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Bacterial spot of stone fruits caused by Xanthomonas arboricola pv. pruni (Xap) is one of the most significant diseases of several Prunus species. Disease outbreaks can result in severe economic losses while the control options are limited. Antibacterial efficacy of essential oils (EOs) of thyme, cinnamon, clove, rosemary, tea tree, eucalyptus, lemon grass, citronella grass, and lemon balm was assessed against two Hungarian Xap isolates. The minimal inhibitory concentration (MIC) was determined by broth microdilution assay and for the identification of active EOs’ components a newly introduced high-performance thin-layer chromatography (HPTLC)-Xap (direct bioautography) method combined with solid-phase microextraction-gas chromatography/mass spectrometry (SPME-GC/MS) was applied. All EOs inhibited both bacterium isolates, but cinnamon proved to be the most effective EO with MIC values of 31.25 µg/mL and 62.5 µg/mL, respectively. Compounds in the antibacterial HPTLC zones were identified as thymol in thyme, trans-cinnamaldehyde in cinnamon, eugenol in clove, borneol in rosemary, terpinen-4-ol in tea tree, citral (neral and geranial) in lemon grass and lemon balm, and citronellal and nerol in citronella grass. Regarding active compounds, thymol had the highest efficiency with a MIC value of 50 µg/mL. Antibacterial effects of EOs have already been proven for several Xanthomonas species, but to our knowledge, the studied EOs, except for lemon grass and eucalyptus, were tested for the first time against Xap. Furthermore, in case of Xap, this is the first report demonstrating that direct bioautography is a fast and suitable method for screening anti-Xap components of complex matrices, like EOs.
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1 Introduction

The bacterial spot of stone fruits and almond is a significant disease of many Prunus species with a large and increasing distribution area. Its causative agent, Xanthomonas arboricola pv. pruni (Smith, 1903; Vauterin et al., 1995) (abbreviated as “Xap” hereafter) is included in the A2 list of pests by the European and Mediterranean Plant Protection Organization (EPPO, 2023). Xap was first identified in Hungary in 2004 (Németh, 2005). Its spread was successfully inhibited due to the applied quarantine measures, but from 2016 the pathogen was re-detected on different hosts and from several Hungarian locations (Schwarczinger et al., 2017; Schwarczinger et al., 2018; Kolozsváriné Nagy et al., 2020). Xap poses a real threat to its economically important hosts (peach, nectarine, apricot, Japanese plum, and almond) especially in areas where the climate is humid and warm during the growing season (Battilani et al., 1999). This pathogen induces water-soaked spots on the surface of leaves, fruits, and shoots that can become brown and necrotized (Civerolo and Hatting, 1993). Its significance lies in the fact that severe leaf infections lead to diminished vitality of the trees and the highly infected fruits are simply unmarketable, while twig cankers combined with early defoliation may result in complete destruction of the plant (EPPO, 2006). The management of this disease is mainly limited to prevention – i.e. the certification of propagation material, the use of less susceptible cultivars (Lamichhane, 2014) or disease forecasting models (Battilani et al., 1999; Morales et al., 2018) – and the application of copper-based pesticides (Osdaghi, 2022) and oxytetracycline (OTC) in the USA (Vidaver, 2002). However, most peach, apricot, and Japanese plum genotypes are susceptible to the bacterium (Garita-Cambronero et al., 2018) and multiple copper treatments can result in not only phytotoxicity but the development of copper tolerant or resistant plant pathogenic bacterial strains (Giovanardi et al., 2017; Cox et al., 2022). As for the other chemical pesticide, OTC resistance has been reported in Xap strains in peach orchards of the southeastern USA (Herbert et al., 2022). Therefore, the study of alternative control measures like the usage of essential oils (EOs) is of high priority.

EOs are natural complex mixtures of botanical origin carrying a distinctive scent, or essences of the originating plants, which have a history of several thousand years (EFEO/IFRA, 2015). Compared to synthetic pesticides, natural ones have beneficial features including biodegradability, target specificity, and posing no or lower risk to the environment or human health (Walia et al., 2017). The therapeutic use of biologically active volatile plant compounds includes clinical (Buckle, 2015), food preservative (Corrêa and Ferreira, 2022), and plant protection (Assadpour et al., 2023) applications. The great potential of EOs as biopesticides is based on their herbicidal (Li et al., 2020; Yasar et al., 2021), insecticidal (Isman et al., 2011; Ebadollahi et al., 2022), acaricidal (Camilo et al., 2017; Nwanade et al., 2021), nematicidal (Avato et al., 2017; Catani et al., 2023), and antimicrobial effects (Božik et al., 2017; Assadpour et al., 2023), and has been well demonstrated by usage of commercialized bioinsecticides (Isman, 2020). A variety of EOs has shown effectiveness against several Xanthomonas species (Horváth et al., 2004; Huang and Lakshman, 2010; Bajpai et al., 2011; Lucas et al., 2012; Móricz et al., 2015a; Móricz et al., 2015b; Gormez et al., 2016; Mirzaei-Najafgholi et al., 2017; Singh et al., 2017; Kumar et al., 2021; Hakalová et al., 2022; Montesinos et al., 2023) and especially against Xap (Biavati et al., 2004; Mahmoudi et al., 2010; Zhao et al., 2011; Montesinos et al., 2023).

Among in vitro antibacterial susceptibility assays, routine well and disc diffusion methods are preferably used for the examination of polar components due to the limited diffusion of lipophilic compounds to the agar (Rios et al., 1988; Móricz and Ott, 2016). Therefore, the commonly used dilution methods and bioautography are more suitable for the determination of antibacterial activity of EOs that are mixture of volatile, complex, and viscous substances generally with low solubility in water. Direct bioautography (DB), the combination of high-performance thin-layer chromatography (HPTLC) with antibacterial assays, is a sensitive, fast (it takes less than 3 h), and reproducible high-throughput screening protocol for assessing the antibacterial effects of EOs, without diffusion or solubility limits (Horváth et al., 2013; Dewanjee et al., 2015; Móricz and Ott, 2016). Furthermore, DB facilitates detection of HPTLC inhibition zones allowing estimation of the antibacterial effects of individual separated compounds that can be characterized and identified by various HPTLC hyphenations e.g. spectroscopy and mass spectrometry (Móricz and Ott, 2023).

Due to the lack of registered antibacterial compounds effective against Xap, the aim of the present study was (i) the survey of antibacterial impacts of the EOs of thyme, cinnamon, clove, rosemary, tea tree, eucalyptus, lemon grass, citronella grass, and lemon balm on Xap; and (ii) the identification of the tested EOs’s active components by the HPTLC-Xap method combined with solid-phase microextraction-gas chromatography/mass spectrometry (SPME-GC/MS).




2 Methods



2.1 Bacterial isolates

The bacterial isolates used: Xap3, isolated from Prunus salicina Lindl. in 2004 (No. 2369-12/2004, J. Németh, Plant Health Bacteriological Diagnostic National Reference Laboratory, Pécs, Hungary) (Németh, 2005) and XapG2, identified from P. armeniaca L. cv. Bergecot in 2016 (No. XapHU1, I. Schwarczinger, Plant Protection Institute, ARC, Budapest, Hungary) (Schwarczinger et al., 2017). Nutrient broth (NB) and nutrient agar (Biolab, Budapest, Hungary) were used for propagation and maintenance. The bacterial cell concentration was synchronized to an optical density (OD) of 0.3 at 600 nm and diluted hundredfold (1 × 105 CFU/mL) in NB.




2.2 Materials

Aluminum foil-backed HPTLC silica gel 60 F254 layer was purchased from Merck (Darmstadt, Germany). Solvents for HPTLC experiments were of analytical grade from Molar Chemicals (Halásztelek, Hungary). Vanillin was from Reanal (Budapest, Hungary), and concentrated sulfuric acid (96%) from Carlo Erba (Milan, Italy). Chloramphenicol (purity ≥ 98%) was acquired from Sigma-Aldrich (Budapest, Hungary), and vital dye reagent 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) from Carl Roth (Karlsruhe, Germany).




2.3 Essential oil samples

EOs of Thymus vulgaris L. (thyme), Cinnamomum ceylanicum Nees. (cinnamon), Syzygium aromaticum (L.) Merr. et Perry (clove), Rosmarinus officinalis L. (rosemary), Melaleuca alternifolia (Maiden et Betche) Cheel (tea tree), Eucalyptus globulus Labill. (eucalyptus), and Cymbopogon citratus (DC.) Stapf. (lemon grass) were obtained from Herbaria (Budapest, Hungary), and Cymbopogon nardus (L.) Rendle (citronella grass) was from AroMax (Budapest, Hungary). Melissa officinalis L. (lemon balm) was purchased from two manufacturers: Primavera Life (Oy-Mittelberg, Germany) and Olivia Natural (Budapest, Hungary). All EOs were extracted by hydrodistillation. The EO constituents thymol, trans-cinnamaldehyde, eugenol, citral (neral and geranial), and citronellal were from Sigma-Aldrich, while borneol, and terpinen-4-ol from Molar Chemicals. The EOs and the active compounds were dissolved in absolute ethanol (50 mg/mL and 20 mg/mL, respectively), and stored at - 20°C in the dark.




2.4 HPTLC – Xap direct bioautography

Samples dissolved in ethanol were applied at an 8-mm distance from the bottom as 5-mm bands and 8–10-mm track distance onto the HPTLC plate using the Automated TLC Sampler (ATS3, CAMAG, Muttenz, Switzerland). Separation was performed with n-hexane – ethyl acetate 9:1 V/V mobile phase up to a migration distance of 70 mm (Twin Trough Chamber 20 cm × 10 cm, CAMAG). The segments of the dried chromatograms were documented with a digital camera (Cybershot DSC-HX60, Sony, Neu-Isenburg, Germany) at visible light after derivatization with vanillin-sulfuric acid reagent (400 mg vanillin, 100 mL ethanol, and 2 mL concentrated sulfuric acid; heated at 110°C for 5 min), or bioassays (DB) using the two Xap isolates.

The steps of DB are outlined in Figure 1. Test bacteria were grown in NB at 28°C on an orbital shaker (130 rpm) to reach a late exponential phase (OD600 = 1.2). Developed and dried layers were dipped into bacterial cell suspensions and put into an incubator for 2 h (100% humidity at 28°C), followed by immersion into an aqueous MTT solution (1 mg/mL) to visualize the bioautogram. After an additional 15-min incubation the antibacterial compounds are revealed as bright zones against the darker background (yellow MTT is reduced to bluish MTT-formazan by the dehydrogenases of vital cells).




Figure 1 | The steps of direct bioautography (HPTLC-Xap assay).






2.5 Broth microdilution assay

Minimal inhibitory concentration (MIC) is defined as the lowest concentration of an antimicrobial agent which prevents the growth of bacteria after 20 h. MIC value of the tested EOs (50 mg/mL in ethanol) and their isolated components (20 mg/mL in ethanol) was determined against the two Xap isolates by broth microdilution assay (BMA). Chloramphenicol (1 mg/mL) was used as positive and ethanol as negative control. Ethanolic two-fold dilution series of the samples were prepared in duplicate and 3 µL of each was mixed with 147 µL of bacterial cell suspension (1 × 105 CFU/mL) in 96-well flat-bottom sterile microtiter plates (Wuxi Nest Biotechnology Co., Ltd., Jiangsu, China). In case of the isolated components, an additional concentration of 7.5 mg/mL was also tested. The incubation took place at 28°C for 20 h by shaking at 900 rpm with a PHMP Twin Microplate Shaker-Incubator Thermoshaker (Grant Inc., Beaver Falls, PA, USA). Values of optical density assays at 600 nm were recorded by a Labsystems Multiscan MS 4.0 microplate reader spectrophotometer (Thermo Scientific, Waltham, MA, USA) at zero time point and after the incubation period. Subtraction of the background indicated the rate of cell multiplication. The MIC values were determined as the lowest concentrations of tested samples that completely inhibited bacterial growth. The experiment was repeated twice.




2.6 SPME–GC/MS

For identification of the bioactive compounds, HPTLC zones were eluted with ethanol by the use of a TLC-MS Interface (CAMAG), and the eluates were collected into vials (20 mL headspace) sealed with a silicon/PTFE septum and transferred along with the EOs to the SPME-GC/MS analysis. Sample preparation using the static headspace SPME technique was carried out with a CTC Combi PAL (CTC Analytics AG, Zwingen, Switzerland) automatic multipurpose sampler using a 65 μM StableFlex carboxen/polydimethylsiloxane/divinylbenzene (CAR/PDMS/DVB) SPME fibre (Supelco, Bellefonte, PA, USA). After a 5-min incubation at 100°C, extraction was performed by exposing the fibre to the headspace of a 20 mL vial containing the sample for 10 min at 100°C. The fibre was then immediately transferred to the injector port of the GC/MS, and desorbed for 1 min at 250°C. The SPME fibre was cleaned and conditioned in a Fibre Bakeout Station in pure nitrogen atmosphere at 250°C for 15 min. The GC/MS analyses were carried out with an Agilent 6890N/5973N GC-MSD (Santa Clara, CA, USA) system equipped with an Agilent SLB-5MS capillary column (30 m × 250 µm × 0.25 µm). The GC oven temperature was programmed to increase from 60°C (3 min isothermal) to 250°C at 8°C min-1 (1 min isothermal). High purity helium (6.0) was used as carrier gas at 1.0 mL min-1 (37 cm s-1) in constant flow mode. The injector was operated in splitless mode at 250°C. The mass selective detector was equipped with a quadrupole mass analyzer and was operated in electron ionization mode at 70 eV in full scan mode (41–500 amu at 3.2 scan s-1). The data were evaluated using the MSD ChemStation D.02.00.275 software (Agilent). Identification of compounds was carried out by comparing retention times and recorded spectra with the data of authentic standards, and the NIST 2.0 library was also consulted.





3 Results

The antibacterial activity of EOs was evaluated by MIC against the two Xap isolates using BMA in 96-well plates. Both Xap3 and XapG2 were susceptible to all investigated EOs, but to different degrees (with MIC between 31.25 and 1000 µg/mL), and generally the XapG2 isolate was similar or less sensitive to the EOs than Xap3 (Table 1). The tea tree EO was the least effective providing the highest MIC value. Comparing the antibacterial potential of EOs to those of antibiotics, the strongest activity was attributed to cinnamon against both Xap3 and XapG2 with a 12.5 - and 25 -times higher MIC value than that of chloramphenicol, respectively. In the efficiency order, cinnamon was followed by thyme, clove, and lemon grass with noticeably inhibitory activity.


Table 1 | Minimal inhibitory concentration (MIC, defined as the lowest concentration at which bacteria suspensions showed no growth) values of EOs and EO constituents tested against two X. arboricola pv. pruni isolates (Xap3 and XapG2).



To identify the EO components responsible for anti-Xap activity, a DB assay was newly adapted for Xap. This method enables the detection of separated individual compounds that display Xap inhibition. The separation was carried out on HPTLC silica gel 60 F254 layer with n-hexane – ethyl acetate (9:1, V/V), and vanillin-sulphuric acid reagent was employed for the visualization of the non-UV active EO compounds (Figures 2A, D, G). Generally, the bioprofiles obtained by DB using Xap3 (Figures 2B, E, H) or XapG2 (Figures 2C, F, I) were very similar. In each of thyme and clove EOs, derivatization with vanillin-sulphuric acid reagent revealed one major compound (thymol and eugenol) at a retardation factor (hRF) 48 and 44 (orange and grey zones) respectively, which gave inhibition against Xap isolates (Figures 2A–F). Based on the derivatization process, the other EOs were found to be more complex. Among the separated compounds, two in the case of cinnamon at hRF 41 and 78 and one in the case of tea tree at hRF 51 displayed characteristic antibacterial activities (Figures 2A–F). At the zone close to sample application, where separation is questionable, rosemary gave a strong, while eucalyptus a weak inhibition zone (Figures 2D–F). In addition, the rosemary component at hRF 29 inhibited Xap as well (Figures 2D–F). In lemon grass and lemon balm the same two compounds at hRF 52 and 58 showed antibacterial activities (Figures 2G–I). Furthermore, three inhibition zones at hRF 23, 29, and 80 appeared in citronella grass (Figures 2G–I).




Figure 2 | HPTLC chromatograms with retardation factor (hRF) scale of thyme (T), cinnamon (CN), clove (CL), tea tree (TT), rosemary (R), eucalyptus (EU), lemon grass (LG), lemon balm (LB1 from Primavera, LB2 from Olivia Naturals), and citronella grass (CG) essential oils, and thymol (t), trans-cinnamaldehyde (c), eugenol (e), citral (ci: neral+geranial), and citronellal (cl) standards after derivatization with vanillin-sulphuric acid reagent (A, D, G), and bioautograms using Xanthomonas arboricola pv. pruni isolates Xap3 (B, E, H) and XapG2 (C, F, I). Bright zones in the bioautograms indicate the bacterial growth inhibition.



The percentage composition of thyme, cinnamon, clove, and eucalyptus EOs was previously determined in our laboratory by GC demonstrating that the main components are thymol (49.9%), trans-cinnamaldehyde (73.2%), eugenol (83.7%), and eucalyptol (84.2%), respectively (Horváth et al., 2013). Thus, not surprisingly, analyzing the compounds in the antibacterial DB zones of these EOs by SPME-GC/MS, thymol (hRF 48), trans-cinnamaldehyde (hRF 41), and eugenol (hRF 44) were identified, respectively. In tea tree EO, also the main component terpinen-4-ol (41.3%) was determined in the inhibition zone. The major rosemary components cineole (41.9%) and camphor (18.5%) did not exhibit inhibitory activities, however, borneol (7.7%) was recognized as responsible for the antibacterial effect at hRF 29 (Figures 2D–F). Neral (cis-citral) and geranial (trans-citral) were presented in the inhibition zones at hRF 52 and 58, respectively (Figures 2G–I), which were the constituents of lemon grass and lemon balm EOs with the highest percentage (each between 32% and 39%). Compounds in antibacterial zones of citronella grass EO at hRF 23 and 80 were identified as nerol and citronellal that have the highest abundance in the oil with 17.3% and 37.6%, respectively (Figures 2G–I).

The antibacterial activity of the compounds identified by the combination of HPTLC-Xap assays and SPME-GC/MS was assessed also by MIC (Table 1). The anti-Xap effect of all compounds was confirmed (with MIC between 50 and 400 µg/mL or nL/mL), except for terpinen-4-ol that did not inhibit the bacterial growth in the applied concentrations. The two Xap isolates showed similar sensitivity to EO components, but citral and borneol were more effective on XapG2 than on Xap3, while the Xap3 isolate was more sensitive to eugenol compared to XapG2. The highest inhibitory activity was attributed to thymol with a MIC of 50 µg/mL.




4 Discussion

Importantly, results of relevant studies on antibacterial effects of EOs are difficult to compare, not only because of differences in applied methods, but also because of the variable composition of EOs, influenced by geographical, climatic, edaphic and seasonal factors (Ložienė and Venskutonis, 2005; Aboukhalid et al., 2017; Tsiftsoglou et al., 2023). Regarding Xap, our results enable comparing antimicrobial activities of lemon grass and eucalyptus EOs to literature data. The Xap isolates tested in this study (Xap3, XapG2) showed higher sensitivity (with MIC values of 125 and 250 µg/mL) to lemon grass EO than the Xap strain examined by Zhao et al. (2011) (MIC 500 µL/L). Montesinos et al. (2023) reported a reduced susceptibility of Xap (MIC 10 – 30 µl/mL) and other species such as X. fragariae and X. axonopodis pv. vesicatoria (MIC < 5 and 10 – 30 µl/mL, respectively) to eucalyptus EO, as compared to our observations, however they used a different method, the agar incorporation test. The effectiveness of other EOs on Xap has been previously also revealed; antibacterial effects of Thymbra sintenisii and Satureja cuneifolia EOs were reported with MIC values of 600 ppm and 800 ppm, respectively (Biavati et al., 2004). Furthermore, Mahmoudi et al. (2010) investigated the antibacterial activities of fourteen EOs and four plant extracts on Xap using the agar diffusion method and they have found peppermint, cumin, slender ziziphora, bishop’s weed, common sage and neem tree to be the most effective.

Effects of EOs on other Xanthomonads are widely known; Mačionienė et al. (2021) have found that T. vulgaris EO had the strongest antibacterial effect against X. translucens and five tested X. arboricola strains (unindicated pathovars) with 7.81 µg/mL MIC value as revealed by BMA. However, in case of the Hungarian Xap strains, the T. vulgaris EO provided a higher MIC value (125 µg/mL). Kotan et al. (2007) investigated the effect of EOs of other Thymus spp. on the growth of X. axonopodis pv. vesicatoria by the agar diffusion method, and found that the test bacterium was the most sensitive to T. sipyleus rosulans (MIC 25 µg/mL) out of the other Thymus spp. with 200 µg/mL MIC value. Testing the antibacterial efficacy of another thyme species by BMA, the T. spathulifolius EO was effective against X. campestris-A235 strain at a higher concentration (MIC 500 µg/mL) (Sokmen et al., 2004). Gormez et al. (2016) reported remarkable results testing Origanum rotundifolium EO - whose main compounds are carvacrol and thymol - against X. vesicatoria and X. axonopodis pv. campestris with 7.81 and 31.25 µg/mL MIC values, respectively, using BMA. Mirzaei-Najafgholi et al. (2017), applying BMA as well, found that Citrus aurantifolia EO exhibited a higher activity on X. citri ssp. citri, as compared to that of Citrus aurantium EO with 500 and 1300 µg/mL MIC values, respectively. As for the active ingredients of EOs, Kotan et al. (2007) also investigated the effect of thymol. However, the X. axonopodis pv. vesicatoria strain gave a much lower MIC value (3.125 µg/mL) against thymol than the Hungarian Xap strains in our experiments (50 µg/mL) suggesting that the given X. axonopodis pv. vesicatoria strain is more sensitive to the main active compound of thyme. Cleistocalyx operculatus EO also displayed significant antibacterial activity against four Xanthomonads with MIC values of 31.25–125 μg/mL in BMA (Bajpai et al., 2010). Importantly, although the effects of EOs including that of thyme against X. campestris pv. vesicatoria and X. euvesicatoria was investigated by direct bioautography (Horváth et al., 2004; Móricz et al., 2015a; Móricz et al., 2015b), to our knowledge, this method has not yet been introduced against Xap.

The bioactivity and action mechanism of EOs strongly depends on their composition. EOs are constituted of volatile secondary metabolites including mono-, and sesquiterpenes, as well as oxygenated compounds, like alcohols, phenols, aldehydes, and esters (Hyldgaard et al., 2012; Raveau et al., 2020; Angane et al., 2022). Terpenes of EOs, such as cinnamon or clove EO, are able to disrupt and penetrate the lipid structure of the cell wall and the bacterial cell membrane, leading to protein denaturation and cell membrane destruction, cytoplasmic leakage, pH decrease, loss of DNA transcription, protein synthesis and enzyme activity, cell lysis, and ultimately cell death (Oussalah et al., 2006; Raybaudi-Massilia et al., 2006). In addition, cinnamon EO and its components have been showed to inhibit amino acid decarboxylases in Gram-negative bacteria (Wendakoon and Sakaguchi, 1995). Similar to other phenolic compounds, thymol or eugenol is assumed to damage the structure and function of the cytoplasmic membrane, which disrupts the proton motive force, the electron flow, and active transport causing coagulation of cell contents (Sikkema et al., 1995). Terpenoids of lemon grass also permeabilize the cell membrane (Hyldgaard et al., 2012; Nguefack et al., 2012).

In fact, the antimicrobial activity of EOs is assigned to a number of small terpenoids and phenol compounds (e.g. thymol, carvacrol, eugenol, cinnamaldehyde), which display high antibacterial activities also in pure form (Conner, 1993; Didry et al., 1993; Horváth et al., 2004). However, the efficacy of EOs may not exclusively depend on the ratio of the main active compounds, but also on interactions between active compounds and their minor constituents (Hyldgaard et al., 2012). In such multicomponent mixtures, the possible occurrence of interactions among the components can result in synergistic, additive, or antagonistic effects (Hakalová et al., 2022; Połeć et al., 2022). Thus, similar to our results obtained with cinnamon, clove, lemon grass, lemon balm, and citronella grass EOs, some studies have demonstrated that whole EOs have greater antibacterial activity than the major components (Mourey and Canillac, 2002; Burt, 2004). This synergism may also underlie the fact that cinnamon EO, which exhibited the highest efficacy in our experiments, had a lower MIC than that of its main active ingredient trans-cinnamaldehyde.

To our knowledge, no EO-based antibacterial product have been registered in the EU so far, however, three other types of biopesticides are available; the Mevalone® biofungicide containing geraniol, eugenol, thymol against Botrytis cinerea in wine grapes, the Bioxeda® post-harvest fungicide with clove EO as an active ingredient against Gloeosporium spp. and Penicillium spp. on apples, peaches and pears and PREV-AM® containing orange EO to control whiteflies on tomatoes and zucchini (EC, 2023). In addition, it is important to mention that an EO-based biopesticide against Xap is already available in the USA: Guarda® with the active ingredient thyme EO formulated by HOLDit® technology is recommended against Xap besides many fungal and bacterial pathogens (BioSafe Systems, 2023). Applications of EOs as alternative biopesticides under field conditions are confronted by the loss of efficacy or performance due to their volatility, instability, low solubility in water, different viscosity, and aptitude for oxidation (Pavoni et al., 2020). Therefore, EOs require appropriate formulation to preserve their bioactivity and to extend and control their release time. Encapsulation of pesticides is usually ensured by solid nanoparticulate or liquid nanoemulsion systems with the aid of natural polymers (e.g. polysaccharides), wettable powders or granules, surfactants, stabilizers, liposomes and solvents (Benita, 2006; Borges et al., 2018; Pavoni et al., 2020). Such nanocarrier systems stabilize the EOs, along with improving bioavailability and amplifying antimicrobial efficacy (Anwer et al., 2014; Micucci et al., 2020; Wen et al., 2021). Nanoencapsulation of thyme and cinnamon EOs and their main constituents (thymol and cinnamaldehyde, respectively) in nanocarriers were found to be a promising approach for development of biopesticides (Falleh et al., 2021; Sousa et al., 2021; Abdelhamed et al., 2022; Alsakhawy et al., 2022). In comparison to pure EO, nanosponges of cinnamon EO prepared with ethyl cellulose and polyvinyl alcohol had significantly higher antibacterial effects against Staphylococcus aureus (Kaur et al., 2020). Similarly, a nanostructured lipid carrier cinnamon gel had about 10 times higher antibacterial efficacy against P. aeruginosa than the EO alone (Wen et al., 2021), and the effective concentration of cinnamaldehyde to control plant disease caused by Pseudomonas syringae pv. pisi became 90,000-fold lower by a formulation with silica nanoparticles (Bravo Cadena et al., 2018). Furthermore, the nanoemulsion with Thymus daenensis EO, an abundant source of thymol and carvacrol, revealed enhanced antibacterial activity against E. coli compared to the pure EO (Moghimi et al., 2016). In summary, the advanced technology formulation that enables increased stability, efficiency and water solubility could be the key for the widespread application of EOs as antibacterial plant protection agents (Das et al., 2020; López et al., 2021; Shankar et al., 2022; Singh and Pulikkal, 2022).

To our knowledge, this is the first report on the antibacterial activity of these EOs (except for lemon grass and eucalyptus) and their major constituents against Xap. Moreover, the HPTLC-Xap (DB) method was introduced to identify anti-Xap EOs’ ingredients. Our results suggest that out of the ten EOs tested, the most effective ones - cinnamon, thyme, clove and lemon grass - have the potential to be promising candidates for alternative biopesticides to control the plant disease caused by Xap.





Data availability statement

The original contributions presented in the study are included in the article/supplementary materials. Further inquiries can be directed to the corresponding authors.





Author contributions

ÁMM and IS: conceptualization, methodology and supervision; JKN, ÁMM, AB, ÁA, and IS: Investigation and data analysis; JKN, ÁMM, and IS: writing - review and editing; ÁMM: visualization, funding, project administration. All authors contributed to the article and approved the submitted version.





Funding

This work was partially supported by the National Research, Development and Innovation Office of Hungary (NKFIH SNN139496).




Acknowledgments

We are thankful to Dr. Attila Nagy, director of the Food Chain Safety Laboratory Directorate, for making Xap2369-12-2004 (Xap3) isolate available to us.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Abdelhamed, F. M., Abdeltawab, N. F., ElRakaiby, M. T., Shamma, R. N., and Moneib, N. A. (2022). Antibacterial and anti-inflammatory activities of Thymus vulgaris essential oil nanoemulsion on Acne vulgaris. Microorganisms 10, 1874. doi: 10.3390/microorganisms10091874

 Aboukhalid, K., Al Faiz, C., Douaik, A., Bakha, M., Kursa, K., Agacka-Mołdoch, M., et al. (2017). Influence of environmental factors on essential oil variability in Origanum compactum benth. growing wild in Morocco. Chem. Biodivers. 14, e1700158. doi: 10.1002/cbdv.201700158

 Alsakhawy, S. A., Baghdadi, H. H., El-Shenawy, M. A., Sabra, S. A., and El-Hosseiny, L. S. (2022). Encapsulation of Thymus vulgaris essential oil in caseinate/gelatin nanocomposite hydrogel: In vitro antibacterial activity and in vivo wound healing potential. Int. J. Pharm. 628, 122280. doi: 10.1016/j.ijpharm.2022.122280

 Angane, M., Swift, S., Huang, K., Butts, C. A., and Quek, S. Y. (2022). Essential oils and their major components: an updated review on antimicrobial activities, mechanism of action and their potential application in the food industry. Foods 11, 464. doi: 10.3390/foods11030464

 Anwer, M. K., Jamil, S., Ibnouf, E. O., and Shakeel, F. (2014). Enhanced antibacterial effects of clove essential oil by nanoemulsion. J. Oleo Sci. 63, 347–354. doi: 10.5650/jos.ess13213

 Assadpour, E., Can Karaça, A., Fasamanesh, M., Mahdavi, S. A., Shariat-Alavi, M., Feng, J., et al. (2023). Application of essential oils as natural biopesticides; recent advances. Crit. Rev. Food Sci. Nutr. [published online ahead of print, 2023 Feb 2]. 1–21. doi: 10.1080/10408398.2023.2170317

 Avato, P., Laquale, S., Argentieri, M. P., Lamiri, A., Radicci, V., and D’Addabbo, T. (2017). Nematicidal activity of essential oils from aromatic plants of Morocco. J. Pest Sci. 90, 711–722. doi: 10.1007/s10340-016-0805-0

 Bajpai, V. K., Dung, N. T., Suh, H.-J., and Kang, S. C. (2010). Antibacterial activity of essential oil and extracts of Cleistocalyx operculatus buds against the bacteria of Xanthomonas spp. J. Am. Oil Chem. Soc 87, 1341–1349. doi: 10.1007/s11746-010-1623-9

 Bajpai, V. K., Kang, S.-R., Xu, H., Lee, S.-G., Baek, K.-H., and Kang, S.-C. (2011). Potential roles of essential oils on controlling plant pathogenic bacteria Xanthomonas species: a review. Plant Pathol. J. 27, 207–224. doi: 10.5423/PPJ.2011.27.3.207

 Battilani, P., Rossi, V., and Saccardi, A. (1999). Development of Xanthomonas arboricola pv. pruni epidemics on peaches. J. Plant Pathol. 81, 161–171. doi: 10.4454/jpp.v81i3.1072

 Benita, S. (2006). Microencapsulation: methods  and industrial applications. 2nd ed (Boca Raton, USA: CRC Press).

 Biavati, B., Ozcan, M., Piccaglia, R., Özcan, M., and Piccaglia, R. (2004). Composition and antimicrobial properties of Satureja cuneifolia ten. and Thymbra sintenisii bornm. et aznav. subsp. isaurica P.H. Davis essential oils. Ann. Microbiol. 54, 393–401.

 BioSafe Systems, L. (2023) Guarda: botanical fungicide, bactericide. Available at: https://biosafesystems.com/product/guarda/.

 Borges, D. F., Lopes, E. A., Fialho Moraes, A. R., Soares, M. S., Visôtto, L. E., Oliveira, C. R., et al. (2018). Formulation of botanicals for the control of plant-pathogens: a review. Crop Prot. 110, 135–140. doi: 10.1016/j.cropro.2018.04.003

 Božik, M., Nový, P., and Klouček, P. (2017). Chemical composition and antimicrobial activity of cinnamon, thyme, oregano and clove essential oils against plant pathogenic bacteria. Acta Univ. Agric. Silvic. Mendelianae Brun. 65, 1129–1134. doi: 10.11118/actaun201765041129

 Bravo Cadena, M., Preston, G. M., van der Hoorn, R. A. L., Flanagan, N. A., Townley, H. E., and Thompson, I. P. (2018). Enhancing cinnamon essential oil activity by nanoparticle encapsulation to control seed pathogens. Ind. Crops Prod. 124, 755–764. doi: 10.1016/j.indcrop.2018.08.043

 Buckle, J. (2015). Clinical aromatherapy, essential oils in healthcare. 3rd ed (London: Elsevier).

 Burt, S. (2004). Essential oils: their antibacterial properties and potential applications in foods–a review. Int. J. Food Microbiol. 94, 223–253. doi: 10.1016/j.ijfoodmicro.2004.03.022

 Camilo, C. J., Alves Nonato, C. D. F., Galvão-Rodrigues, F. F., Costa, W. D., Clemente, G. G., Sobreira Macedo, M. A. C., et al. (2017). Acaricidal activity of essential oils: a review. Trends Phytochem. Res. 1 (4), 183–198.

 Catani, L., Manachini, B., Grassi, E., Guidi, L., and Semprucci, F. (2023). Essential oils as nematicides in plant protection–a review. Plants 12, 1418. doi: 10.3390/plants12061418

 Civerolo, E. L., and Hatting, M. J. (1993). “Xanthomonas campestris pv. pruni: cause of prunus bacterial spot,” in Xanthomonas. Eds.  J. G. Swings, and E. J. Civerolo (London: Chapman & Hall), 60–64).

 Conner, D. E. (1993). “Naturally occurring compounds,” in Antimicrobials in foods. Eds.  P. Davidson, and A. L. Branen (New York: Marcel Dekker, Inc), 441–468.

 Corrêa, A. N. R., and Ferreira, C. D. (2022). Essential oil for the control of fungi, bacteria, yeasts and viruses in food: an overview. Crit. Rev. Food Sci. Nutr., 1–15. doi: 10.1080/10408398.2022.2062588

 Cox, B. M., Wang, H., and Schnabel, G. (2022). Copper tolerance in Xanthomonas arboricola pv. pruni in south Carolina peach orchards. Plant Dis. 106, 1626–1631. doi: 10.1094/PDIS-05-21-1114-RE

 Das, S., Vörös-Horváth, B., Bencsik, T., Micalizzi, G., Mondello, L., Horváth, G., et al. (2020). Antimicrobial activity of different Artemisia essential oil formulations. Molecules 25, 2390. doi: 10.3390/molecules25102390

 Dewanjee, S., Gangopadhyay, M., Bhattacharya, N., Khanra, R., and Dua, T. K. (2015). Bioautography and its scope in the field of natural product chemistry. J. Pharm. Anal. 5, 75–84. doi: 10.1016/j.jpha.2014.06.002

 Didry, N., Dubreuil, L., and Pinkas, M. (1993). Antibacterial activity of thymol, carvacrol and cinnamaldehyde alone or in combination. Pharmazie 48, 301–304.

 Ebadollahi, A., Naseri, B., Abedi, Z., and Setzer, W. N. (2022). Chemical profiles and insecticidal potential of essential oils isolated from four Thymus species against Rhyzopertha dominica (F.). Plants 11, 1567. doi: 10.3390/plants11121567

 EC. (2023). EU Pesticides database. Available at: https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/start/screen/active-substances/.

 EFEO/IFRA. (2015). EFEO/IFRA guidelines on substance identification and sameness of natural complex substances (NCS) under REACH and CLP. 1–21. Available at: https://ifrafragrance.org/docs/default-source/guidelines/23628_gd_2015_08_14_guidelines_on_substance_identification_and_sameness_of_natural_complex_substances_(ncs)_under_reach_and_clp.pdf?sfvrsn=516b038a_0.

 EPPO. (2006). Xanthomonas arboricola pv. pruni. EPPO bull (Wiley Online Library), 36, 129–133. doi: 10.1111/j.1365-2338.2006.00925.x

 EPPO. (2023). EPPO global database. Available at: https://gd.eppo.int.

 Falleh, H., Jemaa, M. B., Neves, M. A., Isoda, H., Nakajima, M., and Ksouri, R. (2021). Formulation, physicochemical characterization, and anti-E. coli activity of food-grade nanoemulsions incorporating clove, cinnamon, and lavender essential oils. Food Chem. 359, 129963. doi: 10.1016/j.foodchem.2021.129963

 Garita-Cambronero, J., Palacio-Bielsa, A., and Cubero, J. (2018). Xanthomonas arboricola pv. pruni, causal agent of bacterial spot of stone fruits and almond: its genomic and phenotypic characteristics in the X. arboricola species context. Mol. Plant Pathol. 19, 2053–2065. doi: 10.1111/mpp.12679

 Giovanardi, D., Dallai, D., and Stefani, E. (2017). Population features of Xanthomonas arboricola pv. pruni from Prunus spp. orchards in northern Italy. Eur. J. Plant Pathol. 147, 761–771. doi: 10.1007/s10658-016-1040-5

 Gormez, A., Bozari, S., Yanmis, D., Gulluce, M., Agar, G., and Sahin, F. (2016). The use of essential oils of Origanum rotundifolium as antimicrobial agent against plant pathogenic bacteria. J. Essent. Oil Bear. Plants 19, 656–663. doi: 10.1080/0972060X.2014.935052

 Hakalová, E., Čechová, J., Tekielska, D. A., Eichmeier, A., and Pothier, J. F. (2022). Combined effect of thyme and clove phenolic compounds on Xanthomonas campestris pv. campestris and biocontrol of black rot disease on cabbage seeds. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.1007988

 Herbert, A., Hancock, C. N., Cox, B., Schnabel, G., Moreno, D., Carvalho, R., et al. (2022). Oxytetracycline and streptomycin resistance genes in Xanthomonas arboricola pv. pruni, the causal agent of bacterial spot in peach. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.821808

 Horváth, G., Kocsis, B., Lemberkovics, É., Böszörményi, A., Ott, P. G., and Móricz, Á.M. (2013). Detection of antibacterial activity of essential oil components by TLC-bioautography using luminescent bacteria. J. Planar Chromatogr. – Mod. TLC 26, 114–118. doi: 10.1556/JPC.26.2013.2.2

 Horváth, G., Szabó, L., Lemberkovics, É., Botz, L., and Kocsis, B. (2004). Characterization and TLC-bioautographic detection of essential oils from some Thymus taxa. determination of the activity of the oils and their components against plant pathogenic bacteria. J. Planar Chromatogr. – Mod. TLC 17, 300–304. doi: 10.1556/JPC.17.2004.4.11

 Huang, Q., and Lakshman, D. K. (2010). Effect of clove oil on plant pathogenic bacteria and bacterial wilt of tomato and geranium. J. Plant Pathol. 92, 701–707. doi: 10.4454/JPP.V92I3.316

 Hyldgaard, M., Mygind, T., and Meyer, R. L. (2012). Essential oils in food preservation: mode of action, synergies, and interactions with food matrix components. Front. Microbiol. 3. doi: 10.3389/fmicb.2012.00012

 Isman, M. B. (2020). Commercial development of plant essential oils and their constituents as active ingredients in bioinsecticides. Phytochem. Rev. 19, 235–241. doi: 10.1007/s11101-019-09653-9

 Isman, M. B., Miresmailli, S., and Machial, C. (2011). Commercial opportunities for pesticides based on plant essential oils in agriculture, industry and consumer products. Phytochem. Rev. 10, 197–204. doi: 10.1007/s11101-010-9170-4

 Kaur, M., Nagpal, M., Singh, M., Singh, T. G., Aggarwal, G., and Dhingra, G. A. (2020). Improved antibacterial activity of topical gel-based on nanosponge carrier of cinnamon oil. BioImpacts 11, 23–31. doi: 10.34172/bi.2021.04

 Kolozsváriné Nagy, J., Bozsó, Z., Szatmári, Á., Süle, S., Szabó, Z., Király, L., et al. (2020). First report of bacterial spot caused by Xanthomonas arboricola pv. pruni on almond in Hungary. Plant Dis. 104, 562–562. doi: 10.1094/PDIS-07-19-1343-PDN

 Kotan, R., Dadaşoğlu, F., Kordali, S., Cakir, A., Dikbas, N., and Çakmakçı, R. (2007). Antibacterial activity of essential oils extracted from some medicinal plants, carvacrol and thymol on Xanthomonas axonopodis pv. vesicatoria (Doidge) dye causes bacterial spot disease on pepper and tomato. J. Agric. Sci. Technol. 3, 299–306.

 Kumar, P., Lokesh, V., Doddaraju, P., Kumari, A., Singh, P., Meti, B. S., et al. (2021). Greenhouse and field experiments revealed that clove oil can effectively reduce bacterial blight and increase yield in pomegranate. Food Energy Secur. 10 (4), e305. doi: 10.1002/fes3.305

 Lamichhane, J. R. (2014). Xanthomonas arboricola diseases of stone fruit, almond, and walnut trees: progress toward understanding and management. Plant Dis. 98, 1600–1610. doi: 10.1094/PDIS-08-14-0831-FE

 Li, A., Wu, H., Feng, Y., Deng, S., Hou, A., Che, F., et al. (2020). A strategy of rapidly screening out herbicidal chemicals from Eucalyptus essential oils. Pest Manage. Sci. 76, 917–927. doi: 10.1002/ps.5597

 López, M. D., Cantó-Tejero, M., and Pascual-Villalobos, M. J. (2021). New insights into biopesticides: solid and liquid formulations of essential oils and derivatives. Front. Agron. 3. doi: 10.3389/fagro.2021.763530

 Ložienė, K., and Venskutonis, P. R. (2005). Influence of environmental and genetic factors on the stability of essential oil composition of Thymus pulegioides. Biochem. Syst. Ecol. 33, 517–525. doi: 10.1016/j.bse.2004.10.004

 Lucas, G. C., Alves, E., Pereira, R. B., Perina, F. J., and de Souza, R. M. (2012). Antibacterial activity of essential oils on Xanthomonas vesicatoria and control of bacterial spot in tomato. Pesqui. Agropecuária Bras. 47, 351–359. doi: 10.1590/S0100-204X2012000300006

 Mačionienė, I., Čepukoit, D., Šalomskienė, J., Černauskas, D., Burokienė, D., and Šalaševičienė, A. (2021). Effects of natural antimicrobials on Xanthomonas strains growth. Horticulturae 8, 7. doi: 10.3390/horticulturae8010007

 Mahmoudi, H., Rahnama, K., and Arabkhani, M. (2010). Antibacterial effect of essential oil and extracts of medicinal plant on the causal agents of bacterial canker and leaf spot on the stone fruit tree. J. Med. Plants 9 (36), 34–42.

 Micucci, M., Protti, M., Aldini, R., Frosini, M., Corazza, I., Marzetti, C., et al. (2020). Thymus vulgaris l. essential oil solid formulation: chemical profile and spasmolytic and antimicrobial effects. Biomolecules 10, 860. doi: 10.3390/biom10060860

 Mirzaei-Najafgholi, H., Tarighi, S., Golmohammadi, M., and Taheri, P. (2017). The effect of citrus essential oils and their constituents on growth of Xanthomonas citri subsp. citri. Molecules 22, 591. doi: 10.3390/molecules22040591

 Moghimi, R., Ghaderi, L., Rafati, H., Aliahmadi, A., and McClements, D. J. (2016). Superior antibacterial activity of nanoemulsion of Thymus daenensis essential oil against E. coli. Food Chem. 194, 410–415. doi: 10.1016/j.foodchem.2015.07.139

 Montesinos, L., Baró, A., Gascón, B., and Montesinos, E. (2023). Bactericidal and plant defense elicitation activities of Eucalyptus oil decrease the severity of infections by Xylella fastidiosa on almond plants. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1122218

 Morales, G., Moragrega, C., Montesinos, E., and Llorente, I. (2018). Effects of leaf wetness duration and temperature on infection of Prunus by Xanthomonas arboricola pv. pruni. PloS One 13, e0193813. doi: 10.1371/journal.pone.0193813

 Móricz, Á.M., Häbe, T. T., Böszörményi, A., Ott, P. G., and Morlock, G. E. (2015a). Tracking and identification of antibacterial components in the essential oil of tanacetum vulgare l. by the combination of high-performance thin-layer chromatography with direct bioautography and mass spectrometry. J. Chromatogr. A 1422, 310–317. doi: 10.1016/j.chroma.2015.10.010

 Móricz, Á.M., Horváth, G., and Ott, P. G. (2015b). Direct bioautographic detection of antibacterial components of clary sage and spearmint essential oils. J. Planar Chromatogr. – Mod. TLC 28, 173–177. doi: 10.1556/JPC.28.2015.2.15

 Móricz, Á.M., and Ott, P. G. (2016). “Conventional and modern bioassays–detection, isolation, identification,” in Forced-flow layer chromatography (Elsevier), 347–395. doi: 10.1016/B978-0-12-420161-3.00006-X

 Móricz, Á.M., and Ott, P. G. (2023). “Effects-directed detection,” in Instrumental thin-layer chromatography (Elsevier), 259–296. doi: 10.1016/B978-0-323-99970-0.00012-0

 Mourey, A., and Canillac, N. (2002). Anti-Listeria monocytogenes activity of essential oils components of Conifers. Food Control 13, 289–292. doi: 10.1016/S0956-7135(02)00026-9

 Németh, J. (2005). Bacterial leaf spot, (Xanthomonas arboricola pv. pruni) is a real risk to Hungarian peach, apricot and plum growing. Növényvédelem 41, 169–171.

 Nguefack, J., Tamgue, O., Dongmo, J. B. L., Dakole, C. D., Leth, V., Vismer, H. F., et al. (2012). Synergistic action between fractions of essential oils from Cymbopogon citratus, Ocimum gratissimum and Thymus vulgaris against Penicillium expansum. Food Control 23, 377–383. doi: 10.1016/j.foodcont.2011.08.002

 Nwanade, C. F., Wang, M., Wang, T., Zhang, X., Zhai, Y., Zhang, S., et al. (2021). The acaricidal activity of cinnamon essential oil: current knowledge and future perspectives. Int. J. Acarol. 47, 446–450. doi: 10.1080/01647954.2021.1936632

 Osdaghi, E. (2022). Xanthomonas arboricola pv. pruni (bacterial canker of stone fruit). CABI Compend CABI International. doi: 10.1079/cabicompendium.56968

 Oussalah, M., Caillet, S., Saucier, L., and Lacroix, M. (2006). Antimicrobial effects of selected plant essential oils on the growth of a Pseudomonas putida strain isolated from meat. Meat Sci. 73, 236–244. doi: 10.1016/j.meatsci.2005.11.019

 Pavoni, L., Perinelli, D. R., Bonacucina, G., Cespi, M., and Palmieri, G. F. (2020). An overview of micro- and nanoemulsions as vehicles for essential oils: formulation, preparation and stability. Nanomaterials 10, 135. doi: 10.3390/nano10010135

 Połeć, K., Wyżga, B., Olechowska, K., and Hąc-Wydro, K. (2022). On the synergy/antagonism of selected terpenes in the effect on lipid membranes studied in model systems. J. Mol. Liq. 349, 118473. doi: 10.1016/j.molliq.2022.118473

 Raveau, R., Fontaine, J., and Lounès-Hadj Sahraoui, A. (2020). Essential oils as potential alternative biocontrol products against plant pathogens and weeds: a review. Foods 9, 365. doi: 10.3390/foods9030365

 Raybaudi-Massilia, R. M., Mosqueda-Melgar, J., and Martín-Belloso, O. (2006). Antimicrobial activity of essential oils on Salmonella enteritidis, Escherichia coli, and Listeria innocua in fruit juices. J. Food Prot. 69, 1579–1586. doi: 10.4315/0362-028X-69.7.1579

 Rios, J. L., Recio, M. C., and Villar, A. (1988). Screening methods for natural products with antimicrobial activity: a review of the literature. J. Ethnopharmacol. 23, 127–149. doi: 10.1016/0378-8741(88)90001-3

 Schwarczinger, I., Bozsó, Z., Szatmári, Á., Süle, S., Szabó, Z., and Király, L. (2017). First report of bacterial spot caused by Xanthomonas arboricola pv. pruni on apricot in Hungary. Plant Dis. 101, 1031–1031. doi: 10.1094/PDIS-11-16-1582-PDN

 Schwarczinger, I., Bozsó, Z., Szatmári, Á., Süle, S., Szabó, Z., Nagy, G., et al. (2018). First report of bacterial leaf spot caused by the quarantine pathogen Xanthomonas arboricola pv. pruni on peach in Hungary. Plant Dis. 102, 1654–1654. doi: 10.1094/PDIS-12-17-1952-PDN

 Shankar, S., Karboune, S., Salmieri, S., and Lacroix, M. (2022). Development of antimicrobial formulation based on essential oils and gamma irradiation to increase the shelf life of boneless chicken thighs. Radiat. Phys. Chem. 192, 109893. doi: 10.1016/j.radphyschem.2021.109893

 Sikkema, J., de Bont, J. A., and Poolman, B. (1995). Mechanisms of membrane toxicity of hydrocarbons. Microbiol. Rev. 59, 201–222. doi: 10.1128/mr.59.2.201-222.1995

 Singh, A., Gupta, R., Tandon, S., and Pandey, R. (2017). Thyme oil reduces biofilm formation and impairs virulence of Xanthomonas oryzae. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01074

 Singh, I. R., and Pulikkal, A. K. (2022). Preparation, stability and biological activity of essential oil-based nano emulsions: a comprehensive review. OpenNano 8, 100066. doi: 10.1016/j.onano.2022.100066

 Smith, E. F. (1903). Observations on a hitherto unreported bacterial disease, the cause of which enters the plant through ordinary stomata. Science 17 (429), 456–457. Available at: https://wellcomecollection.org/works/wvuf4vvr.

 Sokmen, A., Gulluce, M., Askin Akpulat, H., Daferera, D., Tepe, B., Polissiou, M., et al. (2004). The in vitro antimicrobial and antioxidant activities of the essential oils and methanol extracts of endemic Thymus spathulifolius. Food Control 15, 627–634. doi: 10.1016/j.foodcont.2003.10.005

 Sousa, R. M. O. F., Cunha, A. C., and Fernandes-Ferreira, M. (2021). The potential of Apiaceae species as sources of singular phytochemicals and plant-based pesticides. Phytochemistry 187, 112714. doi: 10.1016/j.phytochem.2021.112714

 Tsiftsoglou, O. S., Stagiopoulou, R., Krigas, N., and Lazari, D. (2023). Exploring the ecological preferences and essential oil variability in wild-growing populations of the endangered local greek endemic Thymus holosericeus (Lamiaceae). Plants 12, 348. doi: 10.3390/plants12020348

 Vauterin, L., Hoste, B., Kersters, K., and Swings, J. (1995). Reclassification of Xanthomonas. Int. J. Syst. Bacteriol. 45, 472–489. doi: 10.1099/00207713-45-3-472

 Vidaver, A. K. (2002). Uses of antimicrobials in plant agriculture. Clin. Infect. Dis. 34, S107–S110. doi: 10.1086/340247

 Walia, S., Saha, S., Tripathi, V., and Sharma, K. K. (2017). Phytochemical biopesticides: some recent developments. Phytochem. Rev. 16, 989–1007. doi: 10.1007/s11101-017-9512-6

 Wen, M. M., Abdelwahab, I. A., Aly, R. G., and El-Zahaby, S. A. (2021). Nanophyto-gel against multi-drug resistant Pseudomonas aeruginosa burn wound infection. Drug Deliv. 28, 463–477. doi: 10.1080/10717544.2021.1889720

 Wendakoon, C. N., and Sakaguchi, M. (1995). Inhibition of amino acid decarboxylase activity of Enterobacter aerogenes by active components in spices. J. Food Prot. 58, 280–283. doi: 10.4315/0362-028X-58.3.280

 Yasar, A., Karaman, Y., Gokbulut, I., Tursun, A. O., Tursun, N., Uremis, I., et al. (2021). Chemical composition and herbicidal activities of essential oil from aerial parts of Origanum hybrids grown in different global climate scenarios on seed germination of Amaranthus palmeri. J. Essent. Oil Bear. Plants 24, 603–616. doi: 10.1080/0972060X.2021.1951848

 Zhao, J., Zhou, C., Gu, Z., and Yao, L. (2011). Inhibitory activity of Cymbopogon citratus essential oil against nine phytopathogens. J. Shanghai Jiaotong Univ. - Agric. Sci. 29 (4), 77–86.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Kolozsváriné Nagy, Móricz, Böszörményi, Ambrus and Schwarczinger. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Antibacterial effect of essential oils and their components against Xanthomonas arboricola pv. pruni revealed by microdilution and direct bioautographic assays

      

        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Bacterial isolates

          



          		

            2.2 Materials

          



          		

            2.3 Essential oil samples

          



          		

            2.4 HPTLC – Xap direct bioautography

          



          		

            2.5 Broth microdilution assay

          



          		

            2.6 SPME–GC/MS

          



        



        



        		

          3 Results

        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb.2023.1204027_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Antibacterial effect of essential oils and their
components against Xanthomonas
arboricola pv. pruni revealed by
microdilution and direct bioautographic
assays





OEBPS/Images/fcimb-13-1204027-g002.jpg
60

40 |

Tt t CNc

CLe'I'I'REU CLe TT R EU CL e TT R EU

LG LB, LB, CG ci+cl

LG LB; LB, CG ci+cl LG LB; LB, CG ci+cl





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1204027-g001.jpg
ioni ion (15 min)
Incubation (2 h) Immersion into Incubation ( S
Immersion into e SR -
PTLC development cell suspension — )
H eve P :

—

e
= py .
— 5 //> e e
e e o
L [t
R





OEBPS/Images/table1.jpg
Essential oils (EOs) Xap3 XapG2
cinnamon (Cinnamomum ceylanicum) 31.25 625
thyme (Thymus vulgaris) 125 125
clove (Syzygium aromaticum) 125 250
lemon grass (Cymbopogon citratus) 125 250
lemon balm (Melissa officinalis from Olivia Naturals) 250 250
eucalyptus (Eucalyptus globulus) 250 250
rosemary (Rosmarinus officinalis) 250 500
citronella grass (Cymbopogon nardus) 250 500
lemon balm (Melissa officinalis from Primavera) 250 500
tea tree (Melaleuca alternifolia) 1000 1000
EO constituents

thymol 50 50
trans-cinnamaldehyde 100 100
borneol 200 150
eugenol 150% 400*
citral 400 150
citronellal 400* 400"
terpinen-4-ol 400* < 400* <
chloramphenicol 25 25

*- the unit is nL/mL






