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A B S T R A C T   

To explore active natural products against tobacco powdery mildew caused by Golovinomyces cichoracearum, an 
extract from the fermentation of endophytic Aspergillus fumigatus 0338 was investigated. The mechanisms of 
action for active compounds were also studied in detail. As a result, 14 indole alkaloid derivatives were isolated, 
with seven being newly discovered (1–7) and the remaining seven previously described (8–14). Notably, com-
pounds 1–3 are rare linearly fused 6/6/5 tricyclic prenylated indole alkaloids, with asperversiamide J being the 
only known natural product of this kind. The isopentenyl substitutions at the 5-position in compounds 4 and 5 
are also rare, with only compounds 1-(5-prenyl-1H-indol-3-yl)-propan-2-one (8) and 1-(6-methoxy-5-prenyl-1H- 
indol3-yl)-propan-2-one currently available. In addition, compounds 6 and 7 are new framework indole alkaloid 
derivatives bearing a 6-methyl-1,7-dihydro-2H-azepin-2-one ring. The purified compounds were evaluated for 
their activity against G. cichoracearum, and the results revealed that compounds 7 and 9 demonstrated obvious 
anti-G. cichoracearum activities with an inhibition rate of 82.6% and 85.2%, respectively, at a concentration of 
250 μg/mL, these rates were better than that of the positive control agent, carbendazim (78.6%). The protective 
and curative effects of compounds 7 and 9 were also better than that of positive control, at the same concen-
tration. Moreover, the mechanistic study showed that treatment with compound 9 significantly increased the 
structural tightness of tobacco leaves and directly affect the conidiospores of G. cichoracearum, thereby 
enhancing resistance. Compounds 7 and 9 could also induce systemic acquired resistance (SAR), directly regu-
lating the expression of defense enzymes, defense genes, and plant semaphorins, which may further contribute to 
increased plant resistance. Based on the activity experiments and molecular dockings, the indole core structure 
may be the foundation of these compounds' anti-G. cichoracearum activity. Among them, the indole derivative 
parent structures of compounds 6, 7, and 9 exhibit strong effects. Moreover, the methoxy substitution in com-
pound 7 can enhance their activity. By isolating and structurally identifying the above indole alkaloids, new 
candidates for anti-powdery mildew chemical screening were discovered, which could enhance the utilization of 
N. tabacum-derived fungi in pesticide development.   

1. Introduction 

Tobacco powdery mildew is a foliar disease induced by 
G. cichoracearum, a biotrophic parasitic pathogen within the subphylum 
Ascomycota, which detrimentally affects mature leaves, spreading from 

lower to upper foliage (Gullner et al., 2017; Yang et al., 2023b). This 
plant pathogenic fungus is primarily disseminated via airflow and ex-
hibits a broad host spectrum, with a short incubation period and a high 
incidence rate (Glawe, 2008). It causes significant economic losses in 
tobacco cultivation due to its negative impact on yield and quality (Xing 
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et al., 2015). Infected leaves, exhibiting a dark brown color, distinct spot 
lesions, reduced elasticity, and diminished aroma, are prone to breakage 
and possess inferior industrial usability, ultimately compromising their 
overall quality. 

Tobacco is an important cash crop in China, and it is easy to contract 
powdery mildew. To date, powdery mildew has been mainly controlled 
by chemical fungicides such as triazole, benzimidazole, organic sulfur, 
and methoxyacrylate (Gullner et al., 2017; Wang et al., 2012b; Yang 
et al., 2023b). Compared to synthetic antifungal chemicals, using nat-
ural products are a very promising preventive strategy, characterized by 
low toxicity and no residual effects (Basaid et al., 2020; Jiménez-Reyes 
et al., 2019). The various secondary metabolites secreted by endophytic 
fungi can protect plants from pests and pathogens (Degenkolb and Vil-
cinskas, 2016; Shi et al., 2020) or serve as crop growth promoters (Gamit 
et al., 2023). 

Among the myriad of endophytic fungi, Aspergillus species are 
renowned as abundant, valuable sources of natural products, encom-
passing a wide range of chemical classes with fascinating biological 
activities (Hagag et al., 2022; Jiao et al., 2018; Yang et al., 2023a). In 
our prior research, we identified bioactive metabolites, such as alkaloids 
(Dai et al., 2023; Yang et al., 2022), butyrolactones (Zhou et al., 2015a; 
Zhou et al., 2015b), isocoumarins (Zhou et al., 2016), anthraquinones 
(Dai et al., 2022). Indole alkaloids, a group of naturally occurring phy-
tochemicals, are renowned for their diverse biological activities (Liu 
et al., 2020b; Singh and Singh, 2018; Tabassum et al., 2021), and have 
been widely studied due to their significant inhibitory effects on various 
DNA, RNA viruses and phytopathogens (Abookleesh et al., 2022; Guo 
et al., 2020b; Kong et al., 2023). We isolated A. fumigatus 0338 from the 
stem of cigar tobacco samples. During small-scale fermentation, we 
utilized an HPLC-UV/vis diode array detector and noticed that the 
extract of this strain had distinctive UV absorption associated with 
indole alkaloids, similar to those previously identified in our laboratory 

(Kong et al., 2023). To discover more indole alkaloids with anti- 
G. cichoracearum activity, larger-scale fermentation led to the successful 
isolation of seven new (1–7), as well as seven known (8–14) indole 
alkaloid derivatives (Fig. 1). As A. fumigatus is a pathogenic bacterium 
and a prohibited strain in agriculture (Barber et al., 2020), we have 
sterilized all instruments and spaces used after obtaining the fermenta-
tion crude extract in our study to prevent the dissemination of this 
fungal strain. This manuscript presents comprehensive details regarding 
the isolation, structure elucidation, and activities of these compounds 
against tobacco powdery mildew. 

2. Materials and methods 

2.1. General procedures for the isolation and identification of compounds 

UV and IR (KBr) spectra were acquired using a UV-1900 spectro-
photometer (Shimadzu, Kyoto, Japan) and a FTS185 spectrophotometer 
(Bio-Rad, California, USA), respectively. Nuclear Magnetic Resonance 
(NMR) experiments were conducted using a Bruker DRX-500 NMR 
spectrometer (Bruker, Karlsruhe, Germany) with tetramethylsilane 
(TMS) serving as the internal standard. ESIMS and HRESIMS analyses 
were carried out using a 6540 Q-TOF mass spectrometer coupled with an 
Agilent 1290 UPLC system (Agilent Technologies, Wilmington, DE, 
USA). For normal column chromatography (CC), we utilized Silica gel 
with a mesh size of 80–100 or 200–300 (Qingdao Marine Chemical, Inc., 
Qingdao, China). Fractions was monitored using thin-layer chromatog-
raphy (TLC) plates (Qingdao Marine Chemical, Inc., Qingdao, China). 
The visualization of spots was achieved by heating the silica gel plates at 
around 120 ◦C following the application of a 5% bismuth potassium 
iodide solution. An Agilent 1260 (Agilent Technologies, Wilmington, 
DE, USA) semi-preparative liquid chromatography system was used for 
semi-preparative HPLC with Venusil MP C18 columns (5 μm, 10 mm ×

Fig. 1. Structures of compounds 1–14.  
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250 mm, Bonna-Agela, Tianjin, China) or Zorbax PrepHT GF C18 col-
umns (5 μm, 9.4 mm × 250 mm, Agilent, Palo Alto, USA). 

2.2. Biological material 

The A. fumigatus 0338 was isolated from the stem of cigar tobacco (a 
variety of N. tabacum), collected from Tengchong Prefecture, Yunnan 
Province in 2020. The identification of the strain was performed by Dr. 
Feng-Xian Yang, one of the authors, using BLAST analysis of the ribo-
somal internal transcribed spacer (ITS) sequence (GenBank No. 
OQ244321) available in the NCBI database. This strain is preserved in 
the Key Laboratory of Ethnic Medicine Resource Chemistry, Yunnan 
Minzu University. 

2.3. Fermentation of A. fumigatus 0338 

The strain was grown on potato dextrose agar at 27 ◦C for 7 days. 
Agar plugs were inoculated into 250 mL Erlenmeyer flasks containing 
100 mL of potato dextrose broth. The flasks were placed on a rotary 
shaker set at 180 rpm at 27 ◦C for 7 days. Large-scale fermentation was 
conducted in a 1.0 L Fernbach flask filled with 300 g of rice, 300 g of 
perlite, and 100 g of purified water. The pH of the solution was adjusted 
to 6.5 before autoclaving. Each flask was inoculated with 5.0 mL of seed 
culture and incubated at 27 ◦C for 30 days. 100 Fernbach flasks were 
used in this study. 

2.4. Extraction and purification 

The solid fermentation products underwent extraction using 70% 
aqueous Me2CO (4 × 20 L), followed by filtration and concentration 
under reduced pressure until Me2CO was completely removed. Subse-
quently, the obtained extract underwent three extractions using EtOAc, 
resulting in an EtOAc extract weighing 69.2 g. The crude extract was 
further purified using CC (SiO2) with stepwise elution using a gradient 
system of CHCl3/MeOH (20:1, 8:2, 7:3, 6:4, and 5:5, v/v), resulting in 
the separation of five fractions, namely A–E. Fraction B (Fr⋅B, 17.6 g) 
was then subjected to silica gel CC with CHCl3/Me2CO (10:0, 9:1, 8:2, 
7:3, 6:4, and 5:5, v/v) as the mobile phase, affording six subfractions 
(Fr⋅B1–Fr⋅B6). Fr⋅B2 (9,1, 2.85 g) underwent silica gel CC (200–300 
mesh) followed by semi-preparative HPLC separation using a solvent 
mixture of 69% methanol/water at a flow rate of 3 mL/min. This process 
resulted in the isolation of compounds 4 (22.7 mg), 5 (20.4 mg), 6 (19.2 
mg), and 7 (25.8 mg). Fr⋅B3 (8,2, 3.06 g) was subjected to silica gel CC 
(200–300 mesh). The resulting fraction was further purified using semi- 

preparative HPLC with a solvent mixture of 60% methanol/water at a 
flow rate of 3 mL/min. This purification process yielded compounds 1 
(18.6 mg), 2 (18.2 mg), 3 (29.7 mg), 9 (18.4 mg), 10 (23.6 mg), and 11 
(17.2 mg). Fr⋅B4 (7,3, 2.67 g) underwent additional purification using 
silica gel CC (200–300 mesh) and semi-preparative HPLC (55% meth-
anol/water, 3 mL/min), resulting in the separation of compounds 8 
(30.4 mg), 12 (19.7 mg), 13 (21.3 mg) and 14 (20.5 mg). 

Asperfumigatone A (1) obtained as a pale yellow gum; UV (MeOH) 
λmax (log ε) 218 (3.96), 285 (3.79), 332 (3.68) nm; IR (KBr) νmax 3379, 
3064, 2976, 1684, 1620, 1558, 1482, 1369, 1277, 1165, 1063, 839 
cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 278 [M + Na]+; positive HRESIMS m/z 
278.1165 [M + Na]+ (calcd for C16H17NNaO2, 278.1157). 

Asperfumigatone B (2) obtained as a pale yellow gum; UV (MeOH) 
λmax (log ε) 218 (3.92), 288 (3.68), 335 (3.64) nm; IR (KBr) νmax 3070, 
2982, 1680, 1614, 1543, 1475, 1364, 1284, 1148, 1059, 865 cm− 1; 1H 
NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see Table 1; positive 
ESIMS m/z 292 [M + Na]+; positive HRESIMS m/z 292.1325 [M + Na]+

(calcd for C17H19NNaO2, 292.1313). 
Asperfumigatone C (3) obtained as a pale yellow gum; UV (MeOH) 

λmax (log ε) 218 (3.96), 285 (3.79), 332 (3.68) nm; IR (KBr) νmax 3370, 
3058, 2979, 1682, 1616, 1564, 1473, 1375, 1268, 1182, 1146, 1067, 
816 cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 308 [M + Na]+; positive HRESIMS m/z 
308.1270 [M + Na]+ (calcd for C17H19NaO3, 308.1263). 

Asperfumigatone D (4) obtained as a pale yellow gum; UV (MeOH) 
λmax (log ε) 215 (3.84), 270 (3.63), 318 (3.55) nm; IR (KBr) νmax 3408, 
3374, 3062, 2928, 1686, 1622, 1549, 1468, 1338, 1280, 1169, 1054, 
852 cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 280 [M + Na]+; positive HRESIMS m/z 
280.1318 [M + Na]+ (calcd for C16H19NaO2, 280.1313). 

Asperfumigatone E (5) obtained as a pale yellow gum; UV (MeOH) 
λmax (log ε) 215 (3.87), 272 (3.68), 320 (3.59) nm; IR (KBr) νmax 3408, 
3065, 2972, 1681, 1622, 1560, 1465, 1357, 1286, 1169, 1046, 848 
cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 294 [M + Na]+; positive HRESIMS m/z 
294.1462 [M + Na]+ (calcd for C16H19NNaO, 294.1470). 

Asperfumigatone F (6) obtained as a pale yellow gum; UV (MeOH) 
λmax (log ε) 215 (3.92), 290 (375), 328 (3.59) nm; IR (KBr) νmax 3368, 
3046, 2964, 1684, 1660, 1618, 1536, 1473, 1359, 1264, 1139, 1064, 
804 cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 291 [M + Na]+; positive HRESIMS m/z 
291.1114 [M + Na]+ (calcd for C16H16N2NaO2, 291.1109). 

Asperfumigatone G (7) obtained as a pale yellow gum; UV (MeOH) 

Table 1 
1H and 13C NMR data for compounds 1–3 (in CDCl3, 125 and 500 MHz).  

No. Compound 1 Compound 2 Compound 3 

δC，type δH (m, J, Hz) δC，type δH (m, J, Hz) δC，type δH (m, J, Hz) 

2 121.9, CH 6.93 s 124.3, CH 6.53 s 121.6, CH 6.92 s 
3 112.2, C  112.8, C  111.9, C  
4 122.7, CH 6.86 s 122.5, CH 7.43 s 113.5, CH 6.62 s 
5 115.7, C  115.4, C  116.9, C  
6 153.8, C  154.0, C  146.3, C  
7 98.8, CH 6.54 s 98.8, CH 6.45 s 140.6, C  
8 138.6, C  138.1, C  130.6, C  
9 118.9, C  119.8, C  118.0, C  
10 48.1, CH2 3.63 s 47.9, CH2 3.62 s 47.7, CH2 3.62 s 
11 203.6, C  203.5, C  203.3, C  
12 30.2, CH3 2.15 s 30.3, CH3 2.14 s 30.3, CH3 2.16 s 
13 118.1, CH 6.66 d (9.8) 118.0, CH 6.66 d (9.8) 118.7, CH 6.66 d (9.8) 
14 128.4, CH 5.83 d (9.8) 128.6, CH 5.82 d (9.8) 128.7, CH 5.84 d (9.8) 
15 80.1, C  80.2, C  80.4, C  
16 28.2, CH3 1.55 s 28.2, CH3 1.57 s 28.3, CH3 1.54 s 
17 28.2, CH3 1.55 s 28.2, CH3 1.57 s 28.3, CH3 1.54 s 
1-CH3   33.6, CH3 3.51 s   
NH  8.29 s    8.25 s 
7-OCH3     61.0, CH3 3.83 s  
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λmax (log ε) 215 (3.98), 293 (3.79), 330 (3.62) nm; IR (KBr) νmax 3370, 
3056, 2968, 1682, 1662, 1621, 1543, 1482, 1352, 1269, 1157, 1072, 
829 cm− 1; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), see 
Table 1; positive ESIMS m/z 321 [M + Na]+; positive HRESIMS m/z 
321.1224 [M + Na]+ (calcd for C17H18N2NaO3, 321.1215). 

2.5. Anti-G. Cichoracearum activity assays 

The fungus G. cichoracearum was isolated from a tobacco plant 
exhibiting disease symptoms in a greenhouse located in Kunming, P. R. 
China. Dr. W.L. Yang from the Yunnan Academy of Tobacco Agricultural 
Sciences conducted the morphological identification of the fungus. The 
fungi were cultivated using N. tabacum cv. HD, a commonly cultivated 
tobacco variety in China, as the host plant in a sterile seedling envi-
ronment. Moreover, a batch of sterile seedlings were separately culti-
vated, and 4–5 fully developed tobacco plants with true leaves were 
employed for the antifungal test. 

2.5.1. Investigation of inhibition rate against G. Cichoracearum 
The propagated fungi were collected from tobacco leaves in an ultra- 

clean workbench and diluted in 0.1% Tween-20 aqueous solution to a 
concentration of 1 × 105 conidia/mL of pathogen conidial suspension. 
This pathogen solution was then sprayed onto 4–5 true leaves-stage 
sterile tobacco seedlings, and each plant received 1.0 mL of spray. 
After 6 h, 1.0 mL of the test compound (250 μg/mL, dissolved in a 0.1% 
Tween-20 aqueous solution) was evenly applied to the tobacco leaves 
with a fine brush. The tissue culture bottle cap was then resealed, and 
the tobacco was cultured under a tissue culture lamp. After 7 days, the 
tobacco seedlings were processed, and leaves of similar size and growth 
were selected for assessing the infected area. A 0.1% aqueous solution of 
Tween-20 was used as the negative control, while carbendazim 
(C9H9N3O2, CAS No. 10605–21-7), a commonly used commercial anti-
fungal pesticide for powdery mildew diseases in China, was utilized as 
the positive control. The inhibition rates were calculated using the 
following formula: 

inhibition rate (%) = [(C − T)/C ] × 100% (1)  

where C is the (average infected spots area)/(total leaf area) of negative 
control, T is the (infected spots area of the treatment)/(total leaf area). 
All results are presented as the mean of three parallel treatments. 

2.5.2. Investigation of protection activities against G. Cichoracearum 
For the protective effects assay, sterile tobacco seedlings were 

planted by potting, and 250 μg/mL of the tested compounds and car-
bendazim (dissolved in 0.1% of Tween-20 aqueous, 1.0 mL) were evenly 
smeared on the whole leaves of 4–5 true leaves-stage tobacco plants as 
the treatment, and 0.1% of Tween-20 aqueous solution was used as the 
negative control. After 24 h, 1.0 mL of the pathogen solutions (1 × 105 

conidia/mL) were sprayed onto the whole leaves of the pre-treated to-
bacco plants. After 7 days, the tobacco seedlings were selected to count 
the infected spots area. The inhibition rate was calculated by formula I. 
All results are expressed as the average of three parallel treatments. 

2.5.3. Investigation of curative activities against G. Cichoracearum 
In curative effects assay, sterile tobacco seedlings were planted by 

potting. The tobaccos with similar levels of powdery mildew infection 
were selected for the experiment. 1.0 mL of the test compound at a 
concentration of 250 μg/mL (dissolved in a 0.1% Tween-20 aqueous 
solution) was evenly applied to the entire leaf surface of tobacco plants, 
with a 0.1% Tween-20 aqueous solution used as a negative control. The 
remissions of the disease were observed on days 1, 3, 5, and 7, and the 
efficacy was recorded by taking pictures. 

2.6. Spore observation 

The pretreatment process for the tobacco plants followed the same 
steps as described for the curative effects assay in section 2.5.3. The 
conidiospores of G. cichoracearum were observed on day 7. The con-
idiospores of G. cichoracearum were carefully collected from the surfaces 
of leaves using transparent tape. Subsequently, these conidiospores were 
carefully placed onto microscope slides for further examination and 
observation. Examination and photography of the slides were conducted 
using a fluorescence biological microscope (Olympus CX33, Tokyo, 
Japan) at 100× lmagnification (10 × 10). 

2.7. Paraffin section 

The pretreatment process for tobacco plants was identical to that 
described in section 2.5.3. The paraffin sections of leaves were observed 
on day 7. Permanent slices of leaves from various treatments were 
prepared using the paraffin sectioning method. Briefly, leaves were cut 
into 2 mm × 3 mm samples and fixed in FAA fixation solution (95% 
ethanol, purified water, formaldehyde, glacial acetic acid, V/V/V/V =
10,7:2:1). The samples were then dehydrated using a 75%–100% 
ethanol gradient, cleared with xylene, impregnated with wax, 
embedded, sectioned, dewaxed, and stained with safranin and fast green 
staining solutions to make permanent sections. For sectioning, a semi- 
automatic rotary microtome (Leica RM2255, Europe) was used to ach-
ieve a thickness of 8 μm. Microscopic examination was conducted using 
a fluorescence biological microscope (Olympus CX33, Tokyo, Japan) at 
200× magnification (10 × 20). 

2.8. Defense enzyme activities assay 

The enzymatic activities of phenylalanine ammonia lyase (PAL), 
peroxidase (POD), polyphenol oxidase (PPO), superoxide dismutase 
(SOD), catalase (CAT), and ascorbate peroxidase (APX) were assessed 
using assay reagent kits (Jiancheng Bioengineering Research Institute, 
Nanjing, P.R. China), following the manufacturer's instructions. The 
protocols used in the study also refer to the previous description (Hu 
et al., 2022). The host plants used in this experiment were N. tabacum cv. 
HD plants. Spray 1.0 mL of a spore suspension with a concentration of 1 
× 105 conidia/mL onto sterile seedlings. Following a 24 h infection 
period with G. cichoracearum, the tobacco leaves were treated with a 
spray solution containing 250 μg/mL of the tested compounds (1.0 mL). 
Healthy tobacco was denoted as mock, treated with G. cichoracearum in 
a 0.1% Tween-20 aqueous solution as the negative control (T + G), 
treated with carbendazim as the positive control (C + G), with groups 7 
(7 + G) and 9 (9 + G) serving as the treatment groups. The leaves were 
then collected on days 1, 3, 5, and 7, and the activities of the afore-
mentioned enzymes were measured. 

2.9. Analysis of SA, JA, MDA, and CHL content 

The levels of salicylic acid (SA), jasmonic acid (JA), malondialde-
hyde (MDA), and chlorophyll (CHL) were measured using assay reagent 
kits for SA, JA, MDA, and CHL (Comin Bioengineering Institute, Suzhou, 
P.R. China), following the manufacturer's instructions. The pre- 
treatment process was the same as described in 2.8. Subsequently, the 
contents of SA, JA, MDA and CHL in leaves on days 1, 3, 5 and 7 were 
evaluated. The CHL contents were quantified as the sum of chlorophyll-a 
and chlorophyll-b. 

2.10. Quantitative real-time PCR analysis of defense-related genes 

Quantitative real-time PCR (qRT-PCR) analysis of defense related 
genes (PR-1, PR-5, PAL and Chit-1) in this part was carried out according 
to the reported methods (Yan et al., 2022). The pre-treatment process 
was the same as described in 2.8. To perform qRT-PCR analysis of 
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defense-related genes, total RNA was extracted from 0.3 g of tobacco 
leaves (fresh weight) using the RNA Easy kit from TianGen Biotech Co., 
Ltd., Beijing, P.R. China, following the instructions provided by the 
manufacturer. The purified RNA was subjected to reverse transcription 
using oligo (dT) primers and SuperScript III Reverse Transcriptase 
(Invitrogen) according to the manufacturer's instructions. To quantify 
the expression levels of PR-1, PR-5, PAL, and Chit-1, qRT-PCR was 
conducted using the TaKaRa SYBR Premix Ex Taq kit on the ABI PRISM 
7500 system (Applied Biosystems). 

2.11. Molecular docking 

Tubulin from G. cichoracearum was used as the target for molecular 
docking calculations using AutoDock Vina software. The protein 
sequence was obtained from the NCBI database (GenBank: RKF84170.1) 
following the previously described method (Sachse et al., 2007). The 
construction of the 3D protein structures utilized homology modeling 
with Modeller 10.1, while Chem3D was employed for the generation of 
the ligand structures. To facilitate molecular docking calculations, the 
proteins and ligands were prepared in accordance with the AutoDock 
protocol, resulting in the generation of pdbqt files. The docking grid, 
sized 40 Å * 40 Å * 40 Å, was designated as the receptor binding site. The 
grid spacing values were modified to 0.375 Å, and Gasteiger atomic 
partial charges were allocated to all ligands under investigation. 

3. Results and discussion 

3.1. Structure elucidation 

In our continuous exploration of the microorganisms derived from 
N. tabacum, the EtOAc extract acquired from the fermentation of 
A. fumigatus 0338 was fractionated by repeated CC including silica gel 
and semi-preparative HPLC to yield seven undescribed indole alkaloid 
derivatives (1–7) along with seven previously known analogs (8–14). 
The structures of these compounds are displayed in Fig. 1, the 1H and 13C 
NMR data for novel compounds are listed in Tables 1–3. Comparison of 
the 1H and 13C NMR data with those previous literature, the known 
isolates were ascertained as 1-(6-methoxy-5-prenyl-1H-indol-3-yl)- 
propan-2-one (8) (Ma et al., 2023), 9-methoxyolivacine (9) (Schmidt 
et al., 2018), psammocindoles B (10) (Kwon et al., 2021), dilemmaone B 
(11) (Beukes et al., 1998), 3-acetonylidene-7-prenylindolin-2-one (12) 
(Zhang et al., 2014), 3-prenyl-5-(3-keto-but-1-enyl)-indole (13) (Fuji-
moto et al., 2021) and bruceolline H (14) (Chen et al., 2011). 

Compound 1 was isolated as a pale yellow gum, and its molecular 

formula was established as C16H17NO2 by positive HRESIMS, implying 
an index of hydrogen deficiency of nine. The IR spectrum displayed 
peaks at 3379 cm− 1 (amino group), 1684 cm− 1 (carbonyl), and 1620, 
1558, 1482 cm− 1 (aromatic ring). Detailed analysis of the 1D NMR, 
DEPT and HSQC spectra, revealed the presence of a carbonyl carbon, an 
oxygenated sp3 quaternary carbon, five nonprotonated aromatic car-
bons, five methines, a methylene and three methyls carbon. The HMBC 
correlations (Fig. 2) of H-2 (δH 6.93, s) with C-3/C-8/C-9, H-4 (δH 6.86, 
s) with C-3/C-5/C-6/C-8/C-9/C-13, H-7 (δH 6.54, s) with C-5/C-6/C-8/ 
C-9, H-13 (δH 6.66, d, J = 9.8 Hz) with C-4/C-5/C-6/C-14/C-15, H-14 
(δH 5.82, d, J = 9.8 Hz) with C-5/C-13/C-15, NH (δH 8.29, s) with C-2/C- 
3/C-8/C-9 allowed the elucidation of the basic structure of 1, similar to 
previously described compounds (Li et al., 2019). Since the indole 
skeleton was determined, the positions of remaining substituents also 
can be determined by further analysis of its HMBC data (Fig. 2). The 
existence of 2-oxopropyl part was clearly indicated by the HMBC cor-
relations of H2-10 (δH 3.63, s) with C-11/C-12, and H3-12 (δH 2.15, s) 
with C-10/C-11 and this part located to C-3 due to the HMBC correla-
tions of H2–10 with C-2/C-3/C-9. Further HMBC correlations of H3-16 
and H3-17 with C-14/C-15 supported the attachment of these two 
methyls to C-15. Thus, compound 1 was clarified as shown and named 
asperfumigatone A. 

Asperfumigatones B and C (compounds 2 and 3) were acquired as 
pale yellow gum. The molecular formulas of 2 and 3 were found to be 
C17H19NO2 and C17H19NO3 by HRESIMS, respectively. Compounds 1–3 
have an identical index of hydrogen deficiency, similar UV, IR, and NMR 
data suggested that above compounds are analogues. Detailed analysis 
of the NMR spectroscopic data (Table 1) revealed that 2 has nearly the 
same structure as 1, differing only by the replacement of the hydrogen at 
N-1 with a methyl (δH 3.51, s; δC 33.6). This observation was deduced 
from the HMBC correlations (Fig. 2) of H3-1-CH3 with C-2/C-8. The 
deshielded resonance of C-7 (δC 140.6) suggested that it was oxygenated, 
and the HMBC correlations of H3-7-OCH3 with C-7, supported methoxy 
substitution (δH 3.83, s; δC 61.0) at C-7 in 3. Thus, the structures of 
asperfumigatones B and C were determined as shown. 

Table 2 
1H and 13C NMR data for compounds 4–5 (in CDCl3, 125 and 500 MHz).  

No. Compound 4 Compound 5 

δC，type δH (m, J, Hz) δC，type δH (m, J, Hz) 

2 121.3, CH 6.80 s 124.7, CH 6.58 s 
3 116.2, C  116.8, C  
4 121.2, CH 6.90 s 121.3, CH 7.14 s 
5 119.8, C  119.6, C  
6 151.3, C  151.2, C  
7 100.7, CH 6.55 s 100.4, CH 6.42 s 
8 136.9, C  135.4, C  
9 120.2, C  120.9, C  
10 48.2, CH2 3.66 s 48.1, CH2 3.66 s 
11 203.3, C  203.5, C  
12 30.5, CH3 2.13 s 30.3, CH3 2.15 s 
13 26.9, CH2 3.29 d (7.6) 27.1, CH2 3.31 d (7.6) 
14 123.7, CH 5.42 t (7.6) 123.7, CH 5.42 t 
15 132.6, C  132.9, C  
16 17.7, CH3 1.78 s 17.6, CH3 1.79 s 
17 25.8, CH3 1.88 s 25.7, CH3 1.89 s 
NH  8.23, br s   
6-OH  10.27, br s  10.24, br s 
1-CH3   33.9, CH3 3.54 s  

Table 3 
1H and 13C NMR data for compounds 6–7 (in CDCl3, 125 and 500 MHz).  

No. Compound 6 Compound 7 

δC，type δH (m, J, Hz) δC，type δH (m, J, Hz) 

2 121.9, CH 6.83 s 121.2, CH 6.84 s 
3 116.2, C  116.3, C  
4 119.2, CH 7.48 s 112.5, CH 7.14 s 
5 123.7, C  126.9, C  
6 124.9, C  110.6, C  
7 112.5, CH 6.96 s 144.9, C  
8 140.1, C  132.6, C  
9 125.3, C  128.6, C  
10 48.4, CH2 3.64 s 48.1, C 3.63 s 
11 203.5, C  203.3, CH3  

12 30.6, CH3 2.13 s 30.5, CH3 2.14 s 
13 168.5, C  168.2, C  
14 131.8, CH 6.45 s 131.3, CH 6.45 s 
15 133.6, C  133.8, C  
16 53.8, CH2 4.55 d (5.4) 53.6, CH2 4.55 d (5.4) 
17 19.8, CH3 1.82 s 19.7, CH3 1.83 s 
NH  8.47 s  8.45 br s 
NH  5.61 t (5.4)  5.60 t 
-OCH3   60.2 3.85 s  

Fig. 2. Key HMBC correlations of compounds 1, 4 and 6.  
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Asperfumigatone D (4), isolated as a pale yellow gum, had a mo-
lecular formula of C16H19NO2 obtained by HRESIMS spectrum, reflect-
ing nine degrees of unsaturation. The 1H, 13C NMR, DEPT and HSQC 
spectra indicated the presence of three methyl groups CH3-12 (δH 2.13, s; 
δC 30.5), CH3-16 (δH 1.78, s; δC 17.7) and CH3-17 (δH 1.88, s; δC 25.8), 
two methylene groups CH2-10 (δH 3.66, s; δC 48.2) and CH2-13 (δH 3.29, 
d, J = 7.6 Hz; δC 26.9), four aromatic methine groups CH-2 (δH 6.80, s; δC 
121.3), CH-4 (δH 6.90, s; δC 121.1), CH-7 (δH 6.55, s; δC 100.7) and CH- 
14 (δH 5.42, t, J = 7.6 Hz; δC 123.7), six aromatic quaternary carbons C- 
3/5/6/8/9/15 (δC 116.8/119.8/151.3/136.9/120.2/132.6), a carbonyl 
carbon C-11 (δC 203.3) and two exchangeable protons 1-NH (δH 8.23, br 
s) and 6-OH (δH 10.27, br s) (Table 2). The HMBC correlations of NH 
with C-2/C-3/C-8/C-9, H-2 with C-3/C-8/C-9/C-10, H-4 with C-3/C-5/ 
C-6/C-8/C-9, H-7 with C-5/C-6/C-8/C-9, H2-10 with C-2/C-3/C-9/C- 
11/C-12, H3-12 with C-10/C-11 (Fig. 2) indicated that the presence of a 
3-oxopropyl-5,6-trisubstituted-indole skeleton in compound 4. In addi-
tion, the HMBC correlations (Fig. 2) of H2-13 with C-4/C-5/C-6/C-14/C- 
15, H-14 with C-5/C-13/C-15/C-16/C-17, H3-16 with C-14/C-15/C-17 
and H3-17 with C-14/C-15/C-16 supported that there is a prenyl group 
at C-5. The hydroxyl substituent at C-6 were deduced through the HMBC 
correlations of active proton at δH 10.27 with C-5/C-6/C-7. Taken 
together, the structure of 4 was confirmed and its structural features 
were highly similar to those of previously described (Ma et al., 2023). 

Asperfumigatone E (5) was isolated as a pale yellow gum, providing 
a molecular formula of C17H21NO2, with a molecular mass 14 Da more 
than that of 4, same degrees of unsaturation as 4. And the UV, IR and 
NMR spectra of 5 were highly similar to those of 4. Comparison of the 1H 
and 13C NMR spectra between 4 and 5 revealed that the amino proton in 
4 was substituted by a methyl group (δH 3.54, s; δC 33.9) in 5 (Table 2). 
This was confirmed by the HMBC correlations of H3-1-CH3 with C-2/C-8 
(Fig. 2). Ultimately, compound 5 was identified. 

Asperfumigatone F (6) was purified as a pale yellow gum, with a 
molecular formula of C16H16N2O, indicating 10 degrees of unsaturation. 
Detailed analysis of its 1H NMR, 13C NMR, DEPT, and HSQC spectra 
revealed the presence of two methyl groups, two methylene groups, four 
methine groups, eight aromatic quaternary carbons (including a 
carbonyl carbon and one amide carbon), as well as two active protons. 
The HMBC correlations of NH (δH 8.47, br s) with C-2/C-3/C-8/C-9, H-2 
(δH 6.83, s) with C-3/C-8/C-9/C-10, H-4 (δH 7.48, s) with C-3/C-5/C-6/ 
C-8/C-9, H-7 (δH 6.96, s) with C-5/C-6/C-8/C-9, H2-10 (δH 3.64, s) with 
C-2/C-3/C-9/C-11/C-12, and H3-12 (δH 2.13, s) with C-10/C-11 (Fig. 2), 
indicated that the presence of a 3-oxopropyl-5,6-trisubstituted indole 
moiety within compound 6 same as 4. Accounting for three remaining 
degrees of unsaturation, except for one carbonyl and two olefinic car-
bons, implied the existence of an additional ring in the structure. Further 
HMBC correlations of NH (δH 5.61, s) with C-5/C-13/C-15/C-16, H-14 
(δH 6.45, s) with C-5/C-6/C-7/C-15/C-16/C-17, H2-16 (δH 4.55, d, J =
5.4 Hz) with C-13/C-14/C-15/C-17, H3-17 (δH 1.82, s) with C-14/C-15/ 
C-16, H-4 with C-13 and H-7 with C-14 indicated the presence of a 
methyl-substituted lactam seven-member ring fused to positions C-5 and 
C-6 of the indole ring as depicted in Fig. 2. Thus, compound 6 was 
established. 

Compound 7, a pale yellow gum, has a molecular formula of 
C17H18N2O3 and the same number of degrees of unsaturation as 6. The 
NMR spectra of the two compounds are highly similar (Table 3), with the 
exception of lacking an aromatic proton δH 6.96 (s) in 6, and exhibiting a 
methoxy signal δH 3.85 (s), δC 60.2 in 7. This can be inferred from the 
HMBC correlation of the methoxy hydrogen at δH 3.85 with C-7 (Fig. 2) 
and downfield shift of the chemical shift at C-7 from 112.5 to 144.9. 
Therefore, the structure of 7 was determined and named asperfumiga-
tone G. 

3.2. Determination of inhibition, protection, and curative activities of 
compounds 1–14 

Considering that indole alkaloids have significant inhibitory effects 

on fungi (Liu et al., 2020b) and that the fungus G. cichoracearum is the 
main pathogen of tobacco powdery mildew (Guo et al., 2023; Liu et al., 
2016), we evaluated the efficacy of compounds 1–14 on 
G. cichoracearum. The antifungal activity was tested according to 
method described in previous studies (Quaglia et al., 2012; Wang et al., 
2012a). The results revealed that compounds 7 and 9 demonstrated 
obvious anti-G. cichoracearum activities with an inhibition rate of 82.6% 
± 5.6 and 85.2% ± 5.7, respectively. As shown in Table 4, the inhibition 
rates of compounds 7 and 9 against G. cichoracearum were higher than 
that of carbendazim (78.6% ± 6.1). Moreover, compared to the negative 
control (Fig. S21), compounds 1–14 exhibited significant antifungal 
activities against G. cichoracearum, with inhibition rates ranging from 
35.7% ± 5.6 to 85.2% ± 5.7. 

Considering those compounds 6, 7, 9, 12 and 14 had significant 
inhibitory rates above 60%, the protective effects of these compounds 
against G. cichoracearum were also evaluated. According to the data 
presented in Table 5 and Fig. S22, compound 9 (250 μg/mL) exhibited a 
superior protective effect with an inhibition rate of 85.4% ± 6.0, which 
was stronger than that of carbendazim (82.3% ± 6.2) at the same con-
centration. The protective effect of compound 7 was comparable to 
carbendazim, with inhibition rate of 82.2% ± 6.4. In comparison to the 
negative control, compounds 6, 12, and 14 exhibited notable effects on 
N. tabacum cv. HD plants infected with G. cichoracearum (Fig. S22). 
These findings indicate that preconditioning host plants with com-
pounds 7 and 9 can significantly enhance their resistance to 
G. cichoracearum infection. 

From these results, compounds 7 and 9 had the strongest inhibition 
rates and protective effects on G. cichoracearum, and their curative ef-
fects were also tested on N. tabacum cv. HD. As depicted in the Fig. 3, the 
negative control group showed significant lesions and stunted leaf 
growth after G. cichoracearum infected. However, after treatment with 
compounds 7, 9 and carbendazim (250 μg/mL), there was a noticeable 
reduction in the number of lesions, and the leaves grew more normally, 
exhibiting significantly better vigor than the negative control group. 
Upon close examination of the leaf surface, the number of lesions 
decreased sequentially for compounds 7, 9, and carbendazim during the 
same period. These research findings indicate that compounds 7 and 9 
have effective therapeutic action against powdery mildew, with 9 being 
superior, exceeding the positive control's performance. 

3.3. Observation of spores on leaf surface 

Based on the previous studies, compound 9 exhibited the highest 
level of activity, suggesting its significant role in inhibition and curative 
effects, as well as its potential to induce plant resistances. Therefore, we 
conducted microscopic observations of G. cichoracearum on the leaf 
surface. The result showed that within 24 h of being sprayed with 250 
μg/mL of compound 9 (Fig. 4b), the majority of the conidiospores 
exhibited significant shrinkage, and the internal structures of the spores 

Table 4 
Inhibitory effects of compounds 1–14 on G. cichoracearum in tobacco leaves 
(250 μg/mL).  

No. Inhibition rates (%) No. Inhibition rates (%) 

1 48.2 ± 6.0efg 9 85.2 ± 5.7a 

2 35.7 ± 5.6h 10 52.6 ± 5.9defg 

3 53.6 ± 6.2defg 11 49.4 ± 6.0defg 

4 42.8 ± 5.8gh 12 60.2 ± 5.7bcd 

5 46.5 ± 5.2fg 13 55.4 ± 5.5cdef 

6 68.4 ± 6.0b 14 65.4 ± 5.2bc 

7 82.6 ± 5.6a carbendazim 78.6 ± 6.1a 

8 58.9 ± 6.0bcde   

Note: Different lowercase letters in the same column indicate significant dif-
ferences among various compounds at the 0.05 level, as determined by Duncan's 
multiple range test. The means ± standard deviations (SDs) of the data were 
obtained from three replicates and are presented. 
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were noticeably distorted. By day 7 (Fig. 4c), the conidiospores had 
undergone further shrinkage and deformation, making normal spores 
almost indiscernible. These observations suggest that compound 9 can 
directly target and affect the conidiospores of G. cichoracearum. 

3.4. Observation of leaf transverse section 

To assess the impact of compound 9 on the tissue structure of tobacco 
leaves infected with G. cichoracearum, we employed paraffin sectioning 
techniques. This technique allowed us to observe any changes occurring 
in the tissue structure following the application of compound 9 (250 μg/ 
mL). In healthy tobacco leaves, prior to inoculation with 
G. cichoracearum, the cells were plump and closely arranged, with clear 
boundaries delineating the tissue structure. Within the leaf, two types of 
mesophyll cells were present: elongated palisade histiocytes and ovoid 
spongy histiocytes, each with distinctive structural characteristics 
(Fig. 5a). Typically arranged in one or two layers, the palisade cells 
formed a neat fence-like pattern on the adaxial surface of the leaves, 
with minimal intercellular gaps. However, on day 7 after infection 
without treatment with 9, the palisade cells displayed deformations, 
accompanied by an increase in intercellular space. Furthermore, the 
distinct boundary between the palisade cells and the spongy tissue 
became less clear. As the pathogenic hyphae continued to spread, the 
structure of the palisade cells transformed from oblong-shaped cells to 
multiple elongated and twisted cells (Fig. 5b). In contrast, on day 7 after 

Table 5 
Protective effects of compounds 6, 7, 9, 12 and 14 against 
G. cichoracearum on tobacco leaves (250 μg/mL).  

No. Protective effects (%) 

6 68.8 ± 5.6b 

7 82.2 ± 6.4a 

9 85.4 ± 6.0a 

12 56.8 ± 6.0c 

14 60.2 ± 5.6bc 

carbendazim 82.3 ± 6.2a 

Note: Different lowercase letters in the same column indicate 
significant differences among various compounds at the 0.05 
level, as determined by Duncan's multiple range test. The 
means ± standard deviations (SDs) of the data were obtained 
from three replicates and are presented. 

Fig. 3. Curative effects of compounds 7, 9, and carbendazim (250 μg/mL) on infected N. tabacum cv. HD on days 3 (up) and 7 (down). a and e, treatment with 0.1% 
Tween-20 aqueous solution (negative control); b and f, treatment with compound 7; c and g, treatment with compound 9; d and h, treatment with carbendazim. 

Fig. 4. Effects of compound 9 (250 μg/mL) on the conidiospores of G. cichoracearum observed under a microscope. a–c: 100×; a: treatment with 0.1% Tween-20 
aqueous solution (negative control); b: treatment with 9 on day 1; c: treatment with 9 on day 7. 
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treatment with 250 μg/mL of 9 (Fig. 5c), the tissue structure of the 
leaves appeared more compact, and the overall tissue morphology began 
to gradually resemble that of healthy leaves once again. The palisade 
tissue exhibited a neat and tight arrangement, while the spongy tissue 
was close to the palisade tissue, with a clear structural boundary. 
Notably, the thickness and regular arrangement of both the palisade and 
spongy tissues significantly increased after treatment with 9. This 
enhancement in tissue characteristics contributes to a strengthened 
resistance against the pathogens. 

3.5. Effects of compounds 7 and 9 on defense-related enzyme activities 

Considering the significant correlation between activities of defense 
enzymes and plant resistance (Dietz et al., 2016; Liu et al., 2020a), we 
analyzed the activities of six enzymes in tobacco leaves treated with 
compounds 7 and 9. As shown in Fig. 6, enzyme activities of the mock 
group were lower than those observed in the T + G, C + G, 7 + G, and 9 
+ G groups. It is worth noting that after treatment with compounds 7 or 
9, the changes of PAL, CAT and APX were more pronounced, while the 
changes of SOD, POD and PPO were not obvious. In Fig. 6b, the PAL 
activities in the 7 + G and 9 + G groups on day 3 were the highest. 
Specifically, PAL activity in the 7 + G group was 2.62-fold higher than 
the mock, 2.0-fold higher than the T + G, and 1.74-fold higher than the 
C + G. The 9 + G group was 2.77-fold higher than the mock, 2.11-fold 
higher than the T + G, and 1.85-fold higher than the C + G. PAL is 
involved in the phenylpropanoid metabolism pathway, converting 
phenylpropanoids into cinnamic acid and producing SA to defend 
against pathogens. Thus, an increase in PAL enzyme activity may 
enhance plant resistance (Dietz et al., 2016; Liu et al., 2020a). Inter-
estingly, the activity of CAT also reached its maximum on day 3 after 
treatment. The activity of CAT significantly increased after tobacco 
plants were infected with fungi. However, a significant decrease in CAT 
activity was observed in Fig. 6e when compared to the T + G group. CAT 
is widely present in plants and can eliminate H2O2, which is toxic to 
plants during metabolic processes. These findings indicate the impor-
tance of a significant decrease in CAT activity to maintain a balanced 
concentration of ROS, thereby improving resistance when tobacco is 
infected with powdery mildew. In Fig. 6f, a noticeable increase in APX 
activity was observed from day 1 to day 5 in both the 7 + G and 9 + G 
groups. The 7 + G group was 1.40 times higher than the T + G group and 
the 9 +G group was 1.45 times higher. APX is critical in clearing H2O2 in 
plants, especially within chloroplasts. Under stress, APX can rapidly 
remove excess hydrogen peroxide from cells, reducing the damage from 
ROS to plant cells (Yan et al., 2016). Therefore, an increase in APX 
enzyme activity may enhance plant resistance. In addition, the expres-
sion of PPO was enhanced in the C + G, 7 + G, and 9 + G groups on day 
7. PPO can create a protective film by catalyzing the synthesis of lignin 
and quinone components, protect cells from pathogens, and play a direct 
role in disease resistance (Zhao et al., 2017). The above defense enzymes 
such as PAL, CAT, APX and PPO play an important role in plant disease 

resistance. The activity of these defense enzymes directly affects the 
strength of plant disease resistance. 

3.6. Effects of compounds 7 and 9 on plant signaling element content 

JA and SA are key signaling molecules associated with plant resis-
tance (Amil-Ruiz et al., 2016; Yang et al., 2018). Because PAL can induce 
SA and JA in tobacco plants, the contents of SA and JA were determined. 
SA is known to activate the SAR response in plants (Lim et al., 2016; 
Peng et al., 2021; Rienth et al., 2019). The results (Fig. 7a and Fig. 7b) 
revealed that after being treated with carbendazim, compounds 7 and 9 
(250 μg/mL), the accumulation of SA and JA in tobacco plants 
increased. The change in SA content was more pronounced than in JA 
content. In the group treated with carbendazim and 7, the SA content 
reached their highest level on day 5. In the group treated with 9, the SA 
content peaked on day 3 and gradually decreased from day 3 to day 7. 
Notably, the changes in SA content in the 7 + G and 9 + G treatment 
groups showed a more favorable trend compared to the carbendazim 
treatment group (C + G) (Fig. 7a). These findings indicate that com-
pounds 7 and 9 can reduce the degree of plant damage caused by 
G. cichoracearum infection in tobacco leaves. 

MDA is an important indicator that reflects the level and degree of 
cell membrane peroxidation, serving as a measure of the plant's stress 
tolerance (Möller et al., 2020). Plants treated with disease-resistant 
substances produce a protective effect by inhibiting the growth of 
MDA in the plants. Hence, the contents of MDA were analyzed. In 
Fig. 7c, the changes in the mock group were not significant, while the 
MDA content in the T + G group showed an increasing trend. Compared 
with the T + G group, the MDA content in the 7 + G and 9 + G groups 
was significantly reduced and showed superior results compared to the 
C + G group. Therefore, pre-treatment with compounds 7 and 9 (250 μg/ 
mL) can significantly inhibit the increase of MDA content and enhance 
plant disease resistance. 

Additionaly, chlorophyll (CHL) is a key factor in plant photosyn-
thesis, providing energy for plant growth (Fujimoto et al., 2021; Kim 
et al., 2021). As shown in Fig. 7d, after inoculation with 
G. cichoracearum (the T + G group), the chlorophyll content of the plant 
gradually decreased from day 1 to day 7. However, after treatment with 
carbendazim, compounds 7 and 9 (250 μg/mL), the chlorophyll content 
gradually increased. These results indicate that treatment with carben-
dazim, compounds 7 and 9 can enhance plant's photosynthetic capacity 
and resistance, and compounds 7 and 9 were better than carbendazim. 

3.7. Effects of compounds 7 and 9 on defense-related genes 

In plants, fungus resistance is closely related to the expression of 
defense gene. PAL gene is closely linked to the phenylpropanoid meta-
bolism pathway and powdery mildew resistance (Singh et al., 2019). 
Chit-1 plays a crucial role in the plant defense system, producing chiti-
nase to efficiently break down the chitin constituents in the cell walls of 

Fig. 5. Changes in tissue structure of infected N. tabacum cv. HD leaves after treatment with compound 9 (250 μg/mL). a–c: 200×; a: healthy tobacco; b: on day 7 
without treatment with 9; c: on day 7 treatment with 9. 
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higher fungi. This action effectively hampers and eliminates diverse 
plant pathogens (Dong et al., 2017). PR-1 and PR-5 are genes that serve 
as markers for SAR in plants. These two genes play a crucial role in 
pathogen defense by actively attacking pathogens, breaking down cell 
walls, and degrading pathogenic toxins (Guo et al., 2020a). Therefore, 
we analyzed the expression of the above genes in tobacco leaves (Fig. 8). 
In the mock and T + G groups, gene expression was relatively stable. In 
the C + G group, the expressions of PAL and PR-1 were markedly up- 

regulated and reached the peak on day 5. However, after treatment 
with compounds 7 or 9, the expression levels of PAL, Chit-1, PR-1, and 
PR-5 were significantly upregulated. After treatment with 7, the 
expression levels of PAL and PR-1 reached their peak on day 5, while 
Chit-1 and PR-5 reached their peak on day 3. In the 9 + G group, the 
expression levels of PAL, Chit-1, PR-1, and PR-5 were highest on day 3. 
This study demonstrates a strong correlation between fungus resistance 
and the upregulation of key defense genes in tobacco plants. Expression 

Fig. 6. Activities of SOD (a), PAL (b), POD (c), PPO (d), CAT (e) and APX (f) in tobacco leaves treated with 250 μg/mL of carbendazim, compounds 7 and 9. Mock: 
healthy tobacco; T + G: G. cichoracearum in 0.1% of Tween-20 solution (negative control); C + G: treatment with carbendazim; 7 + G: treatment with 7; 9 + G: 
treatment with 9. All results were expressed as the average value of three measurements for all group. 
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of these genes was markedly increased upon treatment with antifungal 
compounds 7 and 9, highlighting the compounds' effectiveness in trig-
gering plant defense mechanisms against pathogenic fungi. 

3.8. Molecular docking 

Previous studies have demonstrated that the activity of fungicides 
against powdery mildew can be evaluated by the binding interaction 
between the compound and the tubulin of G. cichoracearum (Obydennov 
et al., 2021; Pathak et al., 2020). Molecular docking was conducted 
between compounds 1–14 and tubulin to further understand their 
binding modes. The docking analysis of 9 was depicted in Fig. 9 and the 
docking results of compounds 1–8 and 10–14 was displayed in Addi-
tional materials (Fig. S23). These compounds demonstrated strong in-
teractions with the catalytic pocket of tubulin, which is essential for 
inhibiting G. cichoracearum activity. In terms of the structure-activity 
relationship, the indole parent nucleus in the structures of compounds 
1–14 can form π–π stacking interactions with Phe257. In addition, the 
-NH- moiety of compound 1 forms a hydrogen bond with ILe240. The 
core structure of compound 2 lost this hydrogen bond, and conse-
quently, its potency decreased. Compared to compound 1, the in-
teractions formed by compounds 3–5 are similar, but 3 is relatively 
rigid, which results in lower binding entropy and thus greater activity 
than that of compounds 4 and 5. Furthermore, the interactions formed 
by compounds 6 and 7 are similar, but the presence of methoxy group in 

compound 7 enhances the hydrophobic interaction formed with 
Phe257, resulting in increased activity. The isopentenyl group in com-
pound 8 may form hydrophobic bonds with Leu261 and Leu169, 
rendering it more active than compound 1. Compound 9 forms addi-
tional π–π stacking interactions with Phe204 and Phe257, so the activity 
is the best. At the same time, compound 9 also showed the highest in-
hibition rate, protection effect and therapeutic effect in vivo antifungal 
experiments (Tables 4 and 5). Compounds 10 and 11 form hydrogen 
bonds with ILe240 and π–π stacking with Phe257, exhibiting activity 
similar to that of compound 1. Compounds 12–14 were observed to form 
hydrogen bonds with ILe240 and engage in π–π stacking interactions 
with Phe257, and their side chains formed more hydrophobic in-
teractions. These structural features suggest that compounds 12–14 
might have enhanced activities compared to compound 1. Docking re-
sults mentioned above were in agreement with the findings of the in vivo 
antifungal experiments (Tables 4 and 5). These results indicated that the 
indole nucleus has the capability to interact with tubulin protein. 
Additionally, in conjunction with the results of the activity tests (Ta-
bles 4 and 5), it seems that compounds with the parent structures of 6, 7, 
and 9 exhibit substantial anti-G. cichoracearum activity. Specifically, the 
presence of a methoxy substitute in compound 7 appears to enhance its 
effectiveness. We proposed the structure-activity relationship of these 
compounds in natural products as a useful guide for developing new 
inhibitors of fungal activity. 

Fig. 7. Effects of 250 μg/mL of carbendazim, compounds 7 and 9 on the accumulation of SA (a), JA (b), MDA (c), and CHL (d) in tobacco leaves. Mock: healthy 
tobacco; T + G: G. cichoracearum in 0.1% of Tween-20 solution (negative control); C + G: treatment with carbendazim; 7 + G: treatment with 7; 9 + G: treatment 
with 9. All results were expressed as the average value of three measurements for all group. 
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4. Conclusion 

Consequently, a total of 14 indole alkaloid derivatives were isolated 
from the fermented extract of A. fumigatus 0338. To our knowledge, 
compounds 1–3 represent rare linearly fused 6/6/5 tricyclic prenylated 
indole alkaloid. Isopentenyl substitutions at the 5-position found in 
compounds 4 and 5 are also uncommon. Compounds 6 and 7 feature 
novel indole alkaloid derivative skeletons. 

The results of the anti-G. cichoracearum activity experiment showed 
that all compounds exhibited some level of activity, with compounds 7 

and 9 showing the best results in terms of inhibition rate, protective 
effect, and curative effect. Observations of changes in the spores of 
G. cichoracearum on the leaf surface and leaf tissue structure after 
treatment with compound 9 revealed that it could directly target and 
destroy the spores of the G. cichoracearum, as well as restore leaf tissue 
characteristics to enhance plant resistance to pathogens. Additionally, 
compounds 7 and 9 could induce the activity of several defense-related 
enzymes (PAL, CAT and APX), plant hormones (SA, JA, MDA and CHL), 
and upregulate the expression of defense-related genes in tobacco leaves 
infected with powdery mildew, thereby stimulating SAR in plants and 

Fig. 8. Changes of transcriptional levels of PR-1 (a), PR-5 (b), PAL (c), and Chit-1 (d) gene in tobacco leaves treated with 250 μg/mL of carbendazim, compounds 7 
and 9. Mock: healthy tobacco; T + G: G. cichoracearum in 0.1% of Tween-20 solution (negative control); C + G: treatment with carbendazim; 7 + G: treatment with 7; 
9 + G: treatment with 9. All results were expressed as the average value of three measurements for all group. 

Fig. 9. Binding modes of compound 9 with tubulin (G. cichoracearum) protein. Key residues are represented as stick models; hydrogen bonds are depicted as dotted 
yellow lines and π–π stacking interaction is depicted as dotted blue line. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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enhancing their disease resistance capabilities. Molecular docking re-
sults indicated that the indole core structure in these compounds may be 
the basis for their anti-G. cichoracearum activity. The docking results, 
combined with the activity experiment results, demonstrated that 
compounds with the parental structure of 6, 7 and 9 had better activity 
than the others. Among 6 and 7, methoxy substitution could enhance 
their anti-G. cichoracearum activity. These compounds have the ability to 
activate innate disease resistance mechanisms within plants, and they 
can also directly act on the powdery mildew pathogen G. cichoracearum. 
To our knowledge, this is the first demonstration that these indole 
alkaloid derivatives, particularly 7 and 9, have the potential to serve as 
inducers of plant SAR and novel plant protectants. The successful 
isolation and identification of these indole alkaloids, as well as the in- 
depth study of their anti-G. cichoracearum activity and mechanisms, 
provide valuable resources for the discovery of antifungal inhibitors. 
Moreover, these findings have made significant contributions to the 
development and utilization of microorganisms derived from tobacco. 
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