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Fungal pathogen contamination is one of the most important factors affecting the postharvest quality and shelf life of wolfberry fruits. Therefore, the prevention and control of fungal pathogens that cause fruit rot has become particularly important. Volatile antifungal agents of biological origin have broad application prospects. They may be safer and more efficient than traditional physical and chemical methods. Four pathogenic fungi were isolated and purified from rotting wolfberry. These pathogenic fungi were determined to be Mucor circinelloides LB1, Fusarium arcuatisporum LB5, Alternaria iridiaustralis LB7, and Colletotrichum fioriniae LB8. In vitro fumigation experiments showed that 2,3-butanedione can effectively inhibit the mycelial growth, spore germination, and sporulation ability of pathogenic fungi. The scanning electron microscope (SEM) showed morphological changes in hyphae. Propidium iodide (PI) Staining and leakage of 260 and 280 nm-absorbing increased, suggesting damage to cell membranes. Furthermore, 2,3-butanedione was found to significantly improve fruit firmness, soluble solid, total phenol, flavonoid, and soluble sugar content, as well as higher SOD enzyme activity and lower PPO and POD enzyme activity in the treated fruit, indicating that 2,3-butanedione can effectively reduce the adverse effects of pathogenic fungi in wolfberry. Based on these results, we conclude that 2,3-butanedione is effective against infection by pathogenic fungi in post-harvest wolfberry. 2,3-butanedione should be considered a viable substitute for conventional fungicides that are currently used to control rot in wolfberry.
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GRAPHICAL ABSTRACT



1. Introduction

Wolfberry (Lycium barbarum L.), often known as Goji Berry, is one of the most important plants belonging to the Solanaceae family (Liu et al., 2017a). For almost 2000 years, it has been an important Chinese traditional medicine, and it is widely grown in north-western China (Sun et al., 2008). Wolfberry is often used as a nourishing traditional Chinese medicine that has the function of nourishing the liver and kidney, tonifying blood, and relieving cough (Wang et al., 2014). At the same time, wolfberry can also be consumed as a functional food. Wolfberry fruit contains wolfberry polysaccharides, carotenoids, betaine, vitamins and other substances. Wolfberry polysaccharides have the ability of anti-oxidation to provide neuroprotection to the eyes (Chan et al., 2019). Because of its dual use as medicine and functional food, the development of the wolfberry industry has been promoted in recent years.

Postharvest loss refers to the decay and deterioration of agricultural products caused by pathogen infection, respiration and senescence in the process of storage, treatment and transportation after harvest (Zhang et al., 2019). Postharvest decay of harvested fruits and vegetables will cause food safety problems and considerable economic losses (Ambler et al., 2017). The postharvest infection of Chinese wolfberry is mainly caused by fungi. Several fungi have been reported to be associated with postharvest rot of wolfberry including Alternaria, Aspergillus niger, Penicillium, Trichoderma, Aspergillus flavus (Lan et al., 2014), Cladosporium and Fusarium (Xiao et al., 2018). However, there are still few reports on the main pathogenic fungi of wolfberry, and more research on it is necessary.

Keeping fruit fresh and disease-free throughout harvest and processing has long been a challenge. Currently, many strategies have been used to manage postharvest diseases of the wolfberry, such as low-temperature refrigeration, modified atmosphere refrigeration, physical treatments and chemical control (using synthetic fungicides), etc. (Yang et al., 2016). However, the most common and effective strategy for controlling postharvest diseases is the application of chemical agents in large quantities (Mari et al., 2016). Considering the negative side effects of fungicides, it is necessary to find a method that can replace fungicides to control postharvest pathogens of wolfberry fruit (Nunes, 2012).

In recent years, biological control has received extensive attention due to its safety, efficiency and environmental protection (Brilli et al., 2019). Numerous studies have shown that some antagonistic microorganisms exhibit strong inhibitory activity against postharvest pathogens in fruits and vegetables (Lemos Junior et al., 2020; Moore et al., 2021). Among them, some microorganisms capable of producing volatile organic compounds (VOCs) have great application prospects. Wonglom et al. (2020) report that VOCs released by Trichoderma asperellum T1 mediate antifungal activity and promote growth in lettuce. Zhong et al. (2021) reported that Pseudomonas fluorescens ZX produced VOCs against gray mold, effectively reducing the disease of grapes. Volatile organic compounds are not easy to remain, safe and efficient, which has a natural advantage in postharvest disease control (Wallace et al., 2017).

In the antifungal activity of VOCs, some constituent substances showed a strong effect. 2,3-butanedione is a naturally occurring and volatile α-diketone. Due to the aroma and flavor of butter, it is often used as a food additive and an important component of food flavors (Farsalinos et al., 2014). No adverse health effects have been reported at the level of 2,3-butanedione added to foods (Morgan et al., 2016). Our latest study found that endophytic Bacillus subtilis CL2 could significantly inhibit postharvest pathogens of wolfberry by producing VOCs, and the composition and function test of VOCs showed that 2,3-butanedione is the main active ingredient (Ling et al., 2021). 2,3-butanedione has always been used as an edible additive, and it is safe and harmless (Hallagan, 2017). But its powerful antifungal effect is not well understood. Therefore, it is very necessary to evaluate the postharvest disease control and preservation effect of this substance.

The goal of this research is to isolate and identify the pathogens that cause wolfberry fruit post-harvest rot, as well as to investigate the in vitro and in vivo antifungal activity of 2,3-butanedione against a fungal pathogen, in order to provide a theoretical foundation for the development of safe and healthy antisepsis technology for fresh wolfberry fruits.



2. Materials and methods


2.1. Postharvest rot-infected wolfberry

In August 2019, fresh wolfberry fruits were picked in Jingyuan County, Gansu Province, packed in foam boxes and brought back to the laboratory. After being stored in a 4°C refrigerator for 2 weeks, the rotten fruits were selected for the isolation of the pathogen.

2,3-butanedione was purchased from Niuniu Biochemical Co., Ltd. (Lanzhou, China). 2,3-butanedione (C4H6O2), C431038, Source: Macklin, molecular weight: 86.09, density: 0.985 g/ml, purity: ≥99.0%.



2.2. Pathogens isolation

The fruits of wolfberry with obvious rotting symptoms were disinfected with 75% ethanol for 1 min, and then rinsed with sterile distilled water (SDW) for 3 times; disinfected with 1% sodium sulfite for 5 min and rinsed with SDW 3 times. In an ultra-clean workbench, the rotting tissues were isolated with aseptic tweezers and transferred to Luria-Bertani medium (LB), yeast extract peptone glucose medium (YPD), and potato glucose agar (PDA) (Li et al., 2017). Colonies were transferred to media after 1 and 3 days of cultivation, and the process was repeated until a pure culture of strains was achieved.



2.3. Pathogenicity testing

The pathogenicity of the isolated strains was tested according to Koch’s rule. Sterilize the fresh wolfberry fruits with 75% ethanol for 1 min in a sterile environment, and rinse them with SDW 3 times. A sterile inoculating needle is used to pierce the surface of the fruit and inoculate the spore suspension of the isolated strain. Observe the pathogenicity of the isolated strains after incubating at 26°C for 3 d. The strains were inoculated on fresh and healthy wolfberry fruits again, and these pathogenic strains were isolated from the diseased wolfberry fruit tissues after inoculation. After purification and culture of these isolated strains, these pathogenic strains with the same morphological characteristics as the previously isolated strains were obtained, and the strain was identified as the pathogen of wolfberry fruits (María et al., 2018).



2.4. Pathogen identification

The DNA of pathogenic fungi was extracted by CTAB method (Ling et al., 2019). Use fungal ITS1 and ITS4 sequence primers for PCR amplification of strain DNA sequence (Cenobio-Galindo et al., 2019). The cycle parameters were as follows: an initial denaturation step at 95°C for 4 min, followed by 35 cycles of a denaturation step at 94°C for 30 s, an annealing step at 50°C for 60 s and an elongation step at 72°C for 80 s, followed by a final elongation step of 72°C for 8 min. PCR products were sent to Tianqi Gene Biotechnology Co., Ltd. for sequencing. Homologous sequences were analyzed against GenBank sequences using the NCBI nucleotide BLAST tool.1 Finally, these sequences were used to construct a phylogenetic tree using mega-7.0, and the obtained strains were analyzed and identified.



2.5. Minimum inhibitory concentration and minimum fungicidal concentration

For the minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) experiment, this was determined by the method of Zhou et al. (2017) with minor modifications. The PDA plates were inoculated in the centre with a 6 mm diameter disc of pathogen and then 0, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 3.5, 4, 4.5, 5 μl of the corresponding 2,3-butanedione were poured into the sterile filter paper on the lid of the Petri dish, followed by sealing with parafilm to prevent the loss of 2,3-butanedione. The Petri dishes were incubated at 28°C for 5 days, and after 48 h, the lowest 2,3-butanedione concentration that totally inhibited fungal growth was measured as the MIC, and after 96 h, the lowest concentration that entirely prevented fungal growth was calculated as the MFC.



2.6. Antifungal activity of 2,3-butanedione on spore germination and sporulation capacity

2,3-butanedione inhibition of fungal pathogens spore germination was measured using the method of Zhong et al. (2021) with minor modifications. PDA plates were coated with a pathogenic fungal spore suspension (1 × 104 spores/ml). Add 2,3-butanedione (0, 1/4 MIC, 1/2 MIC, MIC) on sterile filter paper in the middle of the plate covering. The plates were sealed and incubated for 12 h at 28 degrees Celsius. A microscope was used to examine the spores. The proportion of sprouted spores out of the total number of examined spores was used to calculate germination rates.

Previous approaches were used to determine the sporulation capacity (Wang et al., 2020). A PDA plate was inoculated with a 6-mm-diameter plug of pathogenic fungus, then 2,3-butanedione was added on sterile filter paper in the middle of the plate covering. A 6 mm fungal plug was sliced and immersed in SDW after 5 days of incubation. A hemocytometer was used to count the spores on the plug.



2.7. Exploration of the influences of 2,3-butanedione on the mycelial morphology of pathogenic fungi by SSE of SEM technique

Fungal morphology was assayed by SEM, using our previously described method (Ling et al., 2021). At MIC, fungi that had been treated with 2,3-butanedione were cultivated and obtained. The fungal hypha was placed in a glass vial with a rubber stopper containing 2.5% glutaraldehyde fixation solution for 24 h at 4°C. The fixed hyphae were then washed with phosphate-buffered saline (PBS) three times for 15 min each time and dehydrated in an ethanol series (30, 50, 70, 85, and 90% and twice with 100% concentration) for 15 min at each stage. After natural drying, the mycelium block was pasted on a conductive adhesive, gilded, and then detected by SEM.



2.8. Plasma membrane integrity in treated and untreated

For plasma membrane integrity, the method of Tian et al. (2012) was applied with Propidium iodide (PI) staining. After the LB1 mycelia incubated in PDB were collected and washed, the mycelia were resuspended in sterile saline solution containing 5% Tween-20. Place sterile filter paper in the center of the cap, add 2,3-butanedione, and fumigate for 2 d. The mycelia were incubated with PI at a concentration of 100 μl/ml after incubation at 37°C for 30 min in the dark. The fungi were collected, and then washed three times with phosphate-buffered saline. Observe the samples with a fluorescence microscope.



2.9. Release of cellular material

The release of cellular material was tested with a slightly modified method by Kong et al. (2019). The corresponding fungal mycelia were collected and centrifuged from the PDB medium. Then, mycelia were washed twice with SDW and finally fumigated with different concentrations of 2,3-butanedione. Samples were collected and centrifuged with 8,000 g for 5 min. Measure the absorbance of the supernatant at 260 nm and 280 nm using a spectrophotometer. All tests were performed in triplicate.



2.10. Decay rate, weight loss rate and firmness determination

Taking 30 wolfberry fruits in a sterile culture dish and inoculating pathogenic fungus LB1 on wolfberry fruits (without any treatment as a control). The fruit was fumigated with 2,3-butanedione in a closed environment. Any fruit with visible mycelium growing on the surface or rotted area exceeding 12.5% of the surface area was considered as rotted fruit. The decay weight and mass loss of wolfberry fruits were calculated by the following formula.

The firmness of wolfberry fruits treated with 2,3-butanedione for different times were measured using a GY-3 fruit firmness tester (Wei et al., 2018). Determination when taking two wolfberry fruits overlap together, with fruit firmness tester vertical squeeze wolfberry fruit, uniform force will probe into the wolfberry fruits, when the fruit firmness tester probe just through the two fruits stop squeezing, record fruits firmness tester pointer pointed to the reading, repeat three times.
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2.11. Soluble solids content and soluble sugar content determination

The effect of 2,3-butanedione treatment on the content of soluble solids in wolfberry fruits were determined by a handheld refractometer. 5 g of wolfberry fruits were weighed into a 2 ml centrifuge tube, ground with a grinding rod until homogenized, centrifuged at 2000 × g for 5 min and then 5 μl of wolfberry fruits homogenate was aspirated and added dropwise to the detection mirror of the handheld refractometer, and the scale was read to determine the amount of soluble solids in the sample solution, expressed as mass fraction (%), with three replicates for each group of treatments (Chen et al., 2015).

The content of soluble sugars in wolfberry fruits was determined by anthrone-sulfuric acid method. In a test tube, 0.5 g of wolfberry fruits were weighed and ground into a homogenate with SDW and boiled for 30 min, then filtered, the residue was recovered and boiled again for 10 min and repeated three times. Pour the filtered boiling extract into a 50 ml volumetric flask and fix the volume with SDW. Pipette 50 μl of the sample extract of wolfberry soluble sugar into a test tube, and then add 0.5 ml of anthranilone-ethyl acetate and 5.0 ml of concentrated sulfuric acid to the test tube in turn. After shaking thoroughly, the tubes were immediately removed from the boiling water bath for 1 min and cooled naturally to room temperature. The absorbance value was measured at the wavelength 630 nm and the soluble sugar content in the fruit of wolfberry fruits was expressed as OD630.



2.12. Total phenol and flavonoid determination

Weigh 1 g wolfberry fruits in a 10 ml centrifuge tube, add 1% hydrochloric acid-methanol solution under the condition of ice bath, grind and mix well. After placing in the dark at 4°C for 30 min, shake three times during the period and collect the filtrate was for later use. Then the filtrate was diluted 5 times with 1% hydrochloric acid-methanol solution, the absorbance at 325 nm was measured by an ultraviolet spectrophotometer, and OD325 was used to represent the flavonoids content in wolfberry fruits. The filtrate was diluted 10 times with 1% hydrochloric acid-methanol solution was taken to determine the absorbance at 280 nm, and OD280 was used to represent the total phenol content in wolfberry fruits (Habibi et al., 2019).



2.13. SOD, POD, and PPO determination

Weigh 5 g wolfberry fruits in a centrifuge tube, added with 5 ml of extraction buffer and then ground and homogenized under ice bath conditions. Centrifuge at 9614 g for 30 min at 4°C, collect supernatant, and store it at low temperature for later use.

Place each solution in the test tube as listed (Supplementary Table 1). Two test tubes were taken as control tubes. After uniform mixing, one control tube was placed in the dark, and the other test tubes were placed under a 4,000-lx fluorescent lamp for reaction for 15 min, and then immediately placed in the dark to terminate the reaction. Determine the absorbance at 560 nm with an unlit tube as the blank reference zero. Three replicates. SOD activity was calculated (Wu et al., 2020).

Add 3 ml of 25 mmol/l guaiacol solution and 0.5 ml of enzyme extract to the test tube, then 200 ml of 0.5 mol/l H2O2 solution to quickly initiate the reaction and start the timer. The initial value was recorded as the absorbance at 470 nm for 15 s, followed by 1 min of recording and 6 continuous measurements. To calculate the POD activity, the process was done three times.

Place 4.0 ml of 50 mmol/l acetic acid–sodium acetate buffer, pH 5.5, and 1.0 ml of 50 mmol/l catechol in the test tube, and add 100 μl of the enzyme extract, beginning immediately. Absorbance at 420 nm for 15 s is the initial value and is recorded at regular intervals for at least six times. And repeat for three times to calculate that PPO activity (Fan et al., 2019).



2.14. Statistical analyses

The SPSS 20.0 software was used to conduct statistical analyses. Duncan’s test was applied to compare the mean values. All data were expressed as the mean ± SE by measuring three independent replicates.




3. Results and discussion


3.1. Isolation of pathogens and pathogenicity testing

Wolfberry is a traditional Chinese medicinal herb recognized as the latest “super-fruit” in the world. Due to the tender peel and high-water content, the fresh wolfberry fruits are easy to rot (Jatoi et al., 2017; Liu et al., 2017b). Most pathogenic microbes that cause post-harvest deterioration of wolfberry are fungi. Some pathogenic fungi also yield mycotoxins that convey a risk to human health (Liu et al., 2018). In order to better preserve and store wolfberry after harvest, more pathogenic fungi of wolfberry fruit were isolated, and a safe 2,3-butanedione was used for postharvest control of wolfberry in vapor phase.

After morphological observation and pathogenicity detection, 4 strains of postharvest pathogenic fungi were isolated. They were numbered LB1, LB5, LB7 and LB8. The morphology of 4 pathogenic fungi isolated from wolfberry fruits was shown in Figure 1. The pathogenic fungal LB1 mycelium grows quickly, and the colony color was light yellow (Figure 1A), after about 3 d of growth, a black floating layer appeared on the surface of the mycelium and the colonies could be removed directly from the PDA medium by forceps. A lot of oval spores with cystspores were observed under optical microscopes, and mycelia were seen separable (Figure 1A1). The colony of LB5 looked like white cotton bats (Figure 1B). The hyphae were long and separated, and the spores were scattered (Figure 1B1). Colonies of LB7 on PDA medium were black or dark green and fluffy (Figure 1C), under the light microscope, oval-shaped dark brown conidia could be seen, and many spores were connected (Figure 1C1). The mycelia of the pathogen LB8 were short and felt-like, and the middle color was pink (Figure 1D), as the growth time increased, the surface of the colony became rough, and black particles appeared. Oval spores of LB8 could be seen under a light microscope (Figure 1D1).

[image: Figure 1]

FIGURE 1
 Morphological characteristics and pathogenicity detection of pathogenic strains of wolfberry after harvest (A–D: surface morphology of pathogenic strains, A1–D1: hyphae and spore morphology of pathogenic strains in microscopic morphology, A2–D2: observation of pathogenicity of pathogenic strains on fruits).


After inoculating pathogens for some time (LB1 treatment for 2 d, LB5, LB7 and LB8 treatment for 3 d), Fruits of wolfberry inoculated with pathogens showed different degrees of decay, as shown in Figure 1. As shown in Figure 1A2, the fruit of wolfberry began to rot 1 d after inoculation with pathogen LB1, and on the next day, nearly half of the surface of the fruit was seriously rotted, and a large amount of juice began to precipitate out of the fruit, but there was no mycelium visible to the naked eye. As shown in Figure 1B2, 3 d after inoculation with pathogen LB5, the surface of wolfberry fruit was covered by a large number of hyphae, and the fruit tissue around the hyphae began to soften. In figure (Figure 1C2) and (Figure 1D2), mycelia appeared on the fruit surface of wolfberry 3 d after inoculation with pathogens LB7 and LB8, and the fruit tissue around the pathogen became black and began to soften.



3.2. Identification of the postharvest fungal pathogens

In order to further characterize the isolates, phylogenetic trees were constructed from species using closely related relatives (Figure 2). The isolated strains show high genetic homology with the known strain sequences in the phylogenetic tree. According to the identification studies, of the 4 pathogenic fungi isolates, LB1 was identified as Mucor circinelloides, LB5 was identified as Fusarium arcuatisporum, LB7 was identified as Alternaria iridiaustralis, and LB8 was identified as Colletotrichum fioriniae.

[image: Figure 2]

FIGURE 2
 Phylogenetic tree of pathogenic fungi in wolfberry postharvest.


The ITS nucleotide sequences of the isolates have the following accession numbers and GenBank database accession codes: LB1 and MN736542, LB5 and MN944920, LB7 and MN944921, and LB8 and MN944922.

Chinese wolfberry pathogenic fungi were isolated and identified in this study. M. circinelloides, F. arcuatisporum, A. iridiaustralis, and C. fioriniae were identified as the main pathogens causing postharvest wolfberry rot. Previous research has shown that P., Alternaria, A. niger, Trichoderma and Aspergillus were the main post-harvest pathogenic fungi in Chinese wolfberry (Lan et al., 2014). Fusarium, Alternaria, Penicillium, Gibberella, Fusarium oxysporum, Penicillium oxalicum, Cladosporium, Alternaria pallidus and Alternaria alternata were isolated from post-harvest wolfberry (Liu et al., 2018; Xiao et al., 2018). Compared with previous studies, this was the first report of isolation and identification of Mucor circinelloides and Colletotrichum fioriniae from postharvest wolfberry. It is worth noting that the identified pathogenic fungi LB1 showed a strong fungal infection to cause the decay of the wolfberry fruit harvested. Therefore, this study chose to explore the inhibition of strain LB1 in vitro and in vivo.



3.3. Inhibition of 2, 3-butanedione on pathogenic fungi

Table 1 shows the results of 2,3-butanedione in the vapor phase that showed inhibitory efficacy against pathogenic fungus. For the MIC and MFC experiments, 2,3-butanedione was observed to significantly inhibit the growth of strains LB5, LB7 and LB8, while strain LB1 required more 2,3-butanedione to achieve the same inhibitory effect. After 48 h of incubation at 28°C, the lowest concentration of 2,3-butanedione conferring complete inhibition of LB1 was 4.5 μl per plate (MIC). After 96 h of incubation, 2,3-butanedione at 5 μl per plate completely controlled the growth of LB1, yielding a minimum fungicidal concentration (MFC) of 5 μl per plate.



TABLE 1 Minimum inhibitory concentration and minimum fungicidal concentration of 2,3-butanedione against pathogenic fungus.
[image: Table1]



3.4. Effects of 2, 3-butanedione on spore germination and sporulation capacity of pathogenic fungi

As shown in Tables 2, 3, the effect of 2,3-butanedione on spore germination and sporulation capacity of pathogenic fungi was determined. Treatment with 2,3-butanedione at all concentrations (0, 1/4 MIC, 1/2 MIC, MIC) tested resulted in significantly lower spore germination rates and sporulation compared to untreated. The inhibitory effect was positively correlated with the concentration of 2,3-butanedione. When the concentration reached MIC value, spore germination and sporulation of LB1 were 14.21% and 39.35 spores/cm2, respectively, and both values were significantly lower (p < 0.05) than those of control (96.8% and 270.83 spores/cm2, respectively).



TABLE 2 Effects of 2,3-butanedione on the spore germination.
[image: Table2]



TABLE 3 Effects of 2,3-butanedione on the sporulation capacity.
[image: Table3]



3.5. Effects of 2, 3-butanedione on mycelial morphology of pathogenic fungi

Figure 3 depicts the morphological changes seen in pathogenic fungi treated with 2,3-butanedione MIC values. The hyphal morphology of the four pathogenic fungi changed considerably when compared to the control fungi. In comparison to the control group, 2,3-butanedione forced the mycelium of pathogenic fungi LB1 to lose linearity, the surface of the mycelium to become frizzy, and the hyphae wall to become sabotaged (Figures 3A, A1); the mycelium of LB5 to swell and the surface of the hyphae to become sunken (Figures 3B, B1); The hyphae of LB7 were wrinkled and concomitantly sunken (Figures 3C, C1), The mycelia of the pathogenic fungus LB8 were severely distorted and appeared to be severely collapsed and squashed (Figures 3D, D1).

[image: Figure 3]

FIGURE 3
 Scanning electron microscopy observation of mycelial morphology (A–D: control group, A1–D1: treatment group with 2,3-butanedione).




3.6. Effects of 2,3-butanedione on plasmalemma integrity of LB1

Propidium iodide (PI) staining was used to assess the integrity of the plasma membrane by 2.3-butanedione treatment. As shown in Figure 4A, the hyphae of the control group were solely a small portion of red fluorescence while the red fluorescence in the 2,3-butanedione treatment group was remarkably higher. The results indicated that 2,3-butanedione could compromise the integrity of the plasma membrane.

[image: Figure 4]

FIGURE 4
 (A) Effects of 2,3-butanedione on plasma membrane integrity (A1, A2: control group, a3-a4: treatment group with 2,3-butanedione, First row: bright field. Second row: propidium iodide). (B) Determination of absorbance value at 260 nm (B1) and 280 nm (B2) by 2,3-butanedione treatment.




3.7. Release of cell constituents

The internal components of the cell are released when the cell membrane is ruptured by 2,3-butanedione (Figure 4B). In comparison to the control group, the OD260 and OD280 values rise considerably with treatment time and 2,3-butanedione concentration. This shows that strain LB1 has lost proteins and nucleic acids.

Chaouachi et al. (2021) reported that the Enterobacter strain TR1 with 3-methylbutan-1-ol as the main volatile compound has the strongest protective effect on the growth and infection of tomato Botrytis cinerea. Zhao et al. (2019) reported that 2, 4-di-tert-butylphenol can significantly inhibit the germination of fungal spores, and change the hyphal morphology and membrane permeability. Essential oils of plants have also been reported to maintain the same antifungal properties (Xu et al., 2021). 2, 3-Butanedione has a strong inhibitory effect on the pathogenic fungi of wolfberry. With the increase of the concentration, it can seriously hinder hyphal growth, spore pullulation and sporulation. SEM results showed that 2,3-butanedione could result the hyphae to shrink, depression, severely collapse and flatten. This result is consistent with other reports on the effects of fungistatic substances. The plasma membrane plays an important role in maintaining the normal life activities of cells. Fluorescence microscopy (FSM) showed that 2,3-butanedione can damage plasma membrane. In addition, the OD260 and OD280 absorbance values increased, indicating that the increase in cell membrane permeability resulted in the release of internal components. 2,3-Butanedione acts on the cell membrane of pathogenic fungi to produce an inhibitory effect. This is not only consistent with our results, but also consistent with other reports on the effects of antifungal substances (Cui et al., 2021; Li et al., 2021).



3.8. Decay rate, weight loss rate and firmness

Decay rate as shown in Figure 5A, on the 3rd day of treatment, the wolfberry fruits in the group inoculated with the pathogenic fungus LB1 had completely rotted, while the 2,3-butanedione treated group had completely rotted on the 5th day.

[image: Figure 5]

FIGURE 5
 Determination of Decay weight, weight loss and firmness of wolfberry fruit after harvest (A: Decay weight, B: weight loss, C: firmness).


The mass loss rate of the fruits induced by strain LB1 was 29.3% on the 3rd day of treatment, while the 2,3-butanedione treated groups was 15.7%. On the 7th day of treatment, the weight loss rate of 2,3-butanedione treated wolfberry fruit was 25.7% lower than that of the wolfberry fruit inoculated with strain LB1 (Figure 5B).

The firmness of wolfberry fruits in the group inoculated with pathogenic fungi LB1 decreased from 2.03 × 105 Pa to 1.16 × 105 Pa after 3 days of treatment, and the firmness was almost undetectable on the 7th day. In contrast, the firmness of the fruit in the 2,3-butanedione treated group was 0.75 × 105 on the 7th day, which was significantly higher than that in the former (Figure 5C). Strain LB1 considerably enhanced the decay rate and weight loss rate, as well as reducing the hardness of wolfberry fruits, as seen in Figure 5. 2,3-butanedione slowed the deterioration of wolfberries induced by strain LB1, decreased the rate of water analysis, kept the firmness of the fruits, and extended the wolfberry’s storage time.



3.9. Soluble solids content, total phenol, flavonoid and soluble sugar content

As can be seen from Figure 6, the soluble solids content, soluble sugar content, total phenol and flavonoid in wolfberry fruits showed an overall decreasing trend during the storage process. The soluble solids content, soluble sugar content, total phenol and flavonoid in the 2,3-butanedione treated group were significantly higher than the pathogenic fungi LB1 treated group. However, they were all lower than the control group that had been left blank. This implies that 2,3-butanedione can reduce the rate of nutrient loss caused by the pathogenic LB1 strain.
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FIGURE 6
 Determination of the soluble solids content, total phenols, flavonoids and soluble sugar content of wolfberry fruits after harvest (A: soluble solids content, B: total phenols, C: flavonoids, D: soluble sugar content).


The disintegration rate, mass loss rate, firmness and soluble solids content of wolfberry fruits directly expressed the quality of wolfberry fruits and affected the storage time of wolfberry fruits. Soluble sugars are the basic substance of the respiration of wolfberry fruits, while the secondary metabolites such as total phenol and flavonoid are closely related to the color development, ripening and aging, flavor formation and stress resistance of wolfberry (Liu et al., 2021). Wang et al. (2012) found 1-methylcyclopropene (1-MCP) could delay the decay time of fresh wolfberry fruits, but it was not a natural product and had low toxicity. Xiao et al. (2018) found that salicylic acid (SA) had an inhibitory effect on pathogenic fungi of wolfberry fruits and could reduce the occurrence of postharvest diseases. However, SA had no meaningful impact on the content of soluble solids in wolfberry fruits, and had a certain irritant to human skin. 2,3-butanedione can virtually stymie the growth and reproduction of pathogenic strain LB1 in wolfberry fruits, delay the utilization and consumption of nutrients in fruits and prolong the storage time of wolfberry fruits. 2,3-butanedione has a small molecular weight, is easy to volatilize, avoids the residue on the surface of the fruit, and is a commonly used food flavor ingredient. Therefore, it is expected to be used as a preservative and biocontrol agent for wolfberry fruit.



3.10. SOD, POD and PPO

The SOD, PPO, and POD activity in wolfberry fruits increased and then decreased after storage, as seen in (Figure 7). The SOD activity of the 2, 3-butanedione treated postharvest fruits were higher in the first 5 days of storage than the control and inoculation strain LB1 treated groups, but decreased on the 7th day. At the beginning of storage, the 2,3-butanedione treatments retained higher SOD activity (Figure 7A). During the evaluation of POD and PPO activities, the POD and PPO activities were higher in the butanedione-treated group than in the blank control group, but lower in the treatment group inoculated with pathogenic fungus LB1. This means that PPO and POD activity in wolfberry fruit was kept to a minimum by 2,3-butanedione.

[image: Figure 7]

FIGURE 7
 Determination of Peroxidase (POD), polyphenoloxidase enzymes (PPO) and superoxide dismutase (SOD) of postharvest wolfberry fruits (A: SOD, B: POD, C: PPO).


Through the preservation of fruits and vegetables, the activities of SOD, POD, and PPO are closely linked to physiological and biochemical processes (Xu et al., 2016). They are essential for fruit and vegetable stress resistance, postharvest color, and fineness preservation (Wang et al., 2004). The impacts of SOD enzyme activity revealed that the 2,3-butanedione remedy group had significantly higher SOD activity than the LB1 inoculation group. This is agreeing with the research outcomes of Chen (2018). 2,3-butanedione can delay senescence by inducing stress resistance in wolfberry fruits. POD and PPO play a vital function in oxidative metabolism in plants. PPO can oxidize phenolic compounds into quinone compounds that can stymie outgrowth of pathogenic microorganisms (Chen et al., 2019). 2,3-butanedione treatment group POD and PPO enzyme activities were lower than the pathogenic fungus LB1 group, but higher than the control group. 2,3-butanedione can effectively resist fungal attack, inhibit the growth and reproduction of the pathogenic strain LB1 in fruits and prolong the storage period of wolfberry.




4. Conclusion

Four strains of wolfberry pathogenic fungus were isolated, and 2,3-butanedione was confirmed to have antifungal activity and can suppress pathogenic fungi growth and reproduction in fresh wolfberry fruits after harvest, thus extending the storage time of fresh wolfberry fruit. The development of 2,3-butanedione as a post-harvest preservation method for wolfberry fruits has the potential to be significant.
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