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Abstract: The bioactive compounds of the pseudobulbs of Pleione bulbocodioides were isolated, purified, and 

identified using modern spectroscopic techniques, which identified seven butanedioic acid compounds. Compounds 

1-3, 5, and 6 were isolated for the first time from Pleione bulbocodioides. The antifungal activity of the seven 

compounds was evaluated through cytotoxic activity assays, revealing that compound 4, militarine, exhibited 

moderate inhibitory activity against Phoma herbarum, with an effective concentration (EC50) of 68.575 μg/mL. We 

get further deep insight into the antifungal mechanism of militarine against Phoma herbarum through electron 

microscopy, transcriptomics, and changes in physiological and biochemical indicators. Transcriptomic sequencing 

revealed 216 significantly upregulated differentially expressed genes and 277 significantly downregulated 

differentially expressed genes. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

enrichment analysis showed that differentially expressed genes were involved in pathways related to secondary 

metabolism, biosynthesis, membrane components, nitrogen metabolism, and ATP-binding cassette (ABC) transporter, 

suggesting that militarine may inhibit the normal growth of hyphae through these pathways. 

 

Keywords: Pleione bulbocodioides; Phoma herbarum; chemical composition; antifungal mechanism. © 2024  
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1. Introduction 

Phoma herbarum, belonging to the subphylum Pezizomycotina, class Dothideomycetes, order 

Pleosporales, family Phaeosphaeriaceae, genus Phoma spp. [1]. This genus has promising cellulase 

activity, most species within this genus are plant pathogens, primarily affecting stems, branches, leaves, 

and fruits, causing stem rot, twig blight, and necrosis of leaves and fruits in crops, with lesions showing 

indistinct margins [2]. For instance, Phoma lingam causes blackleg disease in cruciferous plants [3]; 
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Phoma betae induces Phoma leaf spot in sugar beets [4]; Phoma adianticola causes brown bud disease 

in tea trees [5]. As a pathogen, P. herbarum can cause leaf spot disease in Atractylodes lancea [6], and 

buckwheat ring rot disease in Fagopyrum esculentum Moench [7], and it can also infect various plants 

such as Commelina communis, Polygonatum sibiricum, Nymphaea alba, and Pennisetum [8-11]. 

Currently, there are no established measures to effectively manage these diseases. The routine approach 

involves the use of chemical pesticides, such as thiophanate-methyl and chlorothalonil, for disease 

control. However, the excessive utilization of these chemical fungicides has led to environmental 

pollution, the development of pathogen resistance, and other adverse consequences. [12]. Consequently, 

it is imperative to quest for fungicides that are efficient, safe, and environmentally friendly in order to 

manage these diseases effectively. 

Pleione bulbocodioides (Franch.) Rolfe is a species of plant belonging to the Orchidaceae 

family, within the Pleione genus. [13]. With its unique beauty and rarity, there are about 26 wild varieties 

worldwide. These plants are widely distributed, stretching from the Qinling Mountains in China to the 

southwest, covering the mountainous regions of central and eastern China and Taiwan. Their distribution 

is not limited to China, but also extends to the western region of the Himalayas, including India, Nepal, 

Myanmar, Laos, Thailand, and other countries. Most of these countries belong to the subtropical zone 

and the cooler regions of the tropics [14]. In addition to its striking ornamental value, it also has a rich 

medicinal value and has a long history as one of the precious medicinal materials in traditional Chinese 

medicine. According to the Chinese Pharmacopoeia, the Pleione bulbocodioides is sweet and slightly 

pungent, cool in nature, and has the effects of dissolving phlegm, clearing heat and detoxifying, and is 

used for the treatment of lymph node tuberculosis and sputum nucleus [15]. Previous reports indicate 

that a total of 85 chemical constituents belonging to 10 types, including phenols, benzyl compounds, 

and butanedioic acid derivatives, have been isolated from Pleione species [16-20]. Butanedioic acid 

benzyl ester glycosides, characterized as typical chemical constituents of Orchidaceae, consist of 

butanedioic acid as the basic nucleus, often combined with sugars to form glycosides. However, 

literatures regarding such compounds from Pleione species are relatively scarce. Our research group has 

been dedicated to the development and utilization of medicinal resources from Pleione bulbocodioides, 

and isolated seven butanedioic acid benzyl ester glycoside compounds. Earlier research has 

demonstrated that ethanol extracts derived from the pseudobulbs of Pleione bulbocodioides possess 

broad-spectrum antifungal properties against plant pathogens [21]. Initial investigations have primarily 

concentrated on elucidating their mechanisms of action. Building upon this foundation, this study aims 

to delve deeper into the butanedioic acid benzyl ester glycoside compounds present in ethanol extracts 

of Pleione bulbocodioides pseudobulbs, particularly focusing on P. herbarum as a representative target, 

to explore the antifungal activity mechanisms of active. This research endeavors to provide scientific 

insights for the further development and utilization of Pleione bulbocodioides. 
 

2. Instruments and Materials 
 

2.1. Instruments  

Bruker Avance III 400 MHz spectrometer (Bruker, Germany), Laser confocal microscope TCS 

SP8 Leica, Germany, Waters W2695-QDA High Performance Liquid Chromatography-Mass 

Spectrometry (HPLC-MS) System (Waters Corporation), LC-20AP Preparative High Performance 

Liquid Chromatography System (Shimadzu), THZ-C-1 Benchtop Refrigerated Oscillator (Suzhou 

Peiying Laboratory Equipment Co., Ltd.), SPX-250B-Z Biochemical Incubator (Suzhou Changliu 

Purification Technology Co., Ltd.), SW-CJ-1C All-steel Double-Person Single-sided Horizontal 

Laminar Flow Clean Table (Suzhou Bolel Purification Equipment Co., Ltd.), GR85DF High Pressure 

Sterilizer (American Zhiwei Instrument Co., Ltd.), UVmini-1240 UV-Vis Spectrophotometer 

(Shimadzu), EPOCH2 Microplate Reader (BioTek Instruments, Inc.). 
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2.2. Materials 

Silica gel (Qingdao Ocean Chemical Co., Ltd.); Sephadex LH-20 Gel (Shanghai Yuanye 

Biotechnology Co., Ltd); PRP-512A Resin (Beijing Jufu Resin Factory); YMC-Pack ODS-A Reversed-

Phase Chromatography Column (YMC Co., Ltd., Japan); Diamonsil C18 Analytical Reversed-Phase 

Chromatography Column (Beijing Dimachem Technology Co., Ltd.); Organic solvents including 

methanol, dichloromethane, petroleum ether, and ethyl acetate (Xilong Chemical Co., Ltd.); 

Chromatography-grade methanol and acetonitrile purchased from Merck & Co., Inc.; Eugenol 

(Shandong Yijia Agricultural Chemical Co., Ltd.); Potatoes (purchased from Yonghui Supermarket); 

Distilled water (prepared in the laboratory); Formaldehyde Activity Test Kit, Reducing Sugar Content 

Test Kit, Enzyme Activity Test Kit, 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI), Reactive 

Oxygen Species Test Kit (Beijing Solarbio Science & Technology Co., Ltd); Calcofluor White (CFW) 

(Shanghai Maclyn Biochemical Technology Co., Ltd.). 

Pseudobulbs of Pleione bulbocodioides (produced in Guizhou Province, China, and the 

production lot number is 20200701) were purchased from Hongkang Traditional Chinese Medicine 

Decoction Pieces Co., Ltd in Yichun, Jiangxi Province, and identified by Associate Professor Zou 

Xiaoxing from the College of Forestry, Fujian Agriculture and Forestry University. The samples were 

preserved in the Department of Pesticides and Pharmaceutical Engineering, College of Plant Protection, 

Fujian Agriculture and Forestry University. 

The Phoma herbarum was provided by the Key Laboratory of Biopesticide and Chemical 

Biology, Fujian Agriculture and Forestry University. 
 

3. Experiment Methods 

3.1. Extraction of Chemical Components 

The pseudobulbs of Pleione bulbocodioides were crushed into coarse powder, with 10 kg 

weighed for extraction. Reflux extraction was carried out twice using 80 L of 75% methanol at 80 °C 

for 2 hours each time. The resulting extract was filtered through cheesecloth, and the filtrates from both 

extractions were pooled. This combined extract was then concentrated under reduced pressure, yielding 

2.45 kg of herbal extract. The extract was dissolved in 30 L of distilled water and purified using D101 

macroporous adsorption resin. Sequential elution was performed using water (45 L), followed by 10% 

(27 L), 30 % (27 L), 60 % (27 L), and 90 % (27 L) ethanol solutions. The eluates were collected 

separately, and the aqueous eluate was discarded. The remaining four eluates were concentrated under 

reduced pressure to yield four subfractions: DSL-1 (87.01 g), DSL-2 (308.31 g), DSL-3 (156.44 g), and 

DSL-4 (145.00 g). 

DSL-3 underwent silica gel chromatography (75~50 μm) for purification, utilizing a 

dichloromethane-methanol gradient system (20:1, 10:1, 5:1, 3:1, 1:1, methanol), resulting in the 

isolation of seven components (DSL-3-1~7). DSL-3-4 (21.4 g) was separated using PRP512A resin and 

eluted sequentially with 10%, 30%, 50%, 75%, and 100% ethanol, yielding five components (DSL-3-4-

1~5). DSL-3-4-1 (7.19 g) underwent further purification through medium-pressure column 

chromatography (16~80 μm) using a dichloromethane-methanol gradient system (7:1, 5:1, 3:1, 

methanol), resulting in the isolation of 11 components. Among them, DSL-3-4-1-7 was recrystallized to 

obtain a larger quantity of compound 4 (2.29 g). DSL-3-4-1-3 (1.19 g) was purified through preparative 

liquid chromatography (C18, 60% methanol, 8.0 mL·min-1, 210 nm), yielding compounds 2 (107.5 mg) 

and 3 (72.3 mg). DSL-3-4-2 (5.78 g) underwent gel column chromatography with methanol as the eluent, 

resulting in the collection of fractions, which were detected by TLC and combined to obtain nine 

components (DSL-3-4-2-1~9). DSL-3-4-2-4 (181.8 mg) was further purified through preparative liquid 

chromatography (C18, 30% acetonitrile, 3.0 mL·min-1, 210 nm), yielding compounds 1 (26.6 mg). 

DSL-4 was mixed with diatomite in a 1:1.5 ratio, and then subjected to extraction with petroleum 

ether, dichloromethane, ethyl acetate, and methanol, each extracted twice. The collected fractions were 

concentrated under reduced pressure to obtain four crude extracts, designated as DSL-4-1 to DSL-4-4. 

DSL-4-3 (37.2 g) underwent silica gel chromatography (75~150 μm) and was eluted with 

dichloromethane-methanol gradients (20:1, 10:1, 5:1, 3:1), resulting in the isolation of four components  
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named DSL-4-3-1 to DSL-4-3-4. DSL-4-3-1 (13.97 g) underwent further purification by medium-

pressure chromatography (10%~90% methanol, monitored at 210 nm, collected every 500 mL), 

resulting in the isolation of 40 components named DSL-4-3-1-1 to DSL-4-3-1-40. Preparative HPLC 

was utilized for further purification of the above components. The chromatographic conditions were as 

follows: DSL-4-3-1-17 (C18, 23% acetonitrile, flow rate: 3.0 mL·min-1, monitored at 210 nm), yielding 

compound 5 (19.8 mg); DSL-4-3-1-23 (C18, 15% acetonitrile-0.05% formic acid, flow rate: 3.0 

mL·min-1, monitored at 210 nm), yielding compounds 6 (27.9 mg) and 7 (40.2 mg). 
 

3.2. Antifungal Activity Assay of Monomeric Compounds 

The mycelial growth rate method [22] was employed to assess the antifungal activity of the 

seven compounds dissolved in 50% methanol, with a final concentration of 100 μg·mL-1, against P. 

herbarum. The inhibitory activity was determined at this concentration. Futhermore, PDA culture media 

containing the compounds at concentrations of 25, 50, 100, 200, and 400 μg·mL-1 were prepared, and 

their antimicrobial activities were evaluated after inoculation and cultivation. The toxicity regression 

equation, effective concentration (EC50) value, and coefficient of determination (R2) were calculated. 

Eugenol was used as the positive control drug, with three replicates for each treatment group. The 

mycelial growth inhibition rate was calculated using the following formula:   

 

Antifungal rate (%) =
(diameter of control colony −  diameter of treatment colony)

 (diameter of control colony −  0.5)
× 100% 

 

3.3. Morphological and Ultrastructural Observation of P. herbarum 

Optical Microscopy Observation: Fresh P. herbarum mycelial colonies were placed on PDA 

culture media containing 100 μg·mL-1 of the test compound. Blank controls were set up. After 5 days of 

incubation at a temperature of 28 ℃, humidity of 70%, and dark conditions, mycelia from the edges of 

the culture dishes were picked and placed on glass slides for observation of the differences in mycelial 

morphology between the control and treatment groups under an optical microscope. 

Scanning Electron Microscopy Observation: After being suitably rinsed with PBS, an 

appropriate amount of mycelium was fixed for 2 hours at room temperature in 2.5% glutaraldehyde, and 

then it was thoroughly cleaned three times for 15 minutes each using 0.1 M phosphate buffer (pH 7.4). 

It was then fixed for 1 to 2 hours at room temperature in 1% osmium tetroxide in 0.1 M phosphate 

buffer. This was followed by three 15-minute washes in 0.1 M phosphate buffer. A succession of ethanol 

solutions (30%, 50%, 70%, 80%, 90%, 95%, and 100%) were used to dehydrate the material for 15 

minutes each. This was followed by a 15-minute substitution period using isoamyl acetate. Using a K850 

critical point drier, the samples were dried and sputter-coated with beneath an SU8100 scanning electron 

microscope after being coated in gold using an MC1000 ion sputter coater. [23]. 

Transmission Electron Microscopy Observation: Three times, an appropriate volume of fungal 

hyphae samples was fixed in 2.5% glutaraldehyde for 4 to 6 hours at room temperature. The samples 

were then rinsed with 0.1 M phosphate buffer (pH 7.4) for 15 minutes. After fixing the hyphae for 2 

hours at room temperature with 1% osmium tetroxide in 0.1 M PBS buffer, the hyphae were washed 

three times for fifteen minutes each time using 0.1 M PBS buffer. The samples were then dehydrated in 

two stages using 100% ethanol and a gradient series of ethanol solutions (30%, 50%, 70%, 80%, 90%, 

and 100% v/v) for a total of 20 minutes per step. The dehydrated hyphae samples were sequentially 

treated with a permeating agent (acetone: epoxy resin - 2:1, acetone: epoxy resin - 1:1, epoxy resin) at 

37°C for 10 hours. Following infiltration, the samples were embedded in embedding plates using epoxy 

resin. Polymerization was conducted at 60 °C for 48 hours, followed by 20 days at room temperature. 

Ultrathin sections (50 nm) were prepared using an ultramicrotome and stained with uranium-lead (2% 

uranyl acetate saturated aqueous solution, lead citrate) at room temperature for 15 minutes. The sections 

were air-dried overnight at room temperature before observation under a transmission electron 

microscope (TEM). [24]. 
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3.4. Transcriptome Sequencing Analysis 

 The fungal mycelia of P. herbarum were cultured in PDB medium at 28 °C with shaking at 110 

r/min for 3 days. For the treatment group, militarine was added to achieve a final concentration of 100 

μg·mL-1. Blank controls were set up under the same conditions. After 48 hours of cultivation, mycelia 

were harvested by centrifugation to obtain 0.5 g of fungal mycelia. The mycelia were washed three times 

with PBS buffer (pH= 7.2), then rapidly frozen in liquid nitrogen and sent to Suzhou Panomics Biotech 

Ltd. for transcriptome analysis. RNA extraction, library construction, library quality control, data quality 

control, RNA sequencing comparative analysis, gene analysis, sample relationship analysis, and inter-

group differential analysis were conducted. 
 

3.5. Effect of Militarine on Dry Weight of P. herbarum Mycelium  

Militarine was prepared in PDB medium to achieve final concentrations of 25, 50, 100, 200, and 

400 μg/mL. Five fungal cakes of P. herbarum were inoculated into each medium. Distilled water without 

the addition of the drug was used as a blank control, with three replicates for each treatment. The media 

were placed in an oscillating culture box (110 r/min, 28°C). After 6 days of cultivation, the mycelia in 

the media were collected, dried, and weighed. 
 

3.6. Effect of Militarine on the Relative Conductivity of P. herbarum Cell Membranes 

Five fungal cakes of 6-day-old P. herbarum were taken with a 5mm punch and inserted into the 

drug-containing PD medium, incubated with shaking for 6 days, collected, washed, and dried the 

mycelium with a final concentration of 100 μg/mL. 1 g of mycelium was taken in 25 mL of the solution, 

and the conductivity was measured after treatment for 0.5, 1.0, 1.5, 2.0, and 2.5 h, and the mycelium 

was boiled and cooled after treatment for 2.5 h to determine the final conductivity [25]. Using distilled 

water as a blank control, set up 3 replicates. The formula for calculating the relative conductivity of 

mycelium is given below: 

Relative conductivity (%) =
(conductivity at a certain time)

 (conductivity after fungal boiling to death)
× 100% 

 

3.7. Effect of Militarine on the Physiological and Biochemical Indicators of P. herbarum  

Five well-growing fungal cakes of P. herbarum were inoculated into PDB medium and 

oscillated for 5 days. The militarine was dissolved in 50% methanol solution to attain a concentration of 

μg·mL-1 for the intended treatment. Sterile water without the drug was used as a blank control. Mycelia 

were collected at 1, 6, 12, 18, and 24 hours after treatment, with 0.4g collected each time and stored at 

-20°C for subsequent analysis. Changes in catalase (CAT), peroxidase (POD), superoxide dismutase 

(SOD), malondialdehyde (MDA), and reducing sugar content in P. herbarum treated with militarine 

were determined according to the methods provided by the assay kit (Solarbio Biochemical Kit) [21, 22, 

25]. 
 

3.8. CLSM Observation of Militarine on the Hyphal cells of P. herbarum 

3.8.1 Effect of Militarine on Reactive Oxygen Species (ROS) in Fungal Hyphae 

Following the method described by Liu et al. [26], the level of ROS in P. herbarum was detected 

by DCFH-DA staining. Militarine was prepared in PDB medium to final concentrations of 0, 100, and 

200 μg·mL-1. Well-growing strains were selected, and five fungal cakes were inoculated into each 

medium and oscillated for 3 days (110 r/min, 28°C). After washing with 0.01% PBS buffer, mycelia 

were incubated in 10 μmol/L DCFH-DA solution at 30°C in the dark for 30 minutes and observed under 

confocal laser scanning microscopy (CLSM). Parameter settings, using 488 nm excitation wavelength, 

525 nm emission wavelength.  
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3.8.2 Effect of Militarine on the Integrity of Fungal Hyphal Cell Walls 

Mycelia were prepared following the method described in section "3.8.1", referencing the 

method by Wang et al. [27], mycelia washed with 0.01% PBS buffer were placed on cover slips, stained 

with 20 μL of CFW for 1 minute, and observed under CLSM. 

3.8.3 Effect of the Damage to Fungal Hyphal DNA by Militarine 

 Mycelia were prepared following the method described in section "3.8.1", referencing the 

method by Wang et al. [28], mycelia washed with 0.01% PBS buffer were suspended in 70% anhydrous 

ethanol and incubated at 4°C for 30 minutes. Subsequently, the mycelia were incubated in 5 μg·mL-1 

DAPI solution in the dark for 30 minutes, and the fluorescence intensity was observed under CLSM. 
 

 

4. Results and Discussion  
 

4.1. Structural Identification  

 

The structures of compounds 1-7 were identified using techniques such as 1H-NMR, 13C-NMR, 

and corroborated with previously reported spectral data to confirm their structures, as depicted in Figure 

1. 
                                            

 
 

Figure 1. The structures of compounds 1-7 

 

Compound 1: C22H24O8, pale yellow powder, ESI-MS m/z: 439 [M+Na]+. The 1H and 13C NMR data are 

detailed in the supplementary information, which are almost identical to the literature values [28]. 

Therefore, this compound was identified as 1-O-(4-hydroxymethylphenoxy)-3-O-trans-cinnamoyl-β-D-

glucoside. 
 

Compound 2: C43H52O18, yellowish oil, ESI-MS m/z: 857 [M+H]+. The 1H and 13C NMR data are detailed 

in the supplementary information, which are almost identical to the literature values [29]. Therefore, 

this compound was identified as Pleioneside C. 
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Compound 3: C36H46O17, yellowish oil, ESI-MS m/z: 751 [M+H]+. The 1H and 13C NMR data are detailed 

in the supplementary information, which are almost identical to the literature values [29]. Therefore, 

this compound was identified as Pleioneside B. 
 

Compound 4: C34H46O17, white amorphous powder, ESI-MS m/z: 725 [M-H]-. The 1H and 13C NMR 

data are detailed in the supplementary information, which are almost identical to the literature values 

[20]. Therefore, this compound was identified as militarine. 
 

Compound 5: C22H32O11, white gel-like substance, ESI-MS m/z: 471 [M-H]-. The 1H and 13C NMR data 

are detailed in the supplementary information, which are almost identical to the literature values [30]. 

Therefore, this compound was identified as 1-(4-β-D-glucopyranosyloxybenzyl) 4-methyl (2R)-2-

isobutylmalate. 
 

Compound 6: C21H30O11, white powder, ESI-MS m/z: 459 [M+H]+. The 1H and 13C NMR data are 

detailed in the supplementary information, which are almost identical to the literature values [31]. 

Therefore, this compound was identified as gymnoside I. 
 

Compound 7: C21H30O11, white powder, ESI-MS m/z: 459 [M+H]+. The 1H and 13C NMR data are 

detailed in the supplementary information, which are almost identical to the literature values [31]. 

Therefore, this compound was identified as gymnoside II. 
 

4.2. Cytotoxic Activity Evaluation of Compounds 

Table 1. Cytotoxicity equations of compounds against P. herbarum 
compounds Virulence regression 

equation (y=) 
EC50(μg/mL) correlation 

coefficient (R2) 
95% confidence 

(μg/mL) 
2 y = 1.341 x – 5.961 85.173 0.941 55.085-132.548 
4 y = 0.660 x – 2.791 68.575 0.983 55.953-82.233 

Eugenol y = 1.049 x – 4.531 75.312 0.958 61.93-89.685 

At a concentration of 100 μg/mL, compounds 2 and 4 demonstrated significant inhibitory effects 

against Phoma herbarum. Consequently, further cytotoxicity assays were performed on these two 

compounds. The results are tabulated in Table 1. Compound 4 revealed an EC50 of 68.575 μg/mL, and 

its cytotoxicity was more pronounced than that of the positive control, Eugenol. Consequently, its 

antifungal mechanism warranted comprehensive investigation. 
 

4.3. Effects of Militarine on the Morphology  

 

 

Figure 2. The effects of militarine on the morphology of P. herbarum hyphae 

It (Figure 2) shows that, under optical microscopy, the hyphal morphology in the control group 

exhibited a normal, smooth surface, consistent thickness, and regular branching length, devoid of any 

visible fractures or disruptions. However, the hyphae in the treatment group seemed to be less robust 

and less plump, showing clear signs of intracellular content leakage. This observation indicates that 

Militarine treatment could potentially induce internal structural damage within the hyphae, potentially 

leading to the leakage of intracellular contents.  
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4.4. Effects of Militarine on the Ultrastructure of P. herbarum 

 

 

Figure 3. Morphological structure of hyphae after treatment with militarine under scanning electron 

microscopy 

Scanning electron microscopy analysis of fungal treated with militarine (Figure 3) demonstrated 

notable morphological changes in comparison to the untreated control group. On control group, the 

fungal hyphae typically presented with a rounded, plump morphology, characterized by uniform 

thickness, a smooth texture, and a cylindrical form. Such features denoted healthy growth. However, 

after it treated in militarine, these hyphae displayed structural instability, with a reduction in cohesion 

between filaments. This led to a withered and creased appearance, irregular thickness, local indentations, 

and, in extreme cases, hyphal breakage. 

 

 
Figure 4. Observation of fungal hyphae morphology under transmission electron microscopy   

(longitudinal sections on the left, cross Sections on the right) 
                       N: nucleus; PM: plasma membrane; CW: cell wall; V: vesicle; C: cavity 

 

As depicted in Figure 4, observation of hyphal cells under transmission electron microscopy 

revealed distinct morphological changes. In the control group, hyphal cells exhibited regular shapes, 

intact structures, uniform cytoplasm, well-defined cell walls, and clear plasma membrane edges, with 

homogeneous and dense cytoplasm. However, subsequent to treatment with 100 μg/mL of militarine, 

hyphal cells exhibit deformation, with damage to the cellular structure. Notably, the cell wall undergoes 

thinning, and the delineation between the cell wall and the plasma membrane becomes indistinct. 

Furthermore, the intracellular materials are compromised, leading to the formation of numerous cavities 

within the cells. 

The fluorescence probe DCFH-DA is utilized to measure intracellular ROS levels. In the presence 

of reactive oxygen species (ROS), DCFH undergoes oxidation, generating 2’,7’-dichlorofluorescein 

(DCF) and emitting green fluorescence, higher fluorescence indicates greater ROS accumulation [32]. 

As it can be seen (Figure 5A) that the intensity decay of fluorescence is proportional to the magnitude 

of the militarine concentration. With the concomitant escalation of treatment concentration, a 

conspicuous augmentation in fluorescence was discerned within the cellular milieu. Concurrently, a 

substantial elevation in the ROS content was observed within the mycelial framework. Such alterations 

suggest that militarine exerts its influence on the intracellular redox homeostasis, leading to a disruption 

of the redox equilibrium. Consequently, this imbalance impedes the normal functioning of the redox 

system, thereby curtailing the hyphal growth.  
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Figure 5. CLSM observation of militarine on the hyphal cells of P. herbarum  

(A) The effect of militarine on ROS in fungal hyphae; the left side shows the ROS staining fluorescence image, 

and the right side shows the ROS staining bright-field image. (B) The effect of militarine on the integrity of fungal 

hyphal cell walls; the left side shows the CFW staining fluorescence image, and the right side shows the CFW 

staining bright-field image. (C) The effect of the damage to fungal hyphal DNA by militarine; the left side shows 

the DAPI staining fluorescence image, and the right side shows the DAPI staining bright-field image. 

 

CFW, a non-specific fluorescent brightening dye, attaches to cellulose and chitin, indicating 

alterations in cell wall structure. As depicted in Figure 6, following 24 hours of militarine treatment at 

various concentrations (100 and 200 μg/mL), the blue fluorescence intensity of P. herbarum hyphae 

decreased progressively compared to the control group. As observed (Figure 5B) that the modulation of 

blue fluorescence intensity associated with hyphal architecture in response to increasing concentrations 

of militarine. The observed attenuation in fluorescence intensity correlates inversely with the magnitude 

of militarine concentration, suggesting a progressive depletion of cellulose and chitin, principal 

constituents of the fungal cell wall. This alteration in cell wall composition is indicative of structural 

reorganization. This indicates that militarine exerts its inhibitory effects on the growth of P. herbarum 

by disrupting the normal integumentation of the fungal cell wall. This interference results in cellular 

stress, compromising the integrity and functionality of the cell wall, and ultimately thwarts the fungal 

colonization process. 

 DAPI (4', 6-diamidino-2-phenylindole) fluorescent dye was used to detect the damage of 

militarine to the nucleus of P. herbarum. DAPI can bind to DNA to form complexes that emit high-

intensity light blue fluorescence [33]. The results (Figure 5C) demonstrated that the hyphae in the control 

group exhibit punctate blue fluorescence under microscopic examination, suggesting that the DNA 

structure within the hyphae is stable, and the nuclei are clearly distinguishable. However, after treating 

the hyphae with concentrations of 100 and 200 μg/mL militarine for a 24-hour period, a gradual 

reduction in the intensity of blue fluorescence was observed. Concurrently, the fluorescence transitioned 

from a punctate to a streak pattern, indicating alterations in the DNA within the nuclei. This observation 

suggests that the hyphae experienced nuclear DNA damage in response to militarine exposure, which 

may account for the attenuation of fluorescence intensity and the subsequent change in fluorescence 

distribution pattern. 
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4.5. Study on the Antifungal Mechanism Based on Transcriptomics  

 

4.5.1 Assessment of Raw Sequencing Data Quality  

 

Table 2. Summary of quality control data 
Sample Reads No. Bases(bp) Q30(bp) N(%) Q20(%) Q30(%) 

Ck-1 36554846 5519781746 5267687196 0.002419 97.49 95.43 

Ck-2 42813018 6464765718 6178313686 0.002341 97.56 95.57 

Ck-3 37914346 5725066246 5466464311 0.002418 97.51 95.48 

S-1 36174224 5462307824 5212309158 0.002377 97.48 95.42 

S-2 37591780 5676358780 5411577053 0.002392 97.45 95.34 

S-3 43600874 6583731974 6287517192 0.002409 97.52 95.50 

RNA sequencing was conducted on P. herbarum treated with militarine as the experimental 

group. As shown in Table 2, among the 6 samples, the Q20 values for the blank control ranged from 

97.49% to 97.56%, with the lowest Q30 value not less than 95.43%. For the treatment group, the Q20 

values ranged from 97.45% to 97.52%, with the lowest Q30 value not less than 95.34%. The balanced 

nucleotide composition indicates high sequencing quality, leading to more accurate subsequent analyses. 
 

4.5.2 Analysis of Differential Gene Expression 

 

 

Figure 6. Statistical analysis of differential expression results (Left) and volcano plot of differentially 

expressed genes (Right)    

Sequencing was performed on P. herbarum before and after treatment with militarine. DESeq 

software was used to analyze the differential gene expression between the two groups. The criteria for 

selecting differentially expressed genes were as follows: significant P-value < 0.05 and expression fold 

change |log2 Fold Change| > 1. The analysis revealed significant changes in gene expression in the 

Phoma herbarum after treatment. A total of 493 expressed genes showed significant changes, with 216 

genes up-regulated and 277 genes down-regulated differentially (Figure 6). 

 

4.5.3 GO Enrichment and KEGG Pathway Analysis of Differentially Expressed Genes 

 

In comparison with the control group, 464 differentially expressed genes were annotated to GO 

functional terms. Among them, 205 genes were notably upregulated, while 259 genes were 

downregulated. Most of these genes were associated with biological processes (BP), with 271 showing 

significant differences. This subset comprised 102 upregulated and 169 downregulated genes. 

Specifically, 107 of the differentially expressed genes were linked to metabolic processes, and 48 were 

associated with biosynthetic processes. Specifically, genes involved in secondary metabolic processes 

were significantly upregulated, while those related to biosynthetic processes were significantly 

downregulated, suggesting that the increase in secondary metabolites may lead to the formation of 

abundant attachments within the mycelium, while the decrease in biosynthesis may result in slower 

mycelial growth [34]. The molecular function (MF) category included 169 differentially expressed genes, 

with 37 genes involved in binding and 36 genes involved in catalytic activity.  
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The cellular component (CC) category included 34 significantly different genes, with 26 

differentially expressed genes belonging to membrane-related components. As shown in Figure 7, 

differentially expressed genes were mainly distributed in cellular metabolic processes, biosynthetic 

processes, catalytic reactions, organelles, and cell membrane components 

 

 

Figure 7. Gene ontology (GO) enrichment analysis bar chart and bubble chart 

GO biological enrichment analysis of differentially expressed genes was conducted using the 

DAVID database with a screening criterion of P < 0.05. The results of GO enrichment analysis for 

differentially expressed genes were classified into molecular function (MF), biological process (BP), 

and cellular component (CC) categories. The top 10 significantly enriched GO terms with the smallest 

p-values were selected for each GO category for display. 

. 
 

 

Figure 8. KEGG Pathway analysis (left: upregulated genes, right: downregulated genes) 

The differentially expressed genes underwent KEGG pathway analysis, revealing 33 pathways 

with distinct gene expression between the treatment and control groups. These pathways included 30 

metabolic pathways, along with one each for cellular processes, environmental information processing, 

and genetic information processing. As depicted in Figure 8, among the upregulated gene-associated 

pathways, 20 were notably enriched in metabolic pathways, particularly nitrogen metabolism, and 

environmental information processing, specifically ABC transporters. For pathways linked to 

downregulated genes, 11 showed significant enrichment, encompassing indole alkaloid biosynthesis, 

sesquiterpenoid and triterpenoid biosynthesis, and vitamin B6 metabolism. Nitrogen metabolism is a 

crucial physiological process that influences fungal metabolism and development [35]. Studies have   
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indicated that [36] increased nitrogen promotes fungal infection, while heightened nitrogen metabolism 

inhibits it. In this study, significant up-regulation of differential genes affecting nitrogen metabolism 

was observed in the treatment group. This suggests that the external interference induced by militarine 

may have triggered the fungus to enhance their resistance to the internal environmental changes brought 

about by militarine. By activating nitrogen metabolism, the fungus itself could potentially modulate their 

growth and hyphal infection potential. This finding highlights the complex interplay between external 

stressors and bacterial physiological responses, underscoring the importance of understanding the 

molecular mechanisms underlying microbial adaptation to environmental changes. 

ABC transporters are prevalent transport proteins involved in molecular transmembrane 

transport [36]. They primarily utilize ATP to transport various substances like sugars, amino acids, and 

proteins across biological membranes. Some inward transport proteins aid in transporting amino acids, 

sugars, and other nutrients from the extracellular environment into the intracellular matrix, promoting 

cell growth [37]. This type of protein can be divided into two categories according to its transport 

direction: one is the inward transporter, which can transport nutrients such as amino acids and sugars 

from the external environment to the inside of the cell to promote cell growth; The other type is the 

outward transporters, which are responsible for the "detoxification" effect, which can excrete substances 

harmful to cell growth such as antibiotics and fatty acids from the cell, help the cell maintain exogenous 

substances or unnecessary secondary metabolites at low concentrations, reduce the burden of cell 

growth, maintain normal cell growth, and significantly improve the survival rate of cells [38]. 

Differential genes of the ABC transport system were significantly enriched after militarine treatment, 

suggesting that the addition of militarine stimulates cells to eliminate harmful substances from the 

environment by activating the ABC transport system to mitigate toxic effects and maintain cellular 

homeostasis. 

 

5.5. Effect of Militarine on the Physiological and Biochemical Indicators of P. herbarum 

 

Figure 9. Effects of militarine on the hyphae dry weight, relative conductivity and MDA content of 

hyphae 

It shows that (Figure 9A), after 6 days of militarine treatment, there was a notable suppression 

of mycelial growth in P. herbarum. With increasing militarine concentration, the mycelial dry weight 

significantly decreased compared to the control group. At a concentration of 400 μg·mL−1 in the 

treatment group, the mycelial dry weight was 0.6120 g, markedly lower than the control group's 1.9455 

g. 

When fungal hyphal cell membranes rupture, causing the leakage of intracellular substances, 

the conductivity of the extracellular solution increases [39]. Through assessing the relative conductivity 

of mycelial solution post-militarine treatment, we observed a significant increase compared to the 

control group. Additionally, as treatment duration increased, the relative conductivity of fungal cells 

rose, reaching 82.8% at 150 minutes (Figure 9B). This rise in permeability of the fungal cell membrane 

led to cytoplasm leakage. With prolonged treatment, damage to the fungal cell membrane intensified. 

This suggests that militarine disrupts cell membrane permeability, resulting in hyphal content leakage, 

elevated conductivity, and triggering osmotic stress response in fungi. 

Under external environmental stress conditions, malondialdehyde (MDA) is one of the most 

important products of membrane lipid peroxidation. It can affect DNA, membrane proteins, and 

enzymes, increasing cell membrane permeability, thereby leading to changes in membrane structure, 

function, and metabolism. Therefore, MDA content can be used to reflect the extent of membrane 

damage [40].   
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Under the condition of a drug concentration of 100 μg/mL, the MDA content was close to that of 

the control group after 1 hour of treatment. However, the MDA content in the treatment group sharply 

increased with prolonged time, reaching a peak at 12 hours (11.935 nmol·g−1), followed by a gradual 

decrease (Figure 9C). In contrast, the MDA content in the control group remained almost unchanged 

throughout the entire experiment and was consistently lower than that in the treatment group, indicating 

that militarine can induce MDA accumulation in hyphae, leading to lipid peroxidation of the cell 

membrane and oxidative damage. 

 

 

Figure 10. Effects of militarine on the activities of three protective enzymes and the content of 

reducing sugars in hyphae 

During invasion, plant pathogens trigger physiological and biochemical defense responses, 

including changes in antioxidant and defense enzyme activities. Studies reveal that superoxide 

dismutase (SOD), peroxidase (POD), and catalase (CAT) are products of stress-induced defense 

mechanisms in plant pathogens [41-43]. In this study (Figure 10), militarine treatment effects on these 

enzyme activities in P. herbarum hyphae are demonstrated. At 100 μg·mL−1 concentration, enzyme 

activities initially increased and then declined with prolonged treatment. Conversely, enzyme activities 

in the control group remained relatively stable, CAT activity peaked at 12 hours (393.24 U/g), 4.83 

times higher than the control (Figure 10A). POD activity trended similarly, peaking at 12 hours (370.916 

U/g), 4.72 times higher than the control (Figure 10B). SOD activity reached its peak at 6 hours (312.94 

U/g), 2.97 times higher than the control (Figure 10C). These findings suggest that militarine treatment 

enhances enzyme activities in P. herbarum hyphae to counter self-toxicity. However, as stress escalates, 

protective enzyme activities decrease, disrupting hyphal physiological metabolism and inhibiting 

growth. 

Reducing sugars serve as the primary energy source for hyphal growth maintenance [44]. After 

treatment with 100 μg/mL of militarine, the content of reducing sugars in the hyphae of Phoma 

herbarum significantly decreased (Figure 10D). From 6 to 18 hours of treatment, there was a substantial 

reduction in the content of reducing sugars within the fungal hyphae. At 18 hours, the content of reducing 

sugars was only one-third of that in the control group, stabilizing thereafter until 24 hours. This indicates 

significant damage to the hyphal structure post-treatment, resulting in substantial leakage of intracellular 

reducing sugars. Consequently, the normal energy metabolism process crucial for hyphal growth of P. 

herbarum is disrupted, leading to inhibited growth. 
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5. Conclusion 

In this study, chromatographic methods such as macroporous adsorption resin, silica gel column 

chromatography, preparative liquid chromatography, and semi-preparative liquid chromatography were 

utilized to isolate and purify antibacterial active components from Pleione bulbocodioides of 

pseudobulbs. Modern spectroscopic techniques were then employed to identify seven butanedioic acid 

compounds, with compounds 1-3, 5, and 6 being newly isolated from Pleione bulbocodioides. Seven 

compounds were tested for antifungal activity against P. herbarum, revealing compound 4 (militarine) 

as the most potent inhibitor at 100 μg/mL concentration, with an EC50 of 68.575 μg/mL, surpassing the 

positive control, eugenol. Consequently, further investigation into its antifungal mechanism was 

pursued. 

Observations of P. herbarum under optical microscopy, scanning electron microscopy, and 

transmission electron microscopy revealed significant morphological changes in the treated group, 

including distortion and folding of hyphae, deformation of hyphal plasma membranes, organelle 

degradation, and the formation of numerous cavities, indicating a pronounced morphological effect of 

militarine on P. herbarum. The experimental results showed that with the increase of treatment 

concentration, the content of ROS in mycelium increased significantly, and the cellulose and chitin in 

the cell wall gradually decreased, resulting in the disorder of the intracellular redox system, the structural 

integrity of the cell wall was destroyed, and the DNA in the nucleus was damaged. 

Transcriptomic analysis was conducted to analyze the differential gene expression in hyphae 

(control group and 100 μg/mL militarine-treated group), identified 493 significantly differentially 

expressed genes, including 216 upregulated genes and 277 downregulated genes. GO analysis of these 

differentially expressed genes revealed enrichment primarily in biological process GO terms related to 

metabolism, biosynthesis, and oxidation-reduction processes. Significantly differentially expressed 

genes in cellular components were mainly distributed in membrane components, while those in 

molecular function were primarily related to catalytic and transport activities. KEGG pathway analysis 

indicated enrichment in pathways such as nitrogen metabolism, ABC transporters, alkaloid biosynthesis, 

terpenoid biosynthesis, and vitamin B6 metabolism.  

The effect of militarine on the physiological and biochemical indexes of P. herbarum was 

further determined. The results showed that militarine could significantly inhibit the normal growth of 

Phoma herbarum hyphae, and the dry weight of mycelium was significantly reduced. Through the 

determination of the enzyme activity system, the treatment time was 1-24 h, and the activities of the 

three protective enzymes increased first and then decreased, indicating that when militarine poisoned P. 

herbarum, the activities of the three protective enzymes increased in order to self-defend to reduce the 

degree of self-toxicity. With the extension of the treatment time, the stress degree deepened, the 

mycelium structure was seriously damaged, and the activity of the protective enzyme decreased, which 

reduced the detoxification ability of the bacteria itself. Consequently, the normal growth and metabolism 

process of the hyphae was destroyed, thereby inhibiting the normal growth of P. herbarum. 

The experimental results also showed that the relative conductivity and malondialdehyde 

content of the hyphae of P. herbarum after treatment with militarine increased significantly. This 

indicates that the permeability of the mycelial cell membrane was changed, and militarine destroyed the 

structure of the hyphal cell membrane, causing the membrane lipid peroxidation reaction. This led to a 

large amount of reducing sugar leakage of cell contents, which seriously affected the energy metabolism 

process of mycelial growth. Ultimately, this inhibited the normal growth of P. herbarum. These findings 

provide valuable insights into the mechanism of action of militarine on P. herbarum, which may 

contribute to the development of novel strategies for controlling the growth of P. herbarum. 
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