogens [37] and also against MDR bacteria [38]. This compound is mainly extracted from EOs of Origanum vulgare, Thymus vulgaris, and Thymbra capitata [39,40], and it is generally recognized as safe (GRAS) by the U.S. Food and Drug Administration [41]. However, the long-term effects of carvacrol should be studied to assess whether, as shown in antibiotics [42], RVs could also appear in food-borne pathogens such as L. monocytogenes.



Following evolution assays, MIC and MBC of carvacrol against LmWT, LmSCar, and LmLCar were determined (Table 1). The MIC of carvacrol obtained for LmWT in our study (150 μL/L), as well as the MBC (200 μL/L), was similar to that previously obtained by Ait-Ouazzou et al. [43] (<200 μL/L). Our result differs slightly from the MIC of 625 μg/mL obtained by Field et al. [44], probably due to differences in the methodology followed. As detailed in Table 1, the increase in resistance was higher in LmLCar, which could indicate that evolution through reiterative exposure to lethal treatments would lead to the emergence or selection of strains more resistant to carvacrol than using prolonged exposure to sublethal doses.



Although recent studies have shown that exposure to carvacrol can lead to the occurrence of these RVs in other food-borne pathogenic bacteria, to the best of our knowledge, this is the first report that shows the emergence of RVs to carvacrol in L. monocytogenes. Several authors have reported increased resistance to carvacrol in E. coli when bacteria have been exposed to prolonged sub-inhibitory concentrations of the compound, reaching up to a three-fold increase in the MIC [15,20,45,46]. This phenomenon has also been observed in S. Typhimurium both through exposure to sub-inhibitory concentrations and through cyclical exposure to lethal treatments. It should be noted that the evolved strain of S. Typhimurium by lethal treatments was more resistant than the one isolated by sublethal doses [17], as we observed in L. monocytogenes. In this sense, it seems that the evolution protocol using lethal treatments is more aggressive than that using sublethal doses, thus allowing the isolation of more resistant evolved strains. RVs to carvacrol have also been isolated in Gram-positive bacteria, specifically against S. aureus [18].



To further characterize the resistance of the evolved strains, lethal treatments with carvacrol were carried out in a citrate-phosphate buffer in acid and neutral conditions. At pH 7.0, carvacrol concentration was increased to 300 μL/L since 200 μL/L used at pH 4.0 was not enough to achieve inactivation of L. monocytogenes EGD-e, as was observed previously in brain–heart infusion by Field, Daly, O’Connor, Cotter, Hill, and Ross [44]. As can be observed in Figure 1, both RVs showed increased survival compared to LmWT at pH 4.0 and pH 7.0. Comparing RVs, LmSCar was more susceptible than LmLCar to lethal treatments at both pHs. Other studies have also demonstrated that strains isolated from E. coli [15], S. Typhimurium [17], and S. aureus [18] after evolution assays by both sublethal and lethal doses of carvacrol had increased their resistance against lethal treatments. These results support that the effectiveness of lethal treatments with carvacrol could not be enough to inactivate the target pathogen bacteria if these RVs emerge in the food chain. Furthermore, results evidenced that LmLCar likely exhibited greater survival than LmSCar because of the different evolution protocols followed in their isolation. Moreover, the inactivation kinetics in lethal treatments could explain how LmLCar could be selected after evolution assay by lethal doses of carvacrol. Once LmLCar appears by mutations, its greater survival to lethal treatments would cause its concentration in the population to be higher than that of LmWT along the cycles of the evolution assay until genetic variations of LmLCar became fixed in the bacterial population.



Heat treatments were also carried out to determine if RVs to carvacrol could pose a food safety risk by physical food preservation treatments at both acid and neutral pH. As observed in Figure 2A, only LmLCar exhibited a slight increase in heat resistance in comparison to LmWT at pH 4.0. Therefore, under these treatment conditions, LmLCar could survive lethal treatments pre-established for the reduction of LmWT. However, no significant differences were detected (p > 0.05) among the three strains at neutral pH (Figure 2B). According to Chueca, Berdejo, Gomes-Neto, Pagán, and García-Gonzalo [15], RVs of E. coli to carvacrol revealed increased heat resistance compared to the WT strain. After a 26 min treatment at 55 °C, the WT strain was inactivated by more than five log10 cycles, while the survival of RVs was only reduced by less than 3.5 log10 cycles. However, only slight differences were observed in S. aureus RVs to carvacrol in acid conditions [18].



Hence, it is likely that the emergence of heat cross-resistance in RVs to carvacrol depends on the bacteria under study, the evolution protocol followed, and even the conditions used in lethal treatments, such as the pH. Although laboratory conditions used to obtain the RVs of this study are different from those used in food industry settings, the occurrence of RVs in real food should be taken into account, as demonstrated by the emergence of AMR bacteria in clinical settings [8,9]. The appearance of RVs in the food chain may compromise the effectiveness of food preservation treatments. In this regard, more studies are required to determine whether the occurrence of these RVs in food matrices could pose a food safety risk by surviving food preservation treatments, such as heat, which would be a priori enough to inactivate them.



Antibiotic susceptibility results of the carvacrol-RVs did not reveal significant differences (p > 0.05) in comparison with LmWT for the majority of compounds tested. Only against ampicillin did both RVs show significant differences (p < 0.05) compared to LmWT. Ampicillin is a β-lactam antibiotic which acts on the binding to specific penicillin-binding proteins located inside the bacterial cell wall inhibiting the third and last stage of cell wall peptidoglycan synthesis [47]. Therefore, it is likely that the selected mutations in the carvacrol-RVs might modify the cell wall and thus lead to changes in antibiotic resistance. These results would support that the antimicrobial action of carvacrol may share cellular targets on cell envelopes with ampicillin.



Recent studies on S. Typhimurium RVs obtained by lethal carvacrol treatments [17] and E. coli RVs isolated by sublethal doses of carvacrol [20] revealed increased cross-resistance to a wide range of antibiotics, such as tetracyclines, quinolones, aminoglycosides, and beta-lactams. However, this cross-resistance to antibiotics was not observed in carvacrol-RVs of S. Typhimurium or S. aureus obtained by sublethal doses of carvacrol [16].



In this regard, it is likely that the evolution protocol and the bacterial strains may be involved in why cross-resistance to antibiotics occurs. Moreover, it is possible that carvacrol shares modes of action with more antibiotics, not just with ampicillin, depending on the bacteria under study. Nonetheless, further studies are required to find out under which conditions this cross-resistance can appear and also the relevance that increased resistance may have on clinical treatment in case these RVs infect the consumers.



Finally, WGS allowed us to detect the mutations in LmSCar (Table 3) and LmLCar (Table 4) compared to LmWT, which might be causing their increased resistance.



Two SNVs hitting different genes were detected in LmSCar. The first one was located in the rsbT gene, which encodes one of the regulators of sigma B (σB) activity [48]. The σB controls the general stress response in Gram-positive bacteria contributing to stress tolerance by the upregulation of approximately 300 genes in the case of L. monocytogenes. Previous studies have demonstrated that the lack of σB resulted in decreased resistance in L. monocytogenes to Origanum vulgare and Rosmarinus officinalis, whose main compound is carvacrol [49], indicating the relevance of σB activity for survival against natural antimicrobials. In this regard, it can be hypothesized that the rsbT mutation in LmSCar could lead to an increase in σB regulon activity that provides greater protection against carvacrol.



The second SNV was detected in lmo2202, which encodes 3-oxoacyl ACP synthase. This enzyme is involved in the type II fatty acid elongation cycle, which is an essential step in the thermal regulation of fatty acid composition and, consequently, in cell wall and membrane lipid homeostasis [50]. Previous studies have pointed to cell envelopes as one of the main target structures for natural antimicrobials [51,52,53]. The mutation found in lmo2022 might alter this structure and thus provide increased carvacrol resistance to LmSCar.



Regarding LmLCar, three mutations leading to protein changes were identified in its genome. One SNV was located in the manR gene, encoding a positive regulator of the manLMN operon responsible for the transport and utilization of mannose [54]. Moreover, according to Buck et al. [55], ManR probably assists σ54 in melting the promoter of mpt during transcription initiation. Therefore, the manR mutation may modify the expression of its target genes, leading to changes in resistance to this antimicrobial compound. Although there is no study showing a relationship between the manR gene and resistance to EO or IC, several authors have linked this gene with class IIa bacteriocin resistance in L. monocytogenes [56,57,58].



In addition, an insertion in the glpF1 gene of LmLCar was detected, resulting in a reading frame shift that may lead to loss-of-function of glycerol uptake facilitators. This structural component is mainly involved in extracellular glycerol diffusion across the cytoplasmic membrane via pore-type mechanisms [59]. However, there is no information on the involvement of glycerol transporters in bacterial resistance to natural antimicrobials. Since this mutation is related to the cellular metabolism of glycerol, it may be possible that this was selected during the recovery and growth steps between lethal treatments and not by the carvacrol selective pressure.



Lastly, a frameshift mutation was located in a gene (lmo1921) encoding a hypothetical protein whose function has not been evidenced in vivo. Therefore, further knowledge of the cellular function of this gene is necessary to anticipate its contribution to increased carvacrol resistance.



To sum up, WGS revealed the mutations in LmSCar and LmLCar that might be involved in their increased (cross)-resistance. Among them, it should be noted that those located in the genes encoding the transcriptional regulators RsbT (in LmSCar) and ManR (in LmLCar) are likely involved in their increased resistance to the natural antimicrobial. In LmSCar, in addition to the rsbT mutation, the genetic modification in lmo2202 could also contribute to its increased resistance since this gene encodes an enzyme involved in the biosynthesis of fatty acids of cell envelopes, which are one of the main targets of carvacrol. In LmLCar, in addition to the manR mutation, the genetic modification found in lmo1912 and glpF1 could be involved in the development of resistance to carvacrol and also cross-resistance to heat treatments and ampicillin.




5. Conclusions


This study demonstrates that both the serial exposure of L. monocytogenes to sublethal doses and lethal doses of carvacrol could allow the emergence and isolation of genetic RVs: LmSCar and LmLCar, respectively. Both RVs exhibited an increased resistance and survival against carvacrol compared to the WT strain (LmWT), being LmLCar the most carvacrol-resistant RV. LmLCar also exhibited cross-resistance against ampicillin and heat treatments (at acid conditions), while in LmSCar, no significant increased resistance was detected, even though it was more susceptible to ampicillin than LmWT.



WGS identified two mutations in LmSCar and three mutations in LmLCar, leading to protein changes. Based on the function of the genes mutated in LmSCar, it can be hypothesized that variations in σB activity regulating the general stress response and in the ACP synthase activity involved in the cell wall synthesis might be responsible for the increased resistance to carvacrol. Regarding LmLCar, the mutation located in manR could be related to changes in gene expression that provide higher resistance to the natural antimicrobial. In addition, the mutation found in the lmo1921 gene of LmLCar may contribute to improving carvacrol resistance.



In brief, these results support the importance of knowing how RVs to carvacrol appear and the impact they could pose on food safety and in the clinical treatment of infections. Although the RVs of this study were obtained in laboratory growth media, the emergence of RVs in food matrices is likely to occur. As demonstrated, different genomic changes might appear in the presence of carvacrol, leading to RVs with increased resistance against food preservation treatments. Therefore, different mutations in RVs obtained in food systems would be expected with a higher or lower impact on bacterial resistance against food preservation treatments than the RVs of this study. Thus, this information will enable the design of effective preservation strategies to prevent the occurrence of RVs or to eliminate them if they do emerge in the food industry.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods11203282/s1, Table S1: Primers used for PCR amplification and Sanger sequencing to verify the mutations of evolved strains: LmSCar (by cyclic exposure to prolonged sublethal doses of carvacrol) and LmLCar (by cyclic exposure to short lethal treatments of carvacrol); Table S2: Genetic variations detected by whole genome sequencing (WGS) between LmWT and the reference genome of Listeria monocytogenes EGD-e (NCBI accession: NC_003210.1).





Author Contributions


Conceptualization, D.B., R.P. and D.G.-G.; methodology, D.B., E.P., N.M. and R.C.; software, D.B.; formal analysis, D.B., E.P., N.M. and R.C.; investigation, D.B., E.G., E.P., N.M. and R.C.; resources, R.P. and D.G.-G.; data curation, D.B. and E.G.; writing—original draft preparation, D.B.; writing—review and editing, D.B., E.G., R.P. and D.G.-G.; supervision, E.G., R.P. and D.G.-G.; project administration, R.P. and D.G.-G.; funding acquisition, R.P. and D.G.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Grant PGC2018-093789-B-I00 funded by MCIN/AEI/10.13039/501100011033 and by “ERDF A way of making Europe”; and by the Aragonese Office of Science, Technology and University Research and European Social Fund.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding authors.



The resulting genome sequences were deposited in the sequence read archive (SRA) of NCBI (Bio Project ID: PRJNA669703).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Carocho, M.; Barreiro, M.F.; Morales, P.; Ferreira, I.C.F.R. Adding molecules to food, pros and cons: A review on synthetic and natural food additives. Compr. Rev. Food Sci. Food Saf. 2014, 13, 377–399. [Google Scholar] [CrossRef]

	



Quinto, E.J.; Caro, I.; Villalobos-Delgado, L.H.; Mateo, J.; De-Mateo-Silleras, B.; Redondo-Del-Río, M.P. Food safety through natural antimicrobials. Antibiotics 2019, 8, 208. [Google Scholar] [CrossRef] [PubMed]

	



Faleiro, M.L.; Miguel, G. Antimicrobial and antioxidant activities of natural compounds: Enhance the safety and quality of food. Foods 2020, 9, 1145. [Google Scholar] [CrossRef] [PubMed]

	



Nostro, A.; Papalia, T. Antimicrobial activity of carvacrol: Current progress and future prospectives. Recent Pat. Anti-Infect. Drug Disc. 2012, 7, 28–35. [Google Scholar] [CrossRef] [PubMed]

	



Espina, L.; García-Gonzalo, D.; Pagán, R. Impact of essential oils on the taste acceptance of tomato juice, vegetable soup, or poultry burgers. J. Food Sci. 2014, 79, S1575–S1583. [Google Scholar] [CrossRef]

	



Falleh, H.; Ben Jemaa, M.; Saada, M.; Ksouri, R. Essential oils: A promising eco-friendly food preservative. Food Chem. 2020, 330, 127268. [Google Scholar] [CrossRef]

	



Martínez, A.; Manrique-Moreno, M.; Klaiss-Luna, M.C.; Stashenko, E.; Zafra, G.; Ortiz, C. Effect of essential oils on growth inhibition, biofilm formation and membrane integrity of Escherichia coli and Staphylococcus aureus. Antibiotics 2021, 10, 1474. [Google Scholar] [CrossRef]

	



Larsson, D.G.J.; Flach, C.-F. Antibiotic resistance in the environment. Nat. Rev. Microbiol. 2022, 20, 257–269. [Google Scholar] [CrossRef]

	



Murray, C.J.L.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629–655. [Google Scholar] [CrossRef]

	



Miethke, M.; Pieroni, M.; Weber, T.; Brönstrup, M.; Hammann, P.; Halby, L.; Arimondo, P.B.; Glaser, P.; Aigle, B.; Bode, H.B.; et al. Towards the sustainable discovery and development of new antibiotics. Nat. Rev. Chem. 2021, 5, 726–749. [Google Scholar] [CrossRef]

	



León-Buitimea, A.; Garza-Cárdenas, C.R.; Garza-Cervantes, J.A.; Lerma-Escalera, J.A.; Morones-Ramírez, J.R. The demand for new antibiotics: Antimicrobial peptides, nanoparticles, and combinatorial therapies as future strategies in antibacterial agent design. Front. Microbiol. 2020, 11, 1669. [Google Scholar] [CrossRef] [PubMed]

	



Yap, P.S.X.; Yiap, B.C.; Ping, H.C.; Lim, S.H.E. Essential oils, a new horizon in combating bacterial antibiotic resistance. Open Microbiol. J. 2014, 8, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



de Souza, E.L. The effects of sublethal doses of essential oils and their constituents on antimicrobial susceptibility and antibiotic resistance among food-related bacteria: A review. Trends Food Sci. Technol. 2016, 56, 1–12. [Google Scholar] [CrossRef]

	



Hashemi, S.M.B.; Khorram, S.B.; Sohrabi, M. Antioxidant activity of essential oils in foods. In Essential Oils in Food Processing; Hashemi, S.M.B., Khaneghah, A.M., de Souza Sant’Ana, A., Eds.; Wiley Blackwell: New Hoboken, NJ, USA, 2017; pp. 247–265. [Google Scholar]

	



Chueca, B.; Berdejo, D.; Gomes-Neto, N.J.; Pagán, R.; García-Gonzalo, D. Emergence of hyper-resistant Escherichia coli MG1655 derivative strains after applying sub-Inhibitory doses of individual constituents of essential oils. Front. Microbiol. 2016, 7, 273. [Google Scholar] [CrossRef] [PubMed]

	



Nostro, A.; Marino, A.; Ginestra, G.; Cellini, L.; Di Giulio, M.; Bisignano, G. Effects of adaptation to carvacrol on Staphylococcus aureus in the planktonic and biofilm phases. Biofouling 2017, 33, 470–480. [Google Scholar] [CrossRef]

	



Berdejo, D.; Merino, N.; Pagán, E.; García-Gonzalo, D.; Pagán, R. Genetic variants and phenotypic characteristics of Salmonella Typhimurium-resistant mutants after exposure to carvacrol. Microorganisms 2020, 8, 937. [Google Scholar] [CrossRef]

	



Berdejo, D.; Chueca, B.; Pagan, E.; Renzoni, A.; Kelley, W.L.; Pagan, R.; Garcia-Gonzalo, D. Sub-inhibitory doses of individual constituents of essential oils can select for Staphylococcus aureus resistant mutants. Molecules 2019, 24, 170. [Google Scholar] [CrossRef]

	



Berdejo, D.; Pagán, E.; Merino, N.; García-Gonzalo, D.; Pagán, R. Emerging mutant populations of Listeria monocytogenes EGD-e under selective pressure of Thymbra capitata essential oil question its use in food preservation. Food Res. Int. 2021, 145, 110403. [Google Scholar] [CrossRef]

	



Chueca, B.; Renzoni, A.; Berdejo, D.; Pagan, R.; Kelley, W.L.; Garcia-Gonzalo, D. Whole-genome sequencing and genetic analysis reveal novel stress responses to individual constituents of essential oils in Escherichia coli. Appl. Environ. Microbiol. 2018, 84, e02538-17. [Google Scholar] [CrossRef]

	



Berdejo, D.; Pagán, E.; Merino, N.; Botello-Morte, L.; Pagán, R.; García-Gonzalo, D. Salmonella enterica serovar Typhimurium genetic variants isolated after lethal treatment with Thymbra capitata essential oil (TCO) showed increased resistance to TCO in milk. Int. J. Food Microbiol. 2021, 360, 109443. [Google Scholar] [CrossRef]

	



Toledo-Arana, A.; Dussurget, O.; Nikitas, G.; Sesto, N.; Guet-Revillet, H.; Balestrino, D.; Loh, E.; Gripenland, J.; Tiensuu, T.; Vaitkevicius, K.; et al. The Listeria transcriptional landscape from saprophytism to virulence. Nature 2009, 459, 950–956. [Google Scholar] [CrossRef] [PubMed]

	



Glaser, P.; Frangeul, L.; Buchrieser, C.; Rusniok, C.; Amend, A.; Baquero, F.; Berche, P.; Bloecker, H.; Brandt, P.; Chakraborty, T.; et al. Comparative genomics of Listeria species. Science 2001, 294, 849–852. [Google Scholar] [CrossRef]

	



Lachtara, B.; Wieczorek, K.; Osek, J. Genetic diversity and relationships of Listeria monocytogenes serogroup IIa isolated in Poland. Microorganisms 2022, 10, 532. [Google Scholar] [CrossRef] [PubMed]

	



Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility Tests For Bacteria That Grow Aerobically Approved Standard, 10th ed; CLSI Doc. M07-A10; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2015. [Google Scholar]

	



Kohanski, M.A.; DePristo, M.A.; Collins, J.J. Sublethal antibiotic treatment leads to multidrug resistance via radical-induced mutagenesis. Mol. Cell 2010, 37, 311–320. [Google Scholar] [CrossRef] [PubMed]

	



Lallemand, E.A.; Lacroix, M.Z.; Toutain, P.-L.; Boullier, S.; Ferran, A.A.; Bousquet-Melou, A. In vitro degradation of antimicrobials during use of broth microdilution method can increase the measured minimal inhibitory and minimal bactericidal concentrations. Front. Microbiol. 2016, 7, 2051. [Google Scholar] [CrossRef]

	



Berdejo, D.; Pagán, E.; Merino, N.; García-Gonzalo, D.; Pagán, R. Evolution assays for the isolation of mutant bacteria resistant to natural antimicrobials. In Detection and Enumeration of Bacteria, Yeast, Viruses, and Protozoan in Foods and Freshwater; Magnani, M., Ed.; Springer: New York, NY, USA, 2021; pp. 65–75. [Google Scholar]

	



Andersson, D.I.; Hughes, D. Microbiological effects of sublethal levels of antibiotics. Nat. Rev. Microbiol. 2014, 12, 465–478. [Google Scholar] [CrossRef]

	



Levin-Reisman, I.; Ronin, I.; Gefen, O.; Braniss, I.; Shoresh, N.; Balaban, N.Q. Antibiotic tolerance facilitates the evolution of resistance. Science 2017, 355, 826–830. [Google Scholar] [CrossRef]

	



Dawson, R.M.C.; Elliott, D.C.; Elliott, W.H.; Jones, K.M. Data for Biochemical Research; Clarendon Press: Oxford, UK, 1989. [Google Scholar]

	



Clinical and Laboratory Standards Institute. CLSI Doc. M100-S24; Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fourth Informational Supplement; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2014. [Google Scholar]

	



Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Disk Susceptibility Tests, Approved Standard, 11th ed; CLSI Document M02-A11; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2012. [Google Scholar]

	



Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Dilution and Disk Susceptibility Testing of Infrequently Isolated or Fastidious Bacteria, Approved Standard, 2nd ed; CLSI Document M45-A2; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2010. [Google Scholar]

	



Yehia, H.M.; Elkhadragy, M.F.; Aljahani, A.H.; Alarjani, K.M. Prevalence and antibiotic resistance of Listeria monocytogenes in camel meat. Biosci. Rep. 2020, 40, BSR20201062. [Google Scholar] [CrossRef]

	



de Souza, E.L.; da Cruz Almeida, E.T.; de Sousa Guedes, J.P. The potential of the incorporation of essential oils and their individual constituents to improve microbial safety in juices: A review. Compr. Rev. Food Sci. Food Saf. 2016, 15, 753–772. [Google Scholar] [CrossRef]

	



Miladi, H.; Zmantar, T.; Chaabouni, Y.; Fedhila, K.; Bakhrouf, A.; Mahdouani, K.; Chaieb, K. Antibacterial and efflux pump inhibitors of thymol and carvacrol against food-borne pathogens. Microb. Pathog. 2016, 99, 95–100. [Google Scholar] [CrossRef]

	



Abed, A.H.; Hegazy, E.F.; Omar, S.A.; Abd El-Baky, R.M.; El-Beih, A.A.; Al-Emam, A.; Menshawy, A.M.S.; Khalifa, E. Carvacrol essential oil: A natural antibiotic against zoonotic multidrug-resistant Staphylococcus species isolated from diseased livestock and humans. Antibiotics 2021, 10, 1328. [Google Scholar] [CrossRef]

	



De Vincenzi, M.; Stammati, A.; De Vincenzi, A.; Silano, M. Constituents of aromatic plants: Carvacrol. Fitoterapia 2004, 75, 801–804. [Google Scholar] [CrossRef] [PubMed]

	



Merino, N.; Berdejo, D.; Bento, R.; Salman, H.; Lanz, M.; Maggi, F.; Sánchez-Gómez, S.; García-Gonzalo, D.; Pagán, R. Antimicrobial efficacy of Thymbra capitata (L.) Cav. essential oil loaded in self-assembled zein nanoparticles in combination with heat. Ind. Crops Prod. 2019, 133, 98–104. [Google Scholar] [CrossRef]

	



FDA; Hazard Analysis and Critical Control Point (HACCP). Procedures for the Safe and Sanitary Processing and Importing of Juice; Food and Drug Administration: Silver Spring, MD, USA, 2001; Volume 63, pp. 20450–20486. [Google Scholar]

	



Cantón, R.; Morosini, M.-I. Emergence and spread of antibiotic resistance following exposure to antibiotics. FEMS Microbiol. Rev. 2011, 35, 977–991. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Field, D.; Daly, K.; O’Connor, P.M.; Cotter, P.D.; Hill, C.; Ross, R.P. Efficacies of nisin A and nisin V semipurified preparations alone and in combination with plant essential oils for controlling Listeria monocytogenes. Appl. Environ. Microbiol. 2015, 81, 2762–2769. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, W.; Seng, Z.J.; Kohli, G.S.; Yang, L.; Yuk, H.-G. Stress resistance development and genome-wide transcriptional response of Escherichia coli O157:H7 adapted to sublethal thymol, carvacrol, and trans-cinnamaldehyde. Appl. Environ. Microbiol. 2018, 84, e01616–e01618. [Google Scholar] [CrossRef]

	



Al-Mnaser, A.A.; Woodward, M.J. Sub-lethal concentrations of phytochemicals (carvacrol and oregano) select for reduced susceptibility mutants of Escherichia coli O23:H52. Pol. J. Microbiol. 2020, 69, 121–125. [Google Scholar] [CrossRef]

	



Hauser, A.R. Antibiotic Basics for Clinicians: The ABCs of Choosing the Right Antibacterial Agent, 2nd ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2018. [Google Scholar]

	



Chaturongakul, S.; Boor Kathryn, J. RsbT and RsbV contribute to σB-dependent survival under environmental, energy, and intracellular stress conditions in Listeria monocytogenes. Appl. Environ. Microbiol. 2004, 70, 5349–5356. [Google Scholar] [CrossRef]

	



Gomes Neto, N.J.; Magnani, M.; Chueca, B.; García-Gonzalo, D.; Pagán, R.; de Souza, E.L. Influence of general stress-response alternative sigma factors σS (RpoS) and σB (SigB) on bacterial tolerance to the essential oils from Origanum vulgare L. and Rosmarinus officinalis L. and pulsed electric fields. Int. J. Food Microbiol. 2015, 211, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.-M.; Rock, C.O. Membrane lipid homeostasis in bacteria. Nat. Rev. Microbiol. 2008, 6, 222–233. [Google Scholar] [CrossRef] [PubMed]

	



Bouyahya, A.; Abrini, J.; Dakka, N.; Bakri, Y. Essential oils of Origanum compactum increase membrane permeability, disturb cell membrane integrity, and suppress quorum-sensing phenotype in bacteria. J. Pharm. Anal. 2019, 9, 301–311. [Google Scholar] [CrossRef]

	



Wijesundara, N.M.; Lee, S.F.; Cheng, Z.; Davidson, R.; Rupasinghe, H.P.V. Carvacrol exhibits rapid bactericidal activity against Streptococcus pyogenes through cell membrane damage. Sci. Rep. 2021, 11, 1487. [Google Scholar] [CrossRef] [PubMed]

	



Churklam, W.; Chaturongakul, S.; Ngamwongsatit, B.; Aunpad, R. The mechanisms of action of carvacrol and its synergism with nisin against Listeria monocytogenes on sliced bologna sausage. Food Control 2020, 108, 106864. [Google Scholar] [CrossRef]

	



Xue, J.; Miller, K.W. Regulation of the mpt operon in Listeria innocua by the ManR protein. Appl. Environ. Microbiol. 2007, 73, 5648–5652. [Google Scholar] [CrossRef]

	



Buck, M.; Gallegos, M.T.; Studholme, D.J.; Guo, Y.; Gralla, J.D. The bacterial enhancer-dependent σ54(54) (σN) transcription factor. J. Bacteriol. 2000, 182, 4129–4136. [Google Scholar] [CrossRef]

	



Arous, S.; Dalet, K.; Héchard, Y. Involvement of the mpo operon in resistance to class IIa bacteriocins in Listeria monocytogenes. FEMS Microbiol. Lett. 2004, 238, 37–41. [Google Scholar] [CrossRef]

	



Vu-Khac, H.; Miller, K.W. Regulation of mannose phosphotransferase system permease and virulence gene expression in Listeria monocytogenes by the EIItMan transporter. Appl. Environ. Microbiol. 2009, 75, 6671–6678. [Google Scholar] [CrossRef]

	



Gravesen, A.; Ramnath, M.; Rechinger, K.B.; Andersen, N.; Jänsch, L.; Héchard, Y.; Hastings, J.W.; Knøchel, S. High-level resistance to class IIa bacteriocins is associated with one general mechanism in Listeria monocytogenes. Microbiol. Read. Engl. 2002, 148, 2361–2369. [Google Scholar] [CrossRef]

	



Joseph, B.; Mertins, S.; Stoll, R.; Schär, J.; Umesha, K.R.; Luo, Q.; Müller-Altrock, S.; Goebel, W. Glycerol metabolism and PrfA activity in Listeria monocytogenes. J. Bacteriol. 2008, 190, 5412–5430. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 11 03282 g001 550] 





Figure 1. Survival curves of Listeria monocytogenes EGD-e (●; LmWT) and its evolved strains, LmSCar (■; exposed to prolonged sublethal doses of carvacrol) and LmLCar (▲; cyclically exposed to short lethal treatments of carvacrol), to 200-µL/L carvacrol treatment at pH 4.0 (A) and 300-µL/L carvacrol treatment at pH 7.0 (B). Data are means ± standard deviations (error bars) obtained from at least three independent experiments. The dashed line represents the detection limit (−5.5 log10 Nt/N0). 
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Figure 2. Survival curves of Listeria monocytogenes EGD-e (●; LmWT) and its evolved strains, LmSCar (■; exposed to prolonged sublethal doses of carvacrol) and LmLCar (▲; cyclically exposed to short lethal treatments of carvacrol), to heat treatments: 54 °C at pH 4.0 (A); and 58 °C at pH 7.0 (B). Data are means ± standard deviations (error bars) obtained from at least three independent experiments. The dashed line represents the detection limit (−5.5 log10 Nt/N0). 
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Table 1. Minimum inhibitory concentration (MIC; µL/L) and minimum bactericidal concentration (MBC; µL/L) of carvacrol for Listeria monocytogenes EGD-e (LmWT) and the selected evolved strains: LmSCar (exposed to prolonged sublethal doses) and LmLCar (cyclically exposed to short lethal treatments).
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	Strains
	MIC (µL/L) 1
	MBC (µL/L) 1





	LmWT
	150
	250



	LmSCar
	175
	300



	LmLCar
	200
	350







1 Each value represents the result of 5 different experiments carried out with different bacterial cultures of selected evolved strains on different working days.
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Table 2. Diameters (mm) of growth inhibition halos observed in agar disk diffusion assays of Listeria monocytogenes EGD-e (LmWT) and its evolved strains, LmSCar (exposed to prolonged sublethal doses of carvacrol) and LmLCar (cyclically exposed to short lethal treatments of carvacrol), against antibiotics: 30 µg of kanamycin sulfate, 30 µg of tetracycline, 30 µg of chloramphenicol, 400 µg of nalidixic acid sodium, 5 µg of rifampicin, 30 µg of norfloxacin, 150 µg of novobiocin sodium, 10 µg of trimethoprim, 10 µg of ampicillin, and 150 µg of cephalexin. Each value represents the mean diameter of the inhibition halo ± standard deviation from three independent experiments.
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Antibiotics

	
Strains




	
LmWT

	
LmSCar

	
LmLCar






	
Kanamycin

	
22.86 ± 0.99

	
23.20 ± 0.34

	
23.77 ± 1.80




	
Tetracycline

	
35.43 ± 0.76

	
37.99 ± 1.18

	
35.07 ± 0.40




	
Chloramphenicol

	
24.28 ± 0.92

	
25.99 ± 2.44

	
23.41 ± 0.97




	
Nalidixic acid

	
21.62 ± 1.22

	
21.21 ± 0.86

	
19.92 ± 1.14




	
Rifampicin

	
33.91 ± 0.97

	
33.71 ± 0.71

	
34.79 ± 1.12




	
Norfloxacin

	
22.03 ± 1.16

	
23.50 ± 0.43

	
24.52 ± 1.49




	
Novobiocin

	
31.18 ± 0.41

	
33.06 ± 0.51

	
33.38 ± 1.32




	
Trimethoprim

	
35.30 ± 1.05

	
34.94 ± 2.43

	
34.19 ± 0.44




	
Ampicillin

	
20.28 ± 0.14

	
23.94 ± 0.34 *

	
18.47 ± 0.20 *




	
Cephalexin

	
21.97 ± 1.32

	
25.04 ± 1.03

	
20.63 ± 1.61








* Significantly different (p < 0.05) from LmWT.
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Table 3. Mutations of LmSCar (evolved by exposure to prolonged sublethal doses of carvacrol) in comparison with LmWT, verified by Sanger sequencing. SNV: single nucleotide variation.
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	Genome Position
	Locus Tag
	Gene
	Mutation *
	Change
	Information





	928,651
	lmo0891
	rsbT
	SNV: T341C
	Phe114Ser
	Positive regulation of sigma-B activity



	2,291,818
	lmo2202
	
	SNV: C110A
	Thr37Asn
	3-oxoacyl ACP synthase







* Position with respect to the start of the coding region.
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Table 4. Mutations of LmLCar (evolved by cyclic exposure to short lethal treatments of carvacrol) in comparison with LmWT, verified by Sanger sequencing. SNV: Single nucleotide variation, Ins: insertion, and Del: deletion.






Table 4. Mutations of LmLCar (evolved by cyclic exposure to short lethal treatments of carvacrol) in comparison with LmWT, verified by Sanger sequencing. SNV: Single nucleotide variation, Ins: insertion, and Del: deletion.













	Genome Position
	Locus Tag
	Gene
	Mutation *
	Change
	Information





	810,506
	lmo0785
	manR
	SNV: T287G
	Leu96Arg
	Transcriptional regulator



	1,575,317
	lmo1539
	glpF1
	Ins: +T 423
	Gly142 Frameshift
	Glycerol transporter



	1,870,663
	lmo1799
	
	SNV: G1581T
	Silent mutation (Ala527)
	Peptidoglycan binding protein



	1,996,626
	lmo1921
	
	Del: -T 123
	Ile41 Frameshift
	Hypothetical protein







* Position with respect to the start of the coding region.
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