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Abstract

:

Phytopathogenic fungi are among the main causes of productivity losses in agriculture. To date, synthetic chemical pesticides, such as hydroxyanilides, anilinopyrimidines and azole derivatives, represent the main treatment tools for crop plant defence. However, the large and uncontrolled use of these substances has evidenced several side effects, namely the resistance to treatments, environmental damage and human health risks. The general trend is to replace chemicals with natural molecules in order to reduce these side effects. Moreover, the valorisation of agri-food industry by-products through biotransformation processes represents a sustainable alternative to chemical synthesis in several sectors. This research is aimed at comparing the anti-phytopathogenic activity of waste bovine and porcine bile with secosteroids obtained by biotransformation of bile acids with Rhodococcus strains. The ultimate goal is to apply these natural products on food crops affected by phytopathogenic fungi.
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1. Introduction


Fungal phytopathogens represent one of the main causes of production depletion in agriculture [1,2].



The only tool available nowadays to fight against the plants attacked by fungi is represented by synthetic pesticides. The wide use of synthetic compounds in agriculture has certainly made it possible to maintain, if not increase, agricultural production in the last century, in the face of a continuous increase in demand for agricultural products [3]. However, their use has led to the emergence of numerous problems, such as soil and water pollution and drug resistance in phytopathogens, making the management of crop protection treatments ever more difficult, with effects on the environment that are even more important [4]. The first compound recognised for its fungicidal activity was discovered by Bénédict Prévost in 1807, through the ascertaining of Tilletia spore germination inhibition by metallic copper in soil [5]. Otherwise, the first organic fungicide, an organomercurial compound, was synthesised at the beginning of the 20th century. Later on, several studies have been carried out on the production of many synthetic fungicides, such as 2-methoxyethyl silicate and 2-hydroxyphenyl mercury, effective against some fungi such as Fusarium spp. and Dreschlera spp. [6]. There are many examples of antifungal agents in the literature and on the market, including benzimidazoles, dithiocarbamates, strobilurins [7] and azole molecules such as triazoles, which are widely used in agriculture [8]. In the face of such a varied availability of effective compounds, their common characteristics of great stability in the environment are evident, determining important accumulation phenomena in the environment (long degradation times) that affect the agricultural products themselves and the health of consumers. In fact, since the 1950s and 1960s, several studies have been evidencing how biocides used in agriculture can affect human health in the long term [9], by dermal contact, inhalation or ingestion of contaminated food or water [10], provoking adverse health effects at endocrine, immunological and neurological levels, as well as carcinogenic risk and premature births [9].



Among the environmental risks of large and uncontrolled use of fungicides and synthetic agripharmaceutical products, there are toxicological effects on not-targeted species, as earthworms or soil microorganisms, leading to dramatic changes in the overall ecological balance [11,12,13,14].



Given the above premises, a growing need is by the use of effective natural—rather than synthetic-compounds. In fact, many scientists are focusing on biopesticides and natural compounds for a more sustainable management of crop protection strategies [13,15]. Substances with antifungal activity can be produced by microorganisms, plants, or animals, and themselves can be used as antagonists for a biocompatible and more sustainable defence of crops [16]. Moreover, plant extracts (e.g., essential oils) have been demonstrated to inhibit the production of mycotoxins from many fungal species [17,18], evidencing their effective role also as tools to prevent post-harvest infections [19]. However, the natural compounds for crop defence share the following advantages: reduced toxicity towards organisms that do not represent the target of action (high selectivity); reduced persistence in the environment; low or no toxicity to mammals (absent in many cases); lower risks for operators linked to their use; and lower risk of developing resistance [20]. The disadvantages compared to synthetic compounds can instead be summarised in a more reduced effectiveness, also due to a reduced stability in the environment [21]. On the other hand, the tendency to seek ever more sustainable solutions to crop management becomes a need that also derives from the greater attention of consumers, who show more and more preferences towards products with an allegedly low residue of pesticides and with reduced environmental impact [22].



In addition, new currents of thought relating to defence tend to highlight how the implementation of sustainable plant protection is increasingly aimed at putting into practice mechanisms aimed not at eliminating the pathogen, but rather at containing it. In fact, every organism, even if pathogenic, performs a function within the ecosystem for which its eradication from the environment would cause imbalances between existing populations [23,24,25,26].



Natural active substances with antifungal properties currently used in agriculture are mainly phytoalexins and phytoanticipins [27]. There are many examples in literature of effective crop control by employing natural compounds or extracts (e.g., plant extracts) in pest control, even if most of them reflect in vitro evidence. A coumarin isolated from Citrus paradis exhibits antifungal activity both in vitro and in vivo against Penicillium italicum and Penicillium digitatum [28]; chlorogenic acid, pyrogallol, pyrocatechol, phenol and resorcinol can inhibit Botryodiplodia Theobroma that causes Java black rot (one of the most significant postharvest diseases of the sweet potato); sesquiterpenes exhibit antifungal activity against R. solani [29], etc. [25].



An alternative approach to the use of natural compounds or extracts from natural sources can be the production of new antifungal products by fermentation or biotransformation technologies, starting from low-value substrates or from by-products of agri-food processes [30]. These methodologies are commonly used to improve existing technologies and to enhance low-value molecules and thus could be profitably used in this area as well. Bile acids are surfactant steroid compounds found in the digestive tracts of vertebrates [31]. Their main physiological function is to emulsify bile lipids and dietary lipids. Bile acids may be easily recovered as side products from the food industry and thus represent a discard product, from cattle or pig slaughterhouses [32], that is used to produce bile acid substitutes for humans [33]; surface active molecules are also known to express antifungal activity, thus we thought that it could be an interesting approach to use modified bile acids as antifungal agents [34,35].



Chemical synthesis involves a number of disadvantages due to the use and disposal of solvents and high temperatures with consequent risks to operators. To overcome the problems arising from chemical synthesis it is possible to exploit the microbial biotransformation approach [36] as it has a number of advantages over chemical synthesis, such as regio- and stereospecific functionalisation of molecules, the possibility to perform complex reactions in one-pot one-step and finally greater environmental sustainability (mild reaction conditions and aqueous media) [37].



Thus, this study is focused on the evaluation of the anti-phytopathogenic activity of bile acids and 9,10-secosteroids, a newly-biosynthesised compound derived from biotransformation of bile acids, hypothesizing that because they are new molecules that have never been used for this purpose, they can bypass the issues with traditional pesticides. As a potential target, ten phytopathogenic fungi that cause multiple problems affecting the agricultural sector worldwide have been identified.




2. Results


In this study ten phytopathogenic fungi, causing multiple damage to many important crops every year, were chosen.



Bovine and porcine bile acids and the corresponding secosteroids have been evaluated, together with the biotransformation products, for their inhibition of fungi growth.



Table 1 shows the phytopathogenic fungi used for this study, the target plant crops and the phytopathyes resulting from the infection.



2.1. Bile Acids and Secosteroids Deriving from Biotransformation


In Figure 1, the structures of bile acids (used as substrates) and of secosteroid derivatives (obtained after biotransformation of bile acid with Rhodococcus rhodnii) are reported.



Through the biotransformations of cholic acid 1a, deoxycholic acid 1b and hyocholic acid 1c, only one secosteroid product is obtained (2a, 2b and 3c, respectively), while in the biotransformation carried out with hyodeoxycholic acid 1d in the extract, the presence of two biotransformation molecules, characterised as secosteroids, was evidenced (4d and 5d). The 5d product derives from the hydroxylation of the aromatic ring formed after the opening of the B ring of the steroid nucleus. Bile acids deriving from porcine and bovine bile and the respective products obtained through biotransformation with strains belonging to the Rhodococcus genus extracts employed to be tested as potential antifungal agents against phytopathogens microorganisms have been obtained and described in Costa et al. [70,71].




2.2. Preliminary Screening for Antifungal Activity


In this study, a preliminary screening of antifungal activities has been conducted. After appropriate incubation time, the inhibition percentage of diametrical growth was observed and compared to the negative control (DMSO) as showed in Figure 2.



Table 2 and Table 3 show the antifungal activity results obtained respectively with bile acids (1a,d) and with secosteroids (2a,b, 3c and 4d + 5d) expressed as growth inhibition percentage related to the negative control.



Results of the screening using bile acids at the concentration of 1000 μg/mL showed that P. betae, S. minor and F. moniliforme were sensitive to the tested compounds (with a growth inhibition equal or greater than 80%). Namely, P. betae proved to be particularly sensitive to three of the bile acids tested: deoxycholic acid 1b, hyocholic acid 1c and hyodeoxycholic acid 1d, with an inhibition percentage of 100%, 86% and 87%, respectively. Otherwise, S. minor and F. moniliforme underwent an evident growth inhibition only in case of the use of deoxycholic acid 1b with growth inhibition of 83 and 85%, respectively.



Significant inhibition of fungal growth has been obtained using secosteroids. In addition to F. moniliforme and P. betae, which were, respectively, sensitive to the 4d + 5d mixture with 95% inhibition and to the 3c extract with 100% inhibition, other fungi have undergone growth reduction with some secosteroids. For example, P. ultimum evidenced growth inhibition with three different secosteroid extracts, i.e., 85% inhibition using the 2a extract, 87% using 3c and 100% with the extract containing the 4d + 5d blend.



S. minor was also found to be particularly sensitive to some secosteroid extracts, obtaining inhibition yields from 81% with extract 2a up to yields of 93% with extract 3c.



Finally, S. sclerotiorum was found to be particularly sensitive to the samples containing the secosteroids 3c and 4d + 5d with growth inhibition yields of 100% and 98%, respectively.




2.3. Inhibition of Diametrical Growth Test


Fungi that showed a growth inhibition equal to or more than 80% compared to controls were further analysed by repeating the test with a concentration range between 1000 and 25 µg/mL. The IC50 values evidenced by bile acids (1a,d) and secosteroids (2a,b, 3c and 4d + 5d) are reported in Table 4 and Table 5, respectively. Fluconazole was used as positive control at two different concentrations (50 and 100 µg/mL). The computation of the IC50 was carried out using the GraphPad Prism software.



Bile acids and secosteroids were particularly active against the pathogens F. moniliforme, P. betae, P. ultimum, S. minor and S. sclerotiorum. While cholic acid did not show a particular anti-phytopathogenic activity, the extract containing secosteroid 2a proved to be active against P. ultimum and Sclerotinia minor, with IC50 of 677.0 and 730 μg/mL, respectively. Deoxycholic acid 1b, has been shown to be effective against various fungi, in particular against P. betae (IC50 of 22.14 μg/mL). The extract containing the secosteroid 2b showed activity against S. minor and S. sclerotiorum: the test against S. minor showed an IC50 lower than that of the corresponding pure bile acid, while against S. sclerotiorum IC50 it was 133.50 μg/mL.



The results obtained with hyocholic acid 1c and the corresponding secosteroid 3c showed that both the biotransformed compounds were effective against P. betae, with an IC50 of the 3c compound about ten times lower than the starting bile acid. As for S. minor, only product 3c shows a significant growth inhibition activity with an IC50 value of 67.90 μg/mL.



S. sclerotiorum is sensitive to both 1c and 3c but with highly different IC50 values: in the first case the value was 712.80 μg/mL, while in the case of the extract containing the secosteroid 3c the IC50 is equal to 18.49 μg/mL (value almost forty times lower than 1c bile acid).



Finally, hyodeoxycholic acid 1d showed activity only against P. betae and P. ultimum with IC50 values of 196.6 and 284.1 μg/mL, respectively.



The biotransformation mixture, containing the secosteroids 4d + 5d instead, showed activity against F. moniliforme and S.sclerotiorum (unlike the starting bile acid for the biotransformation), while against P. ultimum the secosteroids 4d + 5d show IC50 significantly lower than that of hyodeoxycholic acid (176.2 μg/mL).



In Figure 3 and Figure 4, the results obtained using bile acids and biotransformation extracts at different concentrations (range 25–1000 µg/L) as potential anti-phytopathogenic agents are reported.



In Figure 3, the anti-phytopathogenic activity of bile acids is shown. In most cases the fungal strains treated with the synthetic antifungal compound fluconazole evidenced the highest sensitivity. However, only in the case of Phoma betae, treated with deoxycholic acid (1b), the results were comparable to those obtained with fluconazole at 50 and 100 μg/mL.



As in the previous case, analysing the activity of secosteroids compared to that of fluconazole, known for its antifungal efficacy, it can be pointed out that in most cases, and as however generally expected, the positive control has a greater activity than the biotransformation products. The extract containing the compound 3c, derived from the biotransformation of hyocholic acid, evidenced an efficacy comparable to that exerted by the synthetic antifungal (positive control), in particular against Phoma betae and Sclerotinia sclerotiorum.



Moreover, the extract deriving from the biotransformation of deoxycholic acid containing the compound 2b has shown a biological activity comparable to that of fluconazole against Sclerotinia minor, so that, also in this case the biotransformation process leads to the advantage of obtaining a molecule that can be potentially used in the agricultural sector as a selective tool in a more sustainable strategy for crop plant defence.





3. Discussion


Massive use of the synthetic agropharmaceuticals that have characterised treatments in agriculture in the last century has on the one hand determined an exponential increase in agricultural production in the face of an equally high increase in the human population and in food needs, but on the other hand, problems of environmental pollution (accumulation in water and soil; alterations of ecosystems, etc.) and problems related to human and animal health are emerging. All these critical aspects, also linked to the growing sensitivity of public opinion and politics towards a more sustainable management of production, have led to the need for more sustainable and biocompatible crop control tools [23,24,25,26].



This work was focused on the evaluation of the anti-phytopathogenic activity of bovine and porcine bile acids and extracts containing molecules deriving from the biotransformations of the same bile acids, called secosteroids. The targets used for this research were ten phytopathogenic fungi that cause multiple problems affecting the agricultural sector worldwide.



Each pathogen was grown in a medium containing 1000 µg/mL of test substance, a concentration coherent with potential use in the field. In this phase both the secosteroids and the bile acids were tested to be compared. For the diametrical growth inhibition determination, the fungal growth of the treated phytopathogens was compared to that of the negative controls.



Molecules that gave an inhibition percentage greater than-or equal to-80% were tested again in a concentration range of 25–1000 µg/mL, to check the possible dose–response effect and to compute the IC50 values.



In general, the data obtained with fluconazole provide the best results but those obtained with Phoma betae treated with deoxycholic acid are quite interesting because deoxycholic acid is a surface-active agent (and not a specific antifungal agent). It is a waste product, obtained from the processing of bovine and pig bile to produce ursodeoxycholic acid, a drug used in the treatment of gallstones. Moreover, recently, deoxycholic acid has been approved for use in the cosmetic field in the treatment of imperfections [72] as well as being known to inhibit the growth of Candida albicans [73]. This aspect supports the substantial safety of the compounds useful for facilitating the possible path towards their application on a large scale in agriculture, since the regulatory aspects in this context are in any case stringent and different from the already consolidated areas of application. In fact, to the best of our knowledge the application to the agricultural field is completely new for these kinds of compounds and, therefore, it is promising to avoid negative environmental impact, toxicological effects on humans, animals and plants and resistance phenomena to treatments by phytopathogens which, on the other hand, can characterise normal treatments with synthetic pesticides. The only study present reports that deoxycholic acid can induce complementary lines of defence, such as callose deposition, reactive oxygen species accumulation and jasmonic acid and salicylic acid signalling pathways [74].



For the biotransformation products, the positive control in most cases has a greater activity than the biotransformation products. However, it could be hypothesised that even if the inhibition effect occurs at higher concentrations than the control, the potential absence of resistance effects make them anyhow promising as natural alternatives to synthetic compounds. Furthermore, their use cannot be excluded in any case, but instead can be supported-if not as an alternative-at least as a complementary support to treatments with synthetic compounds. In fact, this type of integrated approach would make it possible to reduce the quantity of synthetic compounds used, counterbalanced by the use of natural effective biotransformation compounds, reducing in any case the impact on the environment and all the critical aspects already extensively highlighted [23,24,25,26].



In the literature, there are few studies where microbial biotransformations have been used to obtain new antifungals. However, among the most relevant and related research studies, Bajpai et al. reports that molecules derived from the biotransformation of eicosapentenoic acid and docosahexenoic acid lead to the formation of compounds active on Botritis cinerea and Fusarium oxysporum, respectively [75,76].



Of particular interest was the extract deriving from the biotransformation of deoxycholic acid containing the compound 2b as it has shown a biological activity comparable to that of fluconazole against Sclerotinia minor, so that, also in this case, the biotransformation process leads to the advantage of obtaining a molecule that can be potentially used in the agricultural sector as a selective tool in a more sustainable strategy for crop plant defence. There are no known biotransformation products active on this fungus, however there are some in vitro studies where extracts containing steroid-derived molecules are used in the fight against this pathogen. Some examples are represented by solamargin and solasonin, steroidal glycoalkaloids isolated from eggplants (Solanumn melongena) that showed a protective efficacy against the attacks of fungi, bacteria, and phytophagous insects [77]. The EC50 values (15–25 µg/mL) obtained with extracts from eggplant leaves containing these molecules pointed out the capacity against phytopathogens with efficacy comparable with that obtained against Sclerotinia sclerotiorum and Phoma betae with the extract containing product 3c.



Results obtained with the extract deriving from the biotransformation of hyocholic acid containing the compound 3c against Phoma betae and Sclerotinia sclerotiorum points out an important selectivity in exerting biological activity against phytopathogens, supporting the safety of the biotransformed compound against non-target microorganisms. To date, hyocholic acid is considered a full waste from the processing of porcine bile and no valorisation approach has been attempted so far. The only scientific evidence regarding its biological activity is in the regulation of glucose homeostasis, and therefore in a totally different context from the one highlighted here [78].



To the best of our knowledge, in the literature there are no studies about the antifitopathogenic activity of biotransformed products against Phoma betae. On the contrary, interesting results are reported about Sclerotinia sclerotiorum, but concerning the antifungal properties of bioconverted products starting from different substrates than those used for this study. In particular, the results referred to anti-fungal properties of several bioconverted extracts obtained starting from hydroxylated fatty acid mixtures employed as substrate, such as ricinoleic and eicosadienoic acids, produced by the biotransforming activity of a Pseudomonas PR3 bacterial strain [79]. These extracts showed antifungal activity against Sclerotinia sclerotiorum with MIC value of 500 µg/mL, comparable to those obtained with the extracts 2a, 3c and 4d + 5d.



Thanks to the biotransformation process, these products, currently considered wastes, could be recovered and potentially used as an effective tool to control phytopathogens in agriculture, promoting a more sustainable way to manage crop plant defence.




4. Materials and Methods


4.1. Microrganisms


In this study the following 10 phytopathogenic fungi were used: Alternaria sp. (ATCC 20084); Botrytis cinerea (ATCC 11542); Fusarium moniliforme (ATCC 36541); Fusarium oxysporum (ATCC 48112); Neonectria galligena (ATCC 11684); Phoma betae (ATCC 24797); Penicillium crustosum (ATCC 52044); Phytium ultimum (CBS 29131); Sclerotinia minor (ATCC 52583); Sclerotinia sclerotiorum (ATCC 46762).




4.2. Secosteroids Synthesis


The tested biotransformation mixture extracts containing secosteroids were obtained as previously reported by Costa et al. [70,71]. The products obtained were the following: 3,7α,12α-trihydroxy-9-oxo-9,10-seco-23,24-dinor-1,3,5(10)-cholatrien-22-oic acid 2a from biotransformation of cholic acid; 3,12α-dihydroxy-9-oxo-9,10-seco-23,24-dinor-1,3,5(10)-cholatrien-22-oic acid 2b from biotransformation of deoxycholic acid; 3-hydroxy-6,9-epoxy-9,10-seco-23,24-dinor-1,3,5(10),6,8-cholapentaen-22-oic acid 3c from biotransformation of hyocholic acid; 3,9β-dihydroxy-6x,9α-epoxy-9,10-seco-23,24-dinor-1,3,5(10)-cholatrien-22-oic acid 4d and 3,4,9β-trihydroxy-6β,9α-epoxy-9,10-seco-23,24-dinor-1,3,5(10)-cholatrien-22-oic acid 5d from biotransformation of hyodeoxycholic acid. Products 4d and 5d were in the same mixture.




4.3. Preliminary Screening


A screening was initially performed to evaluate the biological activity of the compounds against phytopathogenic fungi. In this preliminary phase, Petri dishes (90 mm in diameter) were prepared containing potato dextrose agar (PDA, Difco, Ditroit, MI, USA) integrated first with the starting bile acids, then with the mixtures of biotransformation products at the concentration of 1000 μg/mL. The compounds were dissolved in DMSO at a concentration of 0.1 g/mL, and 0.2 mL of this solution was added to the medium after sterilisation once the temperature of 45 °C was reached [80]. The negative control consisted of PDA medium with the addition of the same concentration of DMSO in the tests (0.1% v/v). Subsequently, a piece of mycelium from the stationary phase mother culture was added to each Petri dish [80]. Then the cultures were incubated at 26 ± 1 °C in the dark. The rate of growth inhibition was determined by measuring the mycelium diameter after 7 days and comparing it to the negative control, then carrying out the percentage ratio. All experiments and analyses were repeated in triplicate and averaged.




4.4. Mycelial Growth Inhibition


After screening, compounds with fungal activity equal or higher than 80% were identified and these were further investigated. The tests were repeated with the same growth conditions but at different compound concentrations, in particular at 1000; 500; 250; 100; 50 and 25 μg/mL. DMSO (0.1%) was used as negative control and fluconazole as positive control (100 and 50 μg/mL). A disc of mycelium (10 mm in diameter) was used as inoculum and added to each Petri dish. The growth inhibition rate was determined by measuring mycelial diameter (the average of two orthogonal diameters, subtracting the inoculum diameter) daily for 7 days then carrying out the percentage ratio [81,82]. All tests were performed in triplicate and averaged.




4.5. Statistical Analysis


Results were expressed as Mean ± SD for the screening and IC50 for the mycelial growth inhibition test. Statistical analysis was performed using GraphPad Prism 5 statistical software, by applying mean values using one-way ANOVA to determine if there was a significant difference between the growth of the negative control and that of the compound. A p-value of less than 0.05 was considered significant.





5. Conclusions


This study investigated the growth inhibition effect induced by bile acids deriving from porcine and bovine bile and the respective products obtained through biotransformation with strains belonging to the Rhodococcus genus against some phytopathogenic fungi with a strong impact on many crops of great economic interest in the food supply chain.



Bile acids showed in general low biological activity against phytopathogenic fungi tested. However, deoxycholic acid 1b instead showed interesting potential as a tool for a selective phytopathogenic fungi biocontrol, since the bioactivity has been selectively expressed against Phoma betae with the interesting and significant IC50 of 22.14 µg/mL.



On the other hand, considering the derivatives obtained with a biotransformation approach, interesting results have already been obtained from a preliminary screening. The extract containing the secosteroid 3c towards Phoma betae in fact showed an IC50 value of 23.95 µg/mL. Similarly, the same extract was found to be effective against S. sclerotiorum with a similarly interesting growth inhibition value (IC50 of 18.49 µg/mL). Finally, the extract deriving from the biotransformation of deoxycholic acid 2b has also proved to be a good anti-phytopathogenic agent, in particular towards Sclerotinia minor even in comparison to the synthetic compounds (fluconazole). The biotransformation strategy can therefore be a useful process for converting waste molecules into molecules useful for various application contexts, such as that of eco-sustainable treatments in agriculture, explored with this research. The use of bioproducts as tools for a more sustainable management of crop protection is today a necessity to counter the emerging evidence of the environmental and toxicological problems induced up to now by the massive use of synthetic agropharmaceuticals and the phenomena of resistance to treatments, which are more and more widespread.



In conclusion, this study represents the first attempt to valorise such industry by-products through biotechnological approaches for agricultural purposes. The next step of this work involves the design and execution of an applicative study in the controlled environment of greenhouses and in the field (test centre) in order to assess effective potential large-scale applications.







Author Contributions


Conceptualization, S.C., A.G. (Alessandro Grandini) and R.B.; methodology, G.S.; validation, E.T.; formal analysis, D.S.; investigation, A.G. (Alessandro Grandini), D.S., R.B. and S.C.; writing—original draft preparation, S.C., A.G. (Alessandra Guerrini) and R.B.; writing—review and editing, S.C.; visualization, G.S. and E.T.; supervision, E.T.; project administration, E.T. and G.S.; funding acquisition, E.T. and G.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Ambrosialab srl (grant 2021 to R.B.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available only in the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fletcher, J.; Bender, C.; Budowle, B.; Cobb, W.T.; Gold, S.E.; Ishimaru, C.A.; Luster, D.; Melcher, U.; Murch, R.; Scherm, H.; et al. Plant Pathogen Forensics: Capabilities, Needs, and Recommendations. Microbiol. Mol. Biol. Rev. 2006, 70, 450–471. [Google Scholar] [CrossRef] [PubMed]

	



Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann, R.; Ellis, J.; et al. The Top 10 Fungal Pathogens in Molecular Plant Pathology: Top 10 Fungal Pathogens. Mol. Plant Pathol. 2012, 13, 414–430. [Google Scholar] [CrossRef]

	



Rani, L.; Thapa, K.; Kanojia, N.; Sharma, N.; Singh, S.; Grewal, A.S.; Srivastav, A.L.; Kaushal, J. An Extensive Review on the Consequences of Chemical Pesticides on Human Health and Environment. J. Clean. Prod. 2021, 283, 124657. [Google Scholar] [CrossRef]

	



Campos, E.V.; Proença, P.L.; Oliveira, J.L.; Bakshi, M.; Abhilash, P.C.; Fraceto, L.F. Use of Botanical Insecticides for Sustainable Agriculture: Future Perspectives. Ecol. Indic. 2019, 105, 483–495. [Google Scholar] [CrossRef]

	



Large, E.C. Control of Potato Blight (Phytophthora Infestans) by Spraying with Suspensions of Metallic Copper. Nature 1943, 151, 80–81. [Google Scholar] [CrossRef]

	



Klittich, C.J. Milestones in Fungicide Discovery: Chemistry That Changed Agriculture. Plant Health Prog. 2008, 9, 31. [Google Scholar] [CrossRef]

	



Hof, H. Critical Annotations to the Use of Azole Antifungals for Plant Protection. Antimicrob. Agents Chemother. 2001, 45, 2987–2990. [Google Scholar] [CrossRef]

	



Ribas e Ribas, A.D.; Spolti, P.; Del Ponte, E.M.; Donato, K.Z.; Schrekker, H.; Fuentefria, A.M. Is the Emergence of Fungal Resistance to Medical Triazoles Related to Their Use in the Agroecosystems? A Mini Review. Braz. J. Microbiol. 2016, 47, 793–799. [Google Scholar] [CrossRef]

	



Munger, R.; Isacson, P.; Hu, S.; Burns, T.; Hanson, J.; Lynch, C.F.; Cherryholmes, K.; Van Dorpe, P.; Hausler, W.J., Jr. Intrauterine Growth Retardation in Iowa Communities with Herbicide-Contaminated Drinking Water Supplies. Environ. Health Perspect. 1997, 105, 308–314. [Google Scholar] [CrossRef]

	



Silva, M.F.D.O.; Costa, L.M.D. A Indústria de Defensivos Agrícolas. BNDES Set. 2012, 233–276. Available online: https://web.bndes.gov.br/bib/jspui/bitstream/1408/1513/1/A%20set.35_A%20ind%C3%BAstria%20de%20defensivos%20agr%C3%ADcolas_P.pdf (accessed on 27 February 2022).

	



Igbedioh, S.O. Effects of Agricultural Pesticides on Humans, Animals, and Higher Plants in Developing Countries. Arch. Environ. Health Int. J. 1991, 46, 218–224. [Google Scholar] [CrossRef] [PubMed]

	



Lari, S.Z.; Khan, N.A.; Gandhi, K.N.; Meshram, T.S.; Thacker, N.P. Comparison of Pesticide Residues in Surface Water and Ground Water of Agriculture Intensive Areas. J. Environ. Health Sci. Eng. 2014, 12, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Nega, A. Review on Concepts in Biological Control of Plant Pathogens. J. Biol. Agric. Healthc. 2014, 4, 33–54. [Google Scholar]

	



Nikunj, P.; Purvi, D.; Niti, P.; Anamika, J.; Gautam, H.K. Agronanotechnology for Plant Fungal Disease Management: A Review. Int. J. Curr. Microbiol. Appl. Sci. 2014, 3, 71–84. [Google Scholar]

	



Martinez, J.A. Natural Fungicides Obtained from Plants; IntechOpen: London, UK, 2012; ISBN 953-307-804-9. [Google Scholar]

	



Sharma, R.R.; Singh, D.; Singh, R. Biological Control of Postharvest Diseases of Fruits and Vegetables by Microbial Antagonists: A Review. Biol. Control 2009, 50, 205–221. [Google Scholar] [CrossRef]

	



Eloff, J.N.; McGaw, L.J. Using African Plant Biodiversity to Combat Microbial Infections. Nov. Plant Bioresour. Appl. Food Med. Cosmet. 2014, 163–173. [Google Scholar] [CrossRef]

	



Raut, J.S.; Karuppayil, S.M. A Status Review on the Medicinal Properties of Essential Oils. Ind. Crops Prod. 2014, 62, 250–264. [Google Scholar] [CrossRef]

	



Sivakumar, D.; Bautista-Baños, S. A Review on the Use of Essential Oils for Postharvest Decay Control and Maintenance of Fruit Quality during Storage. Crop Prot. 2014, 64, 27–37. [Google Scholar] [CrossRef]

	



Jamiołkowska, A. Natural Compounds as Elicitors of Plant Resistance against Diseases and New Biocontrol Strategies. Agronomy 2020, 10, 173. [Google Scholar] [CrossRef]

	



Ogunnupebi, T.A.; Oluyori, A.P.; Dada, A.O.; Oladeji, O.S.; Inyinbor, A.A.; Egharevba, G.O. Promising Natural Products in Crop Protection and Food Preservation: Basis, Advances, and Future Prospects. Int. J. Agron. 2020, 2020, 8840046. [Google Scholar] [CrossRef]

	



Poore, J.; Nemecek, T. Reducing Food’s Environmental Impacts through Producers and Consumers. Science 2018, 360, 987–992. [Google Scholar] [CrossRef] [PubMed]

	



Koul, O.; Dhaliwal, G.S. Phytochemical Biopesticides; CRC Press: Boca Raton, FL, USA, 2000; Volume 1, ISBN 0-203-30468-3. [Google Scholar]

	



Singh, D. Advances in Plant Biopesticides; Springer: Berlin/Heidelberg, Germany, 2014; ISBN 81-322-2006-4. [Google Scholar]

	



Sahayaraj, K. Basic and Applied Aspects of Biopesticides; Springer: Berlin/Heidelberg, Germany, 2014; ISBN 81-322-1877-9. [Google Scholar]

	



Nollet, L.M.; Rathore, H.S. Biopesticides Handbook; CRC Press: Boca Raton, FL, USA, 2015; ISBN 1-4665-9653-8. [Google Scholar]

	



Ribera, A.E.; Zuñiga, G. Induced Plant Secondary Metabolites for Phytopatogenic Fungi Control: A Review. J. Soil Sci. Plant Nutr. 2012, 12, 893–911. [Google Scholar] [CrossRef]

	



Shuping, D.S.S.; Eloff, J.N. The use of plants to protect plants and food against fungal pathogens: A review. Afr. J. Tradit. Complement. Altern. Med. 2017, 14, 120–127. [Google Scholar] [CrossRef] [PubMed]

	



Okwute, S.K. Plants as Potential Sources of Pesticidal Agents: A Review. Pestic. Chem. Bot. Pestic. 2012, 10, 208–232. [Google Scholar]

	



Bianchini, L.F.; Arruda, M.F.; Vieira, S.R.; Campelo, P.; Grégio, A.M.; Rosa, E.A. Microbial Biotransformation to Obtain New Antifungals. Front. Microbiol. 2015, 6, 1433. [Google Scholar] [CrossRef]

	



Moschetta, A.; Xu, F.; Hagey, L.R.; van Berge-Henegouwen, G.P.; van Erpecum, K.J.; Brouwers, J.F.; Cohen, J.C.; Bierman, M.; Hobbs, H.H.; Steinbach, J.H.; et al. A Phylogenetic Survey of Biliary Lipids in Vertebrates 1. J. Lipid Res. 2005, 46, 2221–2232. [Google Scholar] [CrossRef]

	



Rodríguez, M.E.M.; Guayasamín, M.E.A.; Moreno, A.A.R.; Costa, S. Biotransformation of Hyodeoxycholic and Deoxycholic Bile Acids. In Communication, Smart Technologies and Innovation for Society; Springer: Berlin/Heidelberg, Germany, 2022; pp. 31–40. [Google Scholar]

	



Costa, S.; Maldonado Rodriguez, M.E.; Rugiero, I.; De Bastiani, M.; Medici, A.; Tamburini, E.; Pedrini, P. Biotransformations of Bile Acids with Bacteria from Cayambe Slaughterhouse (Ecuador): Synthesis of Bendigoles. Chem. Biodivers. 2016, 13, 969–975. [Google Scholar] [CrossRef]

	



Vieira, D.B.; Carmona-Ribeiro, A.M. Cationic Lipids and Surfactants as Antifungal Agents: Mode of Action. J. Antimicrob. Chemother. 2006, 58, 760–767. [Google Scholar] [CrossRef]

	



Tawfik, S.M.; Zaky, M.F.; Mohammad, T.G.; Attia, H.A. Synthesis, Characterization, and in Vitro Antifungal Activity of Anionic and Nonionic Surfactants against Crop Pathogenic Fungi. J. Ind. Eng. Chem. 2015, 29, 163–171. [Google Scholar] [CrossRef]

	



Loughlin, W.A. Biotransformations in Organic Synthesis. Bioresour. Technol. 2000, 74, 49–62. [Google Scholar] [CrossRef]

	



Costa, S.; Zappaterra, F.; Summa, D.; Semeraro, B.; Fantin, G. Δ1-Dehydrogenation and C20 Reduction of Cortisone and Hydrocortisone Catalyzed by Rhodococcus Strains. Molecules 2020, 25, 2192. [Google Scholar] [CrossRef] [PubMed]

	



Lutz, M.C.; Colodner, A.; Tudela, M.A.; Carmona, M.A.; Sosa, M.C. Antifungal Effects of Low Environmental Risk Compounds on Development of Pear Postharvest Diseases: Orchard and Postharvest Applications. Sci. Hortic. 2022, 295, 110862. [Google Scholar] [CrossRef]

	



Tok, F. Molecular and Morphological Identification of Fungal Disease Agent Trichothecium Roseum Developing Secondarily to Gray Rot Caused by Botrytis Cinerea Isolated from Grapes in Turkey. Mustafa Kemal Üniversitesi Tarım Bilim. Derg. 2021, 26, 720–725. [Google Scholar] [CrossRef]

	



Dimitrov, D.R.; Balashkov, E.B.; Nedelkovski, D.D.; Belberova, Y.G. Influence of pathogenic attack on vine varieties of cabernet sauvignon on the content of trans-resveratrol in wine. Sci. Study Res. Chem. Chem. Eng. Biotechnol. Food Ind. 2019, 20, 533–539. [Google Scholar]

	



Saito, S.; Wang, F.; Xiao, C.L. Efficacy of Natamycin against Gray Mold of Stored Mandarin Fruit Caused by Isolates of Botrytis Cinerea with Multiple Fungicide Resistance. Plant Dis. 2020, 104, 787–792. [Google Scholar] [CrossRef]

	



Reang, S.P.; Mishra, J.P.; Prasad, R. In Vitro Antifungal Activities of Five Plant Essential Oils against Botrytis Cinerea Causing Gray Mold of Orange. J. Pharmacogn. Phytochem. 2020, 9, 1046–1048. [Google Scholar]

	



Soylu, S.; Kara, M.; Kurt, Å.; Soylu, E.M.; Uysal, A. Determination of Fungal and Bacterial Disease Agents of Apricot Trees Growing in Hatay Province. In Proceedings of the Acta Horticulturae, International Society for Horticultural Science (ISHS), Leuven, Belgium, 21 September 2020; pp. 111–114. [Google Scholar]

	



Uysal-Morca, A.; Kinay-Teksür, P.; Egercï, Y. Morphological and Phylogenetic Identification of Botrytis Cinerea Causing Blossom Blight and Fruit Rot of Sweet Cherries in Aegean Region, Turkey. J. Plant Dis. Prot. 2021, 128, 1051–1060. [Google Scholar] [CrossRef]

	



Račko, V.; Kováč, J.; Mišíková, O.; Mihál, I.; Milenković, I.; Ďurkovič, J. A Structural Assessment of Sycamore Maple Bark Disintegration by Nectria Cinnabarina. Forests 2022, 13, 452. [Google Scholar] [CrossRef]

	



Weigl, T. Susceptibility of Different Apple Cultivars to European Canker. Master’s Thesis, Norwegian University of Life Sciences, Ås, Norway, 2021. [Google Scholar]

	



Langrell, S.R.H. Molecular Detection of Neonectria Galligena (Syn. Nectria Galligena). Mycol. Res. 2002, 106, 280–292. [Google Scholar] [CrossRef]

	



Kim, B.R.; Choi, Y.J. Alternaria Alternata Causing Leaf Spot on Lactuca Serriola in Korea. Plant Dis. 2020, 104, 2293. [Google Scholar] [CrossRef]

	



Han, Y.Z.; Wang, J.H.; Zheng, K.Y.; He, W.; Zhang, J. Identification of Alternaria Alternata as the Leaf Spot-Causing Agent of Chicory in China. Plant Dis. 2020, 104, 1258. [Google Scholar] [CrossRef]

	



Viriyasuthee, W.; Jogloy, S.; Saksirirat, W.; Saepaisan, S.; Gleason, M.L.; Chen, R.S. Biological Control of Alternaria Leaf Spot Caused by Alternaria spp. in Jerusalem Artichoke (Helianthus tuberosus L.) under Two Fertilization Regimes. Plants 2019, 8, 463. [Google Scholar] [CrossRef] [PubMed]

	



Kgatle, M.G.; Flett, B.; Truter, M.; Aveling, T.A.S. Control of Alternaria Leaf Blight Caused by Alternaria Alternata on Sunflower Using Fungicides and Bacillus Amyloliquefaciens. Crop Prot. 2020, 132, 105146. [Google Scholar] [CrossRef]

	



Kokaeva, L.Y.; Belosokhov, A.F.; Doeva, L.Y.; Skolotneva, E.S.; Elansky, S.N. Distribution of Alternaria Species on Blighted Potato and Tomato Leaves in Russia. J. Plant Dis. Prot. 2018, 125, 205–212. [Google Scholar] [CrossRef]

	



Kumar, P.; Singh, S.K.; Kumar, K.; Kumar, A.; Singh, A.; Kumar, A. Strategy on Management of Alternaria Leaf Spot of Broad Bean (Vicia Faba L.). Int. J. Curr. Microbiol. App. Sci. 2020, 11, 3181–3189. [Google Scholar]

	



Alam, M.S.; Kazim, M.; Hussain, S.; Riaz, M. Efficacy of Different Fungicides against Alternaria Tusi Cause Leaf Blight of Peas (Alternaria Tusi) Was First Time Discovered from Kharmang Olding and Skardu Baltistan. J. Entomol. Zool. Stud. 2018, 6, 2255–2260. [Google Scholar]

	



Archana, R.; Lohithaswa, H.C.; Pavan, R.; Swathi, B.N.; Mallikarjuna, N. Genetic Testing of Inbred Lines and Single Cross Hybrids against Fusarium Stalk Rot Caused by Fusarium Moniliforme in Maize (Zea mays L.). Int. J. Curr. Microbiol. Appl. Sci. 2021, 10, 352–361. [Google Scholar]

	



Thabet, M.; Khalifa, W. Antifungal Activities of Clove Oil against Root Rot and Wilt Pathogens of Tomato Plants. Am. Eurasian J. Agric. Environ. Sci. 2018, 18, 105–114. [Google Scholar]

	



Gullino, M.L.; Gilardi, G.; Garibaldi, A. Ready-to-Eat Salad Crops: A Plant Pathogen’s Heaven. Plant Dis. 2019, 103, 2153–2170. [Google Scholar] [CrossRef]

	



Sultana, F.; Hossain, M. Diseases of Vegetables Caused by Phoma Spp. In Phoma: Diversity, Taxonomy, Bioactivities, and Nanotechnology; Springer: Berlin/Heidelberg, Germany, 2022; pp. 91–119. [Google Scholar]

	



Naeimi, B.; Mohsenifard, I.; Ansari, S.; Sadeghzadeh, F.; Khamisipour, G.; Dobaradaran, S.; Faraji Ghasemi, F.; Ahmadi, B. Phenotypic Features and Molecular Study of Airborne Penicillium Species Isolated in the Northern Part of the Persian Gulf, Bushehr, Iran. Curr. Med. Mycol. 2021, 7, 22–28. [Google Scholar] [CrossRef]

	



Žebeljan, A.; Vico, I.; Duduk, N.; Žiberna, B.; Krajnc, A.U. Profiling Changes in Primary Metabolites and Antioxidants during Apple Fruit Decay Caused by Penicillium Crustosum. Physiol. Mol. Plant Pathol. 2021, 113, 101586. [Google Scholar] [CrossRef]

	



Stošić, S.; Ristić, D.; Savković, Ž.; Grbić, M.L.; Vukojević, J.; Živković, S. Penicillium and Talaromyces Species as Postharvest Pathogens of Pear Fruit (Pyrus Communis) in Serbia. Plant Dis. 2021, 105, 3510–3521. [Google Scholar] [CrossRef] [PubMed]

	



Quaglia, M.; Santinelli, M.; Sulyok, M.; Onofri, A.; Covarelli, L.; Beccari, G. Aspergillus, Penicillium and Cladosporium Species Associated with Dried Date Fruits Collected in the Perugia (Umbria, Central Italy) Market. Int. J. Food Microbiol. 2020, 322, 108585. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhang, Y. Biological Characteristics and Isolation of Pythium Ultimum Causing Rot of Chinese Cabbage. Australas. Plant Pathol. 2020, 49, 201–207. [Google Scholar] [CrossRef]

	



Briard, M. Carrot Biotic Stresses: Challenges and Research Priorities. In Proceedings of the Acta Horticulturae, International Society for Horticultural Science (ISHS), Leuven, Belgium, 20 November 2019; pp. 113–122. [Google Scholar]

	



Mofid Nakhaei, M.; Abdossi, V.; Dehestani, A.; Pirdashti, H.; Babaeizad, V. Enhanced Defense Responses in Pythium Ultimum-Challenged Cucumber Plants Induced by Potassium Phosphite. J. Plant Mol. Breed. 2018, 6, 24–33. [Google Scholar] [CrossRef]

	



Sánchez-Montesinos, B.; Diánez, F.; Moreno-Gavira, A.; Gea, F.J.; Santos, M. Plant Growth Promotion and Biocontrol of Pythium Ultimum by Saline Tolerant Trichoderma Isolates under Salinity Stress. Int. J. Environ. Res. Public Health 2019, 16, 2053. [Google Scholar] [CrossRef]

	



Willetts, H.J.; Wong, J.A.L. The Biology of Sclerotinia Sclerotiorum, S. Trifoliorum, and S. Minor with Emphasis on Specific Nomenclature. Bot. Rev. 1980, 46, 101–165. [Google Scholar] [CrossRef]

	



Jia, R.; Li, M.; Zhang, J.; Addrah, M.E.; Zhao, J. Effect of Low Temperature Culture on the Biological Characteristics and Aggressiveness of Sclerotinia Sclerotiorum and Sclerotinia Minor. OCL 2021, 28, 20. [Google Scholar] [CrossRef]

	



Smolińska, U.; Kowalska, B. Biological Control of the Soil-Borne Fungal Pathogen Sclerotinia Sclerotiorum—A Review. J. Plant Pathol. 2018, 100, 1–12. [Google Scholar] [CrossRef]

	



Costa, S.; Giovannini, P.P.; Fantin, G.; Medici, A.; Pedrini, P. New 9,10-Secosteroids from Biotransformations of Hyodeoxycholic Acid with Rhodococcus Spp. Helv. Chim. Acta 2013, 96, 1062–1071. [Google Scholar] [CrossRef]

	



Costa, S.; Giovannini, P.P.; Fantin, G.; Medici, A.; Pedrini, P. New 9,10-Secosteroids from Biotransformations of Bile Acids with Rhodococcus ruber. Helv. Chim. Acta 2013, 96, 2124–2133. [Google Scholar] [CrossRef]

	



Farina, G.A.; Cherubini, K.; de Figueiredo, M.A.Z.; Salum, F.G. Deoxycholic Acid in the Submental Fat Reduction: A Review of Properties, Adverse Effects, and Complications. J. Cosmet. Dermatol. 2020, 19, 2497–2504. [Google Scholar] [CrossRef]

	



Guinan, J.; Villa, P.; Thangamani, S. Secondary Bile Acids Inhibit Candida Albicans Growth and Morphogenesis. Pathog. Dis. 2018, 76, fty038. [Google Scholar] [CrossRef] [PubMed]

	



Zarattini, M.; Launay, A.; Farjad, M.; Wénès, E.; Taconnat, L.; Boutet, S.; Bernacchia, G.; Fagard, M. The Bile Acid Deoxycholate Elicits Defences in Arabidopsis and Reduces Bacterial Infection. Mol. Plant Pathol. 2017, 18, 540–554. [Google Scholar] [CrossRef] [PubMed]

	



Bajpai, V.K.; Shin, S.Y.; Kim, H.R.; Kang, S.C. Anti-Fungal Action of Bioconverted Eicosapentaenoic Acid (BEPA) against Plant Pathogens. Ind. Crops Prod. 2008, 27, 136–141. [Google Scholar] [CrossRef]

	



Bajpai, V.K.; Kim, H.R.; Hou, C.T.; Kang, S.C. Microbial Conversion and in Vitro and in Vivo Antifungal Assessment of Bioconverted Docosahexaenoic Acid (BDHA) Used against Agricultural Plant Pathogenic Fungi. J. Ind. Microbiol. Biotechnol. 2009, 36, 695. [Google Scholar] [CrossRef] [PubMed]

	



Pane, C.; Francese, G.; Raimo, F.; Mennella, G.; Zaccardelli, M. Activity of Foliar Extracts of Cultivated Eggplants against Sclerotinia Lettuce Drop Disease and Their Phytochemical Profiles. Eur. J. Plant Pathol. 2017, 148, 687–697. [Google Scholar] [CrossRef]

	



Zheng, X.; Chen, T.; Jiang, R.; Zhao, A.; Wu, Q.; Kuang, J.; Sun, D.; Ren, Z.; Li, M.; Zhao, M. Hyocholic Acid Species Improve Glucose Homeostasis through a Distinct TGR5 and FXR Signaling Mechanism. Cell Metab. 2021, 33, 791–803.e7. [Google Scholar] [CrossRef]

	



Bajpai, V.K.; Kim, H.-R.; Kang, S.-C. In Vitro Anti-Fungal Activity of Various Hydroxylated Fatty Acids Bioconverted by Pseudomonas Aeruginosa PR3. J. Appl. Biol. Chem. 2006, 49, 131–134. [Google Scholar]

	



Guerrini, A.; Sacchetti, G.; Rossi, D.; Paganetto, G.; Muzzoli, M.; Andreotti, E.; Tognolini, M.; Maldonado, M.E.; Bruni, R. Bioactivities of Piper aduncum L. and Piper Obliquum Ruiz & Pavon (Piperaceae) Essential Oils from Eastern Ecuador. Environ. Toxicol. Pharmacol. 2009, 27, 39–48. [Google Scholar] [CrossRef]

	



Abou-Jawdah, Y.; Sobh, H.; Salameh, A. Antimycotic Activities of Selected Plant Flora, Growing Wild in Lebanon, against Phytopathogenic Fungi. J. Agric. Food Chem. 2002, 50, 3208–3213. [Google Scholar] [CrossRef] [PubMed]

	



Benkeblia, N. Antimicrobial Activity of Essential Oil Extracts of Various Onions (Allium cepa) and Garlic (Allium sativum). LWT-Food Sci. Technol. 2004, 37, 263–268. [Google Scholar] [CrossRef]








[image: Ijms 23 04152 g001 550] 





Figure 1. Bile acids and biotransformation products. 
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Figure 2. Grow inhibition test (A), negative control DMSO (B) on Phoma betae. 
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Figure 3. Growth inhibition of phytopathogenic fungi treated with bile acids (1a,d). FM = Fusarium moniliforme; PB = Phoma betae; PU = Pythium ultimum; SM = Sclerotinia minor; SS = Sclerotinia sclerotiorum. C− = DMSO; C+ 50 = fluconazole 50 μg/mL; C+ 100 = fluconazole 100 μg/mL. 1a = cholic acid, 1b = deoxycholic acid, 1c = hyocholic acid, 1d = hyodeoxycholic acid. 
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Figure 4. Growth inhibition of phytopathogenic fungi with secosteroids (2a,b, 3c and 4d + 5d). FM = Fusarium moniliforme; PB = Phoma betae; PU = Pythium ultimum; SM = Sclerotinia minor; SS = Sclerotinia sclerotiorum. C− = DMSO; C+ 50 = fluconazole 50 μg/mL; C+ 100 = fluconazole 100 μg/mL. 2a = secosteroid from cholic acid, 2b = secosteroid from deoxycholic acid, 3c = secosteroid from hyocholic acid, 4d + 5d = secosteroids from hyodeoxycholic acid. 
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Table 1. Most common phytopathogenic fungi in agriculture used as targets in this research.






Table 1. Most common phytopathogenic fungi in agriculture used as targets in this research.





	Fungus
	Target Plant Crops
	Phytopathy





	Botrytis cinerea
	Pear [38], vine [39,40], citrus [41,42], apricot [43], cherry [44]
	Gray rot



	Neonectria galligena
	Pome fruits (apple, pear, quince, medlar) [45,46,47]
	Cancer of the pome fruit



	Alternaria sp.
	Asteraceae (lettuce [48], radicchio [49], artichoke [50], sunflower [51]), potato [52], tomato [52], broad bean [53], peas [54]
	Black spots, wilt and rot



	Fusarium moniliforme
	Corn [55]
	Gray rot



	Fusarium oxysporum f. sp. radicis licopersici
	Tomato [56]
	Root rot



	Phoma betae
	Chard [57,58]
	Foot pain



	Penicillium crustosum
	Cereals [59], apple [60], pear [61], dried fruit [62]
	Production of dangerous toxins for animals



	Pythium ultimum
	Cabbage [63], carrot [64], cucumber [65], melon [66]
	Root rot and wilt



	Sclerotinia minor
	Soy, sunflower, kidney bean, cucumber, lettuce, spinach, kale, sweet potato, Irish potato, pepper, tomato, peanut [67]
	Rust, white mould, rot



	Sclerotinia sclerotiorum
	Herbaceous and succulent plants, especially flowers and vegetables [67,68,69]
	White mould










[image: Table] 





Table 2. Antifungal activity screening obtained with bile acids (1a–d).
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	Strain
	1a
	1b
	1c
	1d





	Botrytis cinerea
	72 ± 3.2%
	70 ± 1.7%
	78± 1.2%
	56± 4.6%



	Neonectria galligena
	52 ± 4.2%
	48 ± 2.3%
	41 ± 0.4%
	15 ± 0.7%



	Alternaria sp.
	66 ± 1.2%
	66 ± 2.6%
	73 ± 3.3%
	66 ± 1.8%



	Fusarium moniliforme
	30 ± 0.5%
	83 ± 1.1%
	39 ± 0.8%
	39 ± 1.7%



	Fusarium oxysporum
	22 ± 2.3%
	70 ± 3.5%
	48 ± 2.7%
	37 ± 2.2%



	Phoma betae
	61 ± 2.5%
	100 ± 0%
	86 ± 1.8%
	87 ± 0.3%



	Penicillium crustosum
	24 ± 4.2%
	32 ± 0.7%
	8 ± 3.5%
	0 ± 0%



	Pythium ultimum
	23 ± 3.5%
	78 ± 1.3%
	72 ± 0.2%
	100 ± 0%



	Sclerotinia minor
	68 ± 1.4%
	85 ± 0.7%
	56 ± 2.5%
	52 ± 3.2%



	Sclerotinia sclerotiorum
	73 ± 4.2%
	77 ± 0.9%
	80 ± 0.9%
	69 ± 3.2%







1a = cholic acid, 1b = deoxycholic acid, 1c = hyocholic acid, 1d = hyodeoxycholic acid.
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Table 3. Antifungal activity screening obtained with secosteroids.
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	Strain
	2a
	2b
	3c
	4d + 5d





	Botrytis cinerea
	30 ± 1.7%
	64 ± 3.8%
	62 ± 3.9%
	78 ± 1.2%



	Neonectria galligena
	36 ± 3.9%
	50 ± 4.7%
	39 ± 4.2%
	56 ± 3.1%



	Alternaria sp.
	0 ± 0%
	0 ± 0%
	0 ± 0%
	0 ± 0%



	Fusarium moniliforme
	34 ± 1.3%
	45 ± 2.0%
	42 ± 1.9%
	95 ± 1.3%



	Fusarium oxysporum
	40 ± 4.8%
	40 ± 3.2%
	40 ± 3.1%
	66 ± 2.9%



	Phoma betae
	37 ± 0.7%
	67 ± 0.9%
	100 ± 0%
	70 ± 1.3%



	Penicillium crustosum
	8 ± 1.7%
	12 ± 1.5%
	12 ± 2.1%
	20 ± 0.8%



	Pythium ultimum
	85 ± 1.2%
	55 ± 0.3%
	87 ± 0.7%
	100 ± 0%



	Sclerotinia minor
	81 ± 0.2%
	89 ± 1.1%
	93 ± 1.7%
	60 ± 0.8%



	Sclerotinia sclerotiorum
	79 ± 0.9%
	78 ± 1.1%
	100 ± 0%
	98 ± 0.3%







2a = secosteroid from cholic acid, 2b = secosteroid from deoxycholic acid, 3c = secosteroid from hyocholic acid, 4d + 5d = secosteroids from hyodeoxycholic acid.
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Table 4. IC50 values of bile acids for selected fungi expressed in µg/mL.
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	Strain
	1a
	1b
	1c
	1d





	Fusarium moniliforme
	-
	428.9 ± 11.13
	-
	-



	Phoma betae
	-
	22.14 ± 0.98
	247.5 ± 6.82
	196.6 ± 8.41



	Pythium ultimum
	-
	-
	-
	284.1 ± 4.13



	Sclerotinia minor
	-
	377.6 ± 28.75
	-
	-



	Sclerotinia sclerotiorum
	-
	-
	712.8 ± 64.22
	-







1a = cholic acid, 1b = deoxycholic acid, 1c = hyocholic acid, 1d = hyodeoxycholic acid.
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Table 5. IC50 values of secosteroids for selected fungi expressed in µg/mL.
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	Strain
	2a
	2b
	3c
	4d + 5d





	Fusarium moniliforme
	-
	-
	-
	133.3 ± 3.86



	Phoma betae
	-
	-
	23.95 ± 0.97
	-



	Pythium ultimum
	677.0 ± 21.16
	-
	-
	176.2 ± 5.79



	Sclerotinia minor
	730.7 ± 58.26
	227.3 ± 19.15
	67.90 ± 6.42
	-



	Sclerotinia sclerotiorum
	-
	135.3 ± 10.28
	18.49 ± 1.54
	180.98 ± 16.73







2a = secosteroid from cholic acid, 2b = secosteroid from deoxycholic acid, 3c = secosteroid from hyocholic acid, 4d + 5d = secosteroids from hyodeoxycholic acid.
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