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Abstract

:

Blast disease and sheath blight disease caused by infection with Pyricularia oryzae and Rhizoctonia solani, respectively, are serious fungal diseases in paddy fields. Although synthetic fungicides have been used to control these diseases, the development of ecologically friendly alternatives is required because fungicides can cause health problems and environmental pollution. Natural herbs possessing antifungal activities are among the candidates as alternatives. Ageratum conyzoides is known to contain antifungal compounds, such as precocene II and polymethoxyflavones. Here, we report the antifungal activities of five compounds isolated after ethanol extraction from Ageratum conyzoides against Pyricularia oryzae and Rhizoctonia solani in vitro. Further, we demonstrated the protective effect of the extract on rice from Pyricularia oryzae infection by field trial testing in a shaded net-house.
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1. Introduction


The rice (Oryza sativa L.) plant is an essential cereal crop [1,2] grown mainly in Asia [3,4]. The rice crop is affected by various diseases caused by fungi, bacteria, viruses, mycoplasma-like organisms, and nematodes [5,6,7]. Two kinds of fungi, rice blast (Pyricularia oryzae Cavara) and sheath blight (Rhizoctonia solani Kühn), are generally considered as the principal rice pathogenic agents because of their widespread distribution and destructiveness [5,7,8].



P. oryzae infects all rice plant parts, such as the leaf, collar, node, internodes, neck, and other parts of the panicle, at different growth periods [5,7,9]. It sometimes occurs in the leaf sheath, but neck blast and panicle blast are the most damaging stages of the disease [5,8,10]. The symptomatic lesion of rice leaves is gray or whitish at the center and has a brown border and an elliptical shape [5,7]. Under favorable weather conditions for the pathogen, conidia are produced on lesions and dispersed by wind and rain splash to reinitiate the infection cycle [5,7]. This causes annual yield losses of approximately 10%–30% in various rice-producing regions [11].



R. solani is a fungal pathogen with a wide range of hosts, including rice, wheat, soybean, and corn [5,7,12,13]. Initial symptoms of infection with this pathogen usually develop on the leaf sheaths or just above the waterline as circular, oval, or ellipsoid water-soaked spots that are greenish-gray in color. The transport of nutrients and water is blocked, resulting in physiological impairment in which the infected leaves dry out, and the rice plant dies. In severe cases, lodging and tillers may collapse, causing enormous economic losses [5,7,13]. This can cause a rice yield loss of up to 40% when the disease is severe [14]. To control fungal diseases in agriculture, several management methods, such as the use of fungicides or natural antifungals, development of resistant cultivars, and biocontrol and control of nitrogen fertilizer, can be applied [5,7,9,11,15,16,17]. Chemical agents, including fungicides, are widely used in the field [5,7,9]. However, they are hazardous to the environment, human health, and beneficial predators [11,16,18]. In a case study, it has been reported that the extreme use of antibiotics in agricultural fields or direct human consumption of the products through daily meals led to the generation of antibiotic-resistant fungi with serious consequences such as cancer, liver damage, and kidney failure [19]. The extensive use of antibiotics in agriculture has resulted in the emergence of multidrug-resistant bacteria [20]. It has been suggested that the application of fungicides in agriculture should be strictly regulated to ensure the toxicological safety of commercialized foods and pose negligible risks of acute toxicity due to carryover. The use of a mixture of antifungals with different action mechanisms is encouraged to decrease the development of drug resistance in fungi [21]. Therefore, the search for new antimicrobials is required to develop a cocktail of antifungals with different mechanisms and for designing new fungicides.



In contrast, natural antifungal products are considered to be more environmentally friendly and effective alternatives to fungicides in sustainable agricultural systems [11,15,22,23]. For application as alternative agents in agriculture, plant extracts and/or antimicrobial components have been studied in vitro and in vivo. Naqvi et al. showed that the water extracts of various plants suppressed bacterial blight disease caused by Xanthomonas oryzae pv. oryzae on rice in greenhouses and also improved agronomic traits such as plant height, panicle length, number of tillers and grains/panicle, grain weight, and yield [24]. Another group reported that three plant aqueous extracts enhance seed germination and seedling vigor [25] and also showed that plant extracts suppress bacterial blight disease of rice in greenhouses and Adhatoda vasica leaf extract induces accumulation of defense enzymes, which can be associated with the induction of resistance against infectious diseases. Azadirachta indica seed extracts reduced the in vitro radial growth of P. oryzae and suppressed the development and spread of blast disease in rice plants in a greenhouse [26]. These reports suggest that plant extracts, including waste, might have no negative impact on the growth of agricultural plants. Moreover, plant extracts have been used for medicinal and antimicrobial purposes since ancient times [27,28]. Therefore, they are being developed as a new source of farming chemicals with antimicrobial and insecticidal properties against plant pathogens, including viruses, fungi, bacteria, nematodes, and insects, in vitro and in vivo [15,27,29,30,31,32,33]. In contrast, Yang et al. pointed out that fungicides can directly affect nontarget organisms, including beneficial microorganisms, if fungicides act on their identical or similar mechanisms and constituents with targeting fungi [34]. This prompted us to study the application of plant extracts or their antifungal components in the agricultural field, although we need to consider the effect on beneficial microorganisms.



Ageratum conyzoides L., belonging to the Asteraceae family, is native to tropical America and is now growing worldwide. It grows in cultivated fields of sugarcane and other crops, along roadsides, and in backyard gardens. In some countries, this herb is used as a folk medicine to treat conditions such as purgative, febrifuge, ophthalmia, colic, ulcers, and wounds [27,32,35]. It is also used against insect and plant diseases [27]. A. conyzoides has been used to isolate alkaloids, coumarins, flavonoids, chromenes, benzofurans, sterols, and terpenoids [27,32,36]. A. conyzoides is also known to contain antifungal compounds, such as precocene II and polymethoxy flavones. A. conyzoides extracts have been used in medicine and agriculture [32,33,37,38]. However, evidence of antifungal activities of the extracts and isolated compounds against blast disease and sheath blight disease has not been reported.



This study aimed to examine the antifungal properties of A. conyzoides ethanol extract as a natural antifungal source to control infectious diseases in rice. We isolated five compounds from the extract that showed antifungal activity against P. oryzae and R. solani in vitro. Furthermore, we investigated the protective effect of A. conyzoides ethanol extract on rice from P. oryzae infection in a shaded net-house.




2. Materials and Methods


2.1. Materials and General Methods


The aerial parts of A. conyzoides were collected from an orchard in Phu Thuan Village, Phu Thinh Ward, Tam Binh District, Vinh Long Province, Vietnam (10.13163 N, 105.88936 E), from March to April 2018. The plant was identified by Professor Tran Vu Phen and kept in the Department of Plant Protection, Can Tho University, with the code number CCH-10.



Solvents used for extraction, solvent partition and chromatography, and dimethyl sulfoxide (DMSO) were of special grade and were obtained from Fujifilm Wako Chemicals (Osaka, Japan). Silica gel 60 (0.040–0.063 mm, 230–400 mesh ASTM), silica gel 60 F254, and aluminum thin-layer chromatography (TLC) plates were purchased from Merck KGaA (Darmstadt, Germany). A silica gel column (3.5 × 60 cm) was equilibrated with hexane and eluted by increasing the concentration of ethyl acetate in hexane. Reversed-phase chromatography was performed using an HPLC system with Pump L-2130 and a UV-VIS detector L-2420 (Hitachi, Tokyo, Japan). A Develosil ODS-5 column (4.6 × 150 mm; Nomura Chemical Co. Ltd., Aichi, Japan) was used. Antifungal compounds were eluted with a 70 min linear gradient from 5% acetonitrile to 90% acetonitrile at a flow rate of 1 mL·min−1 and detected by measuring absorption at 270 nm. The purities of the antifungal compounds were checked by TLC using silica gel 60 F254 plates. After developing with a mixture of hexane and EtOAc, the TLC plate was soaked in sodium phosphomolybdate in vitro n-hydrate solution (PMA, Fujifilm Wako Chemicals, Osaka, Japan) for 2 s and then heated for 2 min at 95 °C for visualization.



P. oryzae Cavara (MAFF 101512) and R. solani RLS1 (MAFF 243449) used for in vitro antifungal assays were obtained from the GenBank Project, National Agriculture and Food Research Organization, Japan. P. oryzae used in the field trial test was obtained from the Cuu Long Delta Rice Research Institute (CLDRRI), Vietnam. Potato dextrose agar (PDA) and potato dextrose broth (PDB) were purchased from Nissui (Tokyo, Japan).




2.2. Extraction and Solvent Partition of A. conyzoides


The aerial parts of A. conyzoides were thoroughly washed with tap water, cut into small pieces, and air-dried for seven days under net-house conditions. The raw materials were ground to make a fine powder (1.2 kg) and then extracted in 12 L of ethanol at 25 °C for 24 h. The supernatant was collected using filtration paper (Advantec, No. 1, Japan) and then evaporated in a vacuum rotary evaporator (Iwaki, Tokyo, Japan). This procedure was repeated six times. Finally, 97.8 g of A. conyzoides ethanol extract (ACE) was obtained. ACE was suspended in water (200 mL), followed by the subsequent partitioning of hexane (3.5 L), chloroform (3.2 L), and EtOAc (3 L). The yields of fractions after lyophilization for hexane (ACE-hexane), chloroform (ACE-chloroform), EtOAc (ACE-EtOAc), and water (ACE-water) were 27.4, 26.5, 4.4, and 25.5 g, respectively.




2.3. Isolation of Antifungal Compounds from ACE


ACE-hexane (20 g) was subjected to a silica gel column, and the fraction eluted by a mixture of hexane and EtOAc at a ratio of 25:1 was further separated using silica gel chromatography twice and then by reversed-phase chromatography. Finally, antifungal compound 1 (55.3 mg) was obtained. The fraction eluted with a mixture of hexane and EtOAc at a ratio of 50:1 was separated using silica gel chromatography twice, followed by reversed-phase chromatography. Finally, three antifungal compounds (2, 3, and 4) were obtained. The yields of compounds 2, 3, and 4 were 60.3, 30.2, and 26.7 mg, respectively.



ACE-chloroform (15 g) was separated by silica gel column chromatography. The fraction eluted with a mixture of hexane and EtOAc at a ratio of 1:1 was used for further separation via reversed-phase chromatography. Finally, one final antifungal compound, 5, was isolated with a yield of 10.2 mg.




2.4. Assay for Inhibitory Activities against Mycelial Growth of P. oryzae and R. solani In Vitro


A poisoned food assay was used to examine the antifungal activity of the isolated compounds. Briefly, P. oryzae and R. solani were cultured on PDA medium (39 g in 1 L of water) at 26 °C. To prepare the stock solutions, ACE and fractions obtained via solvent partition (1000 mg) were dissolved in 2 mL of DMSO, or 20 mg of the isolated compound was dissolved in a mixture of 200 µL DMSO and 200 µL methanol. The stock solutions were serially diluted with PDB and mixed with PDA at 55 °C. The final DMSO concentration in PDA was maintained at 0.2%, and the DMSO and methanol mixture was maintained at 0.2% for each component. The PDA-containing sample was then poured into a petri dish (3.5 or 8.6 cm diameter). After solidification, the mycelium plug (4 or 6 mm in diameter) of P. oryzae (5 days old) or R. solani (2 days old) was placed at the center of the dish. After incubation for various periods of time (specified in the figure legends) at 26 °C, the diameter (mm) of radial mycelia was measured. The antifungal activity of the ACE sample was calculated in terms of percent inhibition (PI) of radial growth according to the following equation [39]:


   PI     ( % )  =  (  DC − DT  )  / DC × 100  



(1)




where DC is the average diameter of radial mycelia treated without a sample (negative control), and DT is the average diameter of radial mycelia treated with the ACE sample.



The antifungal activity of the isolated compound was expressed as the half-maximal inhibitory concentration (IC50), which is the concentration of the antifungal compound required to suppress the radial growth of fungi by 50%.




2.5. Identification of Antifungal Compounds


The chemical structures of the isolated antifungal compounds were identified using a combination of multistage mass spectroscopy (MS) and one-dimensional (1D and 2D) NMR spectroscopy. The electrospray ionization time-of-flight (ESI-TOF) MS spectra were measured using a Bruker micrOTOF spectrometer, and all the 1H and 13C NMR spectra were recorded using a Bruker AV-600 spectrometer.




2.6. Field Trial Test for ACE on Suppressing Rice Blast Disease


P. oryzae was cultured on PDA at 28 °C in the dark for four days. Thereafter, the fungus was kept at 28 °C with a 12 h cycle of alternating dark and light conditions to stimulate sporulation. After 14 days, fungal spores were collected by gently scraping the medium with 5 mL of distilled water per dish and filtering with filter paper. The spore suspension was diluted with 0.01% Tween 20 to the required density (105 spores/mL).



Five seeds of the rice variety, Jasmine 85 (CLDRRI), were sown on the soil (1.5 kg dried weight/pot) taken from the top layer (0–30 cm) of a rice field in a plastic pot (13 × 7 × 10 cm). At 18 days after sowing, we marked the fifth leaf (complete leaf), and then 10 mL of spore suspension of P. oryzae was sprayed onto the whole plant. The pots were kept for 24 h in the dark at approximately 98% humidity and 25 °C and were transferred to a greenhouse and maintained at regular humidity for development of the disease. Two days later (48 h after inoculation), the rice plants were sprayed with 10 mL of an ACE per pot (2 mg/mL in 0.2% DMSO), tricyclazole (0.625 mg/mL in water, Beam 75 WP, Dow AgroSciences, Indianapolis, IN, USA) as a positive control, or DMSO (0.2%) as a negative control. The experiment was performed using a completely randomized design with four replicates.



At 5, 10, and 15 days after spraying ACE onto the whole rice plant, the symptoms on the marked leaf were recorded according to the rating scale of the International Rice Research Institute [40] with minor modifications. Disease levels were classified based on the damaged area (%) in leaves: scale 0, no damage; scale 1, <5%; scale 3, 5–24%; scale 5, 25–49%; scale 7, 50–74%; scale 9, >75%. The disease index (DI) was calculated using the following equation:


  DI   ( % )   =     A × 0 + B × 1 + C × 3 + D × 5 + E × 7 + F × 9   N × 9   ×   100  



(2)




where A–F are the number of leaves with scales of 0, 1, 3, 5, 7, and 9, respectively. N indicates the total number of leaves.




2.7. Statistical Analysis


The experiments were repeated at least three times. Excel 2016 and GraphPad Prism version 9.2.0 (332) software were used for statistical analysis and figure preparation. Results are expressed as mean ± standard deviation (SD) or standard error (SE). Differences among means were tested for statistical significance using one-way analysis of variance (ANOVA), followed by Tukey’s multiple tests. Statistical significance was set at p < 0.05.





3. Results


3.1. Effects of A. conyzoides Ethanol Extract (ACE) on the Mycelial Growth of P. oryzae and R. solani


We assayed the antifungal activity of ACE against P. oryzae and R. solani. After culturing on agar media containing various concentrations of ACE, the radial mycelial growth was measured, and the PI (%) was calculated. The results shown in Figure 1 indicate that ACE significantly suppressed the growth of P. oryzae and R. solani in a dose-dependent manner. We could roughly estimate the IC50 of ACE to be 250–275 µg/mL against P. oryzae and 400–450 µg/mL against R. solani.




3.2. Isolation of Antifungal Compounds from ACE


To isolate antifungal compounds, ACE was separated via solvent partition into four fractions: ACE-hexane, ACE-chloroform, ACE-EtOAc, and ACE-water. After drying by evaporation and subsequent lyophilization, the fractions were assayed for antifungal activity against P. oryzae and R. solani. As shown in Figure 2, the ACE-EtOAc and ACE-water fractions did not inhibit fungal growth (p > 0.05). In contrast, ACE-hexane significantly suppressed the growth of both fungi and exhibited PI values of 29%, 44%, and 54% against P. oryzae, and 34%, 48%, and 57% against R. solan (p < 0.001) at 125, 250, and 500 µg/mL, respectively. Compared to ACE-hexane, ACE-chloroform showed a slightly lower antifungal activity against P. oryzae (23% at 125 µg/mL), but much lower activity against R. solani (10% at 250 µg/mL). Thus, ACE-hexane and ACE-chloroform were separated for further analysis.



ACE-hexane and ACE-chloroform were separated using silica gel chromatography and reversed-phase chromatography. Four antifungal compounds (1–4) were isolated from ACE-hexane, and one compound (5) was isolated from ACE-chloroform.




3.3. Identification of Antifungal Compounds


The structures of the isolated antifungal compounds were determined using a combination of ESI-TOF MS and one- and two-dimensional NMR spectroscopy, after verifying their purities using TLC. The spectroscopic data for all the compounds are summarized in the Supporting Information, and the elucidated structures are shown in Figure 3. The ESI-TOF-MS of compound 1 gave a positive of [M+H]+ at m/z 221, and the 1H and 13C NMR spectra showed a chromene moiety with two methoxy groups at 3.66 and 3.69 ppm and two methyl groups whose equivalent chemical shift was 1.32 ppm (Supplementary Table S1, Figures S1 and S2). Based on the spectroscopic data, compound 1 was assigned to precocene II (molecular weight = 220, C13H16O3), 6, 7-dimethoxy-2,2-dimethyl-2H-chromene. The mass and NMR data were identical to those reported in a previous report [41]. The NMR spectroscopic analysis showed that the others, compounds 2–5, were polymethoxyflavones, and the 1H signal of position 3 in the C-ring was observed around 6.7 ppm for all compounds 2–5. The positive ESI-TOF MS spectrum of compound 3 showed peaks at m/z 403 [M+H]+ and 425 [M+Na]+, and the molecular weight and formula were determined to be 402 and C21H22O8, respectively. The 1H and 13C NMR spectra showed that compound 3 contained a flavone moiety with six methoxy groups (Table S3, Figures S5–S8). Three aromatic signals observed at 7.13 ppm (doublet, 1H), 7.54 ppm (doublet, 1H), and 7.66 ppm (double doublet, 1H) indicate that the B-ring of compound 3 is a catechol moiety. Based on the analysis of 1H-13C HSQC and HMBC spectroscopy, the hydroxyl groups at 5, 6, 7, and 8 of the A-ring and 3′ and 4′ of the B-ring were methylated, indicating that compound 3 was nobiletin (5,6,7,8,3′,4′-hexamethoxyflavone) and 2-(3,4-dimethoxyphenyl)-5,6,7,8-tetramethoxy-4H-1-benzopyran-4-one. The 1H NMR spectra of compounds 2 and 4 showed a singlet peak with an integral of 2H in the range 7.2–7.3 ppm, indicating that both contain a pyrogallol moiety in the B-ring. The number of methoxy signals in the range of 3.8–4.1 ppm indicated that compounds 2 and 4 contain seven and six methoxy groups, respectively. Compared to compound 3, nobiletin, compound 2 (molecular weight = 432, C22H24O9) was determined to be 5′-methoxynobiletin (5,6,7,8,3′,4′,5′-heptamethoxyflavone), 2-(3,4,5-trimethoxyphenyl)-5,6,7,8-tetramethoxy-4H-1-benzopyran-4-one (Table S2, Figures S3 and S4). Compound 4 showed another singlet peak at 7.15 ppm in the aromatic region, which was determined to position 8 in the A-ring by the 1H-13C connection of the HMBC spectrum (Table S4, Figures S9–S12). Consequently, compound 4 (molecular weight = 402, C21H22O8) was assigned to 5,6,7,3′,4′,5′-hexamethoxyflavone, 2-(3,4,5-trimethoxyphenyl)-5,6,7-trimethoxy-4H-1-benzopyran-4-one. In the 1H NMR spectrum of compound 5, a singlet peak with an integral of 2H was observed at 6.09 ppm, which is a typical chemical shift of a methylenedioxy group in the aromatic group (Table S5, Figures S13–S15). The chemical shifts of H2′ at 7.16 ppm and H6′ at 7.11 were slightly different, which also supports that a methoxy and methylenedioxy group exists in the B-ring. The 1H NMR spectrum of compound 5 showed five methoxy groups, and the 1H-13C HSQC and HMBC spectra revealed that compound 5 (molecular weight = 416, C21H20O9) contained four methoxy groups in the A-ring and a methoxy and methylenedioxy group in the B-ring, resulting in eupalestin (5,6,7,8,3′-pentamethoxy-4′,5′-methylenedioxyflavone), 2-(7-methoxy-1,3-benzodioxol-5-yl)-5,6,7,8-tetramethoxy-4H-1-benzopyran-4-one. All values of the molecular weight were confirmed by ESI-TOF-MS spectroscopy, and the NMR data were identical to those reported in the literature [42,43,44,45].




3.4. Antifungal Activities of Isolated Compounds against P. oryzae and R. solani


The antifungal activities of compounds 1–5 were assayed against P. oryzae and R. solani. The IC50 values, which are the concentrations required for suppressing P. oryzae and R. solani growth by 50%, were calculated from Figure 4 and Figure 5 and are summarized in Table 1. Compounds 1–4 isolated from the hexane fraction suppressed mycelial growth of both fungi in a dose-dependent manner. The IC50 values indicated that compound 1 possessed the strongest antifungal activity against both fungi to the same degree. Compounds 2 and 3 showed the highest antifungal efficacy among the five compounds and suppressed the growth of P. oryzae more strongly than that of R. solani. Compound 4 showed weaker antifungal activity, and its activity against R. solani was stronger than that against P. oryzae. Compound 5, isolated from the chloroform fraction, inhibited only P. oryzae growth, but its efficacy was low.




3.5. Field Trial Test for Protective Effect of ACE on Rice Crop against P. oryzae Infection


To assay the effect of ACE on the infection of rice with P. oryzae in a shaded net-house, we sprayed 0.2% DMSO (negative control), ACE, or tricyclazole (commercially available fungicide, positive control) at 2 days after inoculation with P. oryzae. The negative control (Figure 6A) showed distinct symptoms of blast disease after treatment for 15 days, while rice plants sprayed with ACE (Figure 6B) or tricyclazole (Figure 6C) showed fewer symptoms and seemed to be healthier. At 5, 10, and 15 days of treatment, the disease indices (%) of the ACE-treatment and tricyclazole groups were significantly smaller than those of the negative control group (Figure 6D). Compared with the negative control, at 10 and 15 days after treatment, 2 mg/mL of ACE suppressed the infection by 57.1% and 55.5%, and 0.625 mg/mL of tricyclazole suppressed the infection by 64.1% and 63.8%, respectively. These effects of ACE and tricyclazole treatments showed no significant differences, confirming the protective effect of ACE on rice from blast disease.





4. Discussion


Control of the rice fungal diseases, blast diseases, and sheath blight diseases caused by P. oryzae and R. solani, respectively, is immensely important because of their widespread distribution and destructive properties [5,7,8]. To suppress the generation of fungicide-resistant fungi and develop eco-friendly fungicides, we sought antifungal compounds of biological origin. Accordingly, we screened the natural antifungal activities of various herbs and found A. conyzoides as an alternative to synthetic fungicides against the growth of P. oryzae and R. solani (Figure 1). A previous study reported that organic solvent and aqueous extracts of A. conyzoides significantly reduced the biomass of Fusarium solani, which could be used for the management of wilt disease [46]. Therefore, we focused on evaluating the effect of antifungal compounds from ACE against the growth of P. oryzae and R. solani and conducted a field trial test to demonstrate the protective effect of ACE against blast disease in rice plants. In particular, ACE-hexane and ACE-chloroform fractions significantly inhibited the growth of both fungi compared with the other fractions and were further used to isolate the active compound (Figure 2). Notably, ACE inhibited the growth of P. oryzae under shaded net-house conditions, indicating that ACE or its active components are potential antifungal agents that can protect rice from blast disease (Figure 6).



In this study, we used a poisoned food assay to screen and isolate antifungal compounds. In the future, studies can take advantage of high-throughput methods, such as a combination of analytical-scale microfractionation with a microplate-based assay [20]. However, we isolated and identified five compounds, which had a notable activity to suppress the mycelial growth of P. oryzae and R. solani (Figure 4 and Figure 5). Among them, precocene II (compound 1) isolated from A. conyzoides has been reported to exhibit antifungal activity against R. solani, Sclerotium rolfsii [47], and Aspergillus flavus [48]. Nobiletin (compound 3) from citrus has antifungal activity against Penicillium digitatum and Alternaria alternate with an IC50 of 1.62 and 0.28 mM, respectively [49]. In addition, 5′-methoxynobiletin (compound 2) and eupalestin (compound 5) were reported to have insecticidal activities in a previous study, but only compound 2 showed this ability against Diaphania hyalinata and Rhyzopertha dominica [50]. In a study on allelochemicals released by A. conyzoides to control weeds and soil pathogenic fungi in citrus orchards, 5′-methoxynobiletin (compound 2) and 5,6,7,3′,4′,5′-hexamethoxyflavone (compound 4) significantly inhibited the growth of weeds and spore germination of the soil pathogenic fungi Phytophthora citrophthora, Pythium aphanidermatum, and Fusarium solani [51]. Moreover, our results showed that 5′-methoxynobiletin (compound 2) and nobiletin (compound 3), both of which possess a methoxy group at the 8-position, have higher antifungal activities than 5,6,7,3′,4′,5′-hexamethoxyflavone (compound 4). In addition, the presence of a methylenedioxy group at the 4′,5′-position of eupalestin (compound 5) reduced activity compared to compounds 2 and 3. Nobiletin (compound 3) showed higher activity than 5,6,7,3′,4′,5′-hexamethoxyflavone (compound 4), although both flavones have six methoxy groups. This suggests that methylation at the 8-position is important for antifungal activity. It has been pointed out that the fully methylated flavones in the A-ring increased the protection against fungi because these compounds easily penetrate membranes, affecting the permeability of cytomembrane [52,53,54]. This could explain why all flavones isolated as antifungal agents were polymethoxylated.



Previous studies have shown that jasmonic acid and hydroxybenzoic acid from the leaves of Oryza officinalis and gingerenones A, B, and C and isogingerenone B from Zingiber officinale suppress the growth of P. oryzae in rice blast disease. In addition, sanguinarine isolated from Sanguinaria, Macleaya cordata, and Canadensis (Papaveraceae) has been reported to be effective against R. solani by systemic acquired resistance (SAR)-mediated accumulation of endogenous phenolics [55]. It has been reported that antifungal compounds isolated from A. conyzoides are effective against certain strains either by eradicating the fungal cell directly or by precluding cell growth. Remarkably, these compounds can also interfere with the competent discharge of mycotoxins in combination. Previous studies demonstrated that precocene II exhibited its activity by stopping the release of mycotoxins as aflatoxins and trichothecenes [56]. Wu et al. showed that the fraction containing polymethoxyflavones from Citrus reticulata suppressed Aspergillus niger by altering the permeability of the cytomembrane and impairing the integrity of cell walls via inhibition of chitin production [52]. The alteration of membrane permeability by polymethoxyflavones may be caused by their penetration into the membrane [52,53,54]. In general, the action mechanisms of synthetic fungicides include inhibition of sterol synthesis, inhibition of mitochondrial electron transport (inhibition of respiration), inhibition of multi-site enzymes, inhibition of nucleic acid and protein synthesis, and so on [57]. The study by Wu et al. suggested that polymethoxyflavones have a similar effect on fungi to synthetic fungicides, which disrupt the integrity of the cell membrane by inhibiting sterol synthesis, although the mechanism for increasing membrane permeability may be different. These results suggest that ACE and its antifungal compounds may have the same antifungal mechanism as reported by Wu et al.; however, further research on antifungal mechanisms is necessary for developing novel antifungals for field use, especially in rice blast disease.



In this study, we examined the effect of ACE on the development of blast disease in rice infected with Pyricularia oryzae in a shaded net-house. Kamboj and Saluja reported that extracts of Azadirachta indica suppressed the development and spread of blast disease in rice plants in the greenhouse, and the rice treated for 20 days with ethanol leaf extract and oil extract of A. indica seeds showed disease severity (%) of 50% and 75%, respectively [26]. Our results demonstrated that ACE-treatment suppressed blast disease to 55.5% at 15 days by the index of damaged area (%) of the leaf, suggesting that the suppressive effects of both plant extracts were almost the same. We also demonstrated that the suppressive effect of treatment with ACE (2 mg/mL) was equivalent to that of tricyclazole (0.625 mg/mL). Thus, we confirmed the protective effect of ACE against blast disease in rice in vivo.



To suppress the generation of fungicide-resistant fungi, antifungals with different mechanisms of action should be combined. ACE contains at least two different types of antifungals, polymethoxyflavones and precocene II, suggesting that ACE is a natural cocktail of antifungals with similar ability to the commercial product tricyclazole. Taken together with the results of the field trial test, ACE represents a promising antifungal alternative against blast disease and sheath blight disease in rice.




5. Conclusions


We isolated and identified five antifungal compounds from the aerial parts of Ageratum conyzoides L. Among them, three polymethoxyflavones, 5′-methoxynobiletin (compound 2), nobiletin (compound 3), and 5,6,7,3′,4′,5′-hexamethoxyflavone (compound 4) inhibited the growth of P. oryzae and R. solani in vitro, whereas eupalestin (compound 5) was only found in P. oryzae. In addition, precocene II, which has a different structure, showed strong antifungal activity against both fungi with a ten-fold smaller IC50. Furthermore, we demonstrated the protective effect of the ethanolic extract on rice from blast disease by field trial tests in a shaded net-house. Taken together, the extract from A. conyzoides L. represents a promising antifungal agent against fungal disease in the field. This study will provide basic information for the development of natural fungicides as alternative agents for synthetic agents.
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Figure 1. Inhibitory activities of ACE against mycelial growth of P. oryzae (B,D) and R. solani (C,E). P. oryzae and R. solani were inoculated on PDA plates containing different concentrations of ACE shown in (A). After incubation at 26 °C for 14 days (P. oryzae) or 2 days (R. solani), the diameters of mycelial growth area of fungi were measured in mm, and PI (%) was calculated (D,E). n = 5; data are presented as mean ± SD; ***, p < 0.001. 
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Figure 2. Antifungal activities of ACE fractions obtained via solvent partition. Four fractions, ACE-hexane, ACE-chloroform, ACE-EtOAc, and ACE-water, were assayed for their antifungal activities against P. oryzae (A) and R. solani (B) using the poisoned food assay. After culturing P. oryzae for 14 days or R. solani for 2 days, radial growth of fungi was measured and PI (%) was calculated. n = 5, n.s., no significant difference; data are presented as mean ± SD; ***, p < 0.001. 
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Figure 3. Chemical structures of antifungal compounds 1–5 isolated from ACE. The chemical structures of the compounds were determined using ESI-TOF MS and NMR spectroscopy. Compound 1, precocene II; compound 2, 5′-methoxynobiletin; compound 3, nobiletin; compound 4, 5,6,7,3′,4′,5′-hexamethoxyflavone; compound 5, eupalestin. 
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Figure 4. Antifungal activities of isolated compounds 1–5 (A–E) against the development of P. oryzae. P. oryzae was cultured for 7 days on PDA plates containing different concentrations of each compound in the range of 10–250 µg/mL. Then, the diameters of mycelial growth area of fungi were measured and IC50 values were calculated. PI (%) calculated was plotted vs logarithmic concentration of the compound. n = 3. 
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Figure 5. Antifungal activities of isolated compounds 1–5 (A–D) against the development of R. solani. R. solani was cultured for 1 day on PDA plates containing different concentrations of each compound from 10 to 250 µg/mL. Then, the diameters of mycelial growth area of fungi were measured and IC50 values were calculated. PI (%) calculated was plotted vs logarithmic concentration of the compound. n = 3. 
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Figure 6. Effects of ACE on blast disease of rice. Rice plants were inoculated with P. oryzae, and subsequently sprayed with 0.2% DMSO (A), ACE (B), or tricyclazole (C). Images are representatives of rice after 15 days’ treatment and include higher magnifications of the boxed regions shown in the left panels (A–C). Disease levels were expressed as DI (%) at 5, 10, and 15 days after treatments (D). ACE, ACE-treatment; –, 0.2% DMSO treatment (negative control); +, tricyclazole treatment (positive control); ***, p < 0.001. 






Figure 6. Effects of ACE on blast disease of rice. Rice plants were inoculated with P. oryzae, and subsequently sprayed with 0.2% DMSO (A), ACE (B), or tricyclazole (C). Images are representatives of rice after 15 days’ treatment and include higher magnifications of the boxed regions shown in the left panels (A–C). Disease levels were expressed as DI (%) at 5, 10, and 15 days after treatments (D). ACE, ACE-treatment; –, 0.2% DMSO treatment (negative control); +, tricyclazole treatment (positive control); ***, p < 0.001.



[image: Agriculture 11 01169 g006]







[image: Table] 





Table 1. Antifungal activities against P. oryzae and R. solani of compounds 1–5. Based on the results shown in Figure 4 and Figure 5, IC50 values were calculated and expressed as mean ± SE. N.D. indicates that activity was not detected in the range of 10–250 µg/mL.
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Compounds

	
IC50 (µg/mL)




	
Anti-P. oryzae

	
Anti-R. solani






	
1. Precocene II

	
1.3 ± 0.02

	
1.5 ± 0.2




	
2. 5′-Methoxynobiletin

	
34.6 ± 1.5

	
51.7 ± 1.7




	
3. Nobiletin

	
19.4 ± 1.3

	
48.0 ± 1.5




	
4. 5,6,7,3′,4′,5′-Hexamethoxyflavone

	
134.6 ± 2.1

	
104.8 ± 2.0




	
5. Eupalestin

	
229.6 ± 2.3

	
N.D.
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