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Abstract

:

Fusarium wilt of potato is one of the most common diseases of potato in China, and is becoming a serious threat in potato production. It has been reported that osthole from Cnidium monnieri (L.) Cusson can inhibit plant pathogens. Here, we test the anti-fungal activity of C. monnieri osthole against Fusarium oxysporum in potatoes. The results showed that at a concentration of 5 mg/mL, osthole was able to obviously inhibit mycelial growth of F. oxysporum. We found that osthole caused changes of mycelial morphology, notably hyphal swelling and darkening. Osthole significantly reduced the spore germination of Fusarium by 57.40%. In addition, osthole also inhibited the growth of other pathogens such as Fusarium moniliforme J. Sheld, Thanatephorus cucumeris Donk, and Alternaria alternata (Fr.) Keissl, but not Alternaria solani Jonesetgrout and Valsa mali Miyabe and G. Yamada. Our results suggest that osthole has considerable potential as an agent for the prevention and treatment of potato Fusarium wilt.
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1. Introduction


Potato Fusarium wilt is a typical soil-borne disease that leads to severe wilt symptoms, ultimately resulting in plant death, which directly affects the yield and quality of potatoes [1,2,3]. This disease is widely distributed worldwide and generally causes about 30% reduction in production. According to the reports of Rakhimov et al. (2000), potato Fusarium wilt is mainly caused by either of five different Fusarium varieties, i.e., Fusarium oxysporum Schlecht, F. solani (Mart.) Sacc., F. moniliforme Sheld, F. sambucinum Fuckel, and F. nivale (Fr.) Ces. F. oxysporum Schlecht, F. solani (Mart.) Sacc., and F. nivale (Fr.) Ces are the agents of potato Fusarium wilt in Inner Mongolia, China.



Because the disease is a soil-borne disease and the pathogen exhibits a strong resistance to stress, it is difficult to treat soil with chemicals in the field [4]. At present, the control of potato Fusarium wilt mainly relies on agricultural and chemical seed dressing methods. Environmental pollution and the persistence of fungicide residues in potato tubers are important concerns in the control of potato Fusarium wilt. Thus, plant-derived fungicides are promising alternatives because they are largely non-phytotoxic, easily biodegradable, and environmentally safe [5]. Plant compounds with antifungal properties include proteins, alkaloids, flavonoids, phenols, essential oils, and polysaccharides [5,6,7,8,9,10]. Cnidium monnieri (L.) Cusson is a traditional Chinese medicinal plant widely distributed throughout China [11,12,13]. A total of 429 chemical compounds have been detected in C. monnieri, and of these 56 have been chemically identified [14]. Osthole is an O-methylated coumarin isolated and purified from the seeds of C. monnieri. It was widely shown to have pharmacological functions, such as anti-allergic, anti-pruritic, anti-bacterial, anti-dermatophytic, anti-osteoporotic, and anti-fungal activities in humans [15,16,17,18,19]. Furthermore, osthole was found to enhance osteogenesis in osteoblasts by elevating transcription factor osterix via cyclic adenosine monophosphate (cAMP)/the cAMP response element-binding protein (CREB) signaling [20].



However, its anti-fungal activity against plant pathogens remains unknown. Previously, we identified the osthole from C. monnieri and found that osthole inhibited the infection of Nicotiana glutinosa by the Tobacco mosaic virus (TMV) [21]. This led us to wonder whether osthole could inhibit the pathogen of potato Fusarium wilt. In this study, we investigated the effects of osthole on mycelium growth and spore production of Fusarium oxysporum Schlecht. The activity of osthole against other fungal pathogens was also tested with the aim of exploring possible applications of osthole in the control of plant fungal diseases.




2. Results


2.1. Osthole Effects on the Growth of F. oxysporum


The effect of osthole on F. oxysporum was examined on potato dextrose agar (PDA) plates containing 5 mg/mL osthole. Compared with the control (water), the mycelial growth was significantly inhibited in plates containing osthole, as evidenced by mycelial growth inhibition at 3 days after inoculation (Figure 1A). The mycelial growth inhibition was 55.34%, a value that was comparable to that observed with three other compounds of common use as fungal inhibitors, carbendazol wettable powder (82.49%), hymexazol aqueous solution (59.89%), and azoxystrobin (49.91%) (Figure 1B). This indicates that osthole is able to efficiently inhibit the mycelial growth of Fusarium oxysporum.




2.2. The Dose-Dependent Inhibitory Activity of Osthole on the Growth of F. oxysporum


To determine the optimal concentration of osthole for inhibiting mycelial growth, we diluted osthole in PDA medium (resulting in solutions of various concentrations) and inoculated the F. oxysporum mycelia. We found that the mycelial growth was considerably reduced when the concentration of osthole was increased to 1 mg/mL (Figure 2A,B). The mycelial growth inhibition in plates containing 0.005 mg/mL (6.55%) and 0.1 mg/mL (9.51%) osthole were no significant difference to those in the control. When the concentration of osthole reached 1 mg/mL, themycelial growth inhibition sharply increase ed to 33.83%. The inhibitory effect of osthole on the growth of F. oxysporum mycelia was more prominent at concentrations of 3 mg/mL or more (5 mg/mL and 7 mg/mL). Moreover, the mycelia morphology also exhibited pronounced malformations.



Thus, a significant positive correlation was observed between the concentration of osthole and its inhibitory effects on the growth of F. oxysporum mycelia.




2.3. Effects of Osthole on Mycelia Morphology and Spore Germination of F. oxysporum


Mycelia morphology and spore germination of F. oxysporum were observed by optical microscopy and scanning electron microscopy (SEM). We found that osthole (5 mg/mL) induced morphological changes in F. oxysporum, characterized by shrunken hyphae with abnormal shape, vesicles, distortion, or empty cells devoid of cytoplasm in the mycelia (Figure 3B,D). Osthole induced a visible increase in mycelial branching, enlargement of apical branches, and malformation in F. oxysporum. No swelling or distortion was observed in the untreated controls (Figure 3A,C). Osthole also significantly inhibited the germination of F. oxysporum spores (Figure 3E,F). After incubation at 30 °C for 18 h, the germination of F. oxysporum spores was 14.45% in PDA medium containing 5 mg/mL osthole, versus 33.92% in the control (Table 1). This suggests that osthole affects mycelial growth and spore germination.




2.4. Inhibitory Activity of Osthole against Other Fungal Pathogens


In order to extend the possibility of osthole application in the control of other fungal diseases in plant, the inhibitory activity of osthole was tested against six fungal pathogens using the plate confrontation test. Osthole (5 mg/mL) could effectively inhibit the growth of F. oxysporum Schlecht, F. moniliforme Sheld, Thanatephorus cucumeris Donk, and F. Valsa mali Miyabeet Yamada, but not of A. alternata Keissler and Alternaria solani Jonesetgrout (Figure 4). The inhibition rate of F. oxysporum Schlecht, F. moniliforme Sheld, T. cucumeris Donk, and V. mali Miyabeet Yamada were 55.34%, 70.66%, 75.90%, and 90.36%, respectively, whereas no significant inhibitory activity was observed against A. alternata Keissler (37.60%) and A. solani Jonesetgrout (37.05%) (Table 2).





3. Materials and Methods


3.1. Test Fungal Pathogens and Storage


F. oxysporum Schlecht, F. moniliforme Sheld, T. cucumeris Donk, V. mali Miyabeet Yamada, A. alternata Keissler, and A. solani Jonesetgrout were provided by the Microbiology Institute of Shaanxi, Shaanxi Province, China. V. mali Miyabe and G. Yamada was provided by the State Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A and F University, Yangling, Shanxi, China. F. oxysporum Schlecht was obtained from the Laboratory of Phytopathology, Inner Mongolia Agricultural University, Huhhot Inner Mongolia, China. The fungi were stored at 4 °C on PDA (200 g potato peelings, 20 g dextrose, 15 g agar, and 1000 mL distilled water, pH 7.0) and grown in culture medium at 25 °C.




3.2. Chemicals and Materials


The osthole was extracted from C. monnieri (100 g) with 500 mL 90% methanol as described by Chen et al. 2019 [21].



Carbendazol WP (50%) was obtained from Jiangsu Sanshan Pesticide Co., Ltd. (Jiangsu, China). Hymexazol aqueous (30%) was purchased from Heyi chemical Co. LTD (Jiangxi, China). Azoxystrobin (25%) was purchased from Yinuo biochemical Co. LTD (Hebei, China). We chose these chemicals because they are effective antifungal reagents commonly used in controlling F. oxysporum in potato in China [22,23].




3.3. Inhibitory Activity of Osthole on the Growth of F. oxysporum Schlecht


We tested the effects of osthole on the growth of F. oxysporum Schlecht mycelia in PDA medium cultures using the agar dilution method [5]; control PDA plates without osthole were inoculated with equivalent fungi. First, osthole was dissolved in Dimethyl sulfoxide (DMSO) (1000 mg/mL) and diluted to required concentration with Tween-20 and distilled water (1:1000 v/v). We prepared the PDA plate containing 5 mg/mL of osthole. As the control, PDA dishes were added with the same volume of Tween-20 and distilled water (1:1000 v/v). The F. oxysporum Schlecht was inoculated on center of the plate. Three days later, the diameters of colonies were measured and the growth inhibition rates were calculated [5].



A series dilutions of osthole (0.005, 0.01, 0.10, 1.00, 3.00, 5.00, and 7.00 mg/mL) was prepared as described by Chen et al. in 2019 [5]. A 6 mm diameter disc of F. oxysporum Schlecht was inoculated at the center of the PDA plate. After incubation for 7 days at 25 ± 2 °C, the diameter of the inhibition zone was measured. Twelve plates of each group were tested. Each treatment was performed three times. We used the formula proposed by Chen et al. in 2019 to calculate mycelial growth inhibition [5].




3.4. Mycelia Observation by Scanning Electron Microscopy (SEM)


F. oxysporum Schlecht growing on PDA containing osthole (5 mg/mL) for 7 days were observed by SEM and their morphology was compared with that of the controls. Samples were prepared using the protocol proposed by Chen et al. (2019). All mycelia samples were observed using a Nova NanoSEM 450 (FEI Co. LTD, Hillsboro, OR, USA) at 5.00 kV of magnification.




3.5. Effects of Osthole on the Germination of F. oxysporum Schlecht Spores


Pathogen spore suspension at a concentration of ~40 spore/view (low-power scan; 10 × 10) and osthole at the 5 mg/mL concentration were mixed in equal volumes. One droplet was placed on a microscope slide coated with sterile collodion. Each treatment was repeated three times. The spores were considered as germinated when the length of germ tube exceeded the spore radius [24,25].




3.6. Statistical Analysis


All data are presented as mean values plus/minus SD from three independent replicates. The data were analyzed using a Data Processing System 15.10 (Hefei, China). The significance of the differences between the four means was determined using Duncan’s new complex range method at the 5% level.





4. Discussion


Osthole is a natural coumarin present in the fruits of Cnidium monnieri (L.) Cusson [26]. Crude extracts from the dried fruits of C. monnieri have been extensively used as a traditional Chinese medicine to treat various conditions such as osteoporosis [27], pulmonary inflammation [28] and certain skin diseases [15,18]. Thus, osthole is an important constituent of the dried fruits and has been recognized as a promising compound in drug discovery research. In particular, we previously identified the osthole from C. monnieri and and reported an obvious inhibition effect on TMV infection [21]. This stimulated us to test whether osthole could have antifungal activity in plant diseases, especially those soil-borne diseases.



In this study, we have chosen F. oxysporum Schlecht to test the antifungal effect of osthole. The results showed that at a concentration of 1 mg/mL, osthole was able to inhibit mycelial growth of F. oxysporum according to the increased growth inhibition. With the concentration increasing from 1 mg/mL to 7 mg/mL, no obvious difference of inhibition effect was observed. Based on this, 5 mg/mL of osthole was used for most assays. The changes of mycelia morphology also support an antifungal effect of osthole. We also performed the assay to explore the possibility whether osthole could affect the spore germination of Fusarium. The inhibition rate of 57.40% was obtained. These results are consistent with former reports of morphological alterations of fungal hyphae after treatment with chemical fungicides, chitosan, and natural botanicals [22,29,30,31]. These data greatly strengthen the possibility of utilizing osthole as plant-derived reagents in antifungal control in potato fusarium disease.



To further practical application points, we also explored the inhibition effect of osthole on other fungal pathogens in PDA plates. The results showed that osthole also inhibited the growth of other pathogens such as Fusarium moniliforme J. Sheld, Thanatephorus cucumeris Donk, and Alternaria alternata (Fr.) Keissl, but not the growth of Alternaria solani Jonesetgrout and Valsa mali Miyabe and G. Yamada. This suggested that osthole has a potential application in the prevention and treatment of some plant fungal diseases, but not all.



In conclusion, even though we found osthole could potentially be used as an inhibitory agent against plant fungal pathogens, its antifungal mechanism and crucial application points should be further studied before it can be used reliably.
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Figure 1. The inhibitory effect of osthole on Fusarium oxysporum at 3 days after inoculation. (A) CK, potato dextrose agar (PDA) medium; (B) PDA medium plus 5 mg/mL osthole; (C) PDA medium plus 5 mg/mL carbendazol wettable powder; (D) PDA medium plus 5 mg/mL hymexazol aqueous solution; (E) PDA medium plus 5 mg/mL azoxystrobin; (F) The mycelial growth inhibition are shown. CK, PDA medium. The bars on the columns indicate standard deviation. 
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Figure 2. The inhibitory effect of osthole at different concentrations on F. oxysporum. The colony morphology (A) and the mycelial growth inhibition (B) of F. oxysporum in media containing osthole, 5 days after inoculation. 
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Figure 3. Effect of osthole on the morphology of F. oxysporum mycelia and spore germination. (A): CK, images of Fusarium oxysporum mycelia on PDA medium acquired using optical microscope; (B): images of Fusarium oxysporum mycelia on PDA medium plus 5 mg/mL osthole acquired using optical microscope. Mycelial morphology was observed by scanning electron microscopy and is shown in (C) (CK) and (D) (5 mg/mL osthole). (E): CK, Spore germination of Fusarium oxysporum on PDA liquid medium; (F): Spore germination of Fusarium oxysporum on PDA liquid medium plus 3 mg/mL osthole. 






Figure 3. Effect of osthole on the morphology of F. oxysporum mycelia and spore germination. (A): CK, images of Fusarium oxysporum mycelia on PDA medium acquired using optical microscope; (B): images of Fusarium oxysporum mycelia on PDA medium plus 5 mg/mL osthole acquired using optical microscope. Mycelial morphology was observed by scanning electron microscopy and is shown in (C) (CK) and (D) (5 mg/mL osthole). (E): CK, Spore germination of Fusarium oxysporum on PDA liquid medium; (F): Spore germination of Fusarium oxysporum on PDA liquid medium plus 3 mg/mL osthole.



[image: Molecules 26 03818 g003]







[image: Molecules 26 03818 g004 550] 





Figure 4. Inhibitory effect of osthole on several fungal pathogens. (A) F. oxysporum Schlecht; (B) F. moniliforme Sheld); (C) T. cucumeris Donk; (D) V. mali Miyabeet Yamada); (E) A. solani Jonesetgrout; (F) A. alternata Keissler. PDA containing osthole (5 mg/mL) was used. CK, PDA dishes were added with the same volume of Tween-20 and distilled water (1:1000 v/v). 
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Table 1. Germination of F. oxysporum spores.
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	Treatment
	Total Spore Number
	Germinated Spore Number
	Germination Rate (%)
	Inhibition Rate (%)





	CK
	39.80 ± 2.64
	13.5 ± 1.95
	33.92 ± 2.05
	



	osthole
	34.60 ± 4.51
	5 ± 3.06
	14.45 ± 4.27
	57.40 ± 3.75







Values are presented as the mean ± SD.
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Table 2. Mycelial diameter of six pathogens in response to osthole treatment in vitro.
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	Pathogen
	Mycelial Growth Inhibition Rate (%)





	F. oxysporum Schlecht
	55.34 ± 4.32



	F. moniliforme Sheld
	70.66 ± 1.47 *



	T. cucumeris Donk
	75.90 ± 0.73



	F. Valsa mali Miyabeet Yamada
	90.36 ± 2.88



	A. alternata Keissler
	37.60 ± 4.05 *



	A. solani Jonesetgrout
	37.05 ± 0.97







Values are presented as the mean ± SD. * indicates significant difference at p < 0.05 using Duncan’s new multiple range test. PDA containing osthole (5 mg/mL) was used.
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