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Abstract

:

The phytotoxic mechanisms of patulin (PAT) and penicillic acid (PA) have not been identified unambiguously. This study aims to clarify their effects on thioredoxins (Trxs). Aflatoxin B1 (AFB1), PAT and PA were isolated by solvent extraction and chromatographic techniques from the cultures of Aspergillus flavus Z2 (LC171449), Penicillium vulpinum CM1 and Aspergillus ochraceus EMCC516, respectively. The three mycotoxins showed phytotoxicity to the germination of maize seeds, which was manifested by inhibiting radicle and coleoptile emergence, in addition to their toxic effects on fresh weights and root and shoot lengths. The phytotoxicity of AFB1 and PAT was greater than that of PA. Due to the central roles exhibited by plant Trxs in cellular metabolic activities, they were tested as target proteins for PAT and PA using AFB1 as positive control. In vivo studies showed that the mycotoxins significantly reduced Trx activity measured in the roots and shoots of maize seedlings. PAT showed greater Trx-inhibiting activity than PA and AFB1. In vitro studies of the mycotoxins on Trx y1 (from Arabidopsis thaliana) and thioredoxin reductase (Tr, from rat liver) activities confirm the results of in vivo studies. The inactivation of Trx with PAT and PA was reduced in the presence of glutathione (GSH). Data obtained suggest that lactone mycotoxins are more highly reactive with simple low-molecular-weight thiols (like GSH) than with complex ones (like Trx).
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1. Introduction


Mycotoxins, secondary metabolites of low molecular weight produced by filamentous fungi, can contaminate a wide range of agricultural crops [1]. The term mycotoxin was coined after an outbreak in England in the early 1960s that led to the death of more than 100,000 turkey poultry due to ingestion of aflatoxin-contaminated peanut meal [2]. Since this time, contamination of food and crops with mycotoxins has become a global issue. Furthermore, the hazardous nature and the possible mechanisms of mycotoxins’ toxic effects need to be understood.



The majority of these mycotoxins are produced by a small number of fungal genera, such as Aspergillus, Penicillium, Fusarium, Cladosporium and Alternaria. In the field, the phyllosphere of the growing plants is mainly infected by the fungal genera Alternaria, Fusarium and Cladosporium. In the harvesting and storage stages, Aspergillus and Penicillium are the predominant species [1]. The primary toxic effects of mycotoxins on humans and livestock result from the consumption of contaminated seeds or edible plant parts [3]. Mycotoxins are currently classified according to their chronic effects into mutagens, carcinogens or teratogens. For example, aflatoxins that are produced by Aspergillus flavus and A. parasiticus were listed as group 1 human carcinogens by the International Agency for Research on Cancer; ochratoxins that are produced mainly by A. ochraceus were classified as group 2B, a possible human carcinogen, and both patulin (PAT) and penicillic acid (PA) produced by many Aspergillus and Penicillium species were considered not classifiable as to their carcinogenicity to humans (Group 3) [4]. However, the two latter mycotoxins have been reported to be acutely toxic and cardiotoxic and were recognized as effective antibiotics [5].



In addition to the public health risks, mycotoxins have phytotoxic properties with a variety of biological activities, including morphological, physiological and metabolic effects. For example, aflatoxin was reported to inhibit the seed germination, seedling viability and growth of maize, wheat, sorghum, lettuce, mung, mustard, gram, cowpea and sesame [1]. The phytotoxic mechanism has been proposed on the basis of the inhibition of chlorophyll and carotenoid synthesis [6]. Suppression of protein and nucleic acid synthesis and amylase activity in these plants has been also reported [7,8]. Ochratoxin was found to induce plant cell death and growth inhibition of roots and shoots was also recorded at low concentrations. The phytotoxic activity of ochratoxin was reported on the basis of its interference with phenylalanine synthesis, membrane damage by induction of lipid peroxidation, disruption of calcium homeostasis, inhibition of cellular respiration and DNA damage [9]. The toxicity of PAT and PA on plants has been demonstrated by several authors. PAT was reported to inhibit plant elongation, causing as well decreases in number, weight and gain in biomass of seeds upon its application to these plants in aqueous solution [10,11]. PA also exhibited an inhibitory effect on the growth of young plants [12,13], in addition to its effect on overall metabolite turnover in maize [14]. The phytotoxic action of both PAT and PA was attributed to their inhibitory effect on the synthesis of protein, RNA or DNA, and their reactivity with sulfhydryl groups (-SH) was proved to cause genotoxic effects with induction of oxidative damage [15,16]. Inhibition of respiration by the two mycotoxins was also reported at subtoxic concentrations [12,17].



Thioredoxins (Trxs) are ubiquitous small proteins of 12–14 kDa that show protein disulfide reductase activity. They play essential roles in cellular metabolic activities by donating electrons to enzymes such as ribonucleotide reductase, methionine sulfoxide reductases and peroxiredoxins [18]. In addition, Trx-catalyzed disulfide bond reduction regulates an array of target proteins ranging from mammalian transcription factors to plant enzymes involved in photosynthesis [19]. Plant Trxs were discovered in the 1970s as a regulator of several enzymes localized in the chloroplasts and related to photosynthesis and malate synthesis. In plants, seven different Trx types were classified based on their primary structures and localization of their members: f, m, x, z and y in chloroplasts, o in mitochondria and h mainly localized in the cytosol [20]. They play essential roles in response to environmental stresses and cell growth and division [21]. Furthermore, they were reported to participate in several cellular processes, including enzyme regulation, oxidative stress response, transcription and translation [20]. In chloroplasts, the f and m types were the first plastidal Trxs characterized and named according to their ability to reduce plastidal fructose-1,6 bisphosphatase (FBPase) and malate dehydrogenase (MDH), respectively. These Trxs regulate the activity of enzymes in the chloroplast by thiol disulfide interchange mechanisms. After each reaction, they have to be reduced again via ferredoxin-Trx-reductase in the presence of ferredoxin [20]. Trx y reduces 2-cys peroxiredoxin A and B as well as peroxiredoxin Q, and through this action they participate in the antioxidant metabolism in chloroplasts [20]. Type h is believed to be cytosolic and conserved in monocots and dicots [18]. In cereal seeds, Trx h is abundant during development and germination. In germinating seeds, this Trx reduces storage proteins and α-amylase inhibitors [22]. Additionally, it reduces and activates a seed-specific serine protease, thiocalsin, thereby playing an essential role in the mobilization of storage proteins at an early stage of germination [23]. In developing seeds, Trx h was suggested to have a regulatory role in the passage of compounds to the endosperm as it was reported to be found in the maize pedicle [24] and wheat seeds [25].



Although PAT and PA have been reported as important tools in several biological studies, their cellular toxic mechanism still remains unclear. We have previously studied the phytotoxic action of PAT via its notable influence on glutathione (GSH) concentration [11] and glutathione-S-transferase (GST) and antioxidant enzyme activities of maize seedlings [26]. Various enzymes were shown to be inhibited by PAT and PA, among them thiol enzymes, such as muscle lactic dehydrogenase, yeast alcohol dehydrogenase and muscle aldolase [27,28]. Due to evidence of the phytotoxicity of AFB1 [1], it was included in this study as a positive control for comparison with PAT and PA. Since Trx is a major thiol-disulfide oxidoreductase with both intracellular and extracellular functions and exists in either a reduced form (Trx-SH2) or an oxidized form (Trx-S2), the present study aimed at utilizing Trx of maize seedlings as a sensitive measure for assessing the phytotoxicity of the small lactone mycotoxins, PAT and PA, for the first time.




2. Materials and Methods


2.1. Chemicals


Aflatoxin B1 (AFB1), patulin (PAT), penicillic acid (PA), reduced glutathione (GSH), dithiothreitol (DTT), ethylenediamine tetraacetic acid (EDTA) disodium salt, 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB), potassium phosphate, phenylhydrazine hydrochloride, NADPH, insulin from bovine pancreas, thioredoxin reductase (Tr, from rat liver) and bovine serum albumin (BSA) were obtained from Sigma-Aldrich (Taufkirchen, Germany). All other chemicals used were obtained from Roth (Karlsruhe, Germany) or Applichem (Darmstadt, Germany).




2.2. Fungal Strains for Production of the Mycotoxins


Three fungal strains from our lab stocks were used in this study. The first strain was Aspergillus flavus Z2, an AFB1-producing fungus that was previously isolated from local maize seeds (Zea mays L.) and deposited in the GenBank with accession number LC171449. The second strain, Penicillium vulpinum CM1, produced for PAT, was previously recovered from soil samples cultivated with maize [11]. The third strain, Aspergillus ochraceus EMCC516, produced for PA, was obtained from the Egyptian Microbial Culture Collection (Microbiological Resources Centre, MIRCEN, Cairo, Egypt). The fungal strains were sub-cultured on yeast–sucrose (YES) agar slants (yeast extract 20 g, sucrose 200 g, agar 20 g, distilled water 1 L), after which they were stored at 7 °C. After an interval of 3 to 5 months, sub-culturing of the fungal strains was repeated.




2.3. Preparation of Fungal Inoculum and Culture Conditions


Inoculum preparation and culture conditions were carried out according to our previous study [11]. Fungal inoculum of the three strains was separately prepared from actively growing slants (5 days old), which were then flooded with 0.1% Tween 20 diluted with sterile distilled water. After gently scrapping off the spores, a hemocytometer was used to adjust the spore concentration at 2 × 106 mL−1. One mL of each individual fungal inoculum was aseptically transferred into an Erlenmeyer flask (500 mL volume) containing 100 mL YES broth adjusted at pH 6.0, followed by dark incubation at 30 °C for 10 days.




2.4. Extraction and Purification of Mycotoxins


Prior to extraction of mycotoxins from the culture flasks of the three fungal strains, their cultures were filtered via Whatman no. 1 filter papers. Thereafter, the filtrate was subjected to extraction procedure.



2.4.1. AFB1


The culture filtrate of A. flavus Z2 (LC171449) was defatted with n-hexane and then extracted with equal volume of chloroform [29]. This was carried out in a separating funnel by shaking for about 30 min. The chloroform layer (after 30 min standing) was filtered over anhydrous sodium sulfate and then concentrated under vacuum until dry using a rotary evaporator (IKA, RV10, Staufen, Germany). The dried crude extract was then dissolved in chloroform:hexane (1:1, v:v) and applied to column chromatography packed with C18 silica gel, after which AFB1 was eluted by benzene:ethanol (94:6, v:v) [30]. The fractions resulting from the column chromatography were evaporated until dry and checked for AFB1 using thin layer chromatography (TLC) on a 0.25-mm F-254 silica thin layer plate (Merck, Darmstadt, Germany). The dried fractions were dissolved in methanol and loaded with the reference standard AFB1 on the TLC plate, which was then developed in a solvent system composed of toluene: ethyl acetate: formic acid (6:3:1, v:v:v). When the solvent system reached the end of the plate by 2 cm, the plate was allowed to dry and then examined under short- and long-wavelength (254 and 366 nm) ultraviolet light using Min UVIS, DUOUV source for TLC. Consequently, AFB1 appeared as blue fluorescence spots, which were scrapped off, eluted with methanol and the absorption measured at 363 nm using a Deuterium UV 21 D Milton Roy spectrophotometer [29]. A standard curve was made to quantify the concentration of AFB1.




2.4.2. PAT and PA


PAT and PA were extracted from a culture filtrate of P. vulpinum CM1 and A. ochraceus EMCC516 after acidification to pH 3.0 and defatting with n-hexane. Both mycotoxins were extracted by ethyl acetate in a separating funnel (under conditions described previously for extraction of AFB1). The crude extract was then dissolved in chloroform:hexane (1:1, v:v) and passed through column chromatography packed with C18 silica gel. Both mycotoxins were eluted with ether:n-hexane:formic acid (60:20:5, v:v:v) [30]. The fractions resulting from the column chromatography were evaporated, dissolved in chloroform and loaded onto TLC plates (as described earlier) in the presence of the PAT and PA standard. Toluene: ethyl acetate: formic acid (6:3:1, v:v:v) was used as a developing system. PAT spots appeared yellow after TLC treatment with 2.0% (w:v) phenylhydrazine hydrochloride solution followed by heating for 15 min at 130 °C. These spots were eluted with n-butanol and their color absorbance measured at 540 nm, and PAT was then quantified from a standard curve [31]. PA spots appeared as bright blue inflorescence under long-wavelength ultraviolet light, and were more visualized by exposing the TLC to ammonia vapor for 10 min followed by heating for 5 min [32]. The two mycotoxins were also quantified without chemical treatment by eluting their spots in methanol, and their concentrations were determined using the known molar absorption coefficients (PAT ε276 = 1436; PA ε224 = 1063).





2.5. Preparation of Mycotoxin Solutions


Mycotoxins (AFB1, PAT and PA) separated from chromatographic techniques were individually pooled and dissolved in chloroform to give a concentration of 20 mg mL−1, which was stored at −20 °C. In the germination tests, the chloroform was evaporated, and each crystalline pure mycotoxin was dissolved in sterile water containing 0.1% DMSO.




2.6. Plant Material and Growth Conditions


Egyptian dry corn seeds (Zea mays) were washed with tap water, surface-disinfected in 70% (v:v) ethyl alcohol for 5 min, thoroughly washed with sterile water, and soaked for 8 h in sterile water. Thereafter, ten uniform seeds were positioned vertically in a middle line of small strips (23 × 11 cm) of paper towels that were rolled loosely into several scrolls according to the method described by Ismaiel and Papenbrock [26]. Thereafter, the edge of the paper strip was soaked in plastic tubes containing 10 mL of the mycotoxin solution. The seeds were allowed to germinate in the circumference scroll when the plastic tubes were dark-incubated at 25 °C for 7 days. The germination treatments included the individual treatments of seeds with different concentrations of PAT and PA, which varied from 25 to 100 μg mL−1. AFB1, used as a positive control, was tested at the same concentrations. Seeds grown in 0.1% DMSO served as a negative control. The growth parameters were determined, which included the percent of seeds showing inhibition of radicle and coleoptile emergence, length of roots and shoots (cm) and their fresh weights (g) per seed.




2.7. Enzymatic Assay of Maize Trxs


Using a pre-chilled mortar and pestle, the fresh plant material (either from roots or shoots) of all mycotoxin-treated seedlings was finely ground in liquid nitrogen. The powder obtained was kept at −80 °C until analysis. Total Trxs were extracted at 4 °C from 100 mg of the fine powder sample in 600 µL of 200 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA. Centrifugation of the homogeneous mixture was performed at 15,000× g for 20 min at 4 °C, after which the combined supernatant was ready for immediate analysis in enzyme activity assays. The Trx activity was determined using a microplate reader (Synergy Mx, BioTek, Bad Friedrichshall, Germany) based on the methods of Arnér and Holmgren [33], with some modifications. In each well, the assay mixture contained 170 µL of 100 mM potassium phosphate buffer (pH 7.0), 2 mM EDTA, 0.13 mM insulin from bovine pancreas and 0.15 mM NADPH. The reaction was initiated by adding 30 µL of crude extract. Consumption of NADPH was determined from the decrease in absorbance at 340 nm at 25 °C for 5 min. Wells containing the assay mixture without the crude extract were used as control. Specific activities were calculated using the extinction coefficient of NADPH at 340 nm (6.2 mM−1 cm−1). The Trx activity in plant samples was also confirmed by a second method in which the rate of insulin reduction was measured at 650 nm as turbidity formation from the insulin B chain precipitation. The assay mixture used in this method was prepared as mentioned above, with the addition of 0.33 mM DDT (instead of NADPH) to initiate the reaction. The increase in absorbance at 650 nm was determined at 25 °C for 120 min. The rate of precipitation is defined as the maximal increase ∆A650 min−1 in absorbance. The protein content of all plant samples was determined spectrophotometrically via the Bradford technique [34] using BSA as a standard.




2.8. Expression and Purification of Recombinant Trx y1 from Arabidopsis Thaliana


The Trx y1 from A. thaliana was heterologously expressed in Escherichia coli and purified via nickel affinity chromatography as previously described [35].




2.9. In Vitro Experiments Using Pure Proteins


2.9.1. In Vitro Effects of the Mycotoxins on Trx y1 Activity


The purified Trx y1 (1.0 μg) was individually incubated with AFB1, PAT and PA at different concentrations (1.0, 3.0, 6.0 and 9.0 μg) to give the following ratios of mycotoxin: Trx y1 preparations: 1:1, 3:1, 6:1 and 9:1. Incubation of these mycotoxins–Trx y1 preparations were carried out in an 100 μL assay mixture solution (its composition was mentioned above) for 1 h at 25 °C, after which the activity of Trx y1 was determined at 340 nm as described earlier.




2.9.2. In Vitro Effects of the Mycotoxins on Tr Activity


Commercial Tr from rat liver kept in −20 °C was adjusted at 1.0 μg and separately incubated with the mycotoxins at different concentrations of 1.0, 3.0, 6.0 and 9.0 μg to give ratios of mycotoxin: Tr preparations of 1:1, 3:1, 6:1 and 9:1. The mycotoxin: Tr preparations were employed in an 100 μL assay mixture solution that was composed of 100 mM potassium phosphate buffer (pH 7.0), 2 mM EDTA, 5 mM 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) and 0.15 mM NADPH. Incubation was carried out for 1 h at 25 °C and the TR activity was determined spectrophotometrically by the reduction of DTNB, which was monitored by the increase in absorbance at 412 nm. Specific activity was calculated from the extinction coefficient of TNB (13.6 mM−1 cm−1) [33].




2.9.3. In Vitro Effects of GSH on the Reactivity of PAT and PA with Trx y1


The activity of Trx y1 following addition of varied concentrations of GSH to the mycotoxin–Trx y1 mixture (9:1) was examined. In a 100 μL assay mixture solution, GSH was separately added to the mixture at 9.0, 18.0 and 27.0 μg by simultaneous and consecutive manner. In the first application, all reaction components were added at the same time; i.e., GSH was immediately added to mycotoxin and Trx y1 and the Trx y1 activity was immediately measured following incubation for 1 h at 25 °C. In the second application, the mycotoxin and Trx y1 were allowed to be incubated for 1 h at 25 °C, after which GSH was added to the mixture and then incubated for an additional 1 h, followed by determination of Trx y1 activity as previously described.





2.10. Statistical Analysis


Results obtained were presented as the mean ± standard deviation (SD) or standard error (SE) and statistical significance was analyzed by an ANOVA test (SPSS software version 22, IBM Corp., New York, NY, USA), followed by a least significant difference (LSD) test at a 0.05 level.





3. Results


3.1. Effects of PAT and PA on Maize Seed Germination


Figure 1A,B illustrates the phytotoxicity of PAT and PA to maize seeds. Several parameters of maize seedlings were determined under the influence of different concentrations (25–100 μg mL−1) of PAT and PA, and compared to those treated with the same concentrations of AFB1 (Figure 1A,B). The radicle inhibition was already observed at the initial concentration of 25 μg mL−1 of the three toxins, recording inhibition percentages of 23.3%, 20.0% and 3.3% with AFB1, PAT and PA, respectively. At 75 μg mL−1, inhibition percentages recorded were 26.6%, 23.3% and 16.7%, respectively. At 100 μg mL−1, the inhibition percentages of both AFB1 and PAT were equal (30.0%), and greater than that of PA (20.0%) (Figure 2A). Similar results for the effects of the mycotoxins on coleoptile emergence were obtained. At low concentration, 25 μg mL−1, the percentage of coleoptile inhibition by AFB1, PAT and PA was 23.3%, 23.3% and 10.0%. It was increased upon applying the high concentration of 100 μg mL−1 to 30.0%, 30.0% and 26.6% (Figure 2B).



The effects of mycotoxins on fresh weights and lengths of roots and shoots were studied (Figure 3A–C). A significant reduction (p ≤ 0.05) in the average values of these parameters was obtained at all applied concentrations of mycotoxins when compared with the control (without mycotoxin treatment). Upon individual application of AFB1, PAT and PA at 100 μg mL−1, the reduction in the average values of fresh weights was significant, and was approximately 48.2%, 46.7% and 44.6% of the control. At this concentration of mycotoxins, the average root length was significantly reduced by 1.9, 1.8 and 1.4 times, respectively, compared to the control. A comparative significant decrease in the average shoot length was obtained upon application of the respective mycotoxins, recording 1.8, 1.9 and 1.3 times compared to the control.




3.2. Effects of PAT and PA on Trx Activities of Maize Seedlings


The levels of Trx activities in the root and shoot tissue of maize were determined as affected by AFB1, PAT and PA (Figure 4A–C). Upon treatment with the three mycotoxins, Trx activity was significantly reduced (p ≤ 0.05) in roots and shoots when compared with control treatments, an effect that was dose-dependent. The reduction in Trx activity was more pronounced and significant (p ≤ 0.05) in roots than in shoots following individual application of mycotoxins. At the lower concentration, 25 μg mL−1, total Trx activity was reduced by 15.5%–23.4% in root tissue and by 3.2%–6.8% in shoot tissue. Using the highest concentration, 100 μg mL−1, the decline rate in the enzymatic activity was remarkably increased. In root tissue, total Trx activity was reduced by 35.5%, 46.3% and 41.3% after respective treatment with AFB1, PAT and PA. In shoot tissue, the enzymatic activity was reduced by 20.3%, 24.5% and 20.2% upon treatment with the respective mycotoxins.




3.3. Reactivity of PAT and PA with Trx y1 In Vitro


The in vitro effects of varying concentrations of PAT, PA and AFB1 on Trx y1 (from Arabidopsis thaliana) activity are presented in Table 1. Thioredoxin was incubated at a constant concentration (1 μg) with different concentrations of mycotoxins to give varying ratios. Individual pre-incubation of Trx with lower concentration and PAT or PA at 1 μg (giving a ratio of 1:1) showed that the inhibition percentage of Trx activity was 35.5% and 31.1%, respectively. A greater reduction in the percentage of Trx activity was significantly obtained upon increasing the concentration of both mycotoxins. The higher ratio (9:1) gave inhibition percentages of Trx activity of 92.9% and 49.1%, respectively. AFB1 had no recorded effect on the Trx activity at all concentrations tested. Data also indicated that PAT showed a greater inhibitory effect on Trx activity than PA at all varying ratios, and significant differences (p ≤ 0.05) in the inhibition percentages of Trx activity were remarkable (Table 1).




3.4. Effects of PAT and PA on Tr Activity In Vitro


The in vitro effects of varying concentrations of PAT, PA and AFB1 on the activity of Tr (from rat liver) are presented (Table 2). The Tr activity was gradually affected at all tried concentrations of PAT and PA, and the greater the increase in concentration of both toxins, the greater the increase in the inhibition percentages of Tr activity. In contrast, Tr activity was not affected by AFB1 at all concentrations tested (Table 2). Upon incubation of PAT and PA with Tr at a low ratio of 1:1, the inhibition percentage of Tr activity was low, recording 9.8% and 8.3%, respectively. The inhibition percentage of enzyme activity was high, recording 30.5% and 25.1%, upon incubation of the two respective mycotoxins with Tr at a high ratio of 9:1. At this ratio, the inhibition percentage obtained by PAT and PA was approximately 3.0 times greater than that obtained at a ratio of 1:1. Comparing the results of the effects of PAT and PA on Tr activity statistically, it was found that significant differences in the inhibition percentages of enzyme activity were attained at ratios of 3:1 and 9:1.




3.5. Effects of GSH Addition to Mycotoxin–Trx y1 Mixture


GSH was added to the PAT–Trx and PA–Trx mixtures in different concentrations to give varying ratios of GSH: mycotoxin: Trx. Results of inhibition of Trx activity were obtained following simultaneous and consecutive addition of GSH to the mycotoxin–Trx y1 mixture (Table 3). For all treatments of GSH addition to the mycotoxin–Trx y1 mixture, either simultaneously or consecutively, the greater the increase in GSH concentration, the less the reduction in percentage of Trx activity. In particular, simultaneous application of GSH to the mycotoxin–Trx y1 mixture showed a greater inhibitory effect on Trx activity than consecutive application, with significant differences (p ≤ 0.05) at all tried treatments of GSH. At a low concentration of GSH (9 μg), attaining a ratio of GSH: PAT: Trx of 9:9:1, simultaneous and consecutive applications significantly reduced Trx activity to 58.7% and 26.7%, which represented 1.6 times their controls (without GSH). At the same ratio of GSH: PA: Trx, the reduction percentage of Trx activity from the two applications were 38.5% and 23.3%, which represented 1.3 times their controls. Upon increasing the ratio of GSH: mycotoxin: Trx to 27:9:1, PAT reduced Trx activity to 49.4% (the reduction level was 1.9 times that of the control) and 21.7% (the reduction level was 2.0 times that of the control) in simultaneous and consecutive applications, respectively. Meanwhile, PA reduced Trx activity to 22.8% and 18.8% (the reduction level was 2.2 and 1.6 times that of their controls, respectively).





4. Discussion


PAT and PA are small lactone mycotoxins produced in various food and agricultural commodities [36]. In addition to their multiple toxic effects on several biological systems, they share some properties, such as structural similarities; both of them are polar acidic secondary fungal metabolites [5]. On the biological level, they were recognized early as effective antibiotics and they are highly reactive with SH-containing proteins and GSH [1,27,28]. In this study, three fungal strains, viz., A. flavus Z2 (LC171449), P. vulpinum CM1 and A. ochraceus EMCC516, were cultured on YES medium, and by means of solvent extraction and chromatographic techniques, they were found to produce AFB1, PAT and PA at a level of 41.6, 1042.0 and 714.9 μg 100 mL−1, respectively. In the literature, it is well known that the three respective fungal species are major sources for the production of these mycotoxins [1,5,11,26,29].



In this study, the phytotoxic effects of PAT and PA were demonstrated on maize seedlings, as compared with the difuranocoumarin mycotoxin, AFB1. Regarding the effects of the three mycotoxins (25–75 μg mL−1) on radicle and coleoptile emergence in maize, mycotoxins can be arranged according to their inhibitory activity in the following order: AFB1 > PAT > PA. However, at the high dose 100 μg mL−1, comparable inhibition percentages were obtained by the three mycotoxins, where the radicle inhibition percentage by AFB1 and PAT was 30.0% and that of PA was 20.0%. At the same dose, the coleoptile inhibition percentage was 30.0% by AFB1 and PAT and 26.6% by PA. In the literature, the phytotoxicity of mycotoxins was reported to be variable among plant varieties. In this regard, Keromnes and Thouvenot [12] stated that the phytotoxicity of AFB1 was greater than PA. They further showed that the necessary doses of the two respective mycotoxins that cause 50.0% inhibition of maize seed germination (Limagrain LG 9 variety) were 25 and 500 μg mL−1. In our previous study [11] investigating the phytotoxicity of PAT to germination of maize seeds (cv. Montello), a radicle inhibition was evident at 20 and 25 μg mL−1, recording percentages of 2.5 and 5.0%, respectively, whereas coleoptile inhibition was found at 5 to 25 μg mL−1, recording 2.5–10.0%. Crisan [37] reported that 100 μg aflatoxin mL−1 causes inhibition of hypocotyl and root elongation in Cruciferae species. Yamaji et al. [38] found that PA at 62.5 and 125 μg mL−1 did not cause phytotoxicity in Picea glehnii seedlings, whereas concentrations of 250 or 500 μg PA mL−1 caused slight browning of P. glehnii roots without root destruction. Moreover, these authors found that at 250 or 500 μg mL−1, PA collapsed the root structure of lettuce and inhibited the growth of lettuce seedlings.



The average values of fresh weights and root and shoot lengths of maize seedlings were affected by the three mycotoxins. Significant reduction percentages (44.6%–48.0%) in fresh weights were obtained upon treatment of maize seeds with mycotoxins, and AFB1, followed by PAT, was more effective than PA. The lengths of roots and shoots were also significantly reduced at all tried concentrations of mycotoxins, and the toxic effect was in the following order: AFB1 > PAT > PA. Interestingly, at a high dose (100 μg mL−1), shoot length was more affected by PAT than AFB1. Significant reductions in the average values of fresh weights and lengths of roots and shoots due to PAT treatments were observed as preliminary signs of phytotoxicity [11]. Reductions in radicle length, the germination index and, hence, the seedling viability of barley and sorghum were found with AFB1 at 1000 and 5000 μg mL−1 [7]. In Nicotiana tabacum, the inhibitory action of AFB1 on the development and mass of both root and leaf was significant and dose-dependent upon increasing the concentration above 0.5 AFB1 μg·mL−1 [39]. In germinating seeds, aflatoxin was reported to inhibit chlorophyll a and b, in addition to its ability to inhibit macromolecule synthesis in cell (protein, DNA and RNA) and seedling amylase activity [7,8]. In maize seedlings, the percentage inhibition of root growth was found to be directly proportional to the concentrations of PAT and PA [11,12]. Both PAT and PA were reported to have genotoxic effects in addition to their activity with respect to lessening the respiration of seedlings [1,12,17].



Thioredoxins are small thiol:disulfide oxidoreductases characterized by consensus amino acid sequence WC(G/P)PC in the redox active site [19,20]. In their reduced state, Trxs reduce disulfide bridges in numerous target proteins. Subsequently, the oxidized Trxs are reduced by the flavoenzyme Tr, and thereby participate in central cellular processes such as synthesis of deoxyribonucleotides, sulfur metabolism, regulation of gene expression and oxidative stress defenses [20,21]. Compared to animals, plants have a great variety of Trx types that are specific to one or two subcellular compartments. Based on their primary structures, biochemical properties and subcellular localizations, Trxs can be classified into different groups. The A. thaliana genome encodes for about 20 Trx isoforms that are localized in cytosol, the chloroplast or mitochondria, in addition to a dozen proteins closely related to Trxs [18,20]. Based on the amino acid sequence, Trxs in A. thaliana can be classified into seven subfamilies (h, f, m, z, x, y, and o) [20]. In this study, the in vivo results for the effects of PAT and PA on the Trx activities of maize seedlings using AFB1 as a positive control showed that the three mycotoxins have significant inhibitory influence on the Trx activity of roots and shoots. Either in roots or shoots of maize, PAT was more effective on Trx activity than PA and AFB1. Upon seedling treatment with PAT, the reduction percentage was 46.3% in root tissue and 24.5% in shoot tissue. Mycotoxins were reported to induce increases in production of ROS that can disrupt the redox status of cells, resulting in oxidative stress, which plays a major role in the toxic effects of major mycotoxins [40]. In plant cells, damage to proteins, carbohydrates, lipids and nucleic acids is a consequence of oxidative stress [41]. In order to cope with high rates of ROS production and hence prevent ROS injury, plant cells exhibit a remarkable antioxidative defense system that includes low-molecular compounds such as ascorbic acid and GSH (non-enzymatic machinery) and various enzymes (enzymatic machinery) such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione-S-transferase (GST), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR). Among these enzymes, Trxs were reported to participate in plant antioxidant defense mechanisms, and this suggests that Trxs are key components in protecting the plant from oxidative damage [21]. The decline in Trx activities either in roots or shoots due to PAT and PA treatments may be interpreted on the basis of both mycotoxins’ active toxicity. As discussed above, PAT and PA are highly reactive with SH-containing enzymes and GSH [1,27,28], and this may indicate the high specificity of these enzymes to PAT and PA. Moreover, it was reported that PAT induces an elevation in ROS production that causes an increase in lipid peroxidation [42]. As a result, the decline in Trx activity could be interpreted on the basis of the increased H2O2 concentration, which mediates the inactivation of Trxs by PAT via oxidation of their thiol groups. A relation between the activities of APX and GR and sulfur was reported, since a deficiency in sulfur significantly suppresses their activities, and the decline recorded in enzymatic activity is related to depletion of GSH [43]. Recently, we reported on the decrease in GST activity in roots and shoots of maize following the treatment of seedlings with PAT and the decrease in enzymatic activity was similarly interpreted [26]. Along the same lines, a decline in the antioxidant enzyme activities of SOD and CAT due to PAT treatment was reported [44]. Another interpretation of the decrease of Trx activity by PAT and PA suggests that both mycotoxins impaired the biosynthesis of intermediate metabolic compound(s), thereby causing inhibition in the synthesis of proteins, DNA and RNA [15,16].



Unlike for PAT and PA, it is well known that AFB1 has no affinity for –SH groups. Therefore, the inhibitory effect of AFB1 on the Trx activity of maize seedlings could be taking place in an indirect matter. There is evidence reported in the literature that AFB1 has an inhibitory action on the biosynthesis of chlorophyll a, chlorophyll b and protochlorophyllide and on the activity of amylase in plants [7,8]. At least 23 biological processes in chloroplasts are controlled by Trxs, such as the Calvin cycle, the photosynthetic electron-transport chain, starch metabolism, nitrogen metabolism, lipid biosynthesis, protein folding and translation [45]. Thus, Trxs act as key redox sensors in plants, where they obtain electrons from ferredoxin, which is directly reduced by photosystem I [46]. Our results further showed that Trx activity was higher in shoots than in roots. Along the same lines, the activity of both APX and GR was considerably more pronounced in shoots than in roots of maize seedlings [26]. It is evident that upon treatment of maize seeds with mycotoxins, they translocate via plant organs and the expression of Trxs in shoots is higher than in roots. In plants, the non-photosynthetic plastids (such as amyloplasts) are found in seeds and roots, which are important for storage and mobilization of starch needed for plant development. Though amyloplasts do not perform photosynthesis, they contain the ferredoxin thioredoxin system [47]. Additionally, in amyloplasts (unlike in chloroplasts), the ferredoxin seems to be reduced by metabolically generated NADPH (not by light) via ferredoxin NADP reductase, which was reported to be induced in root plastids during nitrate assimilation [48]. Trx f and m were recognized in the roots and flowers of pea (non-photosynthetic parts) [49].



In vitro studies on the effects of PAT and PA on the activity of A. thaliana Trx y1 and rat liver Tr confirm the results of in vivo studies. At all different concentrations of PAT and PA, significant inhibition percentages of enzymatic activity of both enzymes were obtained and the inhibitory action of the two mycotoxins was dose-dependent. Data further showed that PAT had greater inhibitory activity on Trx y1 and Tr than PA. Trx y1 was reported to be localized in plastids and was suggested to have a very specific function in the photosynthesis of plants and other organisms [35,50]. In higher plants, Trx in the cytoplasm and mitochondria is reduced by NADPH-dependent Tr [20]. In chloroplasts, Trx isoforms and NADPH-dependent Tr act as redox regulatory factors involved in multiple plastid biogenesis and metabolic processes [51]. This enzyme contains a FAD-binding domain and a double Cys peptide motif in its catalytic center [51]. Tr (from rat liver) was employed in this study as a sensitive measurement for the in vitro effects of mycotoxins tested, since this enzyme is a key component of the Trx system (also called the Trx-Tr system, which is comprised of Trx, Tr and NADPH), which plays a major role in converting thiol and disulfide bonds in all cells from the three domains of life [51]. The inactivation of PAT and PA by thiols observed [1,11,27,28] supports our in vitro studies and has led to an explanation of the mode of action of these mycotoxins via their binding with –SH residues in enzymes. Similar previous findings were obtained by Ashoor and Chu [27], who found that the two mycotoxins inhibited the yeast alcohol dehydrogenase and rabbit-muscle lactic dehydrogenase, which are also thiol enzymes. Moreover, these authors found that PAT had a higher affinity for dehydrogenases than PA. They reported that less PAT than PA was required to cause enzyme inhibition. These results support our findings concerning the higher reactivity of PAT than PA to Trx y1. The negative effect of AFB1 on the activity of Trx y1 and Tr was anticipated. As discussed earlier, in the in vivo studies, AFB1 could cause indirect influence on the Trx activity of the plant. This was interpreted on the basis of its interfering with the metabolic activities of the green pigments and amylase in plants. This indirect effect of AFB1 was not yet previously reported because AFB1 does not interact with –SH groups in enzymes, unlike PAT and PA.



The addition of GSH to PAT–Trx y1 or PA–Trx y1 either simultaneously or consecutively reduced the reactivity of both mycotoxins with Trx. Therefore, the inactivation of Trx with PAT and PA is reduced in the presence of GSH. The effect of GSH was dose-dependent. This study assumes that lactone mycotoxins are more highly reactive with simple low-molecular-weight thiols (like GSH) than with complex ones (like Trx). The rate of the inactivation process occurred more rapidly when GSH was more readily available in high concentration. This clearly explains why the inhibition in Trx activity was highly reduced upon increasing the GSH concentration to 27 μg (the ratio of GSH:mycotoxin:Trx at 27:9:1) in simultaneous or consecutive reactions. GSH, a tripeptide, is commonly the most abundant low-molecular mass thiol, with multiple functions in animal and plant cells [52,53]. It should be noted that in the control treatment (without addition of GSH, ratio of GSH:mycotoxin:Trx at 0:9:1), a greater reduction in the percentage of Trx inhibition activity was obtained after incubation for 2 h (consecutive reaction) than for 1 h (simultaneous reaction). Arafat et al. [54] stated that the inactivation rate of arginyl-tRNA synthetase (a thiol enzyme) is dependent on the concentration of PAT. These authors further found that slow inactivation of the enzyme with increasing time is induced by PAT. In our previous study regarding the in vitro effects of PAT on GSH, we found that a higher reduction in the percentage of free GSH inhibition was attained at lower PAT concentrations following incubation with GSH for 2 h rather than for 1 h [11].




5. Conclusions


Overall, this study presents new findings concerning the phytotoxicity of lactone mycotoxins (PAT and PA) through a demonstration of their inhibitory effects on Trx activity in a series of in vitro and in vivo experiments. The effects of both mycotoxins on germination of maize seeds and growth measurements of maize seedlings were assessed and compared with the effects induced by AFB1. Radicle and coleoptile emergence, fresh weights and lengths of roots and shoots of maize seedlings were significantly inhibited in a dose-dependent manner with increases in the concentrations of the three mycotoxins. AFB1, followed by PAT, was more effective on these growth parameters than PA. Meanwhile, comparable inhibition percentages were obtained by AFB1 and PAT upon treatment with the high dose of 100 μg mL−1. Interestingly, at this dose, shoot length was more affected by PAT than AFB1. The remarkable effects of the three mycotoxins on the Trx activities of maize seedlings need to be highlighted: Significant reductions in Trx activity in roots and shoots were found and PAT was found to be more effective than AFB1 and PA. The in vitro studies conducted on Trx y1 and Tr showed that PAT had greater inhibitory activity than PA, whereas AFB1 had no activity. The addition of the thiol GSH to the reaction mixture of PAT–Trx y1 or PA–Trx y1 caused an apparent loss in enzyme activity. Interestingly, there is a greater reactivity of lactone mycotoxins with simple low-molecular-weight thiols (like GSH) than with complex ones (like Trx) and the higher the increase in GSH concentration, the higher was the inactivation rate of Trx. This study demonstrates, for the first time, one important mode of action of the phytotoxicity of small lactone mycotoxins on plants.







Author Contributions


Conceptualization, J.P.; methodology, A.A.I.; software, J.P.; validation, J.P.; formal analysis, J.P.; investigation, A.A.I.; resources, J.P.; data curation, A.A.I. and J.P.; writing—original draft preparation, A.A.I.; writing—review and editing, J.P. and A.A.I.; visualization, A.A.I. and J.P.; supervision, J.P.; project administration, J.P.; funding acquisition, A.A.I. and J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deutsche Forschungsgemeinschaft, grant number PA 764/19-1, AOBJ 618653.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data can be found according to the corresponding data source. Scholars requesting more specific data may email the corresponding author or the first author.




Acknowledgments


We thank Pamela von Trzebiatowski and Julia Volker for their excellent technical assistance. We also acknowledge Walid Abuelsoud, Institut für Botanik, Leibniz Universität Hannover, Germany, for his valuable advice concerning measurement of enzymatic activities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ismaiel, A.A.; Papenbrock, J. Mycotoxins: Producing fungi and mechanisms of phytotoxicity. Agriculture 2015, 5, 492–537. [Google Scholar] [CrossRef]

	



Blount, W.P. Turkey X Disease. J. Br. Turkey Fed. 1961, 9, 52–61. [Google Scholar]

	



Mitchell, N.J.; Bowers, E.; Hurburgh, C.; Wu, F. Potential economic losses to the USA corn industry from aflatoxin contamination. Food Addit. Contam. Part A 2016, 33, 540–550. [Google Scholar] [CrossRef] [PubMed]

	



IARC, International Agency for Research on Cancer. The Agents Classified by the IARC Monographs. 2016. Volume 1–115. Available online: https://monographs.iarc.fr/agents-classified-by-the-iarc/ (accessed on 1 February 2023).

	



Frisvad, J.C. A critical review of producers of small lactone mycotoxins: Patulin, penicillic acid and moniliformin. World Mycotoxin J. 2018, 11, 73–100. [Google Scholar] [CrossRef]

	



Sinha, K.K.; Kumari, P. Some physiological abnormalities induced by aflatoxin B1 in mung seeds (Vigna radiata var. Pusa Baishakhi). Mycopathologica 1990, 110, 77–79. [Google Scholar] [CrossRef]

	



Hasan, H.A.H. Phytotoxicity of pathogenic fungi and their mycotoxins to cereal seedling viability. Mycopathologia 1999, 148, 149–155. [Google Scholar] [CrossRef]

	



McLean, M. The phytotoxic effects of aflatoxin B1: A review (1984–1994). S. Afr. J. Sci. 1994, 90, 385–390. Available online: https://hdl.handle.net/10520/AJA00382353_5899 (accessed on 1 February 2023).

	



Wang, Y.; Peng, X.; Xu, W.; Luo, Y.; Zhao, W. Transcript and protein profiling analysis of OTA-induced cell death reveals the regulation of the toxicity response process in Arabidopsis thaliana. J. Exp. Bot. 2012, 63, 2171–2187. [Google Scholar] [CrossRef]

	



Ellis, J.R.; McCalla, T.M. Effects of patulin and method of application on growth stages of wheat. Appl. Microbiol. 1973, 25, 562–566. [Google Scholar] [CrossRef]

	



Ismaiel, A.A.; Papenbrock, J. The effects of patulin from Penicillium vulpinum on seedling growth, root tip ultrastructure and glutathione content of maize. Eur. J. Plant Pathol. 2014, 139, 497–509. [Google Scholar] [CrossRef]

	



Keromnes, J.; Thouvenot, D. Role of penicillic acid in the phytotoxicity of Penicillium cyclopium and Penicillium canescens to the germination of corn seeds. Appl. Environ. Microbiol. 1985, 49, 660–663. [Google Scholar] [CrossRef]

	



Sassa, T.; Hayakari, S.; Ikeda, M.; Miura, Y. Plant growth inhibitors produced by fungi. I. Isolation and identification of penicillic acid and dihydropenicillic acid. Agric. Biol. Chem. 1971, 35, 2130–2131. [Google Scholar] [CrossRef]

	



Ahmad, A.; Eqbal, M.M. Effect of penicillic acid on some biochemical changes in germinating maize seeds. Geobios 2002, 29, 161–163. [Google Scholar]

	



Bando, M.; Hasegawa, M.; Tsuboi, Y.; Miyake, Y.; Shiina, M.; Ito, M.; Handa, H.; Nagai, K.; Kataoka, K. The mycotoxin penicillic acid inhibits Fas ligand-induced apoptosis by blocking self-processing of caspase-8 in death-inducing signaling complex. J. Biol. Chem. 2003, 21, 5786–5793. [Google Scholar] [CrossRef]

	



Liu, B.H.; Wu, T.S.; Yu, F.Y.; Su, C.C. Induction of oxidative stress response by the mycotoxin patulin in mammalian cells. Toxicol. Sci. 2007, 95, 340–347. [Google Scholar] [CrossRef]

	



Polacco, J.C.; Sands, D.C. The mycotoxin patulin inhibits respiration of higher plant cells. Plant Sci. Lett. 1977, 9, 121–128. [Google Scholar] [CrossRef]

	



Meyer, Y.; Belin, C.; Delorme-Hinoux, V.; Reichheld, J.P.; Riondet, C. Thioredoxin and glutaredoxin systems in plants: Molecular mechanisms, crosstalks, and functional significance. Antioxid. Redox Sign. 2012, 17, 1124–1160. [Google Scholar] [CrossRef]

	



Cheng, F.; Zhou, Y.; Xia, X.; Shi, K.; Zhou, J.; Yu, J. Chloroplastic thioredoxin-f and thioredoxin-m1/4 play important roles in brassinosteroids-induced changes in CO2 assimilation and cellular redox homeostasis in tomato. J. Exp. Bot. 2014, 65, 4335–4347. [Google Scholar] [CrossRef]

	



Kang, Z.; Qin, T.; Zhao, Z. Thioredoxins and thioredoxin reductase in chloroplasts: A review. Gene 2019, 706, 32–42. [Google Scholar] [CrossRef]

	



Dos Santos, C.V.; Rey, P. Plant thioredoxins are key actors in the oxidative stress response. Trends Plant Sci. 2006, 11, 329–334. [Google Scholar] [CrossRef] [PubMed]

	



Lozano, R.M.; Wong, J.H.; Yee, B.C.; Peters, A.; Kobrehel, K.; Buchanan, B.B. New evidence for a role for thioredoxin h in germination and seedling development. Planta 1996, 200, 100–106. [Google Scholar] [CrossRef]

	



Besse, I.; Wong, J.H.; Kobrehel, K.; Buchanan, B.B. Thiocalsin: A thioredoxin- linked, substrate-specific protease dependent on calcium. Proc. Natl. Acad. Sci. USA 1996, 93, 3169–3175. [Google Scholar] [CrossRef]

	



Santandrea, G.; Guo, Y.; O’Connell, T.; Thompson, R.D. Post phloem protein trafficking in the maize caryopsis: ZmTRXh1, a thioredoxin specifically expressed in the pedicel parenchyma of Zea mays L., is found predominantly in the placentochalaza. Plant Mol. Biol. 2002, 50, 743–756. [Google Scholar] [CrossRef]

	



Serrato, A.J.; Cejudo, F.J. Type-h thioredoxins accumulate in the nucleus of developing wheat seed tissues suffering oxidative stress. Planta 2003, 217, 392–399. [Google Scholar] [CrossRef]

	



Ismaiel, A.A.; Papenbrock, J. Effect of patulin from Penicillium vulpinum on the activity of glutathione-S-transferase and selected antioxidative enzymes in maize. Int. J. Environ. Res. Public Health 2017, 14, 825. [Google Scholar] [CrossRef]

	



Ashoor, S.H.; Chu, F.S. Inhibition of alcohol and lactic dehydrogenases by patulin and penicillic acid in vitro. Food Cosmet. Toxicol. 1973, 11, 617–624. [Google Scholar] [CrossRef]

	



Ashoor, S.H.; Chu, F.S. Inhibition of muscle aldolase by penicillic acid and patulin in vitro. Food Cosmet. Toxicol. 1973, 11, 995–1000. [Google Scholar] [CrossRef] [PubMed]

	



Ismaiel, A.A.; Tharwat, N.A. Antifungal activity of silver ion on ultrastructure and production aflatoxin B1 and patulin by two mycotoxigenic strains, Aspergillus flavus OC1 and Penicillium vulpinum CM1. J. Mycol. Méd. 2014, 24, 193–204. [Google Scholar] [CrossRef] [PubMed]

	



Siriwardana, M.G.; Lafont, P. Determination of mycophenolic acid, penicillic acid, patulin, sterigmatocystin, and aflatoxins in cheese. Dairy Sci. 1979, 62, 1145–1148. [Google Scholar] [CrossRef]

	



Subramanian, T. Colorimetric determination of patulin produced by Penicillium patulum. J. Assoc. Off. Anal. Chem. 1982, 65, 5–7. [Google Scholar] [CrossRef] [PubMed]

	



Ciegler, A.; Kurtzman, C.P. Fluorodensitometric assay of penicillic acid. J. Chromatogr. 1970, 51, 511–516. [Google Scholar] [CrossRef]

	



Arnér, E.S.; Holmgren, A. Measurement of thioredoxin and thioredoxin reductase. Curr. Protoc. Toxicol. 2005, 24, 7.4.1–7.4.14. [Google Scholar] [CrossRef] [PubMed]

	



Bradford, M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Henne, M.; König, N.; Triulzi, T.; Baroni, S.; Forlani, S.; Scheibe, R.; Papenbrock, J. Sulfurtransferase and thioredoxin specifically interact as demonstrated by bimolecular fluorescence complementation analysis and biochemical tests. FEBS Open Bio 2015, 5, 832–843. [Google Scholar] [CrossRef]

	



Bullerman, L.B. Significance of mycotoxins to food safety and human health. J. Food Protect. 1979, 42, 65–85. [Google Scholar] [CrossRef] [PubMed]

	



Crisan, E.V. Effects of aflatoxin on seedling growth and ultrastructure in plants. Appl. Microbiol. 1973, 12, 991–1000. [Google Scholar] [CrossRef]

	



Yamaji, K.; Fukushi, Y.; Hashidoko, Y.; Tahara, S. Penicillium frequentans from Picea glehnii seedling roots as a possible biological control agent against damping-off. Ecol. Res. 2005, 20, 103–107. [Google Scholar] [CrossRef]

	



McLean, M.; Watt, M.P.; Berjak, P.; Dutton, M.F. Aflatoxin B1: Its effects on an in vitro plant system. Food Addit. Contam. 1995, 12, 435–443. [Google Scholar] [CrossRef] [PubMed]

	



da Silva, E.O.; Bracarense, A.P.F.L.; Oswald, I.P. Mycotoxins and oxidative stress: Where are we? World Mycotoxin J. 2018, 11, 113–134. [Google Scholar] [CrossRef]

	



Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive oxygen gene network in plants. Trends Plant Sci. 2004, 9, 490–498. [Google Scholar] [CrossRef]

	



Saxena, N.; Kausar, M.A.; Kumar, R.; Dhawan, A.; Dwivedi, P.D.; Das, M. Patulin causes DNA damage leading to cell cycle arrest and apoptosis through modulation of Bax, p53 and p21/WAF1 proteins in skin of mice. Toxicol. Appl. Pharmacol. 2009, 234, 192–201. [Google Scholar] [CrossRef] [PubMed]

	



Bashir, H.; Ibrahim, M.M.; Bagheri, R.; Ahmad, J.; Arif, I.A.; Baig, M.A.; Qureshi, M.I. Influence of sulfur and cadmium on antioxidants, phytochelatins and growth in Indian mustard. AoB Plants 2015, 7, plv001. [Google Scholar] [CrossRef]

	



Zhang, B.; Peng, X.; Li, G.; Xu, Y.; Xia, X.; Wang, Q. Oxidative stress is involved in patulin induced apoptosis in HEK 293 cells. Toxicon 2015, 94, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Buchanan, B.B.; Balmer, Y. Redox regulation: A broadening horizon. Annu. Rev. Plant Biol. 2005, 56, 187–220. [Google Scholar] [CrossRef]

	



Fernández-Trijueque, J.; Barajas-López, J.D.; Chueca, A.; Cazalis, R.; Sahrawy, M.; Serrato, A.J. Plastid thioredoxins f and m are related to the developing and salinity response of post-germinating seeds of Pisum sativum. Plant Sci. 2012, 188–189, 82–88. [Google Scholar] [CrossRef]

	



Balmer, Y.; Vensel, W.H.; Cai, N.; Manieri, W.; Schurmann, P.; Hurkman, W.J.; Buchanan, B.B. A complete ferredoxin/thioredoxin system regulates fundamental processes in amyloplasts. Proc. Natl. Acad. Sci. USA 2006, 103, 2988–2993. [Google Scholar] [CrossRef]

	



Bowsher, C.G.; Dunbar, B.; Emes, M.J. The purification and properties of ferredoxin-NADP(+)-oxidoreductase from roots of Pisum sativum L. Protein Expr. Purif. 1993, 4, 512–518. [Google Scholar] [CrossRef] [PubMed]

	



Barajas-López, J.D.; Serrato, A.J.; Olmedilla, A.; Chueca, A.; Sahrawy, M. Localization in roots and flowers of pea chloroplastic thioredoxin f and thioredoxin m proteins reveals new roles in nonphotosynthetic organs. Plant Physiol. 2007, 145, 946–960. [Google Scholar] [CrossRef] [PubMed]

	



Lemaire, S.D.; Collin, V.; Keryer, E.; Quesada, A.; Miginiac-Maslow, M. Characterization of thioredoxin y, a new type of thioredoxin identified in the genome of Chlamydomonas reinhardtii. FEBS Lett. 2003, 543, 87–92. [Google Scholar] [CrossRef]

	



Da, Q.; Wang, P.; Wang, M.; Sun, T.; Jin, H.; Liu, B.; Wang, J.; Grimm, B.; Wang, H.-B. Thioredoxin and NADPH-dependent thioredoxin reductase C regulation of tetrapyrrole Biosynthesis. Plant Physiol. 2017, 175, 652–666. [Google Scholar] [CrossRef]

	



Labarrere, C.A.; Kassab, G.S. Glutathione: A Samsonian life-sustaining small molecule that protects against oxidative stress, ageing and damaging inflammation. Front. Nutr. 2022, 9, 1007816. [Google Scholar] [CrossRef] [PubMed]

	



Lushchak, V.I. Glutathione homeostasis and functions: Potential targets for medical interventions. J. Amino Acids 2012, 2012, 736837. [Google Scholar] [CrossRef] [PubMed]

	



Arafat, W.; Kern, D.; Dirheimer, G. Inhibition of aminoacyl-tRNA synthetases by the mycotoxin patulin. Chem. Biol. Interact. 1985, 56, 333–349. [Google Scholar] [CrossRef] [PubMed]








[image: Agriculture 13 00950 g001 550] 





Figure 1. Photographs of 7-day-old maize seedlings following treatment with the mycotoxins solutions at 50 μg mL−1 (A) and 100 μg mL−1 (B). Maize seedlings of the control treatment (0.1% DMSO solution) (a); maize seedlings treated with AFB1 (b); maize seedlings treated with PA (c); and maize seedlings treated with PAT (d). In photograph A, the scale bar equals 7.4 cm. In photograph B, the scale bar equals 5.6 cm. 
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Figure 2. Effects of different concentrations of mycotoxins on radicle emergence (A) and coleoptile emergence (B) on 7-day-old maize seedlings. The values of radicle and coleoptile emergence were expressed as an inhibition percentage (%). DMSO solution (0.1%) was used as a control. Mean value is given for triplicates (each replicate included 10 samples) from three independent experiments ± SE. The different letters for inhibition percentages either for radicle or coleoptile at different mycotoxin concentrations are statistically different (LSD test, p ≤ 0.05). 
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Figure 3. Effects of different concentrations of mycotoxins on fresh weights (A), length of root (measurements are for the main root) (B) and length of shoot (C) of 7-day-old maize seedlings. DMSO solution (0.1%) was used as a control. Mean value is for triplicate (each replicate included 10 samples) from three independent experiments ± SD. The different letters for fresh weights, root lengths or shoot lengths at different mycotoxin concentrations are statistically different (LSD test, p ≤ 0.05). 
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Figure 4. Trx activity in roots and shoots of 7-day-old maize seedlings treated with different concentrations of AFB1 (A), PAT (B) and PA (C). DMSO solution (0.1%) was used as a control. Data are presented as the mean ± SD of triplicate measurements from two independent experiments. Different letters either for roots (without squares) or shoots (in small squares) at different concentrations are statistically different (LSD test, p ≤ 0.05). 
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Table 1. Influence of varying concentrations of mycotoxins on the activity of Trx y1 from Arabidopsis thaliana.
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Mycotoxin: Trx y1 Ratio

	
Inhibition (%) of Trx y1 Activity




	
PAT

	
PA

	
AFB1






	
0:0 (control)

	
0.0 e

	
0.0 d

	
0.0




	
1:1

	
35.5 ± 4.33 d,*

	
31.1 ± 2.63 c

	
0.0




	
3:1

	
43.1 ± 4.17 c,*

	
37.8 ± 2.11 b

	
0.0




	
6:1

	
64.5 ± 0.58 b,*

	
41.9 ± 1.54 b

	
0.0




	
9:1

	
92.9 ± 0.89 a,*

	
49.1 ± 3.58 a

	
0.0








Trx y activity was assayed following incubation of the mycotoxins separately with Trx y1 at different ratios in a 100 mM assay mixture solution (pH 7.0; its composition was described in Materials and Methods) at 25 °C for 1 h. The initial mycotoxin concentrations were 1.0, 3.0, 6.0 and 9.0 μg. The initial Trx y concentration was constant (1.0 μg) for all treatments. Mean value is for triplicate measurements from two independent experiments ± SD; a–e different superscript letters indicate that the means in the same column are statistically different (LSD test, p ≤ 0.05). * indicates that the means in the same row are significantly different from those obtained by PA and AFB1 (LSD test, p ≤ 0.05).
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Table 2. Influence of varying concentrations of mycotoxins on the activity of Tr from rat liver.
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Mycotoxin: TR Ratio

	
Inhibition (%) of Tr Activity




	
PAT

	
PA

	
AFB1






	
0:0

	
0.0 e

	
0.0 e

	
0.0




	
1:1

	
9.8 ± 1.27 d

	
8.3 ± 1.73 d

	
0.0




	
3:1

	
17.9 ± 2.04 c,*

	
14.6 ± 1.79 c

	
0.0




	
6:1

	
23.8 ± 2.65 b

	
20.8 ± 0.85 b

	
0.0




	
9:1

	
30.5 ± 1.97 a,*

	
25.1 ± 2.53 a

	
0.0








Tr activity was assayed following incubation of the mycotoxins separately with Tr at different ratios in a 100 mM assay mixture solution (pH 7.0; its composition was described in Materials and Methods) at 25 °C for 1 h. The initial mycotoxin concentrations were 1.0, 3.0, 6.0 and 9.0 μg. The initial Tr concentration was constant (1.0 μg) for all treatments. Mean value is for triplicate measurements from two independent experiments ± SD; a–e different superscript letters indicate that the means in the same column are statistically different (LSD test, p ≤ 0.05). * indicates that the means in the same row are significantly different from those obtained by PA and AFB1 (LSD test, p ≤ 0.05).
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Table 3. Effects of PAT and PA on the activity of Trx y1 from Arabidopsis thaliana after simultaneous and consecutive addition of GSH to the mycotoxin–Trx y1 mixture at varying concentrations.
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GSH:Mycotoxin:Trx y1

	
Inhibition (%) of Trx y1 Activity




	
PAT

	
PA




	
Simult. *

	
Consec.

	
Simult. *

	
Consec.






	
0:9:1 (control)

	
92.2 ± 1.46 a

	
42.8 ± 1.39 a

	
49.5 ± 1.52 a

	
30.6 ± 0.50 a




	
9:9:1

	
58.7 ± 2.28 b

	
26.7 ± 0.70 b

	
38.5 ± 1.29 b

	
23.3 ± 0.49 b




	
18:9:1

	
54.9 ± 1.69 c

	
24.2 ± 0.94 c

	
27.6 ± 1.75 c

	
20.7 ± 0.69 c




	
27:9:1

	
49.4 ± 1.39 d

	
21.7 ± 0.76 d

	
22.8 ± 3.66 d

	
18.8 ± 0.75 d








Trx y1 activity was assayed following incubation of the mycotoxin–Trx y1 mixture (9:1) separately with GSH at different ratios in a 100 mM assay mixture solution (pH 7.0) at 25 °C for 1 h. GSH concentrations of 9.0, 18.0 and 27.0 μg were added to mycotoxin–Trx y1 mixture simultaneously and consecutively, as described in Section 2. Mean value is for triplicate measurements from two independent experiments ± SD; a–d different superscript letters indicate that the means in the same column are statistically different (LSD test, p ≤ 0.05). * indicates that the means of simultaneous application are significantly different from those of consecutive application (LSD test, p ≤ 0.05) either in PAT or PA treatments.
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