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Abstract: Tomato, which is regarded as an important worldwide crop, is susceptible to gray mold
caused by Botrytis cinerea. Selenium and methyl jasmonate can act as antifungal agents against
pathogenic infections. To clarify the effect of selenium and methyl jasmonate on the fungal pathogen,
the spore germination and mycelial growth of B. cinerea were investigated in vitro using the growth
rate method. Additionally, the electrical conductivity, soluble protein content, malondialdehyde
content and oxalic acid secretion of B. cinerea mycelium were also determined to further explore the
antifungal mechanism of selenium and methyl jasmonate. The results showed that selenium applica-
tion significantly increased cell membrane permeability and malondialdehyde content, and methyl
jasmonate treatment decreased the soluble protein content in mycelium of B. cinerea. Furthermore,
supplementation of the medium with both selenium and methyl jasmonate effectively inhibited spore
germination and colony growth of B. cinerea by compromising membrane integrity, and significantly
reduced soluble protein content and the oxalic acid secretion of hypha. The resulting incidence of
postharvest tomato gray mold with the combination of selenium and methyl jasmonate was 34.7%,
which was approximately half of that of the control. To sum up, the combined use of selenium and
methyl jasmonate inhibited the normal physiological activity and pathogenicity of B. cinerea, which
suggests that selenium and methyl jasmonate have the potential for controlling gray mold disease
caused by B. cinerea in postharvest fruits and vegetables. These findings may offer a promising and
eco-friendly strategy to control gray mold disease in postharvest fruits and vegetables.

Keywords: selenium; methyl jasmonate; tomato; Botrytis cinerea; antifungal

1. Introduction

Tomato belongs to the solanum crops and is loved by people because of its rich nu-
tritional value and great taste. Tomato fruits are thin-skinned and juicy, but susceptible
to pathogenic fungi, causing a variety of diseases such as gray mold. Botrytis cinerea
(B. cinerea), the pathogen of gray mold, can resist adverse environments by producing spore
and sclerotia, infecting the host and causing diseases in the field and during the postharvest
storage period of fruits and vegetables, rendering the crop commercially worthless [1,2].
The global economic losses caused by B. cinerea reach 10 to 100 billion USD every year [3].
At present, the prevention and control of gray mold mainly depends on chemical agents [4].
However, extensive application of chemical fungicides may endanger the safety of agricul-
tural products and induce problems such as increased pathogen resistance, environmental
pollution, and ecological imbalance, which will not meet the requirements for sustainable
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development of modern agriculture [5]. Therefore, it is of great significance to develop
ecological and effective gray mold control techniques in multiple ways that will be suitable
for eco-friendly agricultural development.

Selenium (Se) is an essential trace element for the human body and a beneficial
element for plant growth. It has been shown that Se causes negative effects at high concen-
trations (>5 mg·kg−1) in higher plants but exerts beneficial effects at low concentrations
(1 µmol·L−1), such as helping to improve crop quality and yield [6–9], enhancing antiox-
idant capacity in crops [10], and likewise alleviating oxidative stress [11]. Additionally,
exogenous, which could inhibit sclerotia formation, spore germination, germ tube elon-
gation, and mycelial spread to reduce the infective ability of fungal pathogens [12–14]. It
has been reported that Se-containing biocomposites can substantially inhibit the activity
of potato ring rot causative agent [15]. Additionally, Se nanoparticles (Se NPs) generated
beneficial effects by decreasing the activity of Colletotrichum capsici on chili [16], as well
as Colletotrichum coccodes and Penicillium digitatum [17]. Se can also inhibit pathogenic
fungi such as B. cinerea [18], Sclerotinia sclerotiorum [19], Fusarium graminearum [20] and
Phanerochaete chrysosporium [21] in vitro.

Methyl jasmonate (MeJA) is a kind of growth regulator that widely presents in plants.
Because of its non-toxic, non-hazardous, and high safety properties, it is often used as an
alternative to chemical fungicides for the storage and preservation of fruits and vegetables
in recent years [22]. Experiments found that MeJA in vitro can reduce the diameter of
lesions, increase the activity of defense-related enzymes, and enhance the disease resistance
of fruits [23,24]. It has been illustrated that the application of MeJA at appropriate concen-
trations in tomatoes [25], blueberries [26], citrus [27] and rosa sterilis fruits [28] is beneficial
for preventing postharvest decay and improving fruit quality.

The results of preliminary experiments in our group indicated that in vitro exogenous
Se (5.0 mg·L−1) addition, as well as MeJA at a trace concentration (0.4 mM), could noticeably
enhance the capability of tomato fruits to resist gray mold disease. However, no information
was known regarding the effect of Se in combination with MeJA on B. cinerea, as well as
the mechanisms involved. In this study, experiments in vitro were designed using Se and
MeJA to directly inhibit B. cinerea and to investigate the control of gray mold disease in
tomatoes after harvesting. Furthermore, the underlying mechanism of the inhibitory effect
with Se and MeJA treatments on B. cinerea was also assessed. These results are helpful for
providing new ideas and methods for controlling tomato gray mold efficiently without
environmental risks.

2. Materials and Methods
2.1. Fungal Pathogen

B. cinerea was provided by the College of Horticulture and Forestry, Huazhong Agri-
cultural University, and its strain number is B05.10. The spore suspensions were prepared
as follows. The sclerotia of the tested strain were sterilized in 75% ethanol for 5 min, and
then rinsed three times with sterile distilled water and dried. After that, the nucleus was cut
with a sterile blade and placed on the medium with the cut side down. The upside-down
petri dish was placed in a constant temperature incubator at 23 ± 1 ◦C for activation and
incubation. Afterwards, fungi plug with the same radius as the nucleus was punched
(the diameter of the punched hole was 5 mm) and transferred onto new potato dextrose
agar (PDA) plates at 23 ± 1 ◦C for 3 days. After 10 days incubation, sterile distilled water
was added and the spore suspension to be used was obtained through filtration. A hemo-
cytometer was used to calculate the number of spores and the spore concentration was
diluted to 1.0 × 106 spores/mL before conducting subsequent experiments.

2.2. Experimental Design

Healthy cherry tomato fruits from the same cultivar were purchased from the market.
Tomato fruits with similar appearance and without physical injuries or infections were
selected and surface-disinfected with 2% (v/v) sodium hypochlorite, then rinsed with
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sterile water and air-dried to prepare for the subsequent experiment. In the study, the
concentrations of Se and MeJA selected were based on the results of our previous study
by Li et al. [29], as well as the preliminary experiments in our group. The experiments
in vitro were designed with four treatments as follows: (1) Control (CK); (2) 5.0 mg/L Se
(Se); (3) 0.4 mM MeJA (MeJA); (4) 5.0 mg/L Se + 0.4 mM MeJA (Se + MeJA).

2.3. Determination of Mycelial Growth of B. cinerea

The effect of Se and MeJA on mycelial growth of B. cinerea was assessed according
to Droby et al. [30]. A plug of mycelial agar was obtained from the edge of the three-
day-old fungi cultures using a 5-mm diameter sterilized perforator and transferred to the
center of a PDA plate with Se and MeJA treatment (CK, Se, MeJA, or Se + MeJA). Radial
mycelial growth of B. cinerea was determined by measuring the colony in two perpendicular
directions after incubation at 23 ± 1 ◦C for 72 h. For determination of mycelial biomass, a
petri dish covered with cellophane was used. The method of inoculating and incubating
mycelial plugs was the same as that used for radial growth determination described above.
After that, the mycelium was scraped and weighed. In vitro tests were performed twice,
each with four replicates.

2.4. Determination of Inhibition of Spore Germination

The inhibitory effect of Se and MeJA on the spore germination of B. cinerea was
determined according to Ji et al. [31]. A spore suspension of B. cinerea was cultured
in potato dextrose broth (PDB) medium supplemented with Se and MeJA treatment at
23 ± 1 ◦C on a rotary shaker at 180 rpm. After 4 h of incubation, the level of germinated
spores was estimated microscopically, as represented by the percentage of the total number
of evaluated spores.

The spore germination rate was calculated according to the following formula:

R = (A/B) × 100% (1)

where R is the rate (%), A is the number of spores germinating, and B is the number of
spores surveyed. At least 100 spores were examined for each treatment with four replicates.

2.5. Assay of Cell Membrane Permeability

Cell membrane permeability of B. cinerea was assessed in a PDB plate according to
Shao et al. [32]. For each sample, 2 mL of spore suspension of B. cinerea was added to a petri
dish containing 100 mL PDB medium and incubated on a rotary shaker for 48 h at 23 ± 1 ◦C.
Then, mycelium was harvested after the culture was filtered. For determination of the
initial electrical conductivity (ms), 1 g of mycelium was added to a solution supplemented
with Se and MeJA treatments. Then, the conductivity of each sample was measured after
incubation for 15, 30, 60, 90, 150, and 210 min, respectively.

2.6. Assay of Soluble Protein Content

The soluble protein content of B. cinerea mycelium was determined according to the
Coomassie brilliant G-250 method in Bradford [33]. Spores of B. cinerea were cultured in
PDB media containing Se and MeJA. Amounts of 0.5 g of mycelium were extracted using a
Buchner funnel after 4 and 8 h. Samples were transferred to an ice bath for cooling and
dissolved in phosphate buffer (pH 7.8). After centrifugation for 20 min, the supernatant
was collected and dyed with Coomassie brilliant blue solution for 5 min. Absorption was
detected with an ultraviolet ray spectrophotometer (UV-5200) at the wavelength of 595 nm.
Sterile distilled water was used as the control group. In vitro tests were performed twice,
each with four replicates.

The soluble protein content was calculated according to the following formula:

C = (X × VT)/(W × VS) (2)
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where C is the soluble protein content of samples (µg/g); X is the value of the standard
curve obtained from the absorbance of the sample, which represents the quantity of protein
in the extract of the sample to be tested (µg); VT is the total volume of extraction solution
(mL); W is the fresh quantity of samples (g); Vs. is defined as the sample volume for
determination (mL).

2.7. Determination of Malondialdehyde Content

The determination of malondialdehyde (MDA) was performed using a Solarbio MDA
content test kit according to the recommendation of the manufacturer. In brief, the content of
MDA was measured by means of visible spectrophotometry. After MDA was reacted with
thiobarbituric acid (TBA), samples were placed in an ice bath for cooling and centrifuged
for 10 min at 10,000× g. The supernatant was used to measure the absorption using a
spectrophotometer (UV-5200) at the wavelengths of 450, 532 and 600 nm.

The determination of MDA content was calculated according to the formula:

C = 5 × (6.45 × (E532 − E600) − 1.29 × E450) ÷ W (3)

where C is the MDA concentration of the samples (nmol/g); E is the optical density of the
solution at wavelengths of 450, 532 and 600 nm; W is the weight of the samples (g).

2.8. Determination of Oxalic Acid Content

The determination of oxalic acid content was performed according to Duan et al. [34].
An amount of 2 mL of spore suspension was added to PDB medium with Se and MeJA
treatments and incubated for 48 h in a rotary shaker. Then, the culture was centrifuged at
10,000 rpm for 15 min to obtain the supernatant. Fe3+ standard solution (2 mL), KCL–HCL
buffer (20 mL), sulfosalicylic acid (1.2 mL) and supernatant to be measured (0.4 mL) were
added to a 25 mL volumetric flask in sequence. The mixture was then diluted to graduation
line with double-distilled water, and finally, it was shaken. After 30 min at 25 ◦C for
reaction, the absorbance value was measured at 510 nm.

2.9. Determination of the Inhibition Effect of Gray Mold Disease on Tomato Fruit

The inhibition of gray mold disease using the combination of Se and MeJA (Se + MeJA)
on postharvest tomato fruit was determined according to the method in Soylu et al. and
Ji et al. [1,31]. The center of the cherry tomato was pierced using a sterile needle to form a
hole of 2 mm wide and 2 mm deep, and inoculated with 5 µL spore suspension of B. cinerea
(1.0 × 105 spores/mL) at each wound. After drying, each wound was injected with 10 µL
of mixed solution, which consisted of 10 mg/L Se and 0.8 mM MeJA. Sterile distilled water
(10 µL) was used as the control (CK). The treated fruits were then kept at 23 ± 1 ◦C for
4 days. The disease development was assessed by the size of lesions and the incidence of
gray mold. Each treatment consisted of six replicates.

2.10. Statistical Analysis

All data analysis was processed with SPSS software version 23.0 (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance (ANOVA) was carried out to analyze the results
and the method of multiple comparison was performed with Duncan’s test. Differences at
p < 0.05 were considered significant.

3. Results
3.1. Effect of Se and MeJA on Mycelial Growth of B. cinerea

As indicated in Figure 1, the mycelial growth of B. cinerea treated with Se, MeJA and
Se + MeJA was significantly inhibited (p < 0.05). Moreover, the combined inhibitory effect
of Se and MeJA was the greatest among all treatments. When B. cinerea was incubated for
72 h with the combination of Se and MeJA, the inhibition rates of the diameter and biomass
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of the colonies compared to the control were 31.5% and 80.0%, respectively, in which the
pathogenic mycelial diameter was 49.4 mm and the biomass was 0.08 g.
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3.2. Effect of Se and MeJA on Spore Germination of B. cinerea

The inhibitory effect of Se and MeJA on B. cinerea spore germination is presented in
Figure 2. Overall, the spore germination rate in the treatment groups with Se and MeJA was
significantly lower than that in the control. After 4 h of culture, 68.3% of spores of B. cinerea
were germinated in the control treatment, while the lowest percentage of spore germination,
which was only 10.8%, was detected in the Se and MeJA combination treatment. Compared
with the control group, the inhibition rate in the combined treatment was increased by
83.5%.

3.3. Effect of Se and MeJA on Membrane Permeability of B. cinerea Mycelium

The conductivity of the mycelium, which can reflect the effect of Se and MeJA treatment
on mycelial membrane permeability, was monitored when B. cinerea was exposed to Se and
MeJA for 15, 30, 45, 60, 90, 150, and 210 min (Figure 3). In brief, the conductivity of the
mycelium in Se treatment alone or in combination with MeJA was significantly higher than
that in the control group, and the combined effect of Se and MeJA on the conductivity of the
mycelium was better than Se or MeJA applied alone after 90 min of incubation. When the
incubation time was prolonged, even higher levels of conductivity were observed under
the conditions of Se and MeJA in the medium. In addition, mycelial conductivity reached
the maximum value (88.73 µs·cm−1) in the treatment with combined Se and MeJA after
incubation for 210 min, which was increased by 35.5% compared with the control.

3.4. Effect of Se and MeJA on Soluble Protein of B. cinerea Mycelium

The effect of Se and MeJA on B. cinerea mycelium soluble protein content is shown in
Figure 4. The R2 value of the corresponding standard curve reached 0.9961. A significant
decrease in the soluble protein content of B. cinerea mycelium was detected in the treatments
with the application of MeJA separately or in combination with Se, compared with that
in the control, while the addition of Se to the PDB medium increased the mycelial soluble
protein content slightly after incubation for 4 h. After culturing for 8 h, MeJA applied
separately or in combination with Se significantly reduced the mycelial soluble protein
content, which was 28.2% and 24.3% lower than that of the control, respectively. However,



Horticulturae 2022, 8, 782 6 of 11

no significant difference was observed in the treatment adding Se alone when compared
with the control.
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3.5. Effect of Se and MeJA on MDA Content of B. cinerea Mycelium

The degree of cell membrane damage can be evaluated by the MDA content. Both Se
applied separately and in combination with MeJA increased the MDA content of B. cinerea
mycelium markedly when compared with the control (Figure 5). The MDA contents of
mycelium treated with Se alone or in combination with MeJA were 19.51 nmol·g−1 and
21.52 nmol·g−1, respectively, which increased by 60.9% and 64.6%, respectively, compared
with the control. These results indicated that the membrane lipid peroxidation of pathogenic
fungi increased, and their membrane systems were destroyed. The application of MeJA
alone in the culture medium did not notably affect the mycelium MDA content.



Horticulturae 2022, 8, 782 7 of 11

Horticulturae 2022, 8, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 3. Effect of Se, MeJA and Se + MeJA on mycelium conductivity (n = 4). CK: Control group; 
Se: 5.0 mg/L Se; MeJA: 0.4 mM MeJA; Se + MeJA: 5.0 mg/L Se with 0.4 mM MeJA. Data are mean 
values, and error bars represent SE among four replicates. Values with “ns” are not significantly 
different and “*” indicates that there is significant difference between the two groups at p < 0.05 
according to Duncan’s multiple range test. 

3.4. Effect of Se and MeJA on Soluble Protein of B. cinerea Mycelium 
The effect of Se and MeJA on B. cinerea mycelium soluble protein content is shown in 

Figure 4. The R2 value of the corresponding standard curve reached 0.9961. A significant 
decrease in the soluble protein content of B. cinerea mycelium was detected in the treat-
ments with the application of MeJA separately or in combination with Se, compared with 
that in the control, while the addition of Se to the PDB medium increased the mycelial 
soluble protein content slightly after incubation for 4 h. After culturing for 8 h, MeJA ap-
plied separately or in combination with Se significantly reduced the mycelial soluble pro-
tein content, which was 28.2% and 24.3% lower than that of the control, respectively. How-
ever, no significant difference was observed in the treatment adding Se alone when com-
pared with the control. 

 
Figure 4. Effect of Se, MeJA and Se + MeJA on soluble protein content for 4 and 8 h (n = 4). CK: 
Control group; Se: 5.0 mg/L Se; MeJA: 0.4 mM MeJA; Se + MeJA: 5.0 mg/L Se with 0.4 mM MeJA. 

Figure 3. Effect of Se, MeJA and Se + MeJA on mycelium conductivity (n = 4). CK: Control group;
Se: 5.0 mg/L Se; MeJA: 0.4 mM MeJA; Se + MeJA: 5.0 mg/L Se with 0.4 mM MeJA. Data are mean
values, and error bars represent SE among four replicates. Values with “ns” are not significantly
different and “*” indicates that there is significant difference between the two groups at p < 0.05
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3.6. Effect of Se and MeJA on Oxalic Acid Secretion of B. cinerea Mycelium

Oxalic acid can reflect the pathogenicity of B. cinerea. Oxalic acid secretion was
significantly reduced after applying Se and MeJA (Figure 6). Compared with the control,
both Se treatment and MeJA treatment presented similar decreasing trends of oxalic acid
secretion, which was reduced by 69.4% and 65.3%, respectively. Moreover, the minimum
value of oxalic acid secretion was 0.1420 mg·mL−1 under the combined stress of Se and
MeJA, which was 74.6% lower than that in the control.

3.7. Effect of Se and MeJA on Gray Mold Disease on Postharvest Tomatoes

As shown in Figure 7, the combination of Se and MeJA was effective in inhibiting the
lesion diameter on the tomato fruits, and the incidence was significantly smaller than that
of the controls (p < 0.001). After inoculation, each tomato was incubated for four days. The
incidence rate with Se and MeJA combination treatment was reduced by 45.7%, compared
with 63.9% disease incidence in the control.
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4. Discussion

Se and MeJA are used as bacteriostats for disease control of various crops because
their biochemical properties are safer and more environmentally friendly compared with
traditional chemical fungicides. In the current study, we combined Se and MeJA to control
postharvest gray mold on tomato fruits, which was based on the good mycelial growth
inhibition and environmental safety property that they showed. The results showed that
the combined application of Se and MeJA effectively inhibited spore germination and
mycelial growth of B. cinerea (Figures 1 and 2), as well as significantly decreasing the lesion
diameter and incidence of gray mold disease in tomato fruits (Figure 7), which indicated
that the combined application of Se and MeJA had the potential to protect tomato fruits
against B. cinerea.

As the cell membrane is the main barrier for organelles to communicate with the
outside world, it will accept external stimuli first. It has been reported that exogenous Se
causes damage to the membrane system of pathogenic fungi, which results in the inhibition
of fungal growth [18,19]. Similarly, a study conducted by Li et al. [35] documented that
MeJA treatment increased the conductivity of and leaked intracellular matter from the
mycelium of Botryosphaeria dothidea, which disrupted the mycelial cell membrane, resulting
in an antifungal effect. In this study, Se treatment increased the membrane permeability
and membrane lipid peroxidation of B. cinerea (Figures 3 and 5). Moreover, the inhibitory
effect of the treatment combining Se and MeJA was better than that of Se treatment alone;
membrane permeability and MDA content were significantly increased, and the soluble
protein content of B. cinerea mycelium was noticeably decreased (Figures 3–5). Furthermore,
the results indicated that the combined application of Se and MeJA damaged the membrane
system and increased the amount of soluble protein exudation, leading to cell death.

B. cinerea will secrete toxic proteins, small molecular compounds and so on to help
it infect plants during pathogenic processes such as attachment, invasion, and lesion
expansion [36]. Oxalic acid serves as an important pathogenic factor of B. cinerea, which
can promote the decomposition of the cell wall’s pectin layer and induce cell death [37,38].
In this study, the oxalic acid secretion from B. cinerea treated with Se and MeJA was
significantly lower than that in the control (Figure 6), which indicated that Se and MeJA
treatment reduced the pathogenicity of B. cinerea. Similar findings were reported for
Sclerotinia sclerotiorum, in which the dissolved organic matter in Se-enriched rape straw
could significantly reduce oxalic acid secretion from Sclerotinia sclerotiorum [39].

In the current study, it was confirmed that the simultaneous application of Se and
MeJA was effective in controlling tomato gray mold. Moreover, the antifungal mechanism
was also preliminarily studied. However, the growth of B. cinerea mycelium and the changes
in its physicochemical indexes are a complicated process, involving biochemical reactions
in cells and the expression levels of pathogenic genes. In addition, changes in antioxidant
enzyme activity are another important influencing factor for plant resistance [40,41]. Se and
MeJA treatment can regulate the activities of enzymes related to antioxidant and disease
resistance in fruits and vegetables, and improve energy metabolism, which is helpful for
inhibiting pathogenic fungi [42,43]. For practical application, the underlying mechanisms
of the antifungal effect of Se and MeJA treatment in plants should be further investigated.

5. Conclusions

To sum up, the combined application of Se and MeJA increased the permeability of
the cell membrane and the degree of membrane lipid peroxidation of B. cinerea, resulting
in severe damage to cell membrane integrity and leakage of soluble protein, as well as
reducing secretion of oxalic acid, which may act as the mechanism of B. cinerea pathogenicity
reduction on tomato fruits. In addition, the Se and MeJA combination effectively inhibited
hypha elongation, spore germination and the emergence of tomato gray mold disease. The
results provide a new basis for further exploring the mechanism by which Se and MeJA
inhibit B. cinerea, and a new way for developing environmentally friendly measures against
B. cinerea.
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