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Abstract

:

Decay caused by Neopestalotiopsis clavispora is an important postharvest disease of blueberries that seriously affects the commercial value of blueberry fruit. In this paper, we studied the inhibitory activity and mode of action of thymol against the pathogenic fungus of blueberries caused by Neopestalotiopsis clavispora. The results demonstrated that thymol administration could limit mycelial growth in vitro; the inhibitory effect was positively connected with thymol mass concentrations, and the minimal inhibitory concentration (MIC) was 100 mg/L. Further investigations revealed that MIC thymol treatment dramatically reduced the germination of pathogenic spores and led to an increase in the conductivity of the pathogen, leakage of contents, and a decrease in pH. Propidium iodide (PI) staining experiments demonstrated that MIC thymol caused damage to mycelial cell membranes. Additionally, MIC thymol treatment promoted mycelium malondialdehyde content accumulation, inhibited superoxide dismutase (SOD) and catalase (CAT) enzyme activities, decreased adenosine triphosphate (ATP), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) content and energy charge levels, and the fluorescence intensity of mycelium caused by MIC thymol treatment was significantly increased by the 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA) assay. The results of this study indicate that thymol suppresses the proliferation of Neopestalotiopsis clavispora by compromising the integrity of their cell membranes, promoting the accumulation of cellular reactive oxygen species (ROS), and interfering with energy metabolism.
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1. Introduction


Blueberries (Vaccinium ssp.) are cultivated commercially on an enormous scale around the world and are popular among consumers due to the fact that they are rich in a variety of health-promoting bioactive substances, such as anthocyanins, flavonoids, polyphenols, and folic acid [1]. However, blueberry fruit is prone to mechanical damage after harvest due to its thin skin, juicy pulp, and soft texture, which are infected by pathogenic microorganisms. Pathogenic microbial infestations can cause rapid decay and deterioration of blueberry fruit, which can seriously curb the development of the blueberry industry [2]. It is reported that there are many species of pathogenic fungus that can cause postharvest rot of blueberry fruits, mainly Botrytis cinerea, Penicillium spp., Aspergillus spp., Alternaria spp., and Colletotrichum spp. [3]. In addition, Neopestalotiopsis clavispora is a pathogen that occurs in postharvest blueberries in the Majiang area of Guizhou Province. It can cause the softening and decay of blueberries and cause economic losses. Recent studies have demonstrated that postharvest decay of blueberry fruit may be significantly decreased by employing methods utilizing exogenous substances such as SO2 [4], ClO2 [5], cold plasma (CP), ultraviolet irradiation (UV) therapy, and microbial antagonism [6]. Nowadays, chemical fungicides are widely used to control pre-harvest and post-harvest plant diseases of fruits and vegetables, but excessive use of chemical fungicides leads to pathogen resistance, chemical residues, and environmental pollution. Therefore, it is very important to find a safe and effective antifungal technology to maintain the postharvest quality of blueberry fruit [7].



Thymol (2-isopropyl-5-methylphenol) is the main monoterpene phenol occurring in essential oils isolated from plants belonging to the Lamiaceae family (Thymus, Ocimum, Origanum, and Monarda genera) and other plants such as those belonging to the Verbenaceae, Scrophulariaceae, Ranuncolaceae, and Apiaceae families [8]. Because of its high safety, wide range of sources, lack of chemical residues, broad-spectrum antifungal properties, and other characteristics [9,10], it has been authorized by the Federal Drug Administration (FDA) for food and as a food additive, and it has since been widely utilized in the field of food preservation [11]. Thymol has been demonstrated to be capable of being transformed into microencapsulation [12] and antimicrobial films [13] in order to effectively extend the freshness period of fruits and vegetables. Furthermore, thymol can be produced as an individual or combination aqueous solution for postharvest preservation of fruits and vegetables. As a natural, secure active ingredient, thymol offers a wide variety of prospective applications.



Before utilizing natural fungicides, it is essential to comprehend their mode of action and fungicidal activity. Currently, thymol has been shown to have a better inhibitory effect on common pathogenic fungi of fruits and vegetables, such as Penicillium spp. [14,15], Fusarium spp. [16], and Botrytis cinerea [17]. Its inhibitory effect is mainly attributed to the inhibition of ergosterol biosynthesis by disrupting the cell membrane and cell wall structural integrity of pathogenic fungus, and the inhibitory effect was mainly attributed to the inhibition of membrane lipid peroxidation caused by disrupting pathogenic cell membranes and, cell wall structural integrity [18], inhibiting ergosterol biosynthesis, and promoting cellular reactive oxygen species (ROS) radical accumulation. In addition, Li et al. [19] discovered that NOX2 was involved in maintaining the intracellular reduced nicotinamide adenine dinucleotide phosphate/oxidized nicotinamide adenine dinucleotide phosphate (NADPH/NADP+) balance in Staphylococcus aureus and caused a decrease in intracellular NADPH and ATP and an increase in NADP+ through thymol treatment, thus interfering with mycelial energy metabolism to exert antifungal activity.



To date, the mechanism of inhibition of Neopestalotiopsis clavispora by thymol has not been reported. This study was therefore designed to examine if thymol could exhibit antifungal activity against N. clavispora, the causative agent of postharvest blueberry. The specific objectives included determining (A) the ability of thymol to inhibit mycelial growth of N. clavispora on agar plates, (B) the ability of thymol to inhibit the germination of N. clavispora spores, and (C) how thymol would manifest its antifungal behavior against N. clavispora.




2. Materials and Methods


2.1. Fungal Strain and Culture Conditions


A strain of Neopestalotiopsis clavispora was found in post-harvest blueberries showing decay in Majiang, Guizhou, China. This strain underwent morphological and molecular assessment at Guiyang University’s Laboratory of Biology and Medicine and was preserved. It was cultured on potato dextrose agar (PDA, sourced from Bo Microbiology Technology Corporation, Shanghai, China) and maintained at a temperature of 25 ± 2 °C. A spore suspension was prepared to a concentration of 1 × 106 CUF/mL using a hematocytometer. This suspension was then added to 20 mL of potato dextrose broth (PDB) and incubated for 48 h. After incubation, the mycelium underwent three washes with a 0.1 mol/L phosphate buffer sodium (PBS) solution, maintaining a pH of 7.0, before further experimental use.




2.2. Effect of Thymol on Colony Growth


Thymol’s stock solution (99%, sourced from Genye Biological Corporation, Shanghai, China) was formulated at 10 mg/mL. This stock was further diluted to achieve PDA plates with varying thymol concentrations: 0 (control), 20, 40, 60, 80, and 100 mg/L. Mycelial disks from N. clavispora, 5 mm in diameter, were centrally positioned on these PDA media. Daily, colony diameters were gauged using the cross method and a standard ruler. The radial mycelial growth approach assessed the antifungal potency. The formula [(C − T)/(C − 0.6)] × 100% was employed to determine the inhibition rate, where C denotes the mycelial diameter in the control and T stands for that in the treated plate [20]. The concentration at which there was no observed mycelial growth of Neopestalotiopsis clavispora disks after 48 h was designated as the minimum inhibitory concentration (MIC) [21].




2.3. Determination of Thymol on N. clavispora Spore Germination


Adopting the procedure delineated by Run [22], the spore germination of N. clavispora was determined. A spore suspension of N. clavispora at a concentration of 50 μL (1 × 106 CUF/mL) was formulated and applied atop PDA medium enhanced with thymol and ethanol. Subsequent incubation was performed in a light-excluded environment at 25 °C across intervals of 0, 4, 8, and 12 h. Sections, measuring 8 mm × 8 mm, were procured from the four corners and the center of the medium. Using a light microscope (BX53, OLYMPUS), spores within these sections were enumerated. The germination rate was ascertained by contrasting the number of germinated spores to the total spore count.




2.4. Effect of Thymol on the Dry Weight of N. clavispora Mycelium


Using the approach detailed by Wan et al. [23] for assessing mycelial dry weight, the mycelium underwent treatment with thymol at concentrations ranging from 0 to 100 mg/L. Following a 25 °C, 24-h incubation, the mycelium received three sodium phosphate buffer washes. Subsequently, drying was carried out at 70 °C over a 12-h period. An analytical balance (Ms105, Mettler Toledo, Greifensee, Switzerland) provided the dry weight measurements, with findings presented in terms of g/100 mL PDB.




2.5. Effect of Thymol on the Relative Conductivity, Nucleic Acid Release, and pH of N. clavispora


Adapting the method from Shao et al. [24], both the relative conductivity and pH of N. clavispora mycelia were assessed. The mycelia, acquired post-centrifugation of a 20 mL PDB culture at 4000× g for 20 min, were then washed and reintroduced into a 20 mL pH 7.0 phosphate buffer. Upon treatment with thymol at final mass concentrations of both 0 (acting as the control) and 100 mg/L, the measurements of pH and external conductivity at intervals of 0, 2, 4, 6, and 8 h were captured using a portable pH/conductivity device (PHBJ-260, 0.01 pH precision, Precision Scientific Instruments, Shanghai, China) and a specific conductivity meter (DDS-11A, Yidian Scientific Instruments Corporation, Shanghai, China) in an oscillating environment. From these, the relative conductivity was deduced. Meanwhile, leakage from the mycelial nucleic acid was gauged utilizing a UV-visible spectrophotometer (60UV-Vis, Agilent) following the process outlined by Shi et al. [25], with outcomes indicated as 260 nm absorbance values.




2.6. Determination of Thymol on Extracellular Soluble Protein and Reducing Sugar Content of N. clavispora


Following the methodology presented by Chen et al. [26], suspensions underwent treatment with thymol at distinct concentrations, specifically 0 and MIC. The testing durations were spread over intervals of 0, 2, 4, 6, and 8 h. Utilizing the ultraviolet-visible spectrophotometer (60UV-Vis, Agilent), the contents of both extracellular soluble protein and reducing sugars were quantified. Outcomes were presented in terms of mg/g.




2.7. Effect of Thymol on the Integrity of N. clavispora Cell Membrane


Suspensions underwent thymol treatment at specified concentrations, specifically 0 and MIC, for a duration of 24 h. Adhering to the protocol delineated by Tao et al. [27], mycelium that had been exposed to the treatment was then mixed with 50 μL of PI (1 g/L, sourced from Aladdin Biochemical Technology Corporation, Shanghai, China). This mixture was subsequently incubated in dark conditions for 15 min at a temperature of 30 °C. To remove any surplus dye, a thorough washing with PBS was performed. Finally, the samples were visualized and captured using a fluorescence microscope, model BX53 by OLYMPUS.




2.8. Determination of Intracellular Malondialdehyde (MDA) Content


Mycelium underwent thymol treatment at intervals of 0, 2, 4, 6, and 8 h using concentrations of 0 (control) and 100 mg/L. The thiobarbituric acid procedure, as detailed by Pasquariello et al. [28], was employed to assess MDA content. To initiate, 5 mL of trichloroacetic acid (100 g/L) was introduced to 2.0 g of the rinsed mycelium samples. This was followed by a thorough homogenization under cold conditions with a chilled mortar and pestle. Post-homogenization, centrifugation was executed at 2000 g for a span of 10 min at 4 °C Following this, a mixture of thiobarbituric acid solution (2 mL, 6.7 g/L) and 2 mL of the sample was prepared and incubated in a boiling water environment for 20 min, subsequently allowing it to cool to ambient temperature. From this, the supernatant’s absorbance was evaluated at wavelengths of 450, 532, and 600 nm, offering the MDA content. The entirety of this process was replicated three times, and the outcomes are presented in mmol/L.




2.9. Determination of Superoxide Dismutase and Catalase Enzyme Activities of N. clavispora Mycelium


The activities of superoxide dismutase (SOD) and catalase (CAT) were gauged with slight alterations from the protocol established by Lai et al. [29]. For SOD, a single enzyme activity unit (U) is identified as the protein quantity that impedes the reduction of nitrogen blue tetrazolium (NBT) by half each minute for every mass. Conversely, one unit of CAT corresponds to the protein volume that shifts the absorbance by 0.01 in order to convert hydrogen peroxide by 1 mmol every minute for its mass. The data collected is represented in terms of U/mg.




2.10. Detection of Intracellular Reactive Oxygen Species (ROS) Levels in N. clavispora


Following an 8-h treatment with control and thymol at 100 mg/L concentrations, the mycelia underwent a specific process. Drawing inspiration from the technique outlined by Pang [30], 1 mL of 1 × 105 mol/L 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA, sourced from Aladdin Biochemical Technology Corporation, Shanghai, China) was introduced to the treated samples. This mixture was then subjected to a 37 °C environment for 20 min. Subsequent to three cleansing cycles in sodium phosphate buffer, these cells were inspected via a BX53 OLYMPUS fluorescent microscope. Visual representations of the observed mycelia were then captured.




2.11. N. clavispora Energy Metabolism Analysis


Mycelium samples, post-exposure to thymol control and a concentration of 100 mg/L for intervals of 0, 2, 4, 6, and 8 h, had their ATP content analyzed. Building upon the procedures detailed by Peng and colleagues [31], we employed high-performance liquid chromatography (HPLC) for detection. A quick outline: 0.6 g of the mycelium was isolated, followed by the introduction of a 3% perchloric acid solution. After a brief grinding session in an iced setting, it was centrifuged. Post-extraction, a 20% KOH solution was incorporated and thoroughly mixed. This mixture then rested at 4 °C for half an hour before undergoing another round of centrifugation to prepare for HPLC scrutiny. Analytical parameters comprised: column inert sil ODS-SPC18 (250 mm × 4.6 mm, 5 pm); Solvent A being KH2PO4-K2HPO4 buffer; and solvent B being 3% methanol, with a 0.8 mL/min flow, 30 °C column temperature, 20 μL injection volume, and a 230 nm detection wavelength.




2.12. Statistical Analysis


Each experimental procedure was executed in triplicate. We used SPSS 25.0 for the interpretation and analysis of the gathered data. Subsequent to variance analysis, Duncan’s multiple range tests were employed to differentiate between the means. Results with a p-value less than 0.05 were deemed to be of statistical significance.





3. Results


3.1. Effect of Thymol on Colony Growth


The minimum inhibitory concentration (MIC) is a key metric for assessing and evaluating a substance’s fungus-inhibitory activity [32]. Variable concentrations of thymol inhibited N. clavispora in various manners, and the inhibitory effect was concentration-dependent (Figure 1A–C). The ethanol concentration utilized in this experiment had no influence on the growth of N. clavispora (Figure 1A). At 2 days of incubation, the colony diameter of the control group was 23.62 mm, and the inhibition rates of the 20 mg/L and 80 mg/L treatment groups were 17.85% and 95.31%, respectively, and the colony diameter was 19.46 mm and 1.10 mm, respectively. After two days of treatment, the inhibition rate of the 100 mg/L treatment group reached 100%, the growth was completely sterile, and the minimum inhibitory concentration (MIC) was 100 mg/L. The control group had a colony diameter of 80.00 mm on the 7th day of incubation; the 100 mg/L thymol-treated group had a colony diameter of 8.86 ± 0.72 mm, which was substantially smaller than the other treatment groups (p < 0.05). MIC values were used in further tests.




3.2. Effect of Thymol on the Germination of N. clavispora Spores


Thymol had an inhibitory effect on the spore germination of N. clavispora, and the effect was more pronounced with time (Figure 2A). At 4 h, the thymol treatment and control groups were 23.67% and 61.33%, respectively. At 8 h of treatment, the spore germination rate of the control group was 1.65 times that of the treatment group. There was no significant difference in spore germination between the treatment group and the control group at 12 h (p > 0.05), but the elongation length of the control group was significantly longer than that of the treatment group. It can be seen that thymol can delay the germination process of conidia.




3.3. Effect of Thymol on the Dry Weight of N. clavispora Mycelium


The mycelial weights of N. clavispora in the thymol treatment and control groups are shown in Figure 2C. The data showed that as the concentration of thymol increased, the biomass of mycelial growth was strongly inhibited. Initially, the dry weight was 0.1191 g/100 mL at the no-thymol concentration. At higher thymol concentrations (20, 40, 60, and 80 mg/mL), the effect on mycelial weights was recorded at a significant level (p < 0.05) in comparison with the control group.




3.4. Effect of Thymol on the Relative Conductivity, Nucleic Acid Release, and pH of N. clavispora


The damage to membrane permeability can be reflected in the relative conductivity. After treatment with thymol, the extracellular conductivity of N. clavispora increased gradually with the prolongation of the treatment time (Figure 3A). After a 0–2 h sharp rise in the whole process, the treatment group was significantly higher than the control group (p < 0.05). The extracellular conductivity of the treatment group was 123.62, 143.28, 151.83, and 165.86 S/cm at 2, 4, 6, and 8 h, respectively, increasing by 33.97%, 42.86%, 45.53%, and 50.17% compared to the control group.



Extracellular pH reflects extracellular acid-base balance (Figure 3B). Thymol treatment of N. clavispora resulted in acid leakage from the cell, resulting in a substantial fall in extracellular pH. At 2, 4, 6, and 8 h, the pH of the treatment group was 6.95, 6.82, 6.74, and 6.66, respectively, which was significantly different (p < 0.05) from that of the control group (7.08 ± 0.033). This demonstrates that the N. clavispora cell membrane was disrupted as a result of the massive leaking of intracellular nucleic acid material, which resulted in a fall in extracellular pH.



Nucleic acid leakage can indirectly assess cell membrane integrity. After cell damage, intracellular substances are prone to extravasation (Figure 3C). Thymol therapy increased mycelial nucleic acid leakage significantly (p < 0.05). Compared with the control group, the thymol treatment group increased by 59.79%, 52.41%, 52.89%, and 61.17% at 2, 4, 6, and 8 h, respectively.




3.5. Effect of Thymol on the Extracellular Soluble Protein and Reducing Sugar Content of N. clavispora


The extracellular soluble proteins of thymol-treated N. clavispora increased significantly (p < 0.05) with the treatment period (Figure 3D). The extracellular soluble protein content of the thymol-treated group increased by 1.70-fold, 1.97-fold, 1.94-fold, and 2.32-fold at 2, 4, 6, and 8 h compared with the control group, respectively. The extracellular reducing sugars of N. clavispora showed a significant upward trend (p < 0.05) with the increase in treatment time (Figure 3E). It rose rapidly after 2 h of treatment. Thymol-treated groups increased 28.73%, 32.06%, 41.15%, and 40.40% at 2, 4, 6, and 8 h, respectively, compared with the control group. In conclusion, thymol caused the leakage of extracellular soluble proteins and reducing sugars to be excreted and damaged the N. clavispora cell membrane.




3.6. Effect of Thymol on N. clavispora Cell Membrane Integrity


Propidium iodide (PI) staining was utilized to determine whether thymol can cause damage to N. clavispora cell membranes (Figure 4). When the integrity of the cell membrane is disturbed, PI may enter the cytoplasm and bind to DNA to create red fluorescence [33]. Red fluorescence was found in mycelium after treatment with MIC thymol, but no fluorescence was observed in the control group, suggesting that the cell membrane of mycelium treated with thymol was destroyed, which is consistent with the preceding findings.




3.7. Changes in Intracellular Malondialdehyde (MDA) Content


The MDA content of N. clavispora increases with increasing treatment duration, with a significant difference (p < 0.05) at 6–8 h (Figure 5A). At 8 h, the MDA concentration was 1.32 mmol/L, 1.28 times greater than the control. It is possible that the cells underwent enhanced membrane lipid peroxidation due to the accumulation of reactive oxygen species caused by the early addition of thymol.




3.8. Changes in Superoxide Dismutase and Catalase Enzyme Activities of N. clavispora Mycelium


The CAT content of N. clavispora decreased significantly (p < 0.05) as treatment duration increased (Figure 5B). When compared to the control group, the CAT content of the thymol-treated group declined 1.92, 2.24, 3.8, and 4.65 times at 2, 4, 6, and 8 h, respectively. The SOD content of Neopestalotiopsis clavispora tended to decrease significantly (p < 0.05) with increasing treatment time (Figure 5C). It increased rapidly after 2 h of treatment. Thymol-treated groups increased by 30.93%, 40.20%, 64.67%, and 70.71% at 2, 4, 6, and 8 h, respectively, compared with the control group. The aforementioned findings could be explained by the fact that mycelium’s ROS generation outpaced its ability to scavenge ROS, upsetting the dynamic balance between ROS production and scavenging and causing a rapid drop in antioxidant enzyme activity. It may be because prolonged usage of thymol resulted in N. clavispora apoptosis, the buildup of MDA, the occurrence of free radicals and reactive oxygen species, as well as the disruption of the antioxidant system, all of which eventually caused significant oxidative damage and loss of cell integrity.




3.9. Intracellular Reactive Oxygen Species (ROS) Levels in N. clavispora Cells


To evaluate the impact of thymol on intracellular ROS levels in N. clavispora cells, DCFH-DA fluorescent dye was utilized (Figure 6). Mycelium fluoresced after thymol treatment, whereas no fluorescence was seen in the control group. This shows that thymol administration dramatically increased the production of ROS in N. clavispora cells.




3.10. Effect of Thymol Treatment on Energy of Pathogenic Mycelium


The ATP, ADP, and AMP contents in mycelium treated or untreated at various time intervals were evaluated to study the impact of thymol on energy metabolism (Figure 7). It was seen that ATP, ADP, and AMP contents in both control and MIC-treated groups showed a significant decrease with time, and both treated groups were significantly lower than the control group (p < 0.05). Furthermore, the energy charge remained lower at varied treatment times. This could be due to thymol-induced decreased ATP, altered mitochondrial activity, apoptotic, necrotic, or toxic cells, or aberrant energy metabolism in the mycelium. In conclusion, thymol disrupted the normal energy metabolism and physiological activities of the pathogenic blueberry fungus.





4. Discussion


In recent years, China’s blueberry planting area has ranked first in the world, but the development of plant infections has harmed the fruit’s quality, significantly limiting export volume. To avoid economic losses, adequate disease defense measures must be implemented. Nowadays, it is difficult to distinguish the pathogenic fungi that produce rot in blueberries according to their disease symptoms, and new pathogens of postharvest blueberry diseases have emerged due to changes in climate, environment, varieties, and cultivation methods. Therefore, it is critical to control novel strains of blueberry pathogens discovered in recent years. In this study, the pathogenic fungus Neopestalotiopsis clavispora was identified in naturally deteriorated blueberries after harvesting in the Majiang district of Guizhou, and it was able to infest blueberries and induce blueberry fruit decline. Neopestalotiopsis clavispora has been associated with fruit rot in kiwi [34], strawberry [35], loquat [36], and Rosa sterilis [37]. The results presented indicate that pathogenic fungi may have a diverse host range and may constitute a substantial danger to the fruit and vegetable business.



Effective control of blueberry postharvest diseases is a major challenge worldwide, so it is important to study thymol inhibition of blueberry postharvest diseases. The in vitro inhibitory action of thymol revealed that it inhibited N. clavispora at mass concentrations ranging from 20 to 100 mg/L, with a MIC of 100 mg/L. Although thymol had a low effect on the final germination rate of N. clavispora conidia at this time, it could effectively delay the germination process of conidia, and the results indicated that thymol could inhibit mycelial growth and spore germination, affect mycelial dry weight, and increase the sensitivity of N. clavispora to stress. This is consistent with the results of Liu [38], who found that thymol completely inhibited the mycelial growth and spore germination rate of the potato dry rot fungus (Fusarium oxysporum). To verify these observations and elucidate the underlying mechanisms, we conducted a series of experiments to analyze the effects of thymol on N. clavispora cell membrane integrity, antioxidant systems, and energy metabolism.



The cell membrane is a part of the physiological structure of fungus and is an important channel for material exchange and information transmission between the cell and the external environment, which can effectively regulate the homeostasis of the internal and external environment and guarantee the normal life activities of fungus. It is also an important target for the action of common antifungal agents [39]. Numerous investigations have revealed that thymol damages pathogenic fungus cell membranes and affects the equilibrium of their internal and external environments, functioning as an inhibitor [14,15,16,17]. There is growing evidence that, among other things, the lipophilic properties of volatile substances enhance membrane permeability and fluidity, limit respiration, disturb intramembrane proteins, trigger intracellular contents like ion leakage, and modify ion transport processes in fungi [40]. A range of regulatory activities in the cell, such as enzyme activity, protein synthesis, and homeostasis maintenance, are inextricably linked to pH [41]. Relative conductivity and extracellular pH are usually used to indicate severe and irreversible damage that occurs at the plasma membrane. According to the study’s findings, mycelium’s extracellular relative conductivity increased noticeably and its extracellular pH fell after being exposed to thymol, indicating that the cell membrane had been damaged. PI staining results also confirmed that thymol caused N. clavispora to lose cell membrane integrity. Soluble proteins and reducing sugars are the primary components of the cytoplasm, and an increase in their amounts typically signals a loss in mycelial intracellular membrane integrity and an increase in cell permeability [42]. It has been reported that the loss of cell membrane integrity may lead to the release of cytoplasmic contents in cells. Thus, in order to determine whether the loss of membrane integrity caused by thymol treatment leads to the release of intracellular contents in fungal cells, we found that intracellular nucleic acids, extracellular soluble proteins, and extracellular reducing sugars in mycelium increased with the lengthening of treatment time. This finding was in line with the hypothesis that thymol could disrupt cell membrane permeability and cause leakage of intracellular contents, thus interfering with the growth of other organisms. Similar results have been found by Zhang et al. [43], who discovered that thymol damaged pathogenic fungi and ruined cell membranes by allowing intracellular chemicals to flow out.



Reactive oxygen species (ROS) are byproducts of oxidative metabolism in living things, but too much of them can have negative consequences [44]. The permeability of the fungus cell membrane increases, and intracellular oxidative stress is increased after damage to the fungus biofilm. Therefore, we suggest that the damage to the cell membrane caused by antifungal agents may lead to the accumulation of ROS in cells, and then the oxidative damage to cell macromolecules leads to cell death [45]. DCFH-DA staining results demonstrate that thymol could lead to ROS accumulation in N. clavispora. The main components of the cell membranes are lipids and proteins, and lipids contain unsaturated double bonds that predispose to lipid peroxidation reactions when elevated ROS bind to the cell membrane, which can lead to malondialdehyde (MDA) accumulation [46]. The results of this study showed that the level of the lipid peroxidation index MDA confirmed that thymol-induced oxidative stress led to the oxidative damage of N. clavispora. This is consistent with observations [47] that the action of thymol prevented the development of Fusarium oxysporum by accumulating MDA and generating a lot of reactive oxygen species. In addition, it was discovered that fungi may activate both enzymatic and non-enzymatic defense mechanisms in response to ROS stress [48]. In addition to reflecting the process of lipid peroxidation through changes in their activity, superoxide dismutase (SOD) and catalase (CAT), two crucial antioxidant active enzymes in fungus, may also react quickly to oxidative stress [49]. In agreement with the results of this paper, the mycelium’s oxidative defense mechanism helped it fend off attacks from reactive oxygen species (ROS). However, as treatment time increased, the burst of ROS caused MDA to build up and the antioxidant activities of catalase and superoxide dismutase enzymes to decline, ultimately inhibiting the growth of pathogenic fungi. Particularly, the activity of catalase was significantly lower than that of the control group, indicating that CAT is more susceptible to attack by ROS and to inactivation as a result. The outcomes of Pang’s work [30] on the impact of curcumin-based photodynamic inactivation (PDI) treatment affected the SOD and CAT activity of Penicillium expansum (PAT), with similar results to the present study.



Mitochondria, a membrane organelle composed of proteins and lipids, have been reported to be another important target of essential oils in plants [50]. Mitochondria are the main site of ROS production in fungal cells and the most important organelle for cellular energy metabolism. When the balance between the production of reactive oxygen species and the antioxidant defense system is lost, mitochondria are damaged by lipid peroxidation, leading to disruption of energy metabolism [51]. Adenosine triphosphate is central to energy metabolism, storage, and utilization and is an essential energy substance for the vital activities of living organisms [52]. As a crucial component of energy metabolism, adenosine triphosphate is a necessary energy source for maintaining organisms’ vital activity, and changes in its concentration in cells can directly reflect the level of that activity [53]. The ratio of adenosine triphosphate, adenosine diphosphate, and adenosine monophosphate reflects the cellular energy charge, and many metabolic activities in cells, such as glycolysis, the tricarboxylic acid cycle, the electron transport system, and oxidative phosphorylation, are dependent on the regulation of energy charge changes [54]. In the present study, fluctuating differences in ATP, ADP, AMP, and energy charge at different treatment times may be due to thymol disrupting the balance of intra- and extracellular ATP by disrupting the cell membrane, leading to ATP loss as well as inhibition of metabolic activities, resulting in cell membrane damage and abnormalities in the antioxidant defense system.




5. Conclusions


In summary, thymol significantly inhibited Neopestalotiopsis clavispora mycelial growth and spore germination in vitro. When the MIC value was 100 mg/L, the mycelial growth inhibition rate was only (88.925 ± 0.9)%. In addition, 100 mg/L thymol treatment resulted in increased extraspore conductivity, caused exocytosis of contents, and lowered the pH of the pathogenic fungi, thereby destroying the integrity of N. clavispora cell membranes. Thymol’s potential antifungal mechanism of action may depend on its capacity to increase excessive intracellular ROS production and interfere with energy metabolism. The above results provide a new idea for thymol as a plant antifungal agent and fruit and vegetable preservative for effective prevention and treatment of postharvest pathogens in blueberries.
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Figure 1. Inhibitory effect of thymol on Neopestalotiopsis clavispora. (A) in vitro growth of N. clavispora under the effect of different concentrations of thymol; (B) thymol inhibition rate on N. clavispora (* p < 0.05, *** p < 0.001); (C) colony diameter of N. clavispora; Significant changes in the mean for that sampling period are indicated by different letters above the bars (p < 0.05). 
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Figure 2. (A): Effect of 0 and 100 mg/L thymol treatments on spore germination at different times; (B): inhibition of spore germination for treatments 0, 4, 8, and 12 h; (C): change in mycelial dry weight for different concentrations of thymol treatments. The standard errors of the means are shown by the error bars. Significant changes in the mean for that sampling period are indicated by different letters above the bars (p < 0.05). 
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Figure 3. Extracellular conductivity (A), extracellular pH (B), intracellular nucleic acid release (C), extracellular soluble protein (D), and reducing sugars (E) of N. clavispora affected by different thymol concentrations. Values are expressed as the mean ± Standard deviation and error bars represent standard deviations of the means, and significant changes in the mean for that sampling period are indicated by different letters above the bars (p < 0.05). 
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Figure 4. Fluorescence microscopy of Neopestalotiopsis clavispora after treatment with thymol. Effect of thymol treatment on mycelium cell membrane integrity analyzed by PI staining. (Bright: Bright field; PI: propidium iodide). 
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Figure 5. Effect of thymol on malondialdehyde (MDA) (A), catalase (CAT) (B), and superoxide dismutase (SOD) (C) activity of Neopestalotiopsis clavispora. The standard errors of the means are shown by the error bars. Significant changes in the mean for that sampling period are indicated by different letters above the bars (p < 0.05). 
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Figure 6. Fluorescence microscopy images showing the accumulation of reactive oxygen species in Neopestalotiopsis clavispora. Green fluorescence indicates the presence of ROS; red arrows in Figure point to the clearly visible septae separating constituent cells within the filaments (bright: bright field; DCF: 2,7-Dichlorodi-hydrofluorescein diacetate). 
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Figure 7. Effect of thymol on intracellular adenosine triphosphate (ATP) (A), adenosine diphosphate (ADP) (B), adenosine monophosphate (AMP) (C) and energy charge (EC) levels (D) of Neopestalotiopsis clavispora. Values are expressed as the mean ± Standard deviation and error bars represent standard deviations of the means, and significant changes in the mean for that sampling period are indicated by different letters above the bars (p < 0.05). 
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