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Abstract

:

The primary objective of this investigation was to assess the potential applicability of hemp (Cannabis sativa L. var. sativa) lateral inflorescence extract in mitigating the growth of fungi, including phytopathogens, on agricultural plants. The extract, comprising a blend of biologically active compounds, holds promise for integration into contemporary plant protection methodologies. The research involved a comprehensive analysis of the extract’s chemical composition, encompassing the determination of total polyphenol and flavonoid content (utilizing spectrophotometric methods), antioxidant activity (evaluated through the DPPH method employing synthetic 2,2-diphenyl-1-picrylhydrazyl radical), and cannabinoid content (analyzed using HPLC techniques). Additionally, this study employed the poisoned substrate method to gauge the impact of 5, 10, and 20% extract concentrations on the growth of various microfungi, including Alternaria alternata, Botrytis cinerea, Colletotrichum coccodes, Fusarium avenaceum, F. culmorum, F. graminearum, F. oxysporum, F. sporotrichioides, and Trichoderma koningii. The hemp extract demonstrated a substantial presence of total polyphenolic compounds, with polyphenol and flavonoid concentrations measuring 149.65 mg/mL and 1.55 mg/mL, respectively. Furthermore, the extract contained cannabinoids at a concentration of 0.12%. The most pronounced antifungal activity was observed with the 20% extract, particularly against T. koningii (62.22–84.79%), C. coccodes (61.65–81.82%), and B. cinerea (45.00–75.42%). However, the efficacy of hemp extracts exhibited large differences against Fusarium spp. (3.10–72.95%), dependent on the specific extract and fungus strain. Introduction of hemp extracts to the substrate induced a reduction in substrate pigment and a discernible color alteration in the mycelium to a lighter shade compared to the control. These findings mark the initial phase in the exploration of practical applications for plant extracts, setting the groundwork for subsequent field trials to ascertain the extract’s impact on phytotoxicity and the health status of agricultural plants.
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1. Introduction


Intensive agriculture has been linked to severe environmental repercussions, primarily attributable to the excessive utilization of agricultural chemicals, a notable source of pollution. The overapplication of pesticides contributes to heightened pest resistance, posing challenges for effective pest control [1]. Consequently, there is a continuous quest for innovative and safe approaches to enhance plant growth and stress resistance [2]. This circumstance instigates exploration into novel technologies and production methods that can yield economically profitable harvests while ensuring environmental protection. An approach aligned with these requirements is integrated plant protection, emphasizing the sustainable use of pesticides, with a preference for non-chemical methods, notably those derived from natural sources. This strategy necessitates a discerning selection of preparations, particularly considering the phased withdrawal of active pesticide ingredients [3]. In line with the European Union’s Green Deal initiative, the gradual reduction in synthetic products in favor of natural alternatives, including phytochemicals, is endorsed.



Phytochemicals, recognized for their roles in the pharmaceutical industry, also hold significance in agriculture and veterinary practices [4]. Suteu et al. [5] affirmed the viability of replacing chemical plant protection agents with biologicals, especially in smaller farms and for seed and grain storage. Biopesticides, a subset of biological agents, encompass natural preparations primarily derived from plants and microorganisms (microalgae, viruses, antagonistic fungi, and bacteria) and are applied to manage agricultural pests and pathogens [6]. Currently, biopesticides stand as a pivotal component in integrated crop protection programs, offering a natural alternative to chemical pesticides [7]. Among the three main groups of biopesticides, those based on biologically active compounds from plants, including extracts and essential oils, are prominent [6,8]. Plants, by virtue of harboring bioactive chemical compounds with biocidal effects, notably cannabinoids, terpenes, and phenolic compounds, offer substantial prospects for ensuring the protection and safety of food [9]. The in-depth investigation into the biochemistry of hemp seed (Cannabis sativa L.) has laid the groundwork for a comprehensive exploration of the chemistry, biology, and medicinal attributes inherent in this plant [10]. The genus Cannabis L. stands as a monotypic taxon, signifying it encompasses only one species—Cannabis sativa L. (hemp). This species has undergone subdivision into two subspecies distinguished by their THC (tetrahydrocannabinol) content. C. sativa L. var. sativa manifests a low level of Δ9-THC, while C. sativa L. var. indica is characterized by elevated levels of Δ9-THC (25–30%) [11,12,13,14]. Hemp, being a versatile industrial species, emerges as a prolific source of phytochemicals, boasting descriptions of over 560 biologically active compounds [10,15,16]. These compounds delineate hemp’s multifaceted properties, encompassing antimicrobial, antiparasitic, anti-inflammatory, antioxidant, analgesic, and anticancer attributes [17,18].



The objective of the research was to analyze the chemical composition of hemp inflorescence extracts as well as to evaluate their fungistatic activity against selected fungi affecting agricultural plants. The antifungal effect was assessed by calculating the linear growth inhibition coefficient of the fungi. The obtained results will allow for the assessment of the degree of fungistatic effect of hemp extracts against the tested groups of pathogens. In addition, the concentration of hemp extract that most effectively inhibits fungal growth will be determined. The information obtained will be used for further research, focusing on improving the composition and recipe of the hemp-based product, and then field assessing its effectiveness as a product used in plant protection.




2. Materials and Methods


2.1. Pant Material


The botanical specimens comprised lateral inflorescences obtained from hemp (Cannabis sativa L. var. sativa) of the ‘Futura 75’ variety, cultivated in the Lublin region (51°15′00″ N, 22°34′00″ E). Following harvesting, the plant matter underwent desiccation in a shaded and well-ventilated environment, at a standard room temperature of 22 °C, followed by meticulous grinding. The moisture levels in the desiccated material were ascertained using a WPS 50 SX moisture analyzer (RADWAG, Radom, Poland), ensuring that the plant material achieved a moisture content not exceeding 9%. The raw materials were subsequently securely stored in hermetic packaging, shielded from direct light and moisture.




2.2. Extract Preparation


Hemp extracts (H) were formulated by suspending 100 g of finely crushed plant material (lateral inflorescences) in 1000 mL of 70% ethanol, employing a methodology described by Kursa et al. [19]. The extraction process transpired under a reflux condenser, maintaining the ethanol at its boiling point, spanning a duration of 6 h. The resultant extract underwent filtration via filter paper and subsequent concentration to 100 mL (1:1 extract) through the utilization of a rotary evaporator (Heidolph Instruments, Schwabach, Germany). Filtrak Qualitative Folded Filters (Grade 6, 80 g·m−2, Sartorius, Göttingen, Germany) were employed for the filtration of the extracts. The final extract was diligently preserved at a low temperature of 4 °C.




2.3. Characteristics of the Chemical Composition of Hemp Extracts and Analysis of Their Antioxidant Activity


The quantitative analysis of hemp extracts (1:1) encompassed the assessment of total polyphenols, total flavonoids, cannabinoid content, and antioxidant activity.



2.3.1. Evaluation of Total Polyphenol Content


Polyphenol content in hemp extracts was determined using a modified method based on Singleton and Rossi, employing spectrophotometry (λ = 765 nm) with the Folin–Ciocalteau reagent, as outlined by Singleton and Rossi [19,20]. The quantification of polyphenols (expressed as gallic acid equivalents) relied on the calibration curve established for gallic acid as a standard, within the concentration range of 10–100 mg·L−1 (10, 20, 40, 60, 80, 100 mg·L−1). Samples were appropriately diluted to align with their initial concentrations as per the standard curve. All analyses were performed in triplicate.




2.3.2. Evaluation of Flavonoid Content


The determination of total flavonoid content in hemp extracts followed a modified method by Karadeniz and coauthors [21] employing spectrophotometry (λ = 510 nm) [19]. Results, expressed as epicatechin equivalents, were derived from a calibration curve established using epicatechin standards within the concentration range of 10 to 400 mg·L−1 (10, 50, 100, 150, 200, 250, 300, 350, and 400 mg·L−1). To achieve target extract concentrations (5, 10, and 20%), 50 g, 100 g, and 200 g of the crude concentrated extract (1:1) were, respectively, weighed and adjusted with distilled water to a final weight of 1000 g. The aforementioned analyses were conducted in triplicate.




2.3.3. Estimation of Cannabinoid Content


Chromatographic analysis of cannabinoids was conducted following a modified procedure by Mandrioli et al. [22]. The commercial product “Ultra Extract,” containing 20% CBD hemp oil (Kropla CBD, Bartosz Michalski, Lublin, Poland), obtained through supercritical CO2 extraction, served as a reference for the qualitative comparison of the experimental extract. Standard mixtures of cannabinoids, including cannabidiol (CBD), cannabidiolic acid (CBDA), ∆9-tetrahydrocannabinol (∆9-THC), cannabigerol (CBG), cannabichromene (CBC), cannabidivarin (CBDV), cannabinol (CBN), cannabigerolic acid (CBGA), and tetrahydrocannabivarin (THCV), were appropriately diluted in acetonitrile for eight points within the concentration range of 0.05 to 100 mL−1 (0.05, 0.50, 4.17, 8.33, 16.70, 25.00, 50.00, and 100.00 µg·mL−1). These standard solutions were stored away from light at a temperature of 20 °C. The reference sample was diluted with a methanol and water mixture to a concentration of 0.025 mg/mL, based on the CBD content declared by the manufacturer, while the experimental extract sample remained undiluted. Subsequently, using a syringe filter with a diameter of 0.45 µm, extract samples were filtered into glass vials. The separation and quantification of cannabinoids were performed using a Thermo-Scientific UltiMate 3000 HPLC system.



HPLC analysis conditions:




	-

	
RP C18 Nex-Leaf CBX Potency 150 × 4.6 mm, 2.7 μm column with Nex-Leaf CBX 5 × 4.6 mm, 2.7 μm precolumn.




	-

	
Gradient elution: water + 0.085% phosphoric acid (A), acetonitrile + 0.085% phosphoric acid (B); 70% B until 3 min, 85% B until 7 min, 95% B from 7.01 min to 8.00 min, then 70% B until 10 min.




	-

	
Mobile phase flow rate 1.0 mL/min.




	-

	
Chromatographic column temperature 35 °C.




	-

	
Injection volume 5 µL.




	-

	
Detection at λ = 220 nm




	-

	
Analysis time 8 min.









A qualitative analysis was performed, considering the retention times of the individual peaks of the standards. Quantitative analysis involved determining the areas of the identified cannabinoids’ individual peaks and correlating these values with the established equations of the calibration curves for each standard.




2.3.4. Assessment of Antioxidant Activity


The antioxidant activity of hemp extracts, expressed in mM Trolox, was evaluated using a modified procedure outlined by Brand-Williams et al. [23], employing the synthetic radical 1,1-diphenyl-2-picrylhydrazyl (DPPH, Sigma) [24]. The antioxidant’s capability to counteract the oxidation reaction was calculated using the following formula: % inhibition = 100 (A0 − Am)/A0, where Am is the mean absorbance of the test solution containing antioxidant, and A0 is the absorbance of DPPH radical solution.





2.4. Biological Tests


2.4.1. Preparation of Fungal Cultures


The strains of fungi used in the experiment were obtained in the years 2020–2021 as a result of mycological analysis of grains of Triticum aestivum L., varieties: ‘Linus’ (RAGT Semences Group, Rodez, France), ‘Euforia’ (Station of Plant Breeding in Strzelce, Poland), ‘Hondia’ (Przedsiębiorstwo Hodowli Roślin DANKO, Choryni, Poland), and tomato seeds (Lycopersicon esculentum L.) of the variety ‘Alka’ (W. Legutko Przedsiębiorstwo Hodowlano-Nasienne Sp. z o.o., Jutrosin, Poland). The following fungal species were included in the in vitro tests: Alternaria alternata (strain PCL10), Botrytis cinerea (strain CH10), Colletotrichum coccodes (Wallr.) (strain P74/2), Fusarium avenaceum (strain P27), Fusarium culmorum (strain Fc37), Fusarium graminearum (strain Fg54), Fusarium oxysporum (strain ECR4), Fusarium sporotrichioides (strain P41) and Trichoderma koningii (strain K4/11/20).



Fungal colonies originated from 10-day-old single-spore colonies inoculated on potato-dextrose agar (PDA, Difco) sourced from the microorganisms collection of the University of Life Sciences in Lublin, Plant Protection Department. Confirmation of the affiliation of the fungal strain to the species was made on the basis of microscopic analysis of each isolate/strain (structure and size of spores, colony colour) using appropriate mycological keys. In order to confirm the species affiliation of the tested Fusarium spp., as fungi with high morphological variability, the molecular BIO-PCR method was additionally used, using SCARs (Sequence Characterized Amplified Regions) markers [25]. Currently, the above-mentioned markers remain already developed for most species of the genus Fusarium, important from an economic point of view. Markers have been developed, among others, for: F. avenaceum [26], F. culmorum [27,28], F. graminearum [27,28], and F. oxysporum [29].




2.4.2. Assessment of Antifungal Extract Activity—In Vitro Tests


The study assessed the impact of 5, 10, and 20% hemp inflorescence extracts (H) on the growth of the examined microfungi using the poisoned substrate method [30]. The control sample comprised fungal colonies with the addition of 5, 10, and 20% of the residue of the evaporated extraction solvent (70% ethanol) introduced to the PDA microbiological medium. The experiment was replicated five times for each research combination, and the experimental combinations were stored at 25 °C for 10 days. Measurements of fungal colony diameter (mm) were conducted on 2, 4, 6, 8, and 10 days. The inhibition of mycelial growth on the culture medium supplemented with hemp extract, in comparison to the control combination, served as an indicator of the antifungal effect of the extract. The antifungal effect of hemp extracts was quantified using the stimulation/inhibition coefficient of fungal colony growth calculated according to Abbott’s formula [30]. Changes in the color, structure, and morphology of the fungi were observed on day 6 of the experiment using an MB5 optical microscope (Opta-Tech, Warsaw, Poland).





2.5. Statistical Analysis


Data were analyzed by one-way analysis of variance (test of Duncan) at a significance level of p ≤ 0.05 using Statistica 12.6 software (StatSoft Poland, Krakow, Poland). All phytochemical analyses were performed in triplicate, while microbiological tests were performed in five repetitions for each experimental combination.





3. Results


3.1. Content of Selected Biologically Active Substances in the Extract


The total flavonoid content (expressed as epicatechin equivalents) in the hemp extract (100%, 1:1) was determined to be 1.55 mg·mL−1, whereas the polyphenol content (calculated as gallic acid equivalents) in the analyzed extract measured 149.65 mg·mL−1 (Table 1). Additionally, the antioxidant activity, represented as a percentage of inhibition, reached 22.93%, equivalent to 32.05 mM Trolox.



Table 2 shows the characteristics of hemp extracts in terms of cannabinoid content compared to a commercial product, i.e., CBD hemp oil 20% “Ultra Extract”.



In the experimental extract, the presence of cannabidiol (CBD) was identified at a concentration of 0.08%, and cannabidiolic acid (CBDA) at 0.04%. These concentrations were notably lower than those observed in the reference sample, where CBD and CBDA levels were 20.71% and 1.10%, respectively. The disparity can be attributed to the utilization of supercritical CO2 in the commercial preparation, favoring the extraction of biologically active compounds with a higher affinity for cannabinoids. Furthermore, the analysis confirmed the existence of Δ9-THC (0.11%), CBC (0.22%), CBGA (0.06%), CBG (2.66%), CBDV (0.08%), and CBN (0.02%) in the commercial product. The conventional extraction methods for these components involve solvents with a high affinity for cannabinoids, such as ethanol, methanol, or hexane, and supercritical CO2, while water, as used in this experiment, exhibits low affinity [31,32]. The 70% ethanol employed in the experiment was subsequently evaporated during the extract concentration process, resulting in a water extract.




3.2. Inhibition of Fungal Growth


As a result of plate tests, the direct impact of hemp extracts on the growth dynamics of the tested fungal species was determined. The effect of hemp extract on the growth of the tested fungus strain varied based on the extract concentration and its duration of action. Hemp extracts exhibited the most potent fungistatic activity against Trichoderma koningii, Botrytis cinerea, and Colletotrichum coccodes, while the weakest effect was observed against Fusarium graminearum (Figure 1 and Figure 2, Table 3). The antifungal activity of hemp extracts intensified with higher concentrations, with the most potent effects observed for 20% hemp extracts. The highest activity of the hemp extract was recorded for the H20 concentration against B. cinerea. In the control (C20), the fungus displayed dynamic growth, reaching a diameter of 90 mm on day 8, whereas in the H20 combination, it reached only 37 mm. Similar trends were observed for T. koningii, where in the control (C20) on day 4, the fungus reached a diameter of 87.6 mm, while in the H20 combination, its diameter was only 13.3 mm. Fusarium species exhibited varying growth dynamics depending on the species and the concentration of the extract in the medium. The fastest growth was recorded on day 6 for F. culmorum (C20: 89.3 mm, H20: 24.2 mm) and on day 8 for F. sporotrichioides (C20: 90 mm, H20: 36.5 mm). The remaining Fusarium species grew more slowly, with the diameter of their colonies on the 10th day of the experiment after the addition of the extract being lower than 40 mm (Figure 1).



Hemp extracts (H) exhibited varying degrees of inhibition against the growth of the tested fungal species, dependent on the fungus species/strain, extract concentration, and experiment duration. The antifungal activity of hemp extracts increased progressively throughout the experiment, with the 20% extract (H20) demonstrating the highest effectiveness, statistically stronger than the effects of the 5% (H5) and 10% (H10) extracts. The superior antifungal effect of the 20% hemp extract was attributed to its higher concentration of biologically active compounds, such as polyphenols, compared to the 5% and 10% hemp extracts. The most potent antifungal activity was observed against T. koningii (H20: 62.22–84.79%), C. coccodes (H20: 61.65–81.82%), and B. cinerea (H20: 45.00–75.42%). The 20% extract significantly inhibited fungal growth compared to its lower concentrations (Figure 1 and Figure 2, Table 3). A substantial antifungal effect of the extracts was also noted against A. alternata, where the antifungal effect of H20 persisted even on day 10 of the experiment, reaching 74.46% (Figure 1, Table 3). Weaker effectiveness of hemp extracts was recorded against Fusarium spp., with the lowest degree of fungal growth inhibition observed for the 5% extract (H5) against F. graminearum (H5: 13.1%) and the highest for the 20% concentration (H20) against F. culmorum (H20: 72.95%). Among the fungi of the genus Fusarium, F. graminearum exhibited slower growth than other Fusarium species; therefore, the percentage inhibition of fungal growth after adding the extract, relative to the control, was lower than in other Fusarium species characterized by more dynamic growth. The highest degree of inhibition of F. graminearum was recorded only at a level of 46.91% at a concentration of 10%, on day 2 of the experiment. In the subsequent days, its antifungal activity decreased (Figure 1 and Figure 2, Table 3).




3.3. Fungal Morphology Changes


Throughout the experiment, changes in fungal morphology were systematically evaluated (Table 4). The most prominent alterations were observed in the color of both the obverse and reverse sides of the colonies. The introduction of hemp extracts into the substrate led to the disappearance of pigment in the medium and a lightening of the mycelium’s color compared to the control. Hemp extracts also induced modifications in the mycelial structure. The mycelium of A. alternata, C. coccodes, and F. oxysporum became denser and flatter compared to the control. Regarding other species (B. cinerea, F. avenaceum, F. culmorum, F. graminearum, F. sporotrichioides, T. koningii), fungal colonies growing on the medium with extracts exhibited increased density but also demonstrated enhanced upward growth (Table 4). Hemp extracts also exerted an effect on the intensity of fungal sporulation. The most significant reduction in the number of spores occurred in T. koningii and A. alternata, where the addition of hemp extracts to the substrate inhibited the sporulation process, resulting in smaller and less developed conidia than in the control (Figure 3). The opposite reaction was recorded for fungi of the genus Fusarium, where hemp extracts contributed to the stimulation of sporulation, which is a common defense mechanism of fungi in response to the presence of toxic substances in the medium (Figure 3). The findings substantiated the fungistatic effect of hemp extracts, underscoring the justification for further research in this domain. Evaluation of the phytotoxic potential of hemp extracts and their influence on plant health warrants verification through field experiments.





4. Discussion


Plant extracts, owing to their antimicrobial and antioxidant properties, find a broad spectrum of applications in medicine, food, phytopharmaceutical, and cosmetic industries [33,34,35,36,37,38,39]. The multifaceted effects of plant extracts contribute to numerous scientific research endeavors aimed at their comprehensive examination and utilization for antimicrobial purposes [19,40,41,42]. Currently, Cannabis sativa L. sativa is extensively employed in industry and medicine. Industrial hemp serves as the primary source of cannabinoids (cannabidiol—CBD, tetrahydrocannabinol—THC, cannabichromene—CBC, cannabigerol—CBG, cannabinol—CBN) [43]. Cannabis is a complex and rich plant capable of producing more than 480 molecules. The content of biologically active components and their biocidal activity vary depending on specific parts of hemp, and their mode of action is contingent on the type of substrate used (plant material, alcohol, or water extracts) [44]. Numerous scientific studies have corroborated the effectiveness of selected groups of secondary metabolites with antimicrobial properties found in hemp extracts and their potential for use as alternative biopesticides [45,46].



In addition to being a rich source of biologically active compounds, hemp brings a number of benefits to the environment (carbon dioxide storage, interrupting the cycle of plant diseases in crop rotation, cleansing the soil of weed seeds, preventing soil erosion and increasing biodiversity). Therefore, in recent years, the area under hemp cultivation in the European Union (EU) has increased by 75% and hemp production by 62.4% [47]. Hemp cultivation, apart from providing measurable economic benefits for the producer, also contributes to the achievement of the goals of the European Green Deal. Due to the increase in the area of hemp cultivation, there is a need to manage parts of plants that are not directly used for industrial purposes (small side inflorescences, leaves). These parts of the plant can be a source of plant biomass for the production of extracts (also due to the content of phenolic compounds in hemp), which constitute the basis for the production of biopesticides, which are an alternative to synthetic plant protection products.



In the context of the present experiment, the hemp extract exhibited lower values for total flavonoid contents (1.55 mg·mL−1) and antioxidant activity (22.93% and 32.05 mM Trolox) compared to our previously published data [48] on extracts from various species, including horseradish, common yarrow, tansy, sage, and wormwood (total flavonoid contents ranging from 1.18 to 23.06 mg·mL−1, antioxidant activity from 4.55% to 67.58%, and 3.06 to 102.44 mM Trolox). Nevertheless, the total polyphenol content in the tested hemp extract (149.65 mg·mL−1) surpassed that of previously studied plant extracts (ranging from 20.78 to 81.95 mg·mL−1) [48]. Khoury et al. [49] reported comparable findings, suggesting a moderate antioxidant potential of hemp flower extract (Cannabis sativa L.) compared to other bioactive compounds with antifungal properties found in hemp extracts. Phenolic compounds, terpenes, and cannabinoids constitute intriguing chemical groups of secondary metabolites in hemp [50,51]. Among these, cannabinoids, as monoterpenes with an aryl group resulting from the condensation of terpenes and phenolic compounds [50,52], are particularly noteworthy due to their antimicrobial properties [53]. The content of cannabinoids is influenced by both biotic factors (plant genotype, developmental stage) and abiotic factors (nutrient availability, temperature, light). The highest concentrations of these compounds are typically found in the inflorescences, with lower levels in leaves and stems [54,55,56]. The primary cannabinoid in industrial hemp (fiber-type) is cannabidiol (CBD), lacking the psychoactive properties associated with THC (Δ-9tetrahydrocannabinol). CBD is recognized for its antimicrobial, antioxidant, analgesic, anti-inflammatory, anticonvulsant, and neuroprotective functions [56,57]. The content of cannabinoids in industrial hemp plants varies significantly based on the variety and cultivation location, as evidenced by Mańkowska et al. [57], who reported CBD contents ranging from 0.0254% to 0.814% in six varieties of hemp (Cannabis sativa L.) of European and Asian origin. The conducted research on cannabinoid contents in extracts indicates a relatively low total content in the tested extract (0.12%).



Hong et al. [58] reported the potent activity of Indian hemp against select Gram-positive bacteria (Listeria monocytogenes, Staphylococcus epidermidis, Salmonella newington) and Gram-negative bacteria (Pseudomonas aeruginosa, Helicobacter pylori, Escherichia coli), highlighting the potential use of cannabis-derived molecules in human disease therapies. Additionally, Indian hemp extracts exhibited antifungal potential against foot fungus pathogens (Trichophyton interdigitale and Trichophyton rubrum) as well as Candida albicans [59]. The antifungal attributes of hemp arise not only from the presence of cannabinoids but also from other phenolic compounds, a prevalent group of plant constituents known for their robust antimicrobial properties. Numerous authors have confirmed the biocidal properties of hemp extracts, particularly in the medical field [43,60,61].



While contemporary studies on the antimicrobial properties of hemp are limited, a few have focused on the isolated compounds, especially those with low THC content, and fewer still have delved into the antifungal properties of hemp extracts [57,58,59]. Literature data emphasize the varied effectiveness of plant extracts contingent upon the plant material and the extraction methodology [62,63]. Our research underscores that a 20% hemp extract proves most effective in inhibiting the growth of fungi on plants, including pathogenic species such as B. cinerea, C. coccodes, A. alternata, or Fusarium spp. Comparable studies involving extracts from industrial hemp leaves [64,65] demonstrated the effectiveness of water extracts in inhibiting the growth of A. solani (As) and F. oxysporum (Fo) by 31.01–53.53% (As) and 23.47–47.96% (Fo), depending on the extract concentration. Our study, focusing on extracts from industrial hemp lateral inflorescences, revealed greater efficacy in inhibiting fungal growth compared to leaf extracts. The efficacy reached up to 73.57% for a 10% extract concentration and 76.46% for a 20% extract concentration (in the case of A. alternata). Similarly, high efficacy of hemp inflorescence extracts was observed against F. oxysporum, surpassing that of leaf extracts, as reported by Tapwall et al. [65]. Several studies have indicated the inhibitory effects of hemp extracts on toxigenic fungi like Aspergillus spp. and their mycotoxins [62,63]. Despite their broad-spectrum action, the antifungal and mycotoxin inhibitory effectiveness of hemp extracts has not been extensively explored, especially compared to their antioxidant properties. This study contributes valuable data on the fungistatic action of biodegradable hemp extracts. Further investigations are necessary to confirm their effectiveness under field conditions, evaluate their biological stability, selectivity, phytotoxicity, and explore their potential as a properly formulated mixture of plant extracts, which could exhibit enhanced fungistatic effectiveness. This research represents a crucial step and may serve as a foundation for developing a biofungicide for controlling plant diseases.




5. Conclusions


Innovatively addressing agricultural plant pathogens by harnessing the potential of plant extracts emerges as a captivating paradigm in modern crop protection. The strategic integration of fungicides with diverse non-chemical control methodologies, encompassing agronomic practices and resistant crop varieties, offers a robust framework for effective plant protection management. This approach strategically combats pathogen resistance, emphasizing the utilization of safe, next-generation fungicidal products. Crafting such formulations entails meticulous selection of plant components and precise determination of doses/concentrations to attain the desired fungistatic effect.



The experimental results showed the strongest fungistatic effect of hemp extracts against Alternaria alternata, Colletotrichum coccodes, Fusarium avenaceum and F. culmorum, mainly in the first days of the experiment. The extracts inhibited fungal growth significantly better at higher concentration (20%) compared to lower concentrations. The weakest antifungal effect of hemp extract was recorded only against F. graminearum. It was also shown that the greater fungistatic effect of the extract was dependent on the higher content of secondary metabolites (polyphenols and flavonoids) and their high antioxidant activity.



Continuation of these investigations in vivo is imperative to ascertain the optimal composition and application form of the natural product, addressing challenges associated with potential phytotoxic effects. Effectively marketing novel products and devising efficient disease control strategies without compromising plant productivity are pivotal objectives in the pursuit of sustainable agriculture.
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Figure 1. Colony diameter (mm) of fungi growing on potato dextrose agar (PDA) with addition of hemp extracts; C5, C10, C20—control with 5, 10, 20% residue of solvent; H5, H10, H20—5, 10, 20% hemp extract concentration. 
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Figure 2. Fungal growth on potato dextrose agar (PDA, Difco) with different concentration of hemp extracts; C5, C10, C20—control with 5, 10, 20% residue of solvent; H5, H10, H20—5, 10, 20% hemp extract concentration; day 6 of growth. 
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Figure 3. Development of fungal spores on PDA with the addition of hemp extracts; C5, C10, C20—control with 5, 10, 20% solvent residue; H5, H10, H20—5, 10, 20% hemp extract; day 6 of growth. 
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Table 1. Content of flavonoids (epicatechin equivalent mg/mL), polyphenols (gallic acid equivalent mg/mL) and antioxidant activity in the basal extract from hemp inflorescensces (100%, 1:1).
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	Parameter (Units)
	Result ± SD





	Flavonoids (mg·mL−1)
	1.55 ± 0.036



	Polyphenols (mg·mL−1)
	149.65 ± 0.797



	Antioxidant activity (% inhibition)
	22.93 ± 4.013



	Antioxidant activity (mM Trolox)
	32.05 ± 6.328










 





Table 2. Cannabinoid content of the experimental hemp seed extract compared to the reference extract (commercial product: hemp oil CBD 20% “Ultra Extract”).
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Cannabinoids

	
Concentration (%, w/w)




	
Experimental Extract

(100%, 1:1)

	
Hemp Oil CBD 20% “Ultra Extract”






	
Cannabidiol (CBD)

[image: Applsci 14 01680 i001]

	
0.08

	
20.71




	
Cannabidiolic acid (CBDA)

[image: Applsci 14 01680 i002]

	
0.04

	
1.10




	
delta-9-tetrahydrocannabinol (Δ9-THC)

[image: Applsci 14 01680 i003]

	
<0.01

	
0.11




	
delta-9-tetrahydrocannabinol acid (Δ9-THCA)

[image: Applsci 14 01680 i004]

	
<0.01

	
<0.01




	
Cannabichromene (CBC)

[image: Applsci 14 01680 i005]

	
<0.01

	
0.22




	
Cannabigerolic acid (CBGA)

[image: Applsci 14 01680 i006]

	
<0.01

	
0.06




	
Cannabigerol (CBG)

[image: Applsci 14 01680 i007]

	
<0.01

	
2.66




	
Cannabidiwarin (CBDV)

[image: Applsci 14 01680 i008]

	
<0.01

	
0.08




	
Cannabinol (CBN)

[image: Applsci 14 01680 i009]

	
<0.01

	
0.02




	
Sum of CBD and CBDA

	
0.12

	
21.81




	
Sum of Δ9-THC and Δ9-THCA

	
<0.01

	
0.11




	
Total cannabinoids

	
0.12

	
24.96











 





Table 3. Inhibition (%) of growth of fungi (mm) growing on PDA medium with the addition of various concentrations of hemp extract.
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Fungus

Species

	
Experimental Combination

	
Number of Days ± SD




	
2

	
4

	
6

	
8

	
10






	
A. alternata

	
H5

	
58.16 ± 6.37 a

	
61.14 ± 4.10 b

	
63.78 ± 0.56 a

	
66.35 ± 2.73 b

	
64.10 ± 2.31 a




	
H10

	
63.89 ± 0.00 a

	
71.01 ± 1.45 a

	
68.37 ± 2.70 a

	
73.57 ± 1.88 a

	
69.91 ± 6.57 a




	
H20

	
57.41 ± 11.56 a

	
74.07 ± 2.12 a

	
70.82 ± 3.98 a

	
76.04 ± 0.42 a

	
76.46 ± 0.95 a




	
LSD

	
17.422

	
7.651

	
5.426

	
4.807

	
9.876




	
B. cinerea

	
H5

	
67.32 ± 2.26 a

	
72.07 ± 5.29 a

	
62.59 ± 7.03 a

	
47.78 ± 11.48 a

	
34.07 ± 10.68 a




	
H10

	
67.26 ± 2.73 a

	
72.94 ± 2.48 a

	
65.93 ± 4.49 a

	
51.85 ± 6.12 a

	
36.67 ± 7.29 a




	
H20

	
62.2 ± 9.45 a

	
75.42 ± 2.56 a

	
70.59 ± 2.30 a

	
58.89 ± 4.41 a

	
45.00 ± 6.41 a




	
LSD

	
11.414

	
10.205

	
13.709

	
21.284

	
22.107




	
C. coccodes

	
H5

	
58.90 ± 0.00 b

	
64.10 ± 2.22 b

	
62.34 ± 2.25 b

	
62.84 ± 2.11 c

	
61.36 ± 2.60 b




	
H10

	
61.54 ± 0.00 a

	
68.10 ± 5.62 b

	
68.20 ± 4.41 b

	
70.16 ± 2.20 b

	
64.78 ± 3.64 b




	
H20

	
61.54 ± 0.00 a

	
81.82 ± 0.00 a

	
79.60 ± 3.12 a

	
76.67 ± 3.67 a

	
75.26 ± 1.97 a




	
LSD

	
-

	
7.653

	
7.767

	
5.826

	
7.666




	
F. avenaceum

	
H5

	
40.91 ± 14.19 a

	
49.28 ± 7.53 a

	
51.90 ± 5.90 b

	
46.20 ± 6.88 c

	
55.20 ± 34.87 a




	
H10

	
27.66 ± 7.37 a

	
50.58 ± 3.63 a

	
56.25 ± 2.17 b

	
55.96 ± 0.92 b

	
54.41 ± 2.18 a




	
H20

	
42.34 ± 3.12 a

	
60.75 ± 0.00 a

	
69.82 ± 0.00 a

	
69.37 ± 0.38 a

	
63.34 ± 1.22 a




	
LSD

	
22.327

	
11.520

	
7.222

	
9.002

	
46.906




	
F.culmorum

	
H5

	
58.73 ± 7.27 a

	
54.27 ± 5.18 b

	
62.69 ± 1.97 b

	
62.78 ± 2.89 a

	
54.81 ± 5.59 a




	
H10

	
40.21 ± 12.88 b

	
63.00 ± 5.57 a b

	
64.69 ± 5.13 b

	
58.70 ± 3.78 b

	
52.59 ± 5.40 a




	
H20

	
66.13 ± 4.84 a

	
70.29 ± 1.35 a

	
72.95 ± 3.08 a

	
62.78 ± 2.42 a

	
51.48 ± 4.17 a




	
LSD

	
14.141

	
10.470

	
6.001

	
1.969

	
5.466




	
F. graminearum

	
H5

	
28.57 ± 12.37 a

	
33.56 ± 9.71 a

	
31.78 ± 4.46 a

	
19.32 ± 3.94 b

	
13.1 ± 1.03 b




	
H10

	
5.56 ± 12.73 b

	
46.91 ± 2.36 a

	
43.31 ± 2.44 a

	
41.69 ± 2.87 a

	
42.63 ± 3.16 a




	
H20

	
31.43 ± 8.57 a

	
38.67 ± 7.57 a

	
35.74 ± 3.68 a

	
38.80 ± 3.32 a

	
36.72 ± 3.58 a




	
LSD

	
20.763

	
19.727

	
9.456

	
6.781

	
7.322




	
F. oxysporum

	
H5

	
52.75 ± 6.86 a

	
53.85 ± 5.77 a

	
47.75 ± 8.71 a

	
51.05 ± 5.35 a

	
47.72 ± 4.86 a




	
H10

	
49.49 ± 9.26 a

	
58.33 ± 5.16 a

	
51.46 ± 8.41 a

	
56.91 ± 8.14 a

	
55.33 ± 7.85 a




	
H20

	
61.54 ± 12.82 a

	
54.22 ± 14.01 a

	
58.68 ± 8.99 a

	
61.52 ± 9.98 a

	
62.45 ± 7.53 a




	
LSD

	
15.328

	
19.994

	
20.773

	
21.406

	
17.210




	
F. sporotrichioides

	
H5

	
30.91 ± 3.15 a

	
50.72 ± 3.47 a

	
62.63 ± 3.21 a

	
59.26 ± 0.85 a

	
47.59 ± 2.74 a




	
H10

	
28.07 ± 13.25 a

	
52.38 ± 6.23 a

	
57.81 ± 3.57 a

	
45.93 ± 6.12 b

	
40.56 ± 2.55 a




	
H20

	
51.77 ± 4.91 a

	
62.78 ± 3.94 a

	
67.81 ± 3.16 a

	
59.44 ± 4.41 a

	
50.19 ± 6.39 a




	
LSD

	
21.031

	
10.908

	
8.466

	
11.237

	
10.662




	
T. koningii

	
H5

	
77.58 ± 1.55 a

	
80.00 ± 2.42 a

	
72.22 ± 3.09 a

	
63.15 ± 3.06 b

	
56.85 ± 1.40 a




	
H10

	
77.55 ± 4.68 a

	
85.66 ± 2.55 a

	
77.41 ± 1.70 a

	
70.93 ± 1.95 a

	
65.00 ± 2.94 a




	
H20

	
76.53 ± 3.53 a

	
84.79 ± 2.63 a

	
77.41 ± 4.98 a

	
68.15 ± 2.57 a b

	
62.22 ± 4.19 a




	
LSD

	
3.883

	
5.155

	
8.751

	
5.609

	
7.229








H5, H10, H20—5, 10, 20% hemp extract; SD—standard deviation; a, b, c—values within the experimental combination, marked with the same letter are not significantly different at p ≤ 0.05.













 





Table 4. Selected morphological features of fungal mycelium growing on PDA medium with the addition of various concentrations of hemp extract (day 6 of the experiment).
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Fungus Species

	
Experimental Combination

	
Mycelium Surface and Structure

	
Obverse

	
Reverse






	
A. alternata

	
C5, C10, C20

	
Fluffy, raised

	
Green-grey

	
Black




	
H5, H10, H20

	
Fluffy, dense-fibrous, flat

	
Green-grey

	
Black




	
B. cinerea

	
C5, C10, C20

	
Fluffy, raised

	
White-grey

	
White-grey




	
H5, H10, H20

	
Fluffy, raised (conical) in the middle

	
White

	
White




	
C. coccodes

	
C5, C10, C20

	
Dense, flat

	
Black

	
Black




	
H5, H10, H20

	
Dense, flat

	
Black-brown

	
Black-brown




	
F. avenaceum

	
C5, C10, C20

	
Fluffy, raised

	
Pink-white; pink

	
Chestnut




	
H5, H10, H20

	
Fluffy, regularly raised

	
White-pink-purple

Pink-white

	
Intensely pink




	
F. culmorum

	
C5, C10, C20

	
Fluffy, regular uniform growth

	
White-pink

	
Purple




	
H5, H10, H20

	
Fluffy, raised

	
White-pink

	
Purple-maroon




	
F. graminearum

	
C5, C10, C20

	
Fluffy, regular growth, raised in the center

	
White-pink; pink

	
Chestnut




	
H5, H10, H20

	
Fluffy, regular growth, raised in the center

	
White-pink; pink

	
Chestnut




	
F. oxysporum

	
C5, C10, C20

	
Dense, leathery, flat

	
Purple-white

	
Purple




	
H5, H10, H20

	
Dense, flat

	
White-gray-pink

	
Purple




	
F.sporotrichioides

	
C5, C10, C20

	
Fluffy, regular uniform growth

	
Pink-white-yellow

	
Chestnut




	
H5, H10, H20

	
Fluffy, convex

	
White-gray-pink

	
Chestnut




	
T. koningii

	
C5, C10, C20

	
Fluffy, fibrous, flat

	
Dark green

	
Light green




	
H5, H10, H20

	
Fluffy, slightly raised

	
Light green

	
Light green








C5, C10, C20—control with 5, 10, 20% solvent residue; H5, H10, H20—5, 10, 20% extract of hemp.
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