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Abstract

:

The increasing usage of chemical control agents, as well as fungicides to manage plant diseases, causes human and environmental health problems. Macroalgae represent a reservoir for a tremendous variety of secondary metabolites that display a wide range of biological activities. However, their anti-phytopathogenic properties are still being studied. The current study was conducted to investigate whether or not the macroalgae Ulva fasciata extract exhibits antifungal and antiviral activities. In this regard, the organic extracts of U. fasciata were tested for their capabilities against tobacco mosaic virus (TMV) and three molecularly identified fungal isolates, Fusarium verticillioides, Alternaria tenuissima, and Botrytis cinerea with accession numbers OP363619, OP363620, and OP363621, respectively. Among the three tested extract concentrations, 100 µg/mL had the best biological activity against B. cinerea and TMV, with 69.26%and 81.25% inhibition rates, respectively. The HPLC analysis of chemical profiling of the extract showed the presence of a number of phenolic and flavonoid compounds widely known to display many biological activities. In this line, the 4-Hydroxybenzoic acid was the highest phenolic compound (12.3 µg/mL) present in the extract, followed by ferulic acid (9.05 µg/mL). The 7-hydroxyflavone (12.45 µg/mL) was the highest flavonoid in the organic extract of U. faciata followed by rutin, which recorded a concentration of 7.62 µg/ mL. The results of this study show that the U. fasciata extract has antiviral and antifungal properties, which makes it a possible source of natural antimicrobial agents.
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1. Introduction


Plant diseases have resulted in significant crop losses worldwide, further complicating already major issues with food security [1]. Plant viruses are the most dangerous diseases for plants, and once they appear in the field, they quickly spread and result in significant problems for agricultural productivity [2]. The tobacco mosaic virus (TMV) is a well-known plant virus that has a large, negative impact on crop quality and productivity worldwide [3]. In plant pathology, the tobacco mosaic virus (TMV) is one of the top 10 plant viruses [4]. It is also used as a model virus, and Nicotiana glutinosa is used as a host for TMV-local lesions in many biological studies [5]. Egyptian tomatoes are one of the country’s most valuable crops, ranked fifth in production worldwide [6,7]. Tomatoes are economically important in Egypt because they are less expensive than other vegetables with higher nutritional content. Moreover, their demand and consumption are rapidly increasing due to population growth [7]. Fungal plant infections cause damage to different plants, which may cause the loss of crop harvests or, in the most severe cases, the death of the plants [2,8]. Crop quality is also affected negatively by fungal pathogens, which may cause the accumulation of toxins within plant tissues, which leads to harmful health effects for humans and animals [9]. Although many fungal strains are reported to cause serious plant diseases, it was also noted that specific fungal strains are capable of removing toxins from habitats [10]. Fungal pathogens that can spread through the air and soil and cause diseases such as root rot, wilts, and grey mold greatly impact crops, especially tomatoes, and cause production losses [11,12]. Several fungi bring on wilt infections in tomato plants, the most common of which are Fusaria, such as Fusarium oxysporum, F. verticillioides, and F. equiseti [13]. Moreover, Botrytis cinerea and Alternaria tenuissima fungi were associated with different symptoms of tomato grey mold disease and leaf spot [14,15]. PCR markers, for example, are fast and accurate fungus detection methods that can be employed for this purpose. Inter transcript spacer region (ITS) and elongation factor 1-alpha gene (TEF-1) DNA sequences were found to be better genetic markers for identifying closely related Fusarium spp. [16,17] than identification and quantification based on morphological features of fungal pathogens, which took more time and space in the lab to keep cultures. In a study performed by Chehri [18], the isolated Fusaria species from tomato plants were classified into four species based on morphological characteristics and tef1 and tub2 gene sequence data: F. oxysporum, F. redolens, F. proliferatum, and F. verticillioides. Stracquadanio et al. [19] found that symptoms of decay were linked to the production of mycotoxins in tomato fruits infected with F. verticillioides. Meanwhile, Chang et al. [20] molecularly identified seven Fusaria species isolated from tomato Fusarium wilt disease and reported four of them, including F. oxysporum, F. solani, F. subglutinans, and F. verticillioides, were pathogenic to tomato plants.



Applying chemical fungicides to plants or developing transgenic plants are the two most common strategies for eradicating plant diseases. However, synthetic pesticides harm humans and the environment, and transgenic crops have not yet gained widespread acceptance [1,21]. So, finding new antiviral methods safe for the environment is still a priority. Recently, algae have been used as biocontrol agents against plant diseases [8]. Compared to synthetic and semi-synthetic alternatives, fungicides made from seaweed extracts are significantly less harmful [22]. It has been shown that red algal seaweed extracts contain chemicals that kill fungi, which has been the subject of many studies in the past [23]. Many macroalgae are considered promising sources for producing fungicide products [24]. Many previous reports prove that the extracts of many macroalgae, especially red and brown ones exert high antifungal activity against many plant pathogens such as Fusarium moniliforme, Rhizoctonia solani, and Phytophthora cinnamomi [25,26].



Green algae represent the largest algal group found on earth and inhabit different ecosystems, including fresh and marine habitats [27]. They range from unicellular to multi-cellular, microscopic to macroscopic forms. Their thalli vary from free filaments to shaped forms [27]. Green algae are characterized by the production of a wide range of metabolites, including polysaccharides, polyphenols, terpenes, and carotenoids which play many different biological activities such as antimicrobial, antioxidant, and antitumor activities [28]. Ulva is one of the most widely distributed green algal genera known as sea lettuce [29]. Ulva is known to be a good source of food, development of novel drugs and functional foods, and pharmaceutical, in addition to different agricultural applications [30]. It has proven to be a rich source of structurally diverse bioactive compounds with valuable biomedical potential [31]. The famous ulvan product produced exclusively by the Ulva genera is a water-soluble polysaccharide with many biological activities, including anticancer and antimicrobial [32].



Until now, the application of Ulva fasciata extracts as biocontrol agents against plant pathogens, antiviral and antifungal, is still limited. So, in this work, we aimed to analyze the phytochemical compounds of U. fasciata extract using high-performance liquid chromatography (HPLC) as well as evaluate its antiviral activity against tobacco mosaic virus, determine whether or not the extract inhibited the growth of three different types of fungi F. verticillioides, A. tenuissima, and B. cinerea.




2. Materials and Methods


2.1. Sampling Site


Ulva fasciata biomasses were handpicked during the mid-autumn of 2021 at a depth of 0.2 m or less from Ras El Bar coast. Ras El Bar lies in a peninsula on the coast of the Mediterranean Sea, and it is bordered on the western by the Damietta Nile branch at (N 31°30′45″ E 31°49′32″). The Ulva fasciata biomasses were collected straight from the intertidal zone using five quadrants (1 mm) according to the Londo scale [33]. The fresh algal biomass sample size followed the rules of the Egyptian Environmental Affairs Agency (EEAA) assigned for the bio-conservation of the protected areas.




2.2. Preparation of Dried Algal Biomass


The alga was rinsed several times with saline water and distilled water to remove epiphytes and sediments. The alga was identified based on their morphology and anatomy and by using taxonomic references according to Böer and Warnken [34] and Komárek and Zapomělová [35]. After drying the algal biomass in the shade, the sample was cut, ground, and stored in a firmly sealed dark jar.




2.3. Extraction of Ulva fasciata Biomass


In order to extract Ulva fasciata biomass, 25 g of the dried alga biomass was extracted using the Soxhlet extraction method. The solvent used in the extraction process was a mixture of methanol and hexane with (a 1:1) ratio. The extraction steps were repeated several times until most chemical compounds in the alga biomass were extracted. The organic extract was cooled and concentrated using a rotary evaporator at 30–45 °C. The remnant dried residue of the extract was redissolved using 3 mL of DMSO and kept at 4 °C until use. The extraction procedures were repeated using a solvent mixture only to prepare a control sample.




2.4. Viral Source and Antiviral Activity Assays


The strain KH1 of the Egyptian TMV (Acc# MG264131) [3] was inoculated and propagated on tobacco plants under greenhouse conditions. Using the procedures described by Gooding and Hebert [36], the TMV was purified and adjusted to an inoculum concentration of 20 μg/mL using 100 mM sodium phosphate buffer, pH 7.2. The 100 mg/mL stock concentration of U. fasciata extract was prepared by dissolving 100 mg of U. fasciata extract in 1 mL DMSO. After that, the three working solutions with 25 μg/mL, 50 μg/mL, and 100 μg/mL were prepared and used as three different antiviral treatment assays. A DMSO solution at an equivalent concentration was used as a negative control treatment. Antiviral efficacy was measured using the leaf assay method, in which Nicotiana glutinosa was used as a TMV local lesion host. Based on the developed local lesion on the inoculated leaves, the percentage of inhibitory effect was calculated using the formula: [I = (1 − T/C) × 100], where I is the percentage of inhibitory effect, T is the number of local lesions on the treated leaves, and C is the number of local lesions on the control leaves. The antiviral experiment assay was performed in five treatments under greenhouse conditions on N. glutinosa plants at the 5–6 leaf stage. The first treatment was the Mock treatment, in which the N. glutinosa leaves were sprayed with free-extract working DMSO solution and then inoculated with viral inoculation buffer. The second treatment was TMV treatment, in which the N. glutinosa leaves were sprayed with free-extract working DMSO solution and then inoculated with TMV. The third, fourth, and fifth treatments were 25 μg/mL, 50 μg/mL, and 100 μg/mL treatments, in which N. glutinosa leaves were sprayed with 25 μg/mL, 50 μg/mL, and 100 μg/mL of U. fasciata extract, respectively, 24 h before inoculation with TMV. The N. glutinosa leaves were foliar sprayed with a sterilized plastic hand sprayer until runoff occurred, and the leaves seemed to be coated with the U. fasciata extract. As previously described, the N. glutinosa leaves were mechanically inoculated with TMV [37]. Briefly, the upper surface of the N. glutinosa leaves was dusted with carborundum (600-mesh) and then gently inoculated by finger-rubbing with 20 μL TMV inoculum. After 5 min of the viral inoculation, the inoculated leaves were rinsed with sterile distilled water. Each experiment was repeated three times. At four days post-TMV inoculation (dpi), the number of local lesions was photographed and contented.




2.5. Ulva fasciata Extract Antifungal Assay


2.5.1. Isolation of Fungi


Tissues from infected tomato plants were examined for signs of stem wilting, leaf early blight, and tomato fruit postharvest rots. The fungal pathogens were recovered from the infected samples when grown in potato dextrose agar (PDA) media plates. For purification, the single spore culture method is used [38]. Once the fungi were purified, they were transferred to slant tubes and cultivated at room temperature for four days. Microscopic phenotypic identification and genetic characterization of the pure cultures were performed.




2.5.2. Nuclear Ribosomal Internal Transcribed Spacer (ITS) Region Amplification in Fungi


The Rapid Fungal Genomic DNA Isolation Kit (CAT. #: FT71415, NBS Biologicals Ltd., Huntingdon, UK) is used to isolate total DNA from various fungal species in a simple and efficient manner. The ITS region was amplified according to the procedure of White et al. [39]. The ITS PCR reactions were sequenced at Macrogen Company (Seoul, Korea), and the sequences were assembled, and Genbank deposited.




2.5.3. Antifungal Assay


The antifungal activity of Ulva fasciata extract was examined against the three plant pathogenic fungi by the food poison technique [40]. In brief, the extract-treated Petri-plates were created by adding 250, 500, and 1000 µg of U. fasciata extract/10 mL of sterilized potato dextrose agar media (PDA) to achieve the desired final concentrations (25, 50, and 100 µg/mL) compared to the control (without extract treatment). A total of 10 mL of the extract-treated PDA was poured into the plates. After PDA solidification, one disc (0.5 cm in diameter) of each freshly grown tested fungus was placed in the middle of the Petri plate of each treatment. The fungal species were placed in an incubator at 28 °C till the growth of the control fungus filled the plate. All the treatments were repeated three times. Finally, the antifungal activity was achieved by recording the inhibition percentage of fungal hyphae as follows the formula:


  %   i n h i b i t i o n =  [    C o n t r o l − t r e a t m e n t   c o n t r o l    ]  × 100  













2.6. HPLC Analysis


The phenolic and flavonoid compounds were detected and quantified in the U. fasciata biomass using HPLC methods. The characterization condition was previously described in previous works. The phenolic compounds were characterized and quantified using a Quaternary pump and a Zorbax Eclipse Plus C18 column in an Agilent HPLC (1260 Infinity Series, 100 mm × 4.6 mm i.d.). Analytical grade water, 0.2% H3PO4 (v/v), methanol, and acetonitrile were used in gradient elution to achieve separation. A detector with a tunable wavelength of 284 nm was employed. Flavonoid compounds were analyzed using an HPLC fitted with a binary pump (Zorbax Eclipse plus C18 column, 150 mm × 4.6 mm i.d.). To accomplish the separation, a mixture of methanol and water (50:50) comprising 0.5% H3PO4 and flowing at a rate of 0.7 mL/min was used as the eluent. The extract was injected at a volume of 20 µL, the UV detector was adjusted to 273 nm, and the results were compared with standard compounds and integrated. Phenolic and flavonoid compounds were defined by caffeic acid, ferulic acid, chlorogenic acid, 4-hydroxybenzoic acid, salicylic acid, ellagic acid, protocatechuic acid, rutin, quercetin, kaempferol, luteolin, and 7-hydroxyflavone standard compounds, which were purchased from Merck KGaA (Darmstadt, Germany).




2.7. Data Analysis


The results obtained were statistically analyzed using one-way ANOVA. Comparisons among mean values obtained were made using Tukey’s HSD at the 0.05 level of probability.





3. Results


3.1. Antiviral Activity Assay of U. fasciata Extract


The antiviral efficacy of U. fasciata extract against TMV was evaluated on N. glutinosa under greenhouse-controlled conditions. The leaf assay assessed the protective activity by counting the number of local lesions on inoculated leaves four days after the TMV challenge. Compared to untreated N. glutinosa leaves, U. fasciata extract-treated tissues 24 h before TMV inoculation showed a considerable reduction in local lesion numbers compared to untreated ones at different concentrations (Figure 1). The leaves of mock-treated plants exhibited no local lesions. The highest antiviral activity, with a rate of inhibition of 81.25%, was seen when 100 µg/mL of U. fasciata extract was applied (Figure 2). At 50 and 25 µg/mL doses, the inhibition rates were determined to be 72.08 and 57.92%, respectively (Figure 2). According to the findings, an extract of U. fasciata can potentially protect tomato plants against a TMV infection. Therefore, it can be used as a biocontrol agent to inhibit and/or prevent TMV infection.




3.2. Ulva fasciata Extract Activity against the Fungi


3.2.1. Fungal Pathogens used and Initial Morphological Identification


The isolation and purification trails from tomato plant parts revealed three fungal species. The initial phenotypic characters showed that they were A. tenuissima, F. verticillioides, and B. cinerea.




3.2.2. ITS Molecular Identification


The ITS blasted sequence results confirmed the phenotypic characterization. All the sequence data were deposited in Genbank (NCBI) under the scientific names A. tenuissima isolate At-12, F. verticillioides isolate Fv-11, and B. cinerea isolate Bc-13 and have accessioned with numbers OP363620, OP363619, and OP363621, respectively. The phylogenetic tree of all the isolates was drawn with aligned sequences obtained from the Genbank nucleotide site, as presented in Figure 3.




3.2.3. Ulva fasciata Extract Antifungal Activity


The organic extract of Ulva fasciata displayed different antifungal activities against the three fungi used in this study. The results of the antifungal activity of the green alga organic extract are clearly shown in Table 1 and Figure 4. The highest antifungal efficacy of the extract was detected against B. cinerea using 100 and 50 µg/mL of the extract, with values of 69.26 and 59.26%, respectively. The extract causes a good fungal inhibition against F. verticillioides and A. tenuissima, with a percent of mycelial inhibition reaching 51.85 and 55.93% using 100 µg/mL of the extract, respectively.





3.3. HPLC Analysis of the Phenolic and Flavonoid Compounds


The HPLC chromatograms of phenolic and flavonoid compounds in the Ulva fasciata extract are clearly in Figure 5. The chemical characterization of the Ulva fasciata extract showed a number of phenolic compounds with the highest concentration recorded by 4-hydroxybenzoic acid (12.33 µg/mL). Similarly, the chemical characterization of the offered number of flavonoid compounds in the alga extract. The highest flavonoid compound recorded in the alga extract was 7-hydroxyflavone, with a concentration of 12.45 µg/ mL (Table 2).





4. Discussion


One of the most significant challenges facing global food security is the prevalence of plant diseases [41]. They cause farmers to lose billions of dollars each year [42]. Using resistant plant cultivars or large amounts of fungicides is necessary for disease control in plants, but both approaches pose risks to human and environmental health [43]. Moreover, surface water pollution from pesticides is a major contributor to environmental and ecological problems [44]. Instead of using dangerous pesticides, biocontrol agents could be employed to manage plant diseases [45]. Algal extracts are reported as a sustainable and environmentally friendly alternative to chemical control agents because they contain a wide range of secondary metabolites that are good for the plant’s health [46]. These metabolites may boost the plant’s systemic resistance and limit the growth of pathogens. The current study assessed the effectiveness of an extract from Ulva fasciata against three different fungal pathogens and a viral infection caused by the tobacco mosaic virus (TMV). High-performance liquid chromatography (HPLC) was also used to determine the main phytochemical parts of the U. fasciata extract.



Many aquatic organisms are capable of producing a vast number of allelopathic chemicals [47]. The production and release of such allelopathic chemicals could be regarded as a defense mechanism of the aquatic macroalgae against other phototrophic organisms competing for light and nutrients [48]. Among the allelopathic chemical, many previous studies have demonstrated that marine macroalgae produce many bioactive chemicals [23,24,46,49,50]. Sea lettuce “Ulva” is among the most famous green macroalgae used in feeding, especially in coastal countries. In this study, the identity of the green seaweed was verified morphologically and using the microscopic examination of its edges. Similarly, Ulva represents a good source for many metabolites that display different bioactivities, including antimicrobial, anticancer, antioxidant, and immunomodulating activities [51,52,53,54,55].



The phytochemical profile of the extract shows that it contains bioactive phenolic and flavonoid compounds. The results obtained in this work revealed the presence of high phenolic content in the extract of U. fasciata. This finding is consistent with many previous studies [23,56]. Farasat et al. [57] confirmed the presence of high phenolic content in the extracts of four Ulva species collected from the Arabian Gulf. A high phenolic content was identified in the ethanolic extract of the green seaweed Caulerpa racemosa [58]. Similarly, the organic extract of U. fasciata showed a number of flavonoid compounds Like Rutin, Quercetin, and Kaempferol. El-Mesallamy et al. [59] proved the presence of content of flavonoid compounds in the extract of U. lactuca. The phenolic and flavonoid compounds displayed many biological activities, including anticancer, antimicrobial, anti-inflammatory, and immunomodulatory functions [60]. The antifungal activity displayed by the extract of U. fasciata against the three-plant pathogens may be attributed to the synergetic effect of different bioactive compounds present in the organic extract of U. fasciata.



The utilization of helpful microorganisms as a secure and ethical method of preventing viral plant diseases has attracted much attention in recent years [61,62]. However, the application of algae for the biological control of viral plant diseases is still limited, and how they might operate against viral infections is unknown. In the current study, the inhibitory effect of U. fasciata extract against TMV ranged from 57.92% at a dose of 25 µg/mL to 81.25% at a dose of 100 µg/mL, when applied on N. glutinosa tissues. Based on these results, we think that U. fasciata extract has elicitor compounds that either help the immune system fight TMV better or stop it from spreading. Antiviral agents were reported to stop the spread of viruses in one of two ways: either by stopping viral replication directly or by boosting the host’s immune system that activates SAR to fight the infection [63]. Many different polyphenols, such as caffeic acid, ellagic acid, catechins, chlorogenic acid, gallic acid, quercetin, ferulic acid, and myricetin, have been shown to have benefits against bacteria, viruses, inflammation, cancer, and oxidative stress [64,65]. It has been documented that using 500 µg/mL of exogenous caffeic acid stifles the development of several Fusarium and Saccharomyces species [66]. Ferulic acid is a typical phytochemical found in leaves and seeds that are both free and covalently attached to lignin, hydroxy fatty acids, polysaccharides, glycoproteins, and polyamines. Ferulic acid stiffens cell walls and is an antioxidant, antibacterial, antiviral, anticarcinogenic, and chemical that changes how enzymes work [67]. It was reported that kaempferol plays a significant role in the auxin-dependent defense response in CMVsat-infected Arabidopsis plant [68]. Moreover, luteolin, an antiviral bioflavonoid, showed extracellular virucidal activity against Japanese encephalitis virus replication [69]. Due to its inexpensive cost and inhibitory action on plant viruses, quercetin offers great potential for controlling plant virus infections. It was observed that 1 mol/L quercetin inhibited the proliferation of cucumber necrosis virus, turnip crinkle virus, and TMV in Nicotiana benthamiana up to 90% [70,71]. Protocatechuic acid is a compound found in plants that are high in phenolics. Many in vitro studies have shown anti-inflammatory, antimicrobial, and antioxidant effects [72]. Salicylic acid (SA) is a phenolic compound produced by various plant species at different levels that plays an important role in inducing resistance to biotic and abiotic stresses. The exogenous application of SA increased the expression of defense-related genes and antioxidant enzyme activities and enhanced plant resistance to pathogens, including viruses [73]. In light of this, we believe that such detected polyphenolic compounds in the extract could be utilized as elicitor molecules to promote SAR and boost resistance to TMV infection [74]. It can thus be applied as an alternative to chemical pesticides and to develop sustainable, eco-friendly antiviral agents.



The present investigation represents a trial to study the antifungal effect of the organic extract of U. fasciata against common pathogenic fungal species. The fungal species were isolated from tomato plants and molecularly identified as A. tenuissima, F. verticillioides, and B. cinerea. The isolated A. tenuissima and B. cinerea fungi have been associated with tomato symptoms as described before, causing leaf spot and grey mold diseases [14,15]. F. verticillioides is known to infect maize and a few reports. Mwangi et al. [75] have mentioned that this pathogen is associated with tomato stem diseases or is a vascular wilt pathogen of tomatoes. The same was reported by Akbar et al. [76] for F. equiseti as an emerging wilt pathogen. Furthermore, another study mentions that apart from F. oxysporum f.sp. lycopersici, Fusarium incarnatum-equiseti species complex, and F. graminearum produce mild wilt symptoms in tomatoes [77]. The extract of U. fasciata causes considerable mycelial inhibition in B. cinerea, while F. verticillioides and A. tenuissima show good antifungal activity against Rhizoctonia solani. These results are consistent with the limited number of previous reports that studied the antifungal effect of Ulva extracts. Lotfi et al. [78] reported a high antifungal activity of U. lactuca against Macrophomina phaseolina and F. oxysporum. Selim et al. [79] have demonstrated a fungicidal effect of U. lactuca against F. solani, Rhizoctonia solani, Sclerotinia sclerotiorum, Alternaria solani, Phytophthora infestans, and B. cinerea. Meanwhile, the antimicrobial activities of methanol, ethanol and acetone extracts of U. fasciata and lactuca species were reported against Bacillus subtilis, Staphylococcus aureus, Escherichia coli, S. typhi, Klebsiella pneumonia, and Candida albicans [80]. In another study conducted by Kosanic et al. [81], the U. lactuca acetone extract showed weak minimum fungal inhibitory concentration against Aspergillus flavus, A. fumigatus, Penicillium purpurescens, and P. verrucosum. Otherwise, to explain the antifungal activity, the present work paid considerable attention to the phytochemical characterization of the extract. Furthermore, we need further studies on the role of phenolic compounds in controlling plant viruses and fungi.




5. Conclusions


The findings from this study demonstrated that the Ulva fasciata organic extract possessed promising antiviral and antifungal properties. The HPLC analysis showed that 4-hydroxybenzoic acid was the highest phenolic compound, followed by ferulic acid, while 7-hydroxyflavone was the highest flavonoid in the organic extract of U. faciata, followed by rutin. At a concentration of 100 µg/mL, the U. fasciata extract was most effective at inhibiting TMV infection as well as B. cinerea growth by 81.25 and 69.26%, respectively. So, as far as we know, the results of this study may be the first to show that the seaweed U. fasciata can suppress plant viruses and fight fungi. The promising result in this work makes the tested green alga a promising source for producing antiviral and antifungal agents to control plant diseases.
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Figure 1. A photograph of the signs of disease on N. glutinosa leaves infected with the tobacco mosaic virus at 4 days post-inoculation with different concentrations of U. fasciata extract. Mock: N. glutinosa leaves sprayed with free-extract working DMSO solution and then inoculated with viral inoculation buffer; TMV: N. glutinosa leaves sprayed with free-extract working DMSO solution and then inoculated with TMV; U. fasciata: N. glutinosa leaves were sprayed with 25 μg/mL, 50 μg/mL, and 100 μg/mL of U. fasciata extract, respectively, 24 h before inoculation with TMV. 
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Figure 2. A histogram showing the inhibition rates of different concentrations of U. fasciata extract on N. glutinosa leaves infected with tobacco mosaic virus at 4 days post-inoculation. TMV: N. glutinosa leaves sprayed with free-extract working DMSO solution and then inoculated with TMV; U. fasciata: N. glutinosa leaves were sprayed with 25 μg/mL, 50 μg/mL, and 100 μg/mL of U. fasciata extract, respectively, 24 h before inoculation with TMV. 
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Figure 3. Phylogenetic tree of the three fungal isolates identified in this study by ITS region amplified primers compared with sequences retrieved from the Genbank. The three characterized isolates were A. tenuissima isolate At-12 (OP363620), F. verticillioides isolate Fv-11 (OP363619), and B. cinerea isolate Bc-13 (OP363621). 
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Figure 4. The activity of Ulva fasciata extract against the growth of A. tenuissima, B. cinerea, and F. verticillioides. 
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Figure 5. HPLC chromatograms of phenolic and flavonoid compounds identified in Ulva fasciata extract. 
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Table 1. Antifungal activity of the Ulva fasciata extract.
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Concentration (µg/mL)

	
% of Inhibition




	
Botrytis cinerea

	
Fusarium verticillioides

	
Alternaria tenuissima






	
Control

	
00.00 ± 0.00 c *

	
00.00 ± 0.00 b

	
00.00 ± 0.00 c




	
25

	
52.96 ± 1.24 b

	
46.67 ± 1.16 a

	
39.63 ± 2.12 b




	
50

	
59.26 ± 2.01 b

	
48.89 ± 1.89 a

	
43.33 ± 1.99 b




	
100

	
69.26 ± 1.53 a

	
51.85 ± 1.75 a

	
55.93 ± 1.69 a








* The same letters compared in each column is non significantly different.
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Table 2. The concentration of phenolic and flavonoid compounds present in the extract of Ulva fasciata using HPLC.
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Phenolic Compounds

	
Flavonoid Compounds




	
Compound

	
Retention Time

	
Concentration (µg/mL)

	
Compound

	
Retention Time

	
Concentration (µg/mL)






	
Caffeic acid

	
4.4

	
0.56

	
Rutin

	
4.8

	
7.62




	
Ferulic acid

	
5.0

	
9.05

	
Quercetin

	
6.9

	
6.99




	
Chlorogenic acid

	
7.89

	
6.36

	
Kaempferol

	
8.0

	
3.25




	
4-Hydroxybenzoic acid

	
9.2

	
12.33

	
Luteolin

	
8.8

	
4.14




	
Salicylic acid

	
11.0

	
0.78

	
7-Hydroxyflavone

	
10.0

	
12.45




	
Ellagic acid

	
12.2

	
1.09

	

	

	




	
Protocatechuic acid

	
14.2

	
0.09
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ON973926 Alternaria tenuissima isolate Y144-LY-SY ITS partial sequence
L ON973947 Alternaria tenuissima isolate Y165-LY-SY ITS partial sequence
|_|— ON790393 Alternaria tenuissima isolate 22second week ITS partial sequence
L'— OK338647 Alternaria brassicae strain AVP1 ITS partial sequence
ON973860 Alternaria arborescens isolate Y78-LY-SY ITS partial sequence

J—r| ON973929 Alternaria tenuissima isolate Y147-LY-SY ITS partial sequence
| ON973925 Alternaria alternata isolate Y143-LY-SY ITS partial sequence

OP163716 Alternaria alstroemeriae isolate LS-PH-L-48 ITS partial sequence
ON705501 Alternaria compacta isolate 28Third week ITS partial sequence
|_|— MW 723772 Alternaria alternata isolate 2FEB ITS partial sequence
L UX406534 Alternaria solani strain CSS11763 ITS partial sequence

B MF462295 Alternaria arborescens strain A.arb1 ITS partial sequence

L UF796072 Alternaria alternata isolate OTAB0 ITS partial sequence
JX406501 Alternaria alternata strain WS11801 ITS partial sequence
L MT919134 Alternaria sp. isolate EL3 ITS partial sequence
KT447157 Alternaria porri strain Kd ITS partial sequence
|_|— OP363620 Alternaria tenuissima isolate At-12 ITS partial sequence
8o L JX406499 Alternaria tenuissima strain WS11803 ITS partial sequence
90 - MVW584396 Fusarium commune strain BGL68 ITS partial sequence
50 |L MN452359 Fusarium oxysporum isolate MNSO1 6 7 ITS partial sequence
MW9O26318 Fusarium oxysporum f. sp. ciceris isolate F3 ITS partial sequence
KX138451 Fusarium oxysporum strain S-4 ITS partial sequence
MF497387 Fusarium verticillioides strain KOPs16 ITS partial sequence
MVWO16701 Fusarium foetens strain LC 13824 ITS partial sequence
MT9O21594 Fusarium commune isolate LS2 ITS partial sequence
KM103328 Fusarium oxysporum strain QTYC34 ITS partial sequence
OP363619 Fusarium verticillioides isolate FV-11 ITS partial sequence
MN533760 Fusarium verticillioides strain LZ49 ITS partial sequence
KX783343 Fusarium verticillioides isolate 5123-GZ ITS partial sequence
KX783341 Fusarium verticillioides isolate ZB11263598 ITS partial sequence
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OP363621 Botrytis cinerea isolate Bc-13 ITS partial sequence
MT250940 Botrytis fabae isolate US Nagar ITS partial sequence

L OL840554 Botrytis sp. isolate MIAEO2869 ITS partial sequence
ON758695 Botrytis cinerea isolate YASER-S15 ITS partial sequence
ON387642 Botrytis cinerea isolate M6-1 ITS partial sequence
MT250963 Botrytis cinerea isolate bc49Nainital ITS partial sequence

60

MZO0O7846 Botrytis cinerea strain HM-1 ITS partial sequence

MT250958 Botrytis cinerea isolate bc21bPantnagar ITS partial sequence
OM9O80204 Botrytis cinerea isolate 6 ITS partial sequence

MT573470 Botrytis cinerea isolate 8 ITS partial sequence

MT495453 Botrytis cinerea strain EX2019-M1 ITS partial sequence
ON566789 Botrytis cinerea isolate PBSR4 ITS partial sequence
MN243672 Botrytis sp. strain B1 ITS partial sequence

MT 138533 Botrytis cinerea isolate NIVFSCC1 ITS partial sequence
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