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Abstract
The occurrence of gray mold is the main cause of rot and spoilage in grapes, and Botrytis cinerea is the main causative agent 
of gray mold. The aim of this study is to clarify the inhibitory effect of flavonoids from Sedum aizoon L. (FSAL) on gray 
mold of grapes and to provide some basis for the development of new natural plant-derived antifungal agents. The effect of 
FSAL on the disease resistance of grapes was investigated by measuring the disease incidence and lesion diameter. The effect 
of FSAL on fruit quality was studied by measuring pondus hydrogenii (pH), total soluble solid (TSS), ascorbic acid (AA) 
and soluble sugar content. The activities of catalase (CAT), peroxidase (POD), phenylalanine ammonia lyase (PAL), and 
superoxide dismutase (SOD) were used to explore the effect of FSAL on the antioxidant capacities in grapes. The effects of 
FSAL on the ethylene synthesis in mitogen-activated protein kinase (MAPK) signaling pathway in grapes were investigated 
by measuring the levels of reactive oxygen species (ROS) and the relative expression of VvACS1, VvACO1, VvACO2, and 
VvACO3 genes. The results showed that FSAL treatment reduced disease incidence and lesion diameter, increased AA con-
tent in fruit and thus maintained fruit quality. FSAL treatment significantly increased CAT, POD, PAL, and SOD activities 
in fruit, and reduced the relative expression of the genes. In conclusion, FSAL has a certain inhibitory effect on gray mold 
while not affecting grape quality, and delays the ripening and aging of fruit.

Keywords  Flavonoids from Sedum aizoon L. · Gray mold · Grapes · Antifungal agents · Mitogen-activated protein kinase 
signaling pathway · Ethylene synthesis

Introduction

Grapes (Vitis vinifera L.) are one of the most common fruits 
worldwide, which belong to deciduous vine species and are 
rich in nutrients such as vitamins and minerals (Magalhães 
Brandão et al., 2023; Sun et al., 2018). However, grapes 
and other fruits are susceptible to Botrytis cinerea, which 
can lead to gray mold, and can cause fruit rot and affect 
the storage and transportation of grapes (Xu et al., 2019).
The extensive use of chemical and other antifungal agents 
can cause many shortcomings, such as the gradual deterio-
ration of environmental pollution, the gradual increase of 

fungal resistance, and the increasing problems of human 
health; there is an urgent need for an antifungal agent of 
natural plant origin to achieve the antifungal purpose (Bu 
et al., 2021; Nunes, 2011). Flavonoids are the most com-
mon and natural plant-derived antimicrobial agents, and 
they are found in large quantities in grains, fruit, vegeta-
bles, and seeds (Alsharairi, 2021; Routray & Orsat, 2012). 
Some studies found that flavonoids extracted from honey 
have antifungal effects on Candida albicans (Candiracci 
et al., 2012), it affected the growth of fungal hyphae and the 
production of reactive oxygen species (ROS), and provided 
a basis for further research on the antifungal mechanism of 
flavonoids. Sedum aizoon L. is widely distributed in China 
and commonly used as a Chinese herbal medicine, it is rich 
in flavonoids, alkaloids, and polysaccharides and other bio-
active components (Xu et al., 2015). The main components 
of flavonoids in the leaves and stems of flavonoids from S. 
aizoon L. (FSAL) were identified as quercetin and kaemp-
ferol by using high-performance liquid chromatography 
(Waters Alliance E2695, Milford, MA, USA) (Luo et al., 
2020). Interestingly, our previous study has demonstrated the 
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antibacterial activity of FSAL against Pseudomonas fragi 
on pork, which disrupted the intracellular sulfate assimila-
tion pathway in bacterial bodies and led to disruption of 
glutathione redox homeostasis (Wang et al., 2022a). How-
ever, it is not clear whether FSAL has antifungal effect on 
B. cinerea in grapes.

In this study, FSAL was chosen as the raw material to 
study its effect on the antifungal activities in grapes, and 
to lay key foundation for the development of natural plant-
derived antifungal agents for fruit.

Materials and Methods

Preparation of Flavonoids from Sedum aizoon  
L. (FSAL)

The FSAL was made in accordance with Wang et  al. 
(2022b). Flavonoids were mostly extracted from the leaves 
and stems of S. aizoon L. (Peixian County, Xuzhou, China). 
They were then dried and ground into a powder. Using 
rotary evaporation (Hangzhou Genyu Instrument Co., Ltd., 
Hangzhou, China), the material was briefly extracted with 
ethanol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China). The crude flavonoid extract was purified by AB-8 
macroporous resin (Beijing Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China). After rotary evaporation, the 
main components of the purified flavonoid sample include 
235.10 mg/kg quercetin and 1328.38 mg/kg kaempferol (Luo 
et al., 2020), which were then lyophilized. Prior to usage, the 
purified sample was kept at − 80 °C.

Preparation of Fungal Suspensions

B. cinerea (ACCC 36028; Agricultural Culture Collection of 
China, Beijing, China) was inoculated onto potato dextrose 
agar (PDA) plates (Hangzhou Microbial Reagent Co., Ltd., 
Hangzhou, China), and cultivated for a week at 25 °C (Fan 
et al., 2023; Han et al., 2020). After being scraped with a 
coating rod, the spores of fungus were then rinsed with ster-
ile pure water (Shuoguang Electronics Technology Co., Ltd., 
Shanghai, China), collected, and filtered through four layers 
of gauze (Shanghai Yongchuan Co., Ltd., Shanghai, China) 
to get rid of the hyphae. The spore count was adjusted to 104, 
105, and 106 spores/mL by the hematocytometer (Shanghai 
Yongchuan Co., Ltd., Shanghai, China).

Determination of Disease Incidence and Lesion 
Diameter

With reference to Zhao et al. (2022a) and Wang et al. (2015), 
washing the purchased red grapes (Ningbo Qionge Ecologi-
cal Farm Orchard, Ningbo, China) with sterile pure water 

and drying them in the air. The peel surface was wiped with 
75% ethanol, the wounds were made by sterile pipette tips at 
the fruit equator 2 mm and at a depth of about 3 mm. Then a 
20 μL of FSAL at a concentration of 0.5 mg/mL was injected 
into the wounds, and sterile pure water was used as the con-
trol group. After they were allowed to dry naturally, 10 μL 
of the suspension of B. cinerea spores at concentrations of 
104, 105, and 106 spores/mL were injected into the wounds. 
After the fruit was left to air dry naturally, they was moved 
into sterile plastic wrap boxes and stored in a constant tem-
perature incubator (Ningbo Jiangnan Instrument Factory, 
Ningbo, China) at approximately 25 °C. The disease inci-
dence and lesion diameter were counted and recorded within 
sixth days, respectively. The number of diseased fruits as a 
percentage of the total number of fruits was defined as the 
disease incidence, and the diameters of the disease spots 
were determined by the crossover method, and the average 
value was calculated. The whole experiment was repeated 
three times (24 fruits per group).

Determination of Storage Quality of Grapes

Grapes with uniform size and undamaged surface were 
selected. FSAL at a concentration of 20 μL of 0.5 mg/
mL was injected into the fruit wounds according to the 
fruit pretreatment described above, and sterile pure water 
treatment was used as the control group, which was left 
to dry naturally and then stored in the incubator, and fruit 
quality was measured on the first to the sixth days. Each 
treatment had 24 fruits, and the whole experiment was 
repeated three times.

The pondus hydrogenii (pH) and total soluble solid (TSS) 
of the fruit were measured by the pH meter (Shanghai Met-
tler Toledo Instrument Co., Ltd., Shanghai, China) and sac-
charometer (Zhejiang Tongyun Nong Technology Co., Ltd., 
Hangzhou, China), respectively. The determination of AA 
was performed by adding a certain amount of 2% oxalic acid 
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) 
into 5 g of grapes and grinded them. After homogenized and 
centrifugated at 10, 000 g for 10 min, then took the superna-
tant for further use. It was determined by 2,6-dichloroindo-
phenol method, made it titrate to reddish color and not fade 
within 30 s, and reached the titration end point. The soluble 
sugar content was determined by referring to the method 
(Das et al., 2013).

Measurement of Antioxidant Enzyme Activities 
in Grapes

The catalase (CAT) and phenylalanine ammonia lyase 
(PAL) activities were measured by the instructions of the 
Plant CAT activity elisa kit and Plant PAL activity elisa 
kit (Ningbo Hangjing Biotechnology Co., Ltd., Ningbo, 
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China), respectively. The principle of the kits is that dur-
ing the assay, the specimen under test (to determine the 
antibody or antigen in it) reacts with the antigen or anti-
body on the surface of the solid phase carrier. The antigen– 
antibody complex formed on the solid-phase carrier is sepa-
rated from the rest of the liquid by washing. The enzyme-
labeled antigen or antibody is added and then bound to the 
solid-phase carrier by reaction. At this point, the amount of 
enzyme on the solid phase is in proportion to the amount 
of the substance under test in the specimen. After adding 
the substrate of the enzyme reaction, the substrate is cata-
lyzed by the enzyme to become a colored product, and the 
amount of the product is directly related to the amount of the 
substance examined in the specimen, so qualitative or quan-
titative analysis can be performed according to the shade 
of the color presentation. The peroxidase (POD) activity 
was determined by the method of Wang et al. (2021); took 
2.0 g of fruit and added 10 mL of 0.1 M sodium phosphate 
buffer (pH 7.0), then added a small amount of quartz sand, 
grinded into a homogenate in an ice bath, centrifuged at 
4 °C and 12, 000 × g for 20 min, then took the supernatant 
and reserve, 0.1 mL of crude enzyme solution was added 
to 0.2 mL of 0.05 mM guaiacol, 2.5 mL of 50 mM sodium 
phosphate buffer (pH 5.5) followed by 0.2 mL of 0.65 M 
H2O2, and the change in absorbance value at 470 nm was 
measured immediately and continuously. The increase of 
absorbance value by 0.01 within 1 min was defined as one 
POD viability unit (U), and the results were expressed as 
U/mg protein. The activity of superoxide dismutase (SOD) 
was determined by the Plant SOD activity test kit (Shanghai 
Yongchuan Co., Ltd., Shanghai, China). According to the 
method of the instructions, the sample volume used for the 
determination was 50 μL.

Determination of Reactive Oxygen Species (ROS) 
Content in Grapes

The content of ROS was determined according to the 
instruction of the ROS content determination kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) with 
DCFH-DA probe. It was performed by weighing 1.25 μg of 
Murashige and Skoog (MS) medium (Hangzhou Microbial 
Reagent Co., Ltd., Hangzhou, China), adding 0.02 μg of 
2,4-dichlorophenoxyacetic acid (Shanghai Yongchuan Co., 
Ltd., Shanghai, China) and 0.02 μg of 6-benzylaminopurine 
(Yinzhou Baishun Experimental Instrument Co., Ltd., 
Ningbo, China) as well as 30 mL of pure water, then mixed 
it, and sterilized. After it cooled, 0.6 g pectinase (Shanghai 
Yongchuan Co., Ltd., Shanghai, China) was added, and an 
additional 0.2 g sample was added to incubate the fruit in the 
dark using a thermostatic shaker (Jintan Keyu Instrument 
Co., Ltd., Changzhou, China) with shaking for 24 h at 25 °C. 
1 mL of the cultured samples was aspirated and centrifuged 

at 1000 g for 6 min to remove the supernatant, followed by 
another wash with 1 mL of PBS buffer, repeating this step 
one time by adding 10 μM DCFH-DA probe with a water 
bath (Shanghai Jinghong Experimental Equipment Co., Ltd., 
Shanghai, China) at 37 °C for 1 h. The supernatant was then 
removed by centrifugation at 1000 g for 6 min, 1 mL of PBS 
buffer was added for washing, this step was repeated for two 
times. Finally, added 1 mL of PBS buffer and measured it 
with fluorescence microplate reader (Meigu molecular 
devices Co., Ltd., Shanghai, China). The fluorescence 
intensity is used to express the content of ROS.

Determination of the Relative Expression 
of Genes Related to the Ethylene Synthesis 
in Mitogen‑Activated Protein Kinase (MAPK) 
Signaling Pathway

Extraction of RNAs: the grapes were treated as described 
above, while the concentration of spore suspension was 
chosen to be 104 spores/mL and uniformly sized grapes 
around the wound were selected for sampling. The grapes 
were ground by liquid nitrogen, and RNAs from the grapes 
were extracted by a plant RNA Mini extraction kit (Shang-
hai Yongchuan Co., Ltd., Shanghai, China). The eligible 
RNAs were stored at − 80 °C for further use. The qualified 
RNAs were reverse transcribed using Vazyme HiScript II 
Q RT SuperMix for qPCR kit (Vazyme Biotechnology Co., 
Ltd., Nanjing, China) to obtain cDNA, which were stored 
at − 80 °C for further use.

The cDNA was appropriately diluted and the reaction 
assay was performed using the ABI Prism7500 Rapid qPCR 
system (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the ChamQ Universal SYBR qPCR Master 
Mix kit (Vazyme Biotechnology Co., Ltd., Nanjing, China) 
instructions. The 20 µL of reaction system was as follows: 
0.4 µL of upstream, 0.4 µL of downstream primers, 1.7 µL of 
ddH2O (Shanghai Yongchuan Co., Ltd., Shanghai, China), 
10 µL of Mix staining solution (Vazyme Biotechnology Co., 
Ltd., Nanjing, China), and 7.5 µL of cDNA template. The 
reaction procedure for qPCR was: initial denaturation at 95 
℃ for 30 s, followed by 10 s at 95 ℃ and 30 s at 60 ℃ for a 
total of 40 cycles, followed by 10 s at 95 ℃, 60 s at 60 ℃, 
and 15 s at 95 ℃. After the qPCR was completed, the relative 
expression of the gene was calculated by the 2−ΔΔCT method 
using EF1α-1 as the internal reference gene (Low et al., 
2011). The sequences of the genes related to the ethylene 
synthesis pathway in MAPK signaling pathway (VvACS1, 
VvACO1, VvACO2, and VvACO3) and the internal reference 
genes studied in this experiment were obtained from the 
NCBI database. The designed primers are shown in Table 1. 
The gene IDs of VvACS1, VvACO1, VvACO2, VvACO3, and 
EF1α-1 are GSVIVT00002708001, GSVIVT01015220001, 
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GSVIVT00025952001, GSVIVT00016583001, and 
AT5G60390.1 respectively.

Statistical Analysis

All experiments were performed in triplicate and replicated 
three times. Statistical analyses were performed by the 
SAS software package program version 9.4 (SAS Institute, 
Cary, NC, USA). Comparisons between groups were ana-
lyzed using one-way ANOVA, and Duncan’s multiple range 
test was used to determine the significance of differences 
(P < 0.05). Plotting was performed using origin 2018 soft-
ware (Origin Lab Inc., USA), and graph data were presented 
as mean ± standard deviation.

Results and Discussion

Effects of Flavonoids from Sedum aizoon L. (FSAL) 
on Disease Incidence and Lesion Diameter in Grapes

As can be seen from Fig. 1a, with increasing treatment time, 
FSAL had a certain inhibitory effect on B. cinerea at a spore 
concentration of 104 spores/mL, and the disease incidence 
was lower than that of the control groups. In Fig. 1b and c, 
the spore concentration was 105 and 106 spores/mL, FSAL 
had no inhibitory effect on B. cinerea, so the spore suspen-
sion concentration of 104 spores/mL was most suitable. As 
shown in Fig. 1d, fruit lesion diameter was lower in almost 
all FSAL-treated groups than in the control groups when the 
spore concentration was 104 spores/mL (P < 0.05). And in 
Fig. 1e, it was lower than in the control groups at the fourth 
and fifth days when the spore concentration was 105 spores/
mL (P < 0.05). In Fig. 1f, with no difference between the 
treated and control groups at the spore concentration of 106 
spores/mL. Besides, as shown in Fig. 2, FSAL (0.50 mg/
mL) was resistant to the development of gray mold of grapes 
when the spore concentration of B. cinerea was 104 spores/
mL. Grapes are very susceptible to B. cinerea in the pro-
cesses of procurement, transportation and long-term storage, 
triggering the development of gray mold (Zimdars et al., 
2017). Therefore, the control of fruit and plant rots should 

receive attention. Eucalyptus essential oil can control gray 
mold disease in strawberries by causing dehydration and 
rupture of B. cinerea hyphae (da Silva et al., 2020), and fen-
nel can reduce the production of gray mold disease in apples 
by inhibiting the germination of conidia of B. cinerea and 
the growth of mycelia (Guigón-López et al., 2021). In the 
study of Zheng et al. (2017), when the spore concentration 
was 105 spores/mL, chitosan reduced the decay incidence 
of gray mold in kiwifruit. Radi et al. (2022) reported that 
cinnamon essential oil and cinnamon essential oil-loaded 
nanostructured lipid carriers significantly reduced the post-
harvest decay percentage of tangerine inoculated with Peni-
cillium citrinum and Penicillium expansum swelling, and 
that 0.6 mg/mL of cinnamon essential oil treatment was 
more effective in extending fruit shelf life and reducing fruit 
decay. Li et al. (2022c) found that melatonin was effective 
in reducing the decay rate of tomato fruit during storage 
and in reducing the incidence of gray mold. According to 
Fernández et al. (2022), natamycin and an Allium extract 
were effective in reducing the incidence of lemon sour rot. 
Besides, Ali et al. (2014) reported that both propolis and cin-
namon oil coating were effective in reducing the incidence 
of chilli anthracnose and that the mixture of the two was 
more useful for postharvest storage of chillis. Sempere-Ferre 
et al. (2022) found that aloe vera gel was able to reduce the 
decay rate of blueberries and had some preservation effect 
on blueberries. Similarly, in this research, the inhibition 
effect of FSAL on three different spore concentrations of 
B. cinerea was observed. In screening spore concentrations, 
FSAL was found to be the most effective in reducing the 
disease incidence of gray mold in grapes when the spore 

Table 1   Primer sequences of 
genes associated with mitogen-
activated protein kinase 
signaling pathway of grapes

Vv means, Vitis vinifera L., ACO means ACC oxidase, ACS means ACC synthase, ACC​ means immediate 
precursor substance of ethylene (1-aminocyclopropane-1-carboxylic acid)

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

EF1α-1 GAA​CTG​GGT​GCT​TGA​TAG​GC AAC​CAA​AAT​ATC​CGG​AGT​AAA​AGA​
VvACS1 CGT​GGC​AGG​GTT​GAA​ACA​ATT​AGG​A CCC​TTT​CTC​ACT​GTA​AGA​GCG​GAT​T
VvACO1 CGC​CCA​AAC​TGA​TGG​AAA​CAG​AAT​G GGG​TAC​ACT​TCG​CTT​GTC​TCC​TTT​
VvACO2 GTA​GCC​CAA​ACA​GAC​GGC​AACA​ CGG​GTA​CAC​TTG​ATC​TTT​CTC​TGC​T
VvACO3 GGC​AGA​CAA​GAA​TGG​AAG​CAG​ACT​ TGC​GAA​CTT​TGT​TGT​GGC​ATA​AAG​C

Fig. 1   The disease incidence and lesion diameter of grapes in dif-
ferent treatment groups. Botrytis cinerea means grapes treated with 
sterile pure water (control group). Flavonoid + Botrytis cinerea means 
grapes treated with flavonoids from Sedum aizoon L. (0.50 mg/mL). 
The spore concentration of Botrytis cinerea in (a) and (d) was 104 
spores/mL, the spore concentration of B. cinerea in (b) and (e) was 
105 spores/mL, the spore concentration of B. cinerea in (c) and (f) 
was 10.6 spores/mL. Data are presented as the mean ± standard 
deviation of three replicates. Different letters indicate significant dif-
ferences among the six different treatment groups in the same day 
(P < 0.05)

◂
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concentration was 104 spores/mL. At the same time, when 
the spore concentration is 104 or 105 spores/mL, FSAL can 
also reduce the lesion diameter of grapes.

Effects of Flavonoids from Sedum aizoon L. (FSAL) 
on Qualities in Grapes

As shown in Fig. 3, FSAL had no effect on pH, TSS, and 
soluble sugar content of the grapes, while the AA content 
of the fruit in the control groups showed a decreasing trend, 
and the consumption of AA in the FSAL treatment groups 
was less than that in the control groups (P < 0.05). This 
demonstrated the ability of FSAL to maintain AA in the 
fruit without affecting the qualities of the grapes. AA is an 
abundant antioxidant metabolite in plants and is able to func-
tion as a signal transduction molecule to transmit informa-
tion on the redox status of cells (Foyer, 2007). The results 
indicated that FSAL had no effect on the other qualities of 
grapes and reduced the rate of AA oxidative damage, which 
in turn strengthened the protective capacities on fruit quality. 
Relative study has found that mushroom alcohol can effec-
tively reduce the disease incidence of cherry fruit without 
adversely affecting the quality such as titratable acidity of 
the fruit and soluble solids (Li et al., 2022a). Ayón Reyna 
et al. (2022) found that chitosan could effectively control the 
occurrence of anthracnose in papaya, however, chitosan and 
mint essential oil treatment resulted in a lower TSS content 
of papaya fruit than the untreated fruit. It may be due to the 
decreased fungal infection rate in the treated fruit, which 
slowed the rate of fruit ripening, thereby reduced the mono-
saccharide content of carbohydrate hydrolysis in fruit (Ali 
et al., 2016; Barreto et al., 2016). Similarly, Araújo et al. 
(2018) reported that the use of an edible tapioca-chitosan 
coating made with essential oil and pomegranate peel extract 
reduced the TSS content in tomatoes, this may be due to the 

more mature fruit in the untreated group. In addition, anti-
oxidants can also reduce the fungal infection rate of plants. 
It has been reported in the application of bell pepper under 
the condition of low ozone treatment (Alwi & Ali, 2015), it 
has no effect on the firmness and titratable acidity of pep-
per and may increase the content of ascorbic acid, and it 
can reduce the anthracnose incidence in pepper. Owolabi 
et al. (2021) investigated that the treatment by peppermint 
oil and lime oil in a 1:3 ratio was effective in reducing the 
decay rate of mangosteen fruit and maintained the pH, TSS, 
total phenols, hardness and titratable acidity content of the 
fruit. Therefore, FSAL, as a natural non-toxic antifungal 
agent, has similar effects in the application of fruit, which 
can effectively reduce the incidence rate of grape fruit, but 
also has differences. FSAL has no distinct impact on the 
quality of fruit, and can be used as a substitute for harmful 
antifungal agents in the future.

Effects of Flavonoids from Sedum aizoon L. (FSAL) 
on Antioxidant Enzyme Activities in Grapes

As seen in Fig. 4a, the CAT activities of the fruit in the 
FSAL-treated groups were higher than that of the control 
groups on the second, third, and fifth days of the treatment 
(P < 0.05). In Fig. 4b, the activities of POD were higher 
than that of the control groups from the second to the sixth 
days of the treatment (P < 0.05). As shown in Fig. 4c, the 
PAL activities of the FSAL treatment groups were higher 
than that of the control groups on the fourth and fifth days 
(P < 0.05). In Fig. 4d, it may be due to the instability of 
enzyme activities, the activities of SOD were lower than the 
control groups on the third day of the treatment (P < 0.05); 
however, they were higher than the control groups on 
the second, fifth, and sixth days (P < 0.05). Antioxidant 
enzymes and other redox molecules in the cell can be used 

Fig. 2   Research on disease resistance of grapes under different treat-
ments. Control indicates grapes treated with sterile pure water + 104 
spores/mL Botrytis cinerea spores. Flavonoid indicates grapes treated 

with 0.50 mg/mL flavonoids from Sedum aizoon L. + 104 spores/mL 
B. cinerea spores. The red circle indicates the general location of the 
fruit disease
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to balance the ROS production in the cell (Esteban et al., 
2014; Khademi et al., 2013). ROS will be produced when 
plants are infected by pathogens (Chung, 2012). However, 
plants have antioxidant defense systems, such as antioxi-
dant enzymes (Kaya et al., 2022; Piechowiak et al., 2020), 
which can eliminate reactive oxygen species. In the research, 
FSAL increased the activities of CAT, POD, PAL, and SOD, 
indicating that FSAL improved the antioxidant capacity of 
grapes. Similarly, there is a related report that chitosan 
coating treatment with thyme essential oil can improve the 
activities of antioxidant enzymes such as PAL in fresh cut 
carrot slices while effectively reducing the microbial counts 

in carrots, and maintain better sensory qualities and antioxi-
dant capacities of carrots (Viacava et al., 2022). This may be 
due to the existence of phenolic monoterpenes with antioxi-
dant properties in thyme essential oil (Ansorena et al., 2016). 
Fang et al. (2022) found that the combination of chitosan 
and tea polyphenol could reduce harvested broccoli spoilage 
while improving the antioxidant capacities of broccoli, thus 
maintaining its nutritional value. Liu et al. (2020) reported 
that bamboo pyroligneous acid could increase the activities 
of SOD, POD, and glutathione reductase in apple fruit, and 
improve the antioxidant capacities of fruit by reducing the 
content of hydrogen peroxide and malondialdehyde, and had 
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Fig. 3   Fruit qualities (pondus hydrogenii, total soluble solid, ascor-
bic acid and soluble sugar content) of grapes in different treatment 
groups. Control group indicates grapes treated with sterile pure water. 
Flavonoid treatment means grapes treated with 0.50  mg/mL flavo-

noids from Sedum aizoon L. Data are presented as the mean ± stand-
ard deviation of three replicates. The different letters (a, b) indicate 
a significant difference between the two groups at the same day 
(P < 0.05)
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inhibitory effects on B. cinerea. According to Sellamuthu 
et al. (2013), essential oil vapor could enhance the activi-
ties of antioxidant enzymes such as SOD, CAT, and PAL in 
avocado fruit and inhibit the development of anthracnose. 
Similarly, Zhong et al. (2022) found that chitosan-coated 
composite microporous packaging could effectively inhibit 
the weight loss of passion fruit, increase the activities of 
SOD, POD, and CAT in fruit, and effectively improve the 
antioxidant level of the fruit. These studies indicate that 
natural extracts may have the effect of improving the anti-
oxidant capacities of fruits and vegetables.

Effects of Flavonoids from Sedum aizoon L. (FSAL) 
on Reactive Oxygen Species (ROS) Content in Grapes

As seen in Fig. 5, the ROS content of both the control and 
FSAL treatment groups showed an increasing trend. How-
ever, on the third, fourth, and fifth days of the treatment, the 
ROS content of the FSAL-treated groups was lower than that 
of the control groups (P < 0.05). In which the production of 
ROS is a defensive activity that plants make in response to 
adverse environmental cues (Rossi et al., 2017), and it is 
also a strong activator of MAPK and has a great impact on 
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Fig. 4   Activities of antioxidant enzymes (catalase, peroxidase, pheny-
lalanine ammonia lyase and superoxide dismutase) in grapes. Botrytis 
cinerea means grapes treated with sterile pure water + 104 spores/mL 
Botrytis cinerea spores (control group). Flavonoid + Botrytis cinerea 

means grapes treated with 0.50 mg/mL flavonoids from Sedum aizoon 
L. + 104 spores/mL B. cinerea spores. Different letters in the same 
day indicate significant differences between the control and treatment 
groups (P < 0.05)
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signaling in plants (Smékalová et al., 2014). MAPK regu-
lates a variety of cellular and physiological functions (Yu 
et al., 2022), and is also very important in plant signaling 
(Wu et al., 2021). It was shown that acibenzolar-S-methyl 
treatment induced the accumulation of hydrogen peroxide in 
apple fruit and up-regulated the expression of genes related 
to ROS scavenging system, and activated the expression of 
MdMAPKs (Cheng et al., 2020), which affected the MAPK 
signaling pathway in fruit. ROS as free radicals, it plays a 
very critical role in maintaining homeostasis in biological 
systems (Inupakutika et al., 2016). ROS is mainly found in 
the mitochondria and chloroplasts of plants, and the produc-
tion of ROS can affect the antioxidant enzyme activity of 
plant cells and affect the life of plants (Zhao et al., 2022b). 
FSAL treatment decreased ROS production in grapes in the 
present study, indicating that the infestation of B. cinerea 
on grapes was reduced, and the improved protection and 
antioxidant capacity of fruit. There are some similar stud-
ies on plants. In tomatoes, the defense against gray mold 
was strengthened by maintaining the homeostasis of ROS to 
protect them from oxidative stress (Li et al., 2021). Eugenol 
treatment reduced the content of ROS in yams, scavenged 
ROS, and slowed membrane lipid metabolism, thereby 
inhibiting yam browning (Bai et  al., 2022). Chen et  al. 
(2020) found that melatonin balanced ROS production with 
the antioxidant system by increasing the antioxidant capaci-
ties of the fruit and reducing the accumulation of excess 
ROS in the fruit, thereby reducing fruit decay. These indicate 

that ROS production is closely related to the defense system 
of fruit and vegetables. At the same time, these show that 
the reduction of ROS accumulation is an important means 
to improve the freshness of fruit and vegetables.

The Relative Expression of Genes Involved 
in Ethylene Synthesis in Mitogen‑Activated Protein 
Kinase (MAPK) Signaling Pathway

It can be seen from Fig. 6 that the relative expression of 
VvACO1 and VvACO2 in FSAL treatment groups is lower 
than that in control groups on the second day of the treatment 
(P < 0.05), and there is no difference in the relative expression 
of other genes. On the third and fourth days, the relative expres-
sion of VvACS1, VvACO1, and VvACO2 genes in FSAL treat-
ment groups was lower than that in control groups (P < 0.05), 
and there was no difference in VvACO3 genes. On the fifth day 
of the treatment, the relative expression of VvACS1, VvACO1, 
and VvACO3 in FSAL treatment groups was lower than that in 
control groups (P < 0.05). On the sixth day of the treatment, the 
relative expression of VvACO2 and VvACO3 in FSAL treat-
ment groups was lower than that in control groups (P < 0.05), 
and there was no difference in other genes. A transcriptomic 
study of tomato seedlings under salt stress by Wei et al. (2022) 
showed that the MAPK signaling pathway was a relatively 
important signaling pathway in tomato fruit and differential 
gene expression was mainly enriched in the MAPK signaling 
pathway. MAPK signaling pathways are involved not only in 

Fig. 5   Reactive oxygen species 
content of grapes in different 
treatment groups. Fluores-
cence intensity means reactive 
oxygen species content. Botrytis 
cinerea means grapes treated 
with sterile pure water + 104 
spores/mL Botrytis cinerea 
spores (control group). Flavo-
noid + Botrytis cinerea means 
grapes treated with 0.50 mg/mL 
flavonoids from Sedum aizoon 
L. + 104 spores/mL B. cinerea 
spores. Data are presented as 
mean ± standard deviation of 
three replicates. Different let-
ters (a, b) indicate significant 
differences among different 
treatments on the same day 
(P < 0.05)
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the generation of ROS but also in the synthesis process of eth-
ylene (Zwerger & Hirt, 2001). It has been shown that injury-
induced ethylene biosynthesis in Arabidopsis is regulated by 
the MAPK cascade, and plant injury causes the activation of 
key regulators in ethylene signaling (Li et al., 2018). Ethylene 
is involved in important metabolic processes in plants, includ-
ing flowering and fruit ripening in plants (Cai et al., 2019), 
and several studies have found that the MAPK signaling path-
way is involved in ethylene signaling in Arabidopsis (Ouaked 
et al., 2003). The immediate precursor substance of ethylene 
is 1-aminocyclopropane-1-carboxylic acid (ACC), while ACC 

oxidase (ACO) and ACC synthase (ACS) are rate-limiting 
enzymes that occupy a key position in the synthesis of eth-
ylene in plants (Liu et al., 2009). Relevant study has shown 
that the relative expression of ACS1 gene encoding ACS and 
ACO1, ACO2, ACO3 genes encoding ACO is positively cor-
related with ethylene release in general (Pun et al., 2016). At 
the same time, Zhao et al. (2020) found that up-regulation of 
ethylene biosynthesis gene expression in fruit was synchronized 
with ethylene emission from fruit. Ma et al. showed a decrease 
in ACS/ACO gene expression and a simultaneous decrease 
in ethylene production (Ma et al., 2021). In the present study, 
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Fig. 6   The relative expression of VvCS1, VvACO1, VvACO2, and 
VvACO3 in grapes. Botrytis cinerea means grapes treated with sterile 
pure water + 104 spores/mL Botrytis cinerea spores (control group). 
Flavonoid + Botrytis cinerea means grapes treated with 0.50 mg/mL 

flavonoids from Sedum aizoon L. + 10.4 spores/mL B. cinerea spores. 
Error bars show the mean ± standard deviation of three independent 
biological experiments. Different letters on the same day indicate sig-
nificant differences between the two groups (P < 0.05)
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the relative expression of these genes was mostly lower in the 
FSAL-treated group than in the control group, MAPK gene 
may be involved in fruit ripening (Li et al., 2022b), suggesting 
that FSAL treatment may have reduced the rate of ethylene 
release and thus the rate of fruit ripening and senescence. In 
a similar vein, Shen et al. (2023) found that proanthocyanidin 
could reduce the activities of ACS and ACO in litchi fruit and 
inhibit the expression of key genes for ACS and ACO synthesis 
to retard fruit browning and ripening.

Conclusions

In conclusion, the results showed that FSAL had a certain 
inhibitory effect on B. cinerea in grapes, especially when the 
concentration of the antifungal suspension was 104 spores/
mL. It reduced the disease incidence of gray mold and 
lesion diameter, enhanced the antioxidant defense system, 
reduced the content of ROS in the fruit, and reduced the 
relative expression of ethylene synthesis key genes in the 
MAPK signaling pathway. These results provide a basis for 
the future development of natural plant-derived antifungal 
agents for fruit preservation.
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