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Abstract

:

Three different concentrations of four (ethanol, acetone, methanol, and diethyl ether) extracts of licorice, doum, and banana peel were evaluated for antifungal and antimycotoxigenic efficiency against a maize aflatoxigenic fungus, Aspergillus flavus. Among them, the licorice diethyl ether 75% extract was intensely active, showing the best wet and dry weight inhibition and exhibiting the highest efficacy ratio (91%). Regarding aflatoxin B1 (AFB1) production, all the plant extracts tested were effective against AFB1 production after one month of maize storage, with average efficacy ratios ranging from 74.1% to 97.5%. At the same time, Thiram fungicide exhibited an efficacy ratio of 20.14%. The relative expression levels of three structural genes (aflD, aflP, and aflQ) and two regulatory genes (aflR and aflS) were significantly downregulated when compared to untreated maize grains or Thiram-treated maize grains. The doum diethyl ether 75% peel extract showed the highest total phenolic content (60.48 mg GAE/g dry extract wt.) and antioxidant activity (84.71 μg/mL). GC–MS analysis revealed that dimethoxycinnamic acid, aspartic acid, valproic acid, and linoleic acid might imbue the extracts with antioxidant capacities in relation to fungal growth and aflatoxin biosynthesis. Finally, the results suggest that the three plant extracts can be considered a promising source for developing potentially effective and environmentally safer alternative ways to control aflatoxin formation, thus creating a potentially protective method for grain storage.
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1. Introduction


Aspergillus species produce different mycotoxins, i.e., aflatoxins B1, B2, G1, and G2 by Aspergillus flavus, A. parasiticus, A. nomius, and A. pseudotamarii; ochratoxin A by A. ochraceus; patulin by A. clavatus and A. terreus; and cyclopiazonic acid (CPA) by A. flavus and A. versicolor [1,2]. Currently, 18 types of aflatoxin produced by Aspergillus spp. have been identified; among these types, aflatoxin B1 (AFB1) is reported to be the most toxic injurious mycotoxin to mammals [3,4]. Seed fungi may cause losses in seed development, storage, or germination, especially aflatoxigenic fungi [5]. Contamination with aflatoxins mainly concerns dried fruit (nuts, peanuts, pistachio nuts, and dried figs), cereal grains (primarily maize and maize products), some spices, and oilseeds [6,7]. However, due to their high consumption, maize and groundnuts are primary sources for human exposure to aflatoxin worldwide [8].



AFB1 is one of the most frequently produced toxins, and it is regulated in different countries at a maximum tolerated level ranging from 4 to 20 ng/g. Unfortunately, exposure to low doses of aflatoxins in humans leads to cancer induction, immune suppression, and stunted growth in young children [9]. As such, the control of aflatoxins in stored maize grains is a priority for mammal safety. Controlling aflatoxigenic A. flavus in grains and food during storage is regarded as a worldwide target for humans [10]. Synthetic antioxidants could be harmful, whereas plant extracts have great potential, as they are active, easy to prepare and apply, secured, and easy to biodegrade, as well as having a stimulating effect on plant metabolism [11,12]. Higher plants’ natural products provide a new source of antimicrobial agents with a possible novel mechanism of action [13,14,15]. Tagne et al. [16] reported that Cymbopogon citratus, Occimum gratissimum, and Thymus vulgaris essential oils or plant powder extracts could be useful as potential substitutes to synthetic fungicides in controlling seed-borne fungi, including mycotoxigenic fungi-infected maize grains. The potential use of bioactive metabolites, such as natural antioxidants and phenolic compounds, affects growth and toxin production in primary mycotoxigenic fungi [11,17]. To meet the increasing demand in developed countries for safer foods and healthier manufacturing methods, several methods have been developed to remove mycotoxins from contaminated foods, including physical separation and adsorption. Agro-by-products such as peels and seed husks result in the formation of a high amount of waste materials [18,19]. However, the accumulation of wastes poses a problem to the environment, as they are prone to microbial spoilage [20]. Agro-waste may be a source of high-added value products that are potentially useful as beneficial food constituents, food flavors, antioxidants, cosmetics, chemopreventive agents, drugs, or drug adjuvants. Therefore, researchers have made efforts to explore the possibility of reusing plant wastes as a source of organics. Agro-wastes such as peels of various fruits and vegetables are used in food and other industries [21]. Globally, fruit peels are agricultural waste discarded as useless material; they cause waste management problems despite having some compost and cosmetic potential [22]. Fruit peels are known to contain many materials with biological activities and medicinal properties [23,24]. For example, tannins, alkaloids, flavonoids, phlobatannins, terpenoids, and glycosides are bioactive compounds that are usually available in the peel of banana, doum, and licorice. The peel extracts, which contain rutin, could have anticarcinogenic, antioxidant, and antimicrobial abilities [25,26,27]. In higher plants, linoleic acid is substrate for the production of a range of trihydroxy oxylipins [28], which are known to possess antifungal activity. Linolenic acid and allylphenol reduced mycelial growth of Rhizoctonia solani by 74% and Pythium ultimum by 65% at 1000 µM, and also reduced biomass production; they have been reported to be active against a number of plant pathogens [29,30].



Various environmental conditions influence the AFB1 production pathway, one of the recognized secondary fungal metabolic pathways [31]. Thirty structural genes aid aflatoxin production (including aflD, aflG, aflH, aflI, aflK, aflM, aflO, aflP, and aflQ) with both regulatory genes aflR and aflS [31]. Several studies have discussed the role of many plant-derived compounds to degrade AFB1 or stop the expression of aflatoxin biosynthesis genes [31,32,33]. Liang et al. [34] reported that cinnamaldehyde at a concentration of 0.40 mM/L could suppress AFB1 synthesis and the expression of aflR, aflD, aflM, and aflP genes in A. flavus. Several studies carried out by Caceres et al. [35] and El Khoury et al. [36] showed the activity of different concentrations of aqueous hyssop extract, and the two terpenes piperine or eugenol, in relation to inhibiting the expression of 25 out of 27 genes in the AFB1-biosynthesis cluster. Therefore, this study evaluates the effectiveness of different extracts of licorice, doum, and banana peels in controlling aflatoxins produced on maize grains during storage and compares these results with those attained with Thiram fungicide. The GC–MS analysis was performed to ascertain the active components of peel extracts that reduced A. flavus growth and AFB1-biosynthesis.




2. Materials and Methods


2.1. Fungal Isolation and Identification


Different maize grain samples collected from local markets at Alexandria governorate, Egypt, were used as source material for fungal isolation. Twenty-six Aspergillus isolates were purified; morphologically characterized by determining the colony color, texture, spore color, size, conidiophore structure, and vesicle form [37,38]; and evaluated for their ability to produce AFB1 by measuring its concentration in culture filtrates by HPLC [39,40]. The fungal isolate that gave the highest production of AFB1 was molecularly identified via PCR amplification and sequencing of the ITS region, as described previously [41,42].




2.2. Preparation of Extracts


Peels from edible plants were used throughout this study, i.e., doum (Hyphaene thebaica), licorice (Glycyrrhiza glabra), and banana (Musa paradisiaca L.). Extraction was carried out according to Pinto et al. [43]. The collected plant peels were air-dried and then ground with a laboratory mill 3610 (PerkinElmer, Inc., Waltham, MA, USA). In total, 100 mL of the following solvents: (i) ethanol, (ii) diethyl ether, (iii) methanol, and (iv) acetone was added to 20 g of ground plant peels at different concentrations (25%, 50%, and 75%, v/v: solvent/water), kept for 24 h on Unimax 1010 platform shaker (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) at 200 rpm, and filtered through Whatman paper (No.1). All the extracts were stored in the fridge until use.




2.3. Determination of Total Phenol Contents of Extracts


The total phenolics content (TPC) of each extract was determined by the Folin–Ciocalteau method, according to Turkmen et al. [44] and Farahmandfar et al. [45]. Briefly, 0.5 mL of the extract was mixed with 1 mL of water and 0.5 mL of 1 mol/L Folin–Ciocalteau reagent (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). After 3 min, 1.5 mL of 10% Na2CO3 was added, and then the mixture was incubated in a test tube at room temperature for 10 min. The absorbance values of all samples were measured at 725 nm using a Spectrophotometer OPTIMA SP-300 (Itabashi, Tokyo, Japan). The TPC was expressed as milligrams of gallic acid (GAE) equivalents per gram (g) of the extract.




2.4. Determination of Extracts’ Antioxidant Activities


Antioxidant activity (1,1-diphenyl-2-picrylhydrazyl (DPPH) assay) was measured by the radical scavenging ability of the DPPH radical. The free radical scavenging capacity of ethanolic and diethyl ether extracts was measured using the method described by Asnaashari et al. [46]. The results were calculated using the following equation:    Radical   scavenging   capacity   %  =     AB − AA   AB     × 100  , where AB = absorption of blank sample and AA = absorption of sample solution.




2.5. GC–MS Analysis


The three plant extracts were analyzed for their components using a Trace GC Ultra-ISQ mass spectrometer (Thermo Scientific, Waltham, MA, USA) with a direct capillary column TG–5MS (30 m × 0·25 mm × 0·25 μm film thickness). Program conditions and sampling were performed as published previously [47]. The constituents were identified on the basis of the Wiley and NIST MS library database and compared mass spectra literature data and retention time [48,49].




2.6. Effect of Plant Extracts on A. flavus Growth and AFB1 Production


2.6.1. Dry and Wet Weight Estimations


First, a plate with 15 mL potato dextrose agar (PDA) was inoculated with A. flavus Af1 isolate and incubated at 30 °C for 7 days. Plugs of 5 mm in diameter were cut from A. flavus Af1 PDA culture and used to inoculate a 50 mL of yeast extract sucrose (YES) broth (one disk for each flask) prepared in conical flasks. At three different concentrations, 1 mL of each extract (25%, 50%, 75%) was added to YES broth pre-inoculated with A. flavus Af1 plugs then incubated at 30 °C for 15 days. After the incubation period, the fungal mat of each treatment was collected and dried in the oven at 50 °C for four days. The fungal mat wet and dry weights were recorded in all treatments. YES broth culture filtrates in all treatments were used to extract AFB1; briefly, 2 mL of the fungal culture broth was mixed and vortexed with an equal volume of chloroform in a 15 mL tube. The mixture was then centrifuged for 5 min at 10,528× g, and 2 mL of the lower layer was transferred to a new glass vial. The chloroform extracts were evaporated under a gentle stream of air, and the dried extracts were reconstituted with 1 mL methanol [39]. All the prepared samples were filtered into HPLC vials through a 0.2 μm syringe filter (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) before HPLC analysis.



Efficacy ratios (ER) for aflatoxin inhibition were estimated according to the following equation [40]:


    ER   % =      Aflatoxin   conc  .    in   control  –    Aflatoxin   conc  .    in   treatment     Aflatoxin   conc  .    in   control      × 100  












2.6.2. Effect of Plant Extracts on Maize Storage


In total, 50 g of surface-sterilized maize grains were placed in sterile glass jars and treated with the best effective plant extracts inhibiting AFB1 production in YES broth, as resulted in the experiment indicated in Section 2.6.1. In the maize storage experiment, the Thiram fungicide (Bayer Crop Science LP, The Research Triangle Park, NC, USA) treatment served as a positive control. After that, each glass jar was inoculated with a 5 mm disk of A. flavus and incubated at 30 °C for 30 days. After the end of the storage period, the characteristics of maize grains, i.e., grain shape and odor, were recorded according to the scale mentioned in Table 1. All the tested grains were ground to extract AFB1 according to Hoeltz et al. [50], with some modifications; 20 g of contaminated milled maize grains were mixed with 100 mL of MeOH and 12 mL 4% KCl (w/v). The samples were centrifuged for 2 min at 10,528× g and filtered. After that, 100 mL of 10% (w/v) CuSO4 was added to the filtrate, stirred, and filtered. Then, an equal volume of distilled water was added to the filtrate in the separation funnel, and AFB1 was extracted twice with 15 mL chloroform. The solvent extracts were collected and evaporated in a water bath at 60 °C. Finally, the samples were inputted into HPLC vials for analysis.




2.6.3. HPLC Analysis of AFB1


The AFB1 standard was prepared by dissolving 2.5 mg of AFB1 (Sigma-Aldrich, Saint Louis, MO, USA) in 100 mL of toluene–acetonitrile (9:1, v/v) solution, leading to a final concentration of 25 ng/mL. AFB1 stock solution (100 mL) was divided into 1 mL vials and nitrogen dried. To obtain a concentration of 25 ng/mL, 1 mL of methanol was added to each vial. The calibration measurements of AFB1 standard solutions at concentrations of 5, 2, 1, 0.5, 0.2, and 0 ppb were prepared with a solution containing 7% methanol, 92% 0.01 phosphate-buffered saline, and 1% dimethylformamide [51]. For AFB1, the limit of detection is 0.01ppb and the limit of quantification is 1 ppb. AFB1 assay was carried out using Agilent 1260 Infinity HPLC Series (Agilent, Santa Clara, CA, USA) according to HPLC conditions, i.e., analytical column: Zorbax Eclipse XDB-C18, 4.6 mm × 150 mm, 3.5 µm; mobile phase: water/MeOH/ACN; 50/40/10 (v/v/v); flow rate: 0.8 mL/min; temperature: ambient; detector: UV 365 nm; and injection volume: 10 µL (0.044 mg/mL) [39].




2.6.4. Real-Time PCR Assay


Total plant RNA isolation was performed using the guanidium isothiocyanate method, with some modifications described previously [52]. Both concentration and purity of the extracted RNA were estimated on Nano SPECTROstar (BMG Labtech, Ortenberg, Germany) system. At the same time, the agarose gel electrophoresis was used to ascertain the integrity of RNA. For cDNA synthesis, 2 μg of DNase-treated total RNA of each sample was used as a template in the reverse transcription reaction, which was performed as described previously [53,54]. The real-time PCRs were performed in a Qiagen RGQ Rotor-Gene Q 2-Plex HRM real-time PCR system (Qiagen, Hilden, Germany). The primers used in this study, illustrated in Table 2, targeted the aflatoxin biosynthetic pathway. The β-tubulin transcript was used as an internal reference housekeeping gene to normalize the amount of total RNA of each reaction. The qPCR reactions were performed in a total volume of 20 μL using SYBR Green PCR Master Mix, as previously described [55,56]. The relative gene expression levels were calculated from the threshold cycle according to the 2−ΔΔCT method [57].





2.7. Statistical Analysis


The experiment was a completely randomized design [58]. Treatment means were compared by Duncan’s multiple range test [59]. All statistical analysis was performed using the analysis of variance technique using CoStat program version 6.303 (CoHort software, Monterey, CA, USA). For the expression analysis of aflatoxin biosynthesis genes, the data were expressed as means ± S.E. Values were considered statistically significant when p ≤ 0.05.





3. Results and Discussion


3.1. The Ability of Aspergillus Isolate to Produce Aflatoxin and Identification


The aflatoxigenic fungal isolate A. flavus was used in this study as a high AFB1 producer with 26.79 ppb. A. flavus morphological characteristics were performed as described by Klich [38], where the fungal colonies were olive-green, velvety flat with a raised texture, forming dark-brown sclerotia. The conidiophores were colorless, rough, and thick-walled, bearing vesicles globose to sub-globose with radiated sterigmata and globose, thin-walled, slightly rough conidia ranging from 250 to 450 µm. Using the procedure described by Al-Huqail et al. [60], the ITS sequence result identified the isolate as A. flavus, and the sequence was deposited in the GenBank database under accession no. (#MG202161).




3.2. Effect of the Applied Plant Extracts on A. flavus Growth and AFB1 Production


The licorice, doum, and banana plant peels were extracted with different solvents, i.e., ethanol, acetone, methanol, and diethyl ether, at concentrations of 25, 50, and 75%, to study their effect on A. flavus growth (dry and wet weight) and AFB1 production (Table 3). The obtained results revealed that the smallest significantly wet and dry weight values were obtained by application of doum–ethanol 25% (0.19 and 0.06 g, respectively), licorice–acetone 75% (0.08 and 0.02 g, respectively), and banana–acetone 50% (0.30 and 0.02 g, respectively) compared with control (7.74 and 1.72 g, respectively). Our results reported the antifungal ability of licorice peel extract, which is consistent with findings of previous studies. Hojo and Sato [61] found that licorice extracts with 80% methanol (oil-based extract of licorice) have significant fungicidal effects against Arthrinium sacchari M001 and Chaetomium funicola M002. Moreover, Mohseni [62] demonstrated less mycelial growth (about 100×) in the presence of licorice extract after 72 h of incubation in Aspergillus parasiticus. In our study, banana peel ethanolic extract results were somewhat similar to El Zawawy [63], who found that the 2% banana peel ethanolic extract had moderate antifungal activity against A. flavus and had the best inhibitory effect against A. niger and Alternaria alternata at 10% concentration using the agar well diffusion method [64]. Meanwhile, Behiry et al. [65] found that the methanolic extract from banana peels at concentrations of 1, 2, and 3% inhibited the mycelial growth of Fusarium culmorum and Rhizoctonia solani fungi. Even though all concentrations of methanolic doum extract had slight antifungal properties, Taha et al. [66] and Abdallah [67] reported that the doum methanolic extract exhibited no antifungal activity against A. flavus and A. niger ATCC 6275. It has been reported that the existence of alkaloids, tannins, phenolics, cardiac glycosides, saponin, and flavonoids in different fruit peel extracts has been correlated with antifungal activity [63,68].



Furthermore, most of the tested solvents at different concentrations were highly effective against AFB1 production. Efficiency ratios of AFB1 inhibition (ER%) values ranged from 34 to 91%. However, methanolic extracts were the least effective against AFB1 production, where ER% values ranged between 34.38 and 40.6% in the different extracts.



The ER% values, shown in Table 3, indicated promising results for banana peel extracts with 25% ethanolic extract and 75% acetone extract (85.65% and 85.08%, respectively), whereas the smallest ER% values were obtained by 50% and 75% methanolic extracts from banana peel (34.38% and 39.24%, respectively). Doum extract data explained in Table 3 showed significant differences among ER% values of the tested solvent concentrations. The highest ER% was attained at 75% diethyl ether treatment, with 86.86% compared to ER% values of the other solvents. However, the least effective ratio was detected in methanol and acetone at a 75% concentration (40.61 and 44.65%, respectively). On the other hand, Table 3 shows significant differences among ER% values of the tested solvent concentrations in licorice extract treatments. Treatment with diethyl ether at concentrations of 75% and 50% resulted in the highest AFB1 inhibition values (91.43% and 88.38%, respectively). However, the smallest ER% values were detected in the 75% acetone treatment (45.03%).



Our results concerning fungal growth and AFB1 inhibitions can be explained by the findings of Borges et al. [69]. They reported that the mode of action of these plant extract antioxidants suppresses aflatoxins by neutralizing and scavenging free radicals and inhibiting their chains of propagation, rendering them into less toxic molecules. Furthermore, solvents differed in their efficiency according to their concentrations and a given plant’s components. Naik et al. [70] and Bernardo and Sagum [71] reported that ethanolic and methanolic extracts of Solanum melongena L. (eggplant) and sugar apple peels (Annona squamosa) had high free radical scavenging activities against human pathogens; these results support our findings. On the other hand, Adom et al. [72] and Laddomada et al. [73] mentioned that phenolic acids cross-linked with the polymers’ plant cell wall, such as wheat bran components, are considered the most important antioxidants.




3.3. Corn Storage Experiment


3.3.1. Effect of Applied Extracts on AFB1 Production


The results presented in Table 4 indicate that 75% diethyl ether licorice peel extract was the best treatment, and it showed the lowest value of AFB1 (9.65 ppb), with an ER of 97.75%; this was followed by 75% diethyl ether doum peel extract (66.21 ppb). At the same time, the value of AFB1 in 25% ethanolic banana peel extract was 110.48 ppb compared to the other treatments. This finding is consistent with that of Mohseni et al. [62], who demonstrated that aflatoxin production decreased in A. parasiticus in the presence of 50% licorice extract.




3.3.2. Effect of Applied Plant Extracts on Grain Appearance


Table 5 and Figure 1 indicate that grains’ appearance changed significantly for the tested plant extracts and fungicide compared to control. Doum peel extract has excellent antifungal activity and a good grain appearance (i.e., low or no visible mold or grain defect on grain) compared to other treatments and is followed by licorice extract and banana peel extract. Treatment of inoculated grains with Thiram fungicide at the recommended concentrations resulted in rotting, shape deformity, bad odors, and unapproved grains. Our results agree with Gemeda et al. [74] and El-Aziz et al. [75]. They recorded similar Aspergillus fungal dry weight reductions due to treatment with essential oils. Such decreases were also reported in licorice extract [76]. The obtained results also matched with Yazdani et al. [77], who showed that certain phenolic compounds could decline aflatoxin production in A. flavus.





3.4. Expression of AFB1 Biosynthesis Genes Using qRT-PCR


Aflatoxin biosynthesis, especially AFB1, is a complex enzymatic pathway [78]. In A. flavus, AFB1 is produced from acetyl CoA via about 25 genes that reside in a 75 kb cluster encoding more than 18 enzymatic stages [79,80]. Such pathways are organized by diverse regulatory and structural genes [81]. In the current study, we examined the effect of the three-plant extracts, as well as Thiram fungicide, on the relative expression of three structural genes (aflD, aflP, and aflQ) and two regulatory genes (aflR and aflS) (Figure 2). The aflD plays an essential role in the early conversion of norsolorinic acid to averantin. At the same time, aflP and aflQ genes encoded enzymes necessary for converting sterigmatocystin to o-methylsterigmatocystin and AFB1 in the late steps of the aflatoxin pathway [82,83]. The highest relative transcription of aflD (6.643-fold) was seen in untreated maize grains (infected control), followed by Thiram treatment with a relative expression level 2.28-fold higher. On the other hand, the 75% three-diethyl ether licorice peel extract, 75% diethyl ether doum peel extract, and 50% ethanolic banana peel extract treatments exhibited decreasing aflD expression, with relative expression levels of 1.664-, 1.201-, and 1.174-fold, respectively (Figure 2). Similarly, infected control treatment exhibited the greatest aflP and aflQ relative expressions that were 4.863- and 7.738-fold higher. On the other hand, the 75% diethyl ether licorice peel extract treatment showed the lowest transcriptional levels, with relative expression levels of 0.831 and 2.501 for aflP and aflQ, respectively (Figure 2). It was reported that the transcription of aflatoxin biosynthesis genes corresponded to the biosynthesis profile of AFB1 [80,84,85]. Lappa et al. [80] showed that the downregulation of aflM and aflP positively affected AFB1 formation. Moreover, Verheecke et al. [85] observed that the repression of aflM expression was also correlated with AFB1 content. Thus, the expression levels of biosynthetic aflatoxin pathway genes can be used as a marker of the aflatoxigenic content [84]. The results are in agreement with those of Mayer et al. [86], who observed that aflD expression levels in wheat artificially inoculated with an AF-producing A. flavus isolate are associated with growth kinetics of the fungus and AFB1 production. Thus, the expression of aflD, aflQ, and aflP genes can provide useful differentiation between aflatoxigenic and non-aflatoxigenic strains of A. flavus [84,87]. The aflR and aflS are key regulatory genes in the production of aflatoxin B1. Sweeney et al. [88] reported a significant correlation between aflatoxin production and the expression of aflR, as determined by qPCR. In the present study, the relative expression levels of two genes, aflR, and aflS, were downregulated in all treated grains compared to untreated controls (Figure 2). Degola et al. [89] showed that the expression of aflS and aflD could also be utilized to differentiate AFB1-producing from non-producing Aspergillus strains. Mohseni [62] reported that the relative expression of the aflR gene fell significantly by 1.5 times in comparison to its expression in fungus without licorice extract treatment. The obtained data indicate that the applied extract has an inhibitory effect on growth and aflatoxin production in A. parasiticus.




3.5. Total Phenolic Content (TPC) of the Tested Plant Extracts


The TPC of the tested plant materials was determined as mg GAE/g of dry extract weight. The obtained results showed that all the tested plant materials possessed high TPC that ranged from 18.83 to 60.48 mg of GAE/g dry extract (Table 6). The highest TPC content was recorded in 75% diethyl ether doum peel extract (60.48 mg of GAE/g dry extract wt.). The lowest TPC value was detected in 75% diethyl ether licorice peel extract (18.53 mg of GAE/g dry extract wt.). Thus, as reported before, phenolics are the most abundant secondary metabolites in plants, and they have drawn increasing attention due to their potent antioxidant properties and their marked effects in the prevention of various oxidative stress-associated diseases [90].




3.6. Antioxidant Activities of the Tested Plant Materials


DPPH is a method used to test the ability of compounds to act as free radical scavengers or hydrogen donors and to evaluate the antioxidant capacity of extracts [91]. Antioxidant activities (AA) were determined in all the tested plant parts for DPPH scavenging IC50 (μg/mL) values. According to the obtained results (Table 6), most tested plant materials showed relatively high antioxidative activity values. The doum extract exhibited the highest value of AA (84.71 μg/mL), while banana peels and licorice peels showed 84.26 and 67.53 μg/mL, respectively. The results coincided with Hsu et al. [92] and Satish et al. [93], who noted that doum fruit showed considerable inhibitory activity against different Aspergillus species isolated from corn mine will. In the meantime, banana peel extract was proven to be a potent scavenger of free radicals and an excellent inhibitor of lipid peroxidation [94,95].




3.7. Phytocompounds Identified in the Extracts of Doum, Licorice, and Banana Peels by GC–MS


The results of GC–MS analysis of the doum, licorice, and banana peel extracts led to the identification of several bioactive compounds in each extract. The various extract components with different retention times (RT) are investigated in Table 7. A set of 27 compounds was identified in the doum peel extract; results revealed high relative abundance content of various compounds such as linoleic acid (16.49%), 3,5 dihydroxy phenol (10.66%), and 2,5-dimethyl-para-anisaldehyde (10.41%). At an RT of 15.672 min, the relative abundance of octadecanoic acid was 9.51%; this is the esterification product of linoleic acid that acts as a signaling molecule.



The most abundant phenolic compound recorded in licorice peel extract was 3,5-dimethoxycinnamic acid (26.37%), which could be used as an antimicrobial agent against the fungal pathogen A. flavus [96]. Most phenolic compounds (flavones, catechins, tannins, and quinines) interact with proteins and inactivate them by changing their conformation. Ali et al. [97] and Yazdani et al. [77] isolated different phenolic molecules from Piper betle extract, such as dihydrochalcone and chavibetol, both of which proved to have antifungal properties. Hua et al. [98] reported that the polyphenolic molecules could stop the A. flavus biosynthesis pathway of AFB1 by inhibiting norsolorinic acid accumulation. Aspartic acid (11.28%) is also found in licorice extract, which acts as the building block of many essential amino acids such as lysine, threonine, and methionine. Moreover, it contains the energy source linoleic acid (10.23%), which is responsible for maintaining a certain level of membrane fluidity of the transdermal water barrier of the epidermis. The antifungal activities exhibited by linolenic acid and p-allylphenol may be valuable alternatives for controlling plant pathogens, such as Botrytis cinerea, which is associated with increasing fungal oxygen uptake by 19.58% at 5 ppm and exhibits fungicidal activities against several genera, including Alternaria and Sclerotinia [99,100]. In the same way, some derivatives of linoleic acid can suppress the AFB1 biosynthesis produced by different species of the genus Aspergillus [101].



Meanwhile, 3,5-dimethoxycinnamic acid may exhibit antimicrobial properties and inhibit Botrytis cinerea fungal growth [102]. Moreover, the licorice extract contains 6.45% methionine and 6.41% octadecanoic acid. Regarding banana peel extract, 31 components were identified and quantified; among these compounds, valproic acid exhibited the highest concentration of 13.44%, followed by 13.42% methyl β-D-ribopyranoside. In addition, rhodopin and deoxyribose comprise 10.96% and 7.14%, respectively (Table 6). Sadhasivam et al. [103] found that the pomegranate peel extract contains many phenolic and fatty acids and it reduces A. flavus AFB1 production up to 97%. On the other hand, they noticed that the combined treatment (low doses of pomegranate peel extract and azole fungicide prochloraz) resulted in complete inhibition of toxin production over 72 h of treatment. They also showed a downregulation of most of the aflatoxin biosynthetic cluster genes [103]. Youssef et al. [49] suggested that the antimicrobial compounds (1-dodecanamine, n,n-dimethyl, hexadecanoic acid, methyl ester, and n-hexadecanoic acid) found in the GC–MS analysis of beetroot methanol and ethanol extracts could have potential activity on mycotoxin production. Finally, the results suggested that the three plant peel extracts could be promising sources for developing potentially effective and environmentally safer alternative ways to control aflatoxin formation, and they could create a potentially protective method for grain storage.





4. Conclusions


Among four solvent extracts of licorice, doum, and banana peels, the 75% licorice diethyl ether extract was intensely active, showing the best wet and dry weight inhibition of maize aflatoxigenic fungus, Aspergillus flavus; it also exhibited the highest efficacy ratio (91%). Regarding aflatoxin B1 production, all the tested plant extracts were effective against AFB1 production after one month of maize storage, with average efficacy ratios ranging from 74.1% to 97.5% compared with Thiram fungicide (20.1%). The relative expression levels of aflD, aflP, aflQ, aflR, and aflS were significantly downregulated compared to untreated maize grains or Thiram-treated maize grains. Dimethoxycinnamic acid, aspartic acid, valproic acid, and linoleic acid found in GC–MS analysis might provide the extracts with phenolic and antioxidant capacities towards fungal growth and aflatoxin biosynthesis.
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Figure 1. Effects of the plant extracts and Thiram fungicide on the appearance of inoculated maize grains after one month of storage: (A) healthy moistened control, (B) infected control inoculated with A. flavus, (C) inoculated maize grains treated with any of the tested extracts, (D) inoculated maize grains treated with Thiram fungicide. 
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Figure 2. The relative expression levels of structural (aflD, aflP, and aflQ) and regulatory genes (aflR and aflS) of the aflatoxin B1 (AFB1) biosynthetic pathway in maize grains treated with doum, licorice, banana peel extracts, and Thiram fungicide before the Aspergillus flavus Af1 inoculation. Columns with the same letters among each gene are not significantly different at p ≤ 0.05. 
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Table 1. Scale for maize grain approval based on the change in shape and odor.
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	Grain Shape Change
	Odor Change
	Approval
	Scale





	Whole grains (no change in shape)
	No smell
	Most approved
	5



	Mild simple
	Mild simple
	Highly approved
	4



	Moderate
	Moderate
	Very approved
	3



	Great
	Great
	Approved
	2



	Very great
	Pungent
	Unapproved
	1
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Table 2. The list of primers and the corresponding clustered aflatoxin biosynthesis pathway genes showing enzymes involved and their functions in the study.
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	Target Gene
	Sequences (5′—3′)
	Function in the Biosynthetic Pathway
	Target Size (bp)





	β-Tubulin (benA)
	Forward: CTTGTTGACCAGGTTGTGGAT

Reverse: GTCGCAGCCCTCAGCCT
	Reference housekeeping gene
	51



	aflD (nor-1)
	Forward: GTCCAAGCAACAGGCCAAGT

Reverse: TCGTGCATGTTGGTGATGGT
	Norsolorinic acid (NOR) → averantin (AVN)
	66



	aflP (omtA)
	Forward: GGCCGCCGCTTTGATCTAGG

Reverse: ACCACGACCGCCGCC
	Sterigmatocystin (ST) → O-methylsterigmatocystin (OMST)
	123



	aflQ (ordA)
	Forward: GTGTCCGCAGTGTCTAGCTT

Reverse: GCTCAAAGGTCGCCAGAGTA
	O-methylsterigmatocystin (OMST) → aflatoxin B1(AFB1)
	115



	aflR
	Forward: CTCAAGGTGCTGGCATGGTA

Reverse: CAGCTGCCACTGTTGGTTTC
	Pathway regulator
	86



	aflS
	Forward: CTGCAGCTATATTGCCCACA

Reverse: TAAACCCAGGCAGAGTTGGT
	Pathway regulator
	117










[image: Table] 





Table 3. Effect of the applied plant extracts on the wet and dry weight of A. flavus mat and the efficacy ratio of AFB1 production inhibition (ER%).
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Solvent

	
Concentration (%)

	
A Wet and Dry Weight of A. flavus (g)




	
Doum

	
Licorice

	
Banana




	
Wet

	
Dry

	
ER%

	
Wet

	
Dry

	
ER%

	
Wet

	
Dry

	
ER%






	
Ethanol

	
25

	
0.19 k

	
0.06 m

	
85.96 b

	
3.53 h

	
0.81 f

	
50.56 k

	
2.83 d

	
0.29 e

	
85.65 a




	
50

	
5.13 de

	
0.83 g

	
62.17 h

	
0.23 k

	
0.06 k

	
64.68 f

	
1.36 g

	
0.21 f

	
73.52 f




	
75

	
1.30 j

	
0.23 l

	
61.87 i

	
3.04 j

	
0.77 g

	
68.13 e

	
1.32 h

	
0.20 f

	
77.35 d




	
Acetone

	
25

	
5.06 f

	
0.98 c

	
71.61 f

	
0.15 l

	
0.04 l

	
59.14 g

	
0.45 k

	
0.05 i

	
69.74 i




	
50

	
5.17 d

	
0.81 h

	
64.30 g

	
6.42 b

	
0.84 e

	
69.28 d

	
0.30 m

	
0.02 j

	
79.39 c




	
75

	
5.65 c

	
0.89 e

	
44.65 k

	
0.08 m

	
0.02 m

	
45.03 l

	
1.41 f

	
0.14 g

	
85.08 b




	
Methanol

	
25

	
4.32 g

	
0.59 i

	
46.37 j

	
6.23 c

	
0.96 c

	
56.61 h

	
3.68 c

	
0.42 c

	
49.15 j




	
50

	
7.36 b

	
1.03b

	
83.04 c

	
6.11 d

	
1.01 b

	
52.68 j

	
1.17 i

	
0.07 h

	
34.38 l




	
75

	
5.15 de

	
0.93 d

	
40.61 l

	
5.72 e

	
0.89 d

	
56.01 i

	
4.59 b

	
0.47 b

	
39.24 k




	
Diethyl ether

	
25

	
3.75 h

	
0.26 k

	
76.32 d

	
4.46 g

	
0.66 i

	
74.68 c

	
2.82 e

	
0.38 d

	
70.86 g




	
50

	
5.09 ef

	
0.27 j

	
71.94 e

	
5.02 f

	
0.70 h

	
88.38 b

	
0.43 l

	
0.02 j

	
70.85 h




	
75

	
3.60 i

	
0.86 f

	
86.86 a

	
3.44 i

	
0.41 j

	
91.43 a

	
0.75 b

	
0.05 i

	
77.08 e




	
Control

	

	
7.74 a

	
1.72 a

	
0 m

	
7.74 a

	
1.72 a

	
0 m

	
7.74 a

	
1.72 a

	
0 m








Means followed with the same letter (s) in the same column are not significantly different from each other at p ≤ 0.05.
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Table 4. Effect of plant extracts on AFB1 production in stored inoculated maize grains with A. flavus.






Table 4. Effect of plant extracts on AFB1 production in stored inoculated maize grains with A. flavus.











	Treatments
	Solvent Concentration
	AFB1 (ppb)
	ER%





	Healthy moistened control
	---
	0.00
	---



	Infected control
	---
	425
	---



	Doum
	Di ethyl ether 75%
	66.21
	84.42



	Licorice
	Di ethyl ether 75%
	9.56
	97.75



	Banana
	Ethanol 25%
	110.48
	74.12



	Thiram
	2.5 mg/mL
	339.37
	20.15



	LSD0.05
	
	5.60
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Table 5. Effect of the tested extracts and fungicide on grain appearance and smell.
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	Treatments
	Solvent Concentration
	Grain Shape
	Smell
	Scale





	Healthy moistened control
	---
	5
	0
	5



	Infected control
	---
	0
	5
	0



	Doum
	Di ethyl ether 75%
	5
	1
	4



	Licorice
	Di ethyl ether 75%
	4
	1
	4



	Banana
	Ethanol 25%
	4
	1
	4



	Thiram
	2.5 mg/mL
	0
	5
	0
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Table 6. Total phenolic contents (TPC) and antioxidant activity (AA) of the tested plants.
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	Plant Extract
	Solvent Concentration
	TPC (mgGAE/g Dry Extract wt) ± SD
	AA (μg/mL)





	Ascorbic acid
	-
	-
	4.28



	Doum
	Diethyl ether 75%
	60.48 ± 0.74
	84.71



	Licorice
	Diethyl ether 75%
	18.83 ± 1.55
	67.53



	Banana
	Ethanol 25%
	37.28 ± 0.64
	84.26
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Table 7. Phytocomponents identified in the extracts of doum, licorice, and banana peels by GC–MS.
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	Peak No.
	Retention Time
	Compound Name
	Doum %
	Licorice %
	Banana %





	1
	6.246
	2,5-Dimethyl-para-anisalehyde
	10.41
	-
	-



	2
	9.85
	2,6-Dihydroxycineol
	9.82
	-
	-



	3
	7.03
	3,5-Dimethoxycinnamic acid
	-
	26.37
	-



	4
	8.4
	6-Hydroxyflavone
	-
	1.82
	0.59



	5
	15.547
	3′,4′,7-Trimethylquercetin
	1.06
	-
	-



	6
	10.599
	3,5,7-Tri-O-methylgalangin
	-
	-
	0.58



	7
	10.19
	3,5-Dihydroxyphenol
	10.66
	-
	-



	8
	6.2
	4- Methylcatechol
	-
	-
	4.54



	9
	6.683
	4-Ethylbenzaldehye
	4.01
	-
	-



	10
	17.114
	1,16-Hexadecanedioic acid
	-
	2
	-



	11
	17.044
	5β,7βH,10α-Eudesm-11-en-1α-ol
	2.31
	0.6
	0.49



	12
	8.4
	6-Hydroxyflavone
	1.65
	-
	-



	13
	6.62
	7,8-Dihydro-α-ionone
	1.3
	-
	1.7



	14
	18.48
	n-Docosane
	-
	1.47
	-



	15
	23.5
	Cannabinol
	-
	0.9
	-



	16
	5.589
	Cedrol
	-
	-
	0.82



	17
	9.716
	d-Mannose
	2.46
	-
	0.14



	18
	4.988
	Deoxyribose
	-
	-
	7.14



	19
	6.884
	Dimethoxyurene
	0.54
	-
	-



	20
	19.68
	DL-Malic acid
	-
	1.7
	-



	21
	22.337
	Estriol 16α-(β-D-glucuronide)
	-
	1.23
	-



	22
	5.391
	Ethylnorbornane
	7.03
	-
	0.97



	23
	7.428
	Farnesol
	2.15
	-
	3.23



	24
	21.146
	Squalane
	-
	1.16
	-



	25
	15.852
	Glycitein
	1.22
	1.45
	1.85



	26
	7.776
	Hexestrol
	0.8
	-
	0.75



	27
	15.107
	4-Hydroxy-2-methoxybenzaldehyde
	-
	-
	0.76



	28
	3.88
	L-Aspartic acid
	-
	11.28
	-



	29
	7.016
	Ledol
	1.22
	-
	-



	30
	8.537
	Levoglucosenone
	1.93
	-
	1.28



	31
	16.857
	Linoleic acid
	16.49
	10.23
	4.28



	32
	16.534
	Luteolin 6,8-C-diglucoside
	0.99
	1.98
	2.21



	33
	9.8
	Malonamic acid
	-
	2.32
	-



	34
	4.56
	Methionine
	-
	6.45
	-



	35
	15.419
	Methyl 17-methyloctadecanoate
	1.16
	-
	0.61



	36
	6.158
	Methyl cuminate
	-
	2.69
	-



	37
	3.913
	Methyl β-D-ribopyranoside
	-
	-
	13.42



	38
	9.364
	N-Acetylneuraminic acid
	1.93
	-
	2.21



	39
	9.5
	Nabilone
	-
	1.73
	-



	40
	15.672
	Octadecanoic acid
	9.51
	6.41
	6.17



	41
	8.65
	Octahyrochromen-2-one
	2.2
	-
	-



	42
	4.942
	p-Allylphenol
	2.19
	2.96
	5.86



	43
	7.886
	p-Cimene
	-
	-
	1.04



	44
	5.559
	Phenylglyoxylic acid
	1.44
	-
	-



	45
	13.05
	Quercetin 7,3′,4′-trimethoxy
	-
	1.54
	0.55



	46
	8.919
	Resveratrol
	-
	-
	2.16



	47
	23.623
	Rhodopin
	-
	1.33
	10.96



	48
	6.328
	Sorbitol
	0.83
	-
	-



	50
	4.38
	Sinapyl alcohol
	-
	6.2
	-



	51
	5.57
	Sebacic acid
	-
	3.24
	-



	52
	8.082
	Stevioside
	2.51
	-
	-



	53
	10.36
	Tetra-O-methylfisetin
	-
	-
	0.33



	54
	5.079
	Valproic acid
	-
	-
	13.44



	55
	9.835
	Xanthinin
	-
	-
	4.99



	56
	23.65
	Zeaxanthin
	1.63
	-
	-



	57
	6.866
	α-Bisabolol
	-
	-
	4.49



	58
	13.241
	α-Himachalene
	-
	-
	0.74



	59
	8.14
	γ-Terpinene
	-
	-
	0.93
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