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A B S T R A C T

Anthracnose is a plant disease caused by Colletotrichum spp., known for its widespread infectivity and extreme 
destructiveness. Colletotrichum gloeosporioides is a representative pathogen of anthracnose in China. Gypenosides 
GP4-GP7, derived from Gynostemma pentaphyllum (Thunb.) Makino, could significantly inhibit the growth of 
C. gloeosporioides mycelial, with EC50 values of 96.98, 27.5, 38.48, and 61.59 mg L− 1. The inhibitory effect of 
these compounds surpassed the commonly used chemical pesticide chlorothalonant and plant-derived pesticide 
matrine. Among them, the most active compound GP5 also showed a significant inhibitory effect on spore 
germination and bud tube elongation of C. gloeosporioides. In addition, GP5 could effectively suppress the spread 
of anthracnose spots in postharvest fruit. Transmission electron microscopy and fluorescence microscopy 
demonstrated that GP5 primarily exerted its antifungal function by activating cellular autophagy. Additionally, 
proteomics analysis revealed that GP5 had an antifungal effect against C. gloeosporioides by enhancing cellular 
autophagy through upregulation of the expression of the autophagy-related protein Atg8. This study presents a 
novel approach for the control and management of anthracnose in C. gloeosporioides. Consequently, GP5 has the 
potential to be developed as a plant-derived fungicide for the biological control of anthracnose.

1. Introduction

Anthracnose, caused by Colletotrichum spp., is one of the most urgent 
worldwide plant diseases. Colletotrichum spp. ranks one of the top ten 
plant pathogenic fungi, with strong destructiveness, wide distribution, 
and wide infection range (De Silva et al., 2017; Dean et al., 2012). 
Colletotrichum spp. mainly uses biotrophic and necrotrophic strategies to 
infect crops at various growth and development stages (De Silva et al., 
2017; Health et al., 2022), especially near mature fruit. This leads to 
serious postharvest decay and economic losses of at least tens of billions 
of dollars annually (Wu et al., 2023). 280 kinds of Colletotrichum spp. are 
reported worldwide, and 139 kinds in China (Liu et al., 2022). Among 
them, C. gloeosporioides is a common pathogen in China, and it is also 
one of the most extensive host species and most harmful species in the 
world (Liu et al., 2022).

Chemical fungicides, such as prochloraz and difenoconazole (Zhang 
et al., 2023a), are still the primary methods to prevent and control 
anthracnose at present, but the problems caused by the abuse of 
chemical fungicides such as pathogen resistance, environmental pollu
tion, food security, and so on need to be solved (Cheng et al., 2022; Do 
et al., 2021). Plants are a treasure house of natural antifungal sub
stances. Compared with chemical fungicides, plant-derived fungicides 
developed using these active substances have the advantages of strong 
selectivity, relative safety to non-target organisms, and environmental 
friendliness. Therefore, further exploring the new alternative strategies 
using plant-derived active substances to control anthracnose is 
promising.

Gynostemma pentaphyllum (Thunb.) Makino, a member of the 
Cucurbitaceae family and commonly referred to as “jiaogulan” in China, 
is mainly distributed in China, Korea, Japan, and Southeast Asian 
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countries (Tsang et al., 2019), known for its medicinal and 
health-protective affection for a long history in our country. Previous 
explorations of this plant entity have unveiled an intriguing range of 
gypenosides associated with its pharmacological properties. Gypeno
sides, belonging to dammarane-type saponins, impart a distinctive 
pharmacological fingerprint to G. pentaphyllum, elevating its signifi
cance in medicinal research. Previous investigations have demonstrated 
extensive pharmacological effects of gypenosides, including anti-cancer 
(Lu et al., 2017; Xing et al., 2019; Zhang et al., 2015), neuroprotective 
(Geng et al., 2022a; Geng et al., 2022b; Wang et al., 2019; Wang et al., 
2022a; Wang et al., 2020; Zhai et al., 2021), and cardiovascular pro
tection (Yu et al., 2016). We sought to illustrate the bioactive properties 
of gypenosides, with a focus on investigating their relatively unexplored 
potential as plant fungicides.

In the early stage, our research team systematically studied the 
chemical composition and biological activity of G. pentaphyllum. Several 
gypenosides and their derivatives were isolated, including 19 unde
scribed compounds (Wang et al., 2019; Wang et al., 2022b; Wang et al., 
2017b; Wang et al., 2020). Previous studies have found that gypenosides 
GP4-GP7 (Fig. 1) with 20,23-dihydroxydammar-24-en-21-oic acid-21, 
23-lactone nuclei were found to possess anti-C. gloeosporioides activ
ities. Herein reported were the results of the activity and mechanism of 
gypenosides GP4-GP7 against C. gloeosporioides. This study provided a 
theoretical basis for the further development and utilization of 
G. pentaphyllum in agriculture. The detailed procedures have been 
described in the following sections.

2. Materials and methods

2.1. Reagent

GP4-GP7 were isolated from G. pentaphyllum. They were then dis
solved in methanol as a mother liquor with a concentration of 40 g L− 1 

and stored in 4 ◦C.
Acridine orange (AO) was purchased from Aladdin Reagent Co., Ltd. 

(Shanghai, China). Fluo-8, AM Ca2+ fluorescent probe was obtained 
from Applygen GO., Ltd. (Beijing, China). JC-1 kit was provided by 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Pathogen culture

C. gloeosporioides (CFCC 82113), which was obtained from the China 
Forestry Culture Collection Center, was isolated from a tomato plant at 
Laiyang Agricultural College in Shandong province. The fungus was 
activated by potato dextrose broth (PDB), and stored in glycerol.

2.3. Fruit

Apples (Malus domestica Borkh. cv. Red Fuji), grapes (Vitis lab
rusca×vinifera, ’Shine Muscat’) and tomatoes (Solanum lycopersicum 
Mill.) with uniform matirity and size were harvested in Yantai bajiao 
farmer’s market, Shandong province. The apples had a circumference of 
approximately 25–27 cm and weighed around 200–210 g. The grapes 
had an equatorial circumference of about 9–10 cm and weighed 
approximately 11–13 g. The tomatoes had an equatorial circumference 
of about 20–23 cm and weighed approximately 160–165 g. The fruit 

were then immediately transported to the laboratory.

2.4. In vitro experiments with GP5 inhibition of C. gloeosporioides

The objective of the study was to investigate the inhibitory effect of 
compounds GP4-GP7 on the mycelial growth of C. gloeosporioides using 
the mycelial growth rate method (Wu et al., 2023). A volume of 1 mL of 
the glycerol reservoir was inoculated in 100 mL of PDB and incubated at 
28 ℃ for 5 d. The fungal liquid was collected after filtration through 
sterile gauze. Spores were quantified using a hemocytometer, with the 
spore concentration in the experiment being 106 spores mL− 1. A volume 
of 200 μL of the spore suspension was applied to a Petri dish (90 mm 
diameter) containing PDA (20 mL). The dishes were then incubated at 
28 ◦C for 5 d to allow the formation of a fungal colony. GP4-GP7 were 
incorporated into PDA at concentrations of 12.5, 25, 50, 100, and 
200 mg L− 1, respectively. A 6 mm diameter hole was created in the solid 
medium using a punch. And the 6 mm fungal colonies were carefully 
transferred to the solid media using sterile forceps. Petri dishes without 
any compounds were utilized as blank controls, while chlorothalonil and 
matrine were employed as positive controls. The above Petri dishes were 
placed in a 28 ◦C incubator, and each group was replicated three times.

2.5. Inhibition of GP5 on spore germination of C. gloeosporioides

Microscopic observation was employed to investigate the impact of 
GP5 on spore germination and bud tube elongation (Qiao et al., 2022). A 
spore suspension, containing 106 spores mL− 1 and compound GP5 at 
EC50 or 400 mg L− 1, was introduced into the PDB medium. The mixture 
was subsequently placed in a thermostatic incubator and incubated at 28 
◦C. The germination status of the spores was monitored using micro
scopy at 2 h intervals.

2.6. In vivo experiments with GP5 inhibition of C. gloeosporioides

Fruit acupuncture was conducted to investigate whether GP5 was 
applied to the fruit as a measure against anthrax (Hu et al., 2023). Fruit 
of uniform size, hardness, and skin color were selected and air-dried 
naturally after being washed with clean water. Following disinfection 
of the fruit surface with a 75 % ethanol spray, a sterile steel needle was 
used to create a trauma hole with a diameter and depth of 3 mm. Then, a 
10 μL spore suspension was inoculated in the wound area, and various 
concentrations of GP5 (50, 500, 100 mg L− 1) were added after allowing 
it to naturally dry on the ultra-clean table. After air drying the wound 
surface, the fruit was placed in a fruit frame, sealed with plastic wrap, 
and placed in a constant temperature and humidity incubator.

2.7. Mycelial morphology and intracellular structural changes

2.7.1. Scanning electron microscopy (SEM)
Mycelial morphology was observed using SEM (Yang et al., 2023). 

Initially, a spore suspension of 300 μL was added to 30 mL of liquid 
medium PDB and incubated at a constant temperature of 28 ◦C. GP5 was 
then added to achieve a compound concentration of EC50 and 
400 mg L− 1. After 2 d of incubation, the mycelia were harvested and 
washed twice with PBS buffer. Subsequently, glutaraldehyde was added 
for overnight fixation. The washed mycelium was eluted in a gradient 

Fig. 1. Chemical structures of the compounds GP4-GP7.
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using ethanol concentrations of 30 %, 50 %, 70 %, 90 %, and 100 %. 
The treated mycelium was frozen in the refrigerator for 2 h and then 
lyophilized for 4 h. The lyophilized mycelium was affixed to the sample 
table using conductive tape, and the morphology of the mycelium was 
observed using SEM.

2.7.2. Transmission electron microscopy (TEM)
To investigate the impact of GP5 on the organelle structure within 

the mycelial of C. gloeosporioides, as well as the alterations in the cell 
wall and cell membrane, TEM was employed for observation (Zhang 
et al., 2023b). The preprocessing of TEM was conducted in the same 
manner as that of SEM. Treated mycelial cells were fixed using a 2.5 % 
glutaraldehyde solution, washed three times with 1 mL of PBS solution, 
fixed again with a 1 % osmium acid solution, and ultimately dehydrated 
using various concentrations of ethanol. The mycelial cells were then 
permeabilized with white resin and samples were cut into thin sections 
for TEM observation.

2.8. Autophagy-related assays

Autophagy was visualized using AO staining, following previously 
established experimental protocols (Deng et al., 2024). The GP5 of the 
C. gloeosporioides was treated with a concentration of 400 mg L− 1, 
collected for a duration of 2 d, and washed twice with PBS buffer. The 
mycelium was incubated with a concentration of 1 μg mL− 1 AO in the 
dark at a temperature of 37 ◦C for a duration of 20 min. Subsequently, 
the mycelium was washed three times with PBS and observed using a 
Leica DM3000 microscope equipped with a blue-green laser (excitation 
wavelengths of 460–495 nm and 530–550 nm, and emission wave
lengths of 505 nm and 570 nm).

2.9. Detection of the intracellular calcium ion (Ca2+) concentration

Cellular Ca2+ concentration was determined using the Fluo-8, AM 
Ca2+ fluorescent probe, following the instructions provided in the 

experimental procedure reference kit (Yang et al., 2024). To initiate the 
experiment, 1 g of mycelial (wet weight) was added to 100 mL of PDB 
medium and GP5 at a concentration of 400 mg L− 1. The medium 
without GP5 was used as a blank control group and incubated in a 
constant temperature oscillation chamber for 2 d. The supernatant was 
removed by centrifugation and the mycelial were washed twice with 
PBS buffer. The medium was discarded and 100 μL of Fluo-8, AM 
working solution was added to cover the mycelial, which were then 
incubated at either 37 ◦C or room temperature for 0.5 h. The mycelial 
were subsequently washed twice with dilution buffer and visualized 
using fluorescence microscopy.

2.10. Mitochondrial membrane potential detection

Mitochondrial membrane potential changes were detected using the 
JC-1 kit, following the experimental procedure outlined in the kit in
structions (Wang et al., 2023). Initially, 300 μL of spore suspension was 
added to 30 mL of PDB liquid medium and cultured at a constant tem
perature of 28 ◦C for 5 d. After centrifugation, 1 g of mycelial (wet 
weight) was added to 100 mL of PDB medium, with a GP5 concentration 
of EC50 and 400 mg L− 1. The medium without GP5 was used as a control 
group and incubated in a constant temperature oscillation chamber for 2 
d. The supernatant was removed by centrifugation and the mycelial 
were washed twice with PBS buffer. The mycelium was then evenly 
suspended in 500 μL of JC-1 staining solution and incubated at 37 ◦C in 
light for 20 min. The mycelium was collected by centrifugation (420 g, 
5 min) at room temperature and rinsed twice with Incubation Buffer. 
Finally, the cells were re-suspended in 500 μL and visualized using a 
fluorescence microscope.

2.11. Proteomic analysis

The study conducted by Wang et al. (2021) focused on the protein 
expression of GP5 treatment using non-labeled quantitative proteomics. 
The proteomics experiments involved several steps, including protein 

Fig. 2. Effect of GP5 and its structural similarity compounds on mycelial growth of C. gloeosporioides. (A) Effect of compounds on mycelial growth at different 
concentrations. (B) The colony diameter of C. gloeosporioides was measured after the addition of various concentrations of compounds. (C) The mycelial inhibition of 
C. gloeosporioides was observed at different concentrations of the compounds. Vertical bars represent standard deviations of the means, n=3. Asterisks denote sig
nificant differences, * P < 0.05, ** P < 0.01, *** P<0.001, **** P<0.0001.
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extraction, protein quantification, protein enzymatic hydrolysis, 
LC-MS/MS analysis, database retrieval, and data analysis. Initially, the 
supernatant was removed from each sample after treatment with an 
appropriate amount of SDT lysate. Protein quantification was then 
performed using the BCA method. Subsequently, an adequate quantity 
of protein from each sample was digested using the Filter-Aided Sample 
Preparation (FASP) method. The resulting peptides were purified 
through desalting using a C18 Cartridge and dried under vacuum con
ditions through lyophilization. The enzymatic peptides were further 
dried and reconstituted with 0.1 % FA for peptide concentration deter
mination for LC-MS analysis. For separation and analysis, an appropriate 
amount of peptides was taken from each sample and separated using the 
Vanquish Neo UHPLC system, operated by the Neo UHPLC chromatog
raphy system from Thermo Scientific. The MS data from all samples 
were then merged using the DIA-NN software to conduct a database 
search of DIA MS data and perform protein DIA quantitative analysis. 
The database used was UniProtKB-Colletotrichum gloeosporioides 
[474922]-33134–20240511.fasta, obtained from the website 
https://www.uniprot.org/taxonomy/474922. Finally, a statistical 
analysis of the DIA protein qualitative quantitative results data was 
conducted. Proteins that met the criteria of a fold change greater than 
1.5-fold (up/down) and a P-value less than 0.05 were considered sig
nificant differentially expressed proteins.

2.12. Statistical analysis

The data were analyzed using Origin 2021 and GraphPad Prism 9.5.0 
by one-way analysis of variance. The significance of the differences was 
assessed using the Tukey’s HSD test. P < 0.05 indicated a significant 
difference.

3. Results

3.1. In vitro experiments with GP5 inhibition of C. gloeosporioides

The mycelial growth inhibition caused by compounds GP4-GP7 was 
determined using the hypha growth rate method, and the corresponding 
results are presented in Fig. 2. As shown in Fig. 2A, compounds GP4- 
GP7 exhibited a significant inhibitory effect on the mycelium growth of 
C. gloeosporioides in a dose-dependent manner. The EC50 of the four 
compounds were determined to be 96.98, 27.5, 38.48, and 61.59 mg L− 1 

(Table S2). By considering the mycelial diameter and mycelial inhibition 
rate (Fig. 2B, C), it was evident that GP5 had the most favorable effect 
among the four compounds investigated. When GP5 was at a concen
tration of 12.5 mg L− 1, it exhibited a significantly higher efficacy 
against C. gloeosporioides compared to other gypenosides compounds. At 

a concentration of 25 mg L− 1, GP5 achieved an inhibition of 
C. gloeosporioides approached 50 %. Additionally, the antifungal efficacy 
of the four compounds surpassed that of both the chemical pesticide 
chlorothalonil and the plant-derived pesticide matrine.

3.2. Spore germination

The effect of GP5 on spore germination and elongation of bud tube 
was investigated through microscopic observation, and the results were 
shown in Fig. 3. Spore cultured for 6 h initiated germination without 
GP5 treatment, but no germination was observed at GP5 concentrations 
of EC50 and 400 mg L− 1. After 8 h of spore culture, it was observed that 
the spore of C. gloeosporioides germinated at an EC50 concentration, and 
the longest length of the bud tube in the blank control group was 
measured to be 32.72 μm. After a 10 h culture of spore, the spore 
remained ungerminated at a concentration of 400 mg L− 1 for GP5. 
When the GP5 concentration reached the EC50, the length of the spore 
bud tube was 11.11 μm, while the length of the spore bud tube in the 
blank control had already reached 92.70 μm. Therefore, the GP5 was 
able to significantly inhibit the elongation of the spore bud tube at EC50, 
and it also inhibited spore germination at a concentration of 
400 mg L− 1.

3.3. In vivo experiments with GP5 inhibition of C. gloeosporioides

As depicted in Fig. 4, GP5 has been shown to effectively inhibit the 
diameter of anthrax lesions in apples, grapes, and tomatoes. When the 
concentration of GP5 administration reached 500 mg L− 1, the incidence 
of anthrax in apples, grapes, and tomatoes can be significantly sup
pressed. In the case of apple anthrax disease at a concentration of 
1000 mg L− 1, the incidence was reduced by 100 % after 9 d of culture 
compared to the control group, and by 77.52 % after 12 d of culture. 
Treatment with GP5 at a concentration of 1000 mg L− 1 could inhibit the 
incidence of grape anthrax after 4 d of culture, and tomato anthrax after 
11 d of culture.

3.4. Mycelial morphology and intracellular structural changes

After observing the mycelial morphology using a scanning electron 
microscope (Fig. 5A1-A3), it was observed that the control group without 
GP5 exhibited full and intact mycelial, while the GP5-treated mycelial 
appeared partially desiccated. Furthermore, at a GP5 concentration of 
400 mg L− 1, GP5 was found to potentially affect cell wall structure and 
induce enhanced cell wall adhesion, which warrants further 
investigation.

To further investigate the impact of GP5 on the cellular structure of 
C. gloeosporioides, changed in intracellular structure were examined 
using TEM. As depicted in Fig. 5B, B1-B2 represented the control cell 
structure, where cells without GP5 treatment displayed thick, well- 
defined cell walls and well-structured intracellular organelles. B3-B4 
illustrated the intracellular structure of cells treated with the EC50 
concentration of GP5. In this state, the mitochondrial structure became 
blurred, the mitochondrial cristae break, and the organelle structure 
became unrecognizable. B5-B6 demonstrated the effects of cells treated 
with GP5 at a concentration of 400 mg L− 1. It was evident that autoly
sosomes appeared within the cell, indicating the occurrence of auto
phagy, and the organelle structure became indistinguishable. Therefore, 
it was hypothesized that GP5 could induce cell death by triggering cell 
autophagy, thereby exerting an antifungal effect.

3.5. Autophagy-related assays

As depicted in Fig. 6, the images in Fig. 6A represented the outcomes 
of the control group following AO treatment, as observed through a 
fluorescence microscope. Only green fluorescence was observed, with 
no presence of red fluorescence, indicating that there was no significant 

Fig. 3. Spore germination and bud tube length after GP5 treatment with EC50 
and 400 mg L− 1 concentration.
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occurrence of autophagy in the cells under normal culture conditions. 
Conversely, after GP5 treatment, a substantial amount of red fluores
cence was observed through AO staining under a fluorescence micro
scope (Fig. 6B), suggesting the presence of numerous acidic vesicle cell 
structures within the cells. These structures corresponded to a large 
number of autophagosomes and lysosomes, indicating the occurrence of 
autophagy in the cells. This finding aligned with the previous observa
tions made through TEM.

3.6. Detection of the intracellular Ca2+ concentration

The change in intracellular Ca2+ concentration was depicted in 
Fig. 7. The distribution of Ca2+ in the mycelial cells without GP5 
treatment extended throughout the mycelium. In Fig. 7B2, the intra
cellular calcium in GP5 cells was observed to have a punctate distri
bution, with slightly stronger fluorescence brightness compared to the 
control cells. This suggested that the calcium content was enhanced after 

GP5 treatment. Consequently, we hypothesized that the number of Ca2+

in the GP5-treated cells was elevated, leading to the regulation of the 
cells themselves and the occurrence of autophagy.

3.7. Mitochondrial membrane potential detection

From the transmission electron microscopy map, it was evident that 
GP5 caused structural damage in the cell. To assess the impact of GP5 on 
mitochondria, fluorescence microscopy was conducted using JC-1 
staining. The results were presented in Fig. 8. Fig. 8A illustrated the 
control group without GP5 treatment, displaying a strong red color 
when exposed to green excitation light and no green color when exposed 
to blue excitation light. Mycelium observed under the treatment of EC50 
concentration exhibited a decrease in red fluorescence and an increase 
in green fluorescence, as observed using a fluorescence microscope 
(Fig. 8B). When the GP5 concentration was increased to 400 mg L− 1, the 
mycelial red fluorescence was weak, and the green fluorescence 

Fig. 4. GP5 inhibits C. gloeosporioides virulence on harvested fruit. (A1) Lesion development on harvested apple. (A2, A3) Histograms for statistical data on an apple 
and inhibition ratio lesion. (B1) Lesion development on harvested grapes. (B2, B3) Histograms for statistical data on lesion on grapes and inhibition ratio. (C1) Lesion 
development on harvested tomato. (C2, C3) Histograms for statistical data on a tomato and inhibition ratio lesion. Vertical bars represent standard deviations of the 
means, n=5. Asterisks denote significant differences, ** P < 0.01, *** P < 0.001.
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intensity was significantly enhanced (Fig. 8 C3) compared to the control 
(Fig. 8A3). Therefore, as the concentration of GP5 increased, the red 
fluorescence intensity gradually weakened, and the green fluorescence 
intensity gradually increased. This finding demonstrated that the con
centration of GP5 was inversely proportional to the mitochondrial 
membrane potential, suggesting that GP5 has the ability to induce 
mitochondrial membrane damage, disrupt mitochondrial function, and 
trigger mitophagy.

3.8. Proteomic analysis

To comprehend the alterations in protein expression of the 
C. gloeosporioides following GP5 treatment and gained a more profound 
understanding of how GP5 induces autophagy through protein regula
tion, the findings were presented in Fig. 9. A total of 271 proteins 
exhibited differential expression compared to the control group, with 
214 proteins being up-regulated and 57 proteins being downregulated 
(Fig. 9A). A circular heatmap (Fig. 9B) illustrated the differential pro
teins between the control group and the experimental group. It was 
observed that certain differential proteins exhibited similar functions, 
participated in the same biological pathways, or were located in adja
cent regulatory positions within the pathway. Consequently, additional 
analysis was necessary for these differential proteins.

Firstly, the analysis of differential proteins (DEPs) GO function 
(Fig. 9C) indicated that DEPs were primarily involved in metabolic 
processes and cellular processes in the biological process (BP). In the 

analysis of cell components (CC), DEPs were mainly concentrated in cell 
anatomical entities and protein complexes. In the analysis of molecular 
function (MF), different genes primarily focused on catalytic activity 
and binding. A comprehensive analysis and examination of the afore
mentioned functional annotations indicated that the enriched bubble 
map of the three branches within the top 10 significant findings (Fig. 9D) 
demonstrated that the differential proteins were particularly significant 
in the processes of organic substance metabolism, cellular nitrogen 
compound metabolism, and gene expression.

Fig. 5. Electron microscopic observation after GP5 treatment. (A) mycelial 
status as observed under SEM. A1 is the control group, A2 is the treated 
C. gloeosporioides at the EC50 concentration, and A3 is the 400 mg L− 1 GP5 
treated C. gloeosporioides. (B) Intracellular structures were observed under TEM. 
B1-B2 is control, B3-B4 is cells treated at EC50 concentration, and B5-B6 is cells 
treated with 400 mg L− 1 GP5. AV1: autophagosome, AV2: autolysosome.

Fig. 6. AO staining after GP5 treatment. (A) Control (without GP5 treatment). (B) C. gloeosporioides treated with 400 mg L− 1 GP5.

Fig. 7. Changes in the intracellular Ca2+ concentration. (A) Control group 
(without GP5 treatment). (B) Fluo-8, AM staining fluorescence after treatment 
with GP5 at 400 mg L− 1.

Fig. 8. Mitochondrial membrane potential changes after GP5 treatment 
changed in C. gloeosporioides treated with GP5. (A) Control group (without GP5 
treatment). (B) Sustained by JC-1 after GP5 treatment at EC50 concentration. 
(C) JC-1 staining fluorescence after treatment with GP5 at 400 mg L− 1.
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Fig. 9. Proteomics data analysis. (A) Volcano plot of the differential proteins. (B) Annular heat map of the differential protein. (C) Bar chart of GO analysis. (D) 
Significance of DEPs enrichment under top 10 terms of BP, MF, and CC. (E) Bar chart of KEGG pathway with significant top30 for DEPs pathway enrichment. (F) 
Bubble plot of the pathway with DEPs pathway enrichment significant top 30, circle size for count, color for rich factor. (G) Sankey diagram of the relationship 
between DEPs and pathways for the top 10 pathways.
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The DEPs underwent KEGG pathway analysis, which revealed the 
significant top 30 pathways enriched with DEPs, as shown in Fig. 9E. 
The DEPs primarily focused on genetic information processing, 
including the ribosome, spliceosome, and ubiquitin-mediated proteins. 
Among these, the DEPs in cellular process pathways were mainly 
enriched in autophagy processes, such as mitophagy. Additionally, the 
KEGG pathway analysis indicated that the top 30 differentially enriched 
protein pathways were represented as an enrichment factor (Fig. 9F). It 
was observed that the circle representing mitochondrial autophagy and 
autophagy exhibited the deepest color, indicating a higher enrichment 
factor and thus a more reliable enrichment of DEPs in this pathway. To 
gain a deeper understanding of the relationship between the DEPs and 
each pathway, a Sankey diagram was created to illustrate the relation
ship between the top 15 differential proteins and the pathways (Fig. 9G). 
Five differential proteins associated with autophagy were identified: 
Autophagy-related protein Atg8 (k08341), Phosphatidylinositol 3-ki
nase Vps34 (k00914), Vacuolar amino acid transporter 3 (k14209), 
Transcriptional regulatory protein Sin3 (k11644), and Wsc domain- 
containing protein (k11244). Among these, Vps34 and Wsc proteins 
were downregulated, while the remaining proteins were up-regulated.

To comprehend the alterations in organelle-associated proteins, an 
analysis was conducted to determine the subcellular localization of the 
differential proteins, as illustrated in Fig. 9H. A minor extracellular 
protease, Vpr (A0A8H4CRF1), was identified as a differential protein 
associated with the cell wall. This protein was upregulated after treat
ment with GP5. The proteins associated with the vacuole include the 
late endosomal/lysosomal adaptor and MAPK and mTOR activator- 
domain-containing protein (LAMTOR) (A0A8H4C5A4). The expression 
of this protein was down-regulated. There were three proteins associ
ated with mitochondria, namely the mitochondrial pyruvate carrier 
(MPC) (A0A8H4FH76), cytochrome C oxidase assembly protein Cox16 
(A0A8H8WNM6), and an uncharacterized protein. The expression of 
MPC and Cox16 was found to be downregulated.

4. Discussion

Anthracnose is recognized as one of the major plant diseases 
worldwide, ranking eighth in terms of prevalence and affecting a wide 
range of host plants (Diao et al., 2017; Rockenbach et al., 2015; Wang 
et al., 2017a). Currently, chemical drugs are the primary methods used 
for prevention and control. However, the excessive use of these drugs 
leads to environmental pollution and compromises food safety. Conse
quently, there is a growing interest among researchers in exploring 
plant-derived pesticides as an alternative. Among these, matrine, 
ostiole, and d-limonene have been identified as effective plant-derived 
pesticides against anthrax. In this study, it was discovered that four 
gypenosides (GP4-GP7) exhibited significant anti-C. gloeosporioides ac
tivity, surpassing the antifungal activity of matrine. To our knowledge, 
this was the first report on the activity of dammarane-type saponins 
against C. gloeosporioides. Furthermore, according to the inhibitory ef
fect of the compounds GP4-GP7 on C. gloeosporioides, the preliminary 
structure-activity relationships (SARs) were summarized as follows: (1) 
The activities of the compounds possessing one acetyl group attached at 
C-6’ were superior to those of the other compounds (by comparing GP4 
and GP5, GP6 and GP7, respectively). (2) The C-23 configuration had a 
subtle impact on biological activity, but there was no definite regularity 
(by comparing GP4 and GP7, GP5 and GP6, respectively).

In this study, the primary mechanism of GP5 antifungal action was 
determined to be the induction of autophagy. Autophagy is a normal 
dynamic process in which cells use lysosomal degradation to selectively 
remove damaged, aging, or excess biological macromolecules and or
ganelles, and release free small molecules for cell recycling (Pollack 
et al., 2009). Autophagy is considered a self-protective mechanism in 
organisms and consists of three types: microautophagy, macro
autophagy, and chaperone-mediated autophagy (Zhou et al., 2022). 
Mitophagy is a selective autophagy process that specifically clears 

dysfunctional mitochondria from the cytosol, thereby maintaining the 
integrity of mitochondrial function and cellular homeostasis (Kumar and 
Reichert, 2021; Liu and Okamoto, 2018). However, an excessive amount 
of autophagy processes can lead to cellular damage and disrupt their 
regular life processes. Proteomics has definitively identified several 
proteins associated with autophagy, such as Vpr, Wsc, LAMTOR, Atg8, 
MPC, and Cox16.

Vpr is a serine protease that functions as an extracellular protease 
and has the ability to degrade proteins. The upregulation of Vpr 
expression may lead to proteolysis of the cell wall and cell membrane, as 
well as increased membrane permeability (Cheng et al., 2023; Choi 
et al., 2010). This facilitates the entry of GP5 into the cell membrane and 
affect intracellular structures. Additionally, the presence of metal ions in 
the external environment, such as Ca2+, can more easily enter the cell. 
Wsc is localized to the extracellular periphery and vacuoles, and is 
involved in various cell wall/membrane-related and vacuolar events, 
including vacuolar protein sorting, cellular homeostasis, signaling, and 
stress responses, which are crucial for fungal adaptation to the host and 
environment (Tong et al., 2019). The loss of Wsc can lead to reduced 
Hog1 phosphorylation and activation of the Hog-MAPK pathway 
(Ohsawa et al., 2022), which further affects the process of autophagy. 
Furthermore, the loss of Wsc simultaneous results in a significant in
crease in cell sensitivity to osmotic, oxidation, cell wall interference 
stress, and metal ions such as Zn2+, Mg2+, Fe2+, K+, Ca2+, and Mn2+

(Tong et al., 2016). Detection of intracellular Ca2+ concentration 
revealed an elevated intracellular Ca2+ concentration following GP5 
treatment. An elevated cytoplasmic Ca2+ concentration can further 
activate AMPK, suppresse mTORC, and activate the autophagy system 
(Bootman et al., 2018; Liu et al., 2023). LAMTOR and Atg8 are also 
regulatory proteins associated with autophagy. The downregulation of 
the protein LAMTOR, which is a novel lysosomal membrane adaptor, 
can impact the regulation of lysosomal activation. This downregulation 
allows for mTOR inhibition, leading to the activation of autophagy 
(Malek et al., 2012). The Atg8 protein is a ubiquitin-like protein that is 
also utilized as a marker for autophagy (Maeda et al., 2016). An eleva
tion of Atg8 levels indicates that cells have enter the autophagosome 
stage (Trajkovic et al., 2020). MPC and Cox16 proteins, which are 
localized to mitochondria, are regulatory proteins associated with 
mitochondrial autophagy. The downregulation of MPC expression leads 
to a decrease in mitochondrial energy, thereby triggering the activation 
of mitochondrial autophagy (Zangari et al., 2020). Cox16 is primarily 
involved in the metallization of mitochondrial Cox2 and its assembly 
with Cox1. However, the downregulation of Cox16 expression affects 
the formation of cytochrome C oxidase and the process of oxidative 
phosphorylation (Aich et al., 2018). This ultimately results in a reduc
tion in mitochondrial energy production and the occurrence of mito
chondrial autophagy. Subsequently, it is responsible for synthesizing 
bilayer membranes that make up autophagosome vesi cles. These vesi
cles are used to transport cargo from the cytosol to the vacuolar lumen, 
thereby completing the process of clearing damaged mitochondria. 
What is more significant is that this study directly observed the process 
of autophagy of mitochondria with functional and structural damage 
after GP5 treatment.

In this study, we have elucidated the inhibitory mechanism of 
gypenosides on the growth and pathogenicity of C. gloeosporioides. To 
the best of our knowledge, this is the first investigation of the mecha
nism of dammarane-type saponins against plant pathogenic fungi from 
the perspective of autophagy.

5. Conclusions

GP5 exhibited significant antifungal activity against 
C. gloeosporioides both in vitro and in vivo. We proposed that GP5 induced 
alterations in the expression of cell membrane proteins within the cell 
wall, leading to increased cell permeability. This allowed GP5 to enter 
the cell and results in an enrichment of Ca2+ in the cytoplasm, disrupting 
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intracellular Ca2+ homeostasis. Additionally, the decreased expression 
of LAMTOR and Wsc triggers activation of the cellular autophagy sys
tem. The upregulation of Atg8 expression promotes the formation of 
autophagosomes. The downregulation of MPC and Cox16 expression 
promotes mitochondrial damage and autophagy. Consequently, GP5 
exerted its antifungal effect by inhibiting cellular activity through acti
vation of the autophagy system (Fig. 10). In conclusion, GP5 is a safe 
and effective botanical active substance that can serve as an alternative 
to chemical fungicides for the management of postharvest pathogens, 
thereby preventing and controlling anthrax in fruits and vegetables.
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