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Abstract

:

Alternaria mycotoxins including alternariol (AOH), alternariol monomethyl ether (AME), altenuene (ALT), altertoxin-I (ATX-I), tentoxin (TEN), and tenuazonic acid (TeA), are ubiquitous contaminants in agricultural products. A method for the simultaneous determination of these six toxins by ultrahigh performance liquid chromatography–tandem mass spectrometry (LC–MS/MS) with solid phase extraction (SPE) was validated in rice, sesame, tomato, and apple juice matrices. The performance of the method was evaluated in terms of linearity (R2 > 0.999), the limit of detection (0.04–1.67 μg/kg), the limit of quantification (0.12–5.06 μg/kg), recovery (80.0–114.7%), and precision (<17.7%). The validated method was applied to monitor 152 marketed food samples in South Korea, as well as to investigate the co-occurrence and correlation between Alternaria toxins. The mean occurrence levels were 2.77 μg/kg for AOH, 4.36 μg/kg for AME, 0.14 μg/kg for ALT, 0.11 μg/kg for ATX-I, 0.43 μg/kg for TEN, and 104.56 μg/kg for TeA. Mean and extreme (95th percentile) daily dietary exposures of South Koreans to Alternaria toxins were estimated to be 22.93 ng/kg b.w./day and 86.07 ng/kg b.w./day, respectively.
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Key Contribution: A simultaneous determination method for the analysis of six Alternaria toxins by LC–MS/MS with SPE clean-up was validated and this method was applied for monitoring agricultural products and processed foods marketed in South Korea.










1. Introduction


Alternaria species, so-called black molds, are common fungi of saprophytic origin with pathogenic effects on plants, which cause economic losses and post-harvest spoilage in many crops worldwide. Alternaria spp. can produce more than 70 different secondary metabolites (Alternaria toxins, ATs) [1]. The Alternaria alternata fungus is a major producer of ATs, including dibenzo-α-pyrones (lternariol, (AOH), alternariol monomethyl ether (AME), and altenuene (ALT)), perylene quinones (altertoxin (ATX) I, II, III, and stemphyltoxin III (STTX III)), a cyclic tetrapeptide (tentoxin, (TEN)), a tetramic acid (tenuazonic acid, (TeA)), and Alternaria alternata f. sp. lycopersici (AAL) toxins [2]. Among these toxins, AOH, AME, ALT, ATX-I, TEN, and TeA, are the main contaminants in agricultural products and have high toxicological significance [3,4]. Previous studies have reported that both AOH and AME are genotoxic and can cause DNA damage in mammalian cells; however, studies of their in vivo toxicity are still limited [5,6,7,8]. ATXs exhibited higher mutagenic activity than AOH and AME in a Salmonella Ames test conducted by Schrader et al. (2001) [9]. In contrast, ALT and TeA induce acute toxicity in mice, rats, and chickens, without genotoxicity [10,11].



The determination of ATs has been conducted through a wide variety of methods including enzyme-linked immunosorbent assay (ELISA), thin layer chromatography (TLC), liquid chromatography (LC), and gas chromatography (GC), among others. The GC- mass spectrometry (GC-MS) method showed high sensitivity with a limit of detection of 1 μg/kg for AOH and AME in food matrix [12]. However, most of the ATs are non-volatile compounds, and therefore derivatization is required for GC-MS analysis. Recent research on the determination of ATs has been mainly carried out by liquid chromatography–tandem mass spectrometry (LC–MS), due to its high selectivity and simultaneous determination capabilities [13]. However, the LC–MS method has the disadvantage that the signal can be enhanced or suppressed by the food matrix; hence, it is important to develop an appropriate sample preparation method considering sample dilution, clean-up, and matrix-matched calibration [14]. The solid phase extraction (SPE) method is the most commonly used clean-up technique for liquid extracts from a food matrix and is known to improve the selectivity and performance of the analysis [13]. A few studies on the LC–MS-based analysis of ATs in food with SPE clean-up are available in the literature [15,16,17,18,19].



The natural occurrence of ATs in various foods, including cereal grains, legumes, oil seeds, edible oils, vegetables, fruits, and their processed products, has been constantly reported [18,20,21,22,23]. Half of recent studies also reported the occurrence of ATs in fruits and vegetable products, including approximately 40% of the studies on cereal grains and their products, and only ~10% of studies on other food commodities [24]. According to data collected by the European Food Safety Authority (EFSA) in 2016, 20% of the food samples were contaminated with TeA, with the frequency of contamination in samples increasing in the order cereal grains < tomato-based products < cereal grain-based foods for infants/young children [3]. Although many studies have investigated AT contamination in marketed agricultural products, very few studies were performed in South Korea.



Therefore, in this work, we validated an LC–MS/MS-based analytical method for the simultaneous determination of six ATs (AOH, AME, ALT, ATX-I, TEN, and TeA) to monitor the natural occurrence of ATs in agricultural products and processed foods marketed in South Korea. The co-occurrence of ATs and correlation between ATs in various food products were investigated. Additionally, daily dietary exposure of South Koreans to ATs was estimated.




2. Results and Discussion


2.1. Method Validation


2.1.1. Selectivity, Linearity, Limit of Detection, and Limit of Quantification


Among agricultural products and processed foods, rice, sesame, tomato, and apple juice were selected as representative matrices of cereal grains, nuts and seeds, fruits, and processed products, respectively. Moreover, six Alternaria toxins were successfully isolated through chromatographic separation (Figure 1). The linearity of the method was evaluated using the coefficient of determination (R2) of the matrix-matched external calibration curve. The six-point calibration curves in the ranges of 1–50 μg/kg (for AOH, AME, ALT, and ATX-I), 5–250 μg/kg (TEN), and 10–500 μg/kg (TeA) showed excellent linearities (R2 > 0.999) for all four food matrices. The calculated limit of detection (LOD) and the limit of quantification (LOQ) were 0.12–0.67 and 0.35–2.04 μg/kg for rice, 0.05–1.44 and 0.14–4.35 μg/kg for sesame seed, 0.09–1.67 and 0.26–5.06 μg/kg for tomato, as well as 0.04–0.58 and 0.12–1.76 μg/kg for apple juice, respectively (Table 1).




2.1.2. Recovery and Precision


The Alternaria toxins were classified into three different groups based on the similarity of their reported occurrence levels. For validation, the rice, sesame, tomato, and apple juice samples were spiked with 5, 10, and 20 μg/kg of AOH, AME, ALT, and ATX-I, 25, 50, 100 μg/kg of TEN, and 50, 100, 200 μg/kg of TeA. Each value was rounded to the first decimal place. The intra- and inter-day validation results are listed in Table 2.



The mean inter- and intra-recovery ranges of the six analytes in rice, sesame seed, tomato, and apple juice were 82.1–114.7%, 80.0–94.9%, 82.7–110.7%, and 85.9–114.3% ranges, respectively. The mean relative standard deviation (RSD), an estimate for the precision, of the six analytes ranged from 4.3 to 15.6% in rice, 2.5 to 17.7% in sesame, 3.2 to 15.1% in tomato, and 4.1 to 15.4% in apple juice. All of the estimated recovery and precision values were within an acceptable range according to the AOAC Official Methods of Analysis (2016) Guidelines for Standard Method Performance Requirements. Specifically, the guideline recommend that the recovery values should be within 60–115% and 80–110% for concentrations of 10 and 100 μg/kg, respectively [25]. Moreover, the RSD values recommended by the AOAC for concentrations of 10 and 100 μg/kg are <21% and <15%, respectively.





2.2. Occurrence of Alternaria Toxins in Agricultural Products and Processed Foods


A total of 152 marketed food samples, including cereal grains (n = 31), pulses (n = 15), seasoning foods (n = 16), nuts and seeds (n = 22), beverages (n = 32), vegetables (n = 16), and fruits (n = 20) were analyzed using the validated method. The obtained contamination levels of Alternaria toxins are reported in Figure 2 and Table 3, which include the incidence, mean concentrations, and concentration ranges of the six Alternaria toxins in each food product.



Among the dibenzo-α-pyrone derivatives, the highest incidence was found for AOH (27/152), followed by AME (25/152) and ALT (5/152). The mean concentration of AOH in all of the tested samples was 2.77 μg/kg, with levels ranging from 0.66 to 105.49 μg/kg. The food product with the highest occurrence of AOH was buckwheat, which was also the food product with the highest incidence (mean = 26.68 μg/kg, maximum = 105.49 μg/kg, incidence = 80%). The mean concentration of AME in all of the tested samples was 4.36 μg/kg, with a range of 0.20 to 310.82 μg/kg, which was slightly wider than that of AOH. The highest concentration of AME was found in black sesame (mean = 106.49 μg/kg, maximum = 310.82 μg/kg, incidence = 80%), and the food product with the highest AOH detection frequency was buckwheat (mean = 6.18 μg/kg, maximum = 21.89 μg/kg, incidence = 100%). ALT was detected in five samples of the nuts and seeds group, whereas none of the tested samples of cereal grains, pulses, seasoning foods, beverages, vegetables, and fruits was contaminated with ALT. The mean occurrence level of ALT was 0.14 μg/kg, with levels ranging from 1.13 to 10.71 μg/kg. The highest level of ALT was determined in black sesame (mean = 3.95 μg/kg, maximum = 10.71 μg/kg, incidence = 80%). Interestingly, all of the detected ALT in the examined food samples co-occurred with at least two other Alternaria toxins (Figure 3).



ATX-I, a perylene quinone derivative, was detected in four samples of cereal grains, one sample of nuts and seeds, and two samples of beverages. ATX-I was not found in any of the examined samples of pulses, seasoning foods, vegetables, and fruits. The mean concentration of ATX-I in all monitored foods was 0.11 μg/kg, and its levels ranged from 0.50 to 7.81 μg/kg; this was the lowest contamination level among the six Alternaria toxins. The highest contamination level and incidence of ATX were found in buckwheat (mean = 2.17 μg/kg, maximum = 7.81 μg/kg, incidence = 40%).



TEN, a cyclic tetrapeptide, was found in all monitored samples at levels ranging from 2.77 to 14.64 μg/kg. The average TEN contamination level found in the 152 tested samples was 0.43 μg/kg, which was similar to that of ALT and ATX-I. Only nine samples were positive for TEN, whose highest concentration and incidence were observed in sorghum (mean = 3.48 μg/kg, maximum = 14.64 μg/kg, incidence = 40%) and buckwheat (mean = 5.75 μg/kg, maximum = 13.00 μg/kg, incidence = 60%). All ALT-positive samples were co-contaminated with other Alternaria toxins (Figure 3). The levels of ATX-I, ALT, and TEN in marketed foods from South Korea were similar to or lower than those recently reported by Xing et al. (2021), Fan et al. (2022), and Zhao et al. (2022) [21,26,27].



TeA, which is classified as a tetramic acid, was a major contaminant in this study. Among the 152 monitored samples, 39.5% (60/152) were contaminated with TeA at concentrations ranging from 1.26 to 4028.18 μg/kg, with a mean value of 104.56 μg/kg. TeA was detected in all of the 16 examined seasoning foods, and hot pepper powder was a major contributor to the TeA contamination (mean = 1845.95 μg/kg, maximum = 4028.18 μg/kg, incidence = 100%). Furthermore, the five food products with the highest concentration of TeA were also all red pepper powder products (1104.98–4028.18 μg/kg). This represents a lower occurrence level than those previously reported by Gambacor-ta et al. (2019) [28] (mean concentration in red chili = 27,255.5 μg/kg) and Mujahid et al. (2020) [29] (maximum concentration in chili items = 20,478 μg/kg). The incidence of TeA was high in the following order: black sesame (mean = 335.66 μg/kg, maximum = 911.63 μg/kg, incidence = 100%), tomato puree (mean = 211.07 μg/kg, maximum = 882.22 μg/kg, incidence = 100%), perilla seed (mean = 138.64 μg/kg, maximum = 476.19 μg/kg, incidence = 100%), and tomato ketchup (mean = 73.26 μg/kg, maximum = 91.10 μg/kg, incidence = 100%). Among the seasoning foods investigated, the contamination levels of TeA in tomato products (ketchup and puree) were similar to or lower than those reported in previous studies [10,22,30,31].




2.3. Correlation between Naturally Occurring Alternaria Toxins


The correlations between naturally co-occurring Alternaria toxins were investigated in cereal grain, seasoning food, and nuts and seeds, representing the three most frequently contaminated food categories (Figure 4). The correlation between Alternaria toxins was visualized using the ‘corrplot’ R package (version 4.1.2).



ALT was not detected in any of the cereal grain samples (n = 31), and a positive correlation was observed between the contamination levels of all detected Alternaria toxins. The Spearman’s rank correlation coefficients (rs) were 0.95 (AOH and AME), 0.89 (AOH and ATX-I), 0.82 (AME and TEN), 0.81 (AME and ATX-I), 0.75 (TEN and TeA), 0.67 (AOH and TEN), 0.62 (ATX-I and TEN), 0.45 (AME and TeA), 0.21 (AOH and TeA), and 0.06 (ATX- I and TeA). These results indicated that the wheat and wheat-based products examined herein showed a similar trend to those reported by Zhao et al. (2015) and Xu et al. (2016) [16,17].



Only three types of Alternaria toxins, AOH, AME, and TeA, were detected in seasoning foods. In this food group, TeA co-occurred with AOH and/or AME in 56.3% of the samples, and a particularly high contamination level of TeA was observed. However, only a weak positive correlation was observed between the detected toxins (rs = 0.42 for AOH and AME, 0.38 for AOH and TeA, and 0.34 for AME and TeA).



All six Alternaria toxins were detected in the nuts and seeds group. A high positive correlation was observed between the dibenzo-α-pyrone derivatives (rs ≥ 0.94). Moreover, a positive correlation was observed between all Alternaria toxins except for TEN, and the rs value between the toxins showing a positive correlation was higher than 0.76. Interestingly, TEN showed a weak negative correlation with all other Alternaria toxins only in the nuts and seeds group. To the best of our knowledge, our study is the first to demonstrate that the contamination levels of Alternaria toxins may show a negative correlation depending on the food category. Particularly, the rs values were −0.16 (AME and TEN, ALT and TEN), −0.15 (AOH and TEN), and −0.09 (ATX-I and TEN, TeA and TEN).




2.4. Estimation of Daily Dietary Exposure to Alternaria Toxins


The estimated daily exposure of each ATs from marketed food in the South Korean population is summarized in Table 4. For the mean exposure scenario, the average daily exposure levels were 0.0118 (LB)–0.0506 ng/kg b.w./day (UB) for AOH, 0.0101 (LB)–0.0378 ng/kg b.w./day (UB) for AME, 0.0001 (LB)–0.0364 ng/kg b.w./day (UB) for ALT, 0.0022 (LB)–0.0381 ng/kg b.w./day (UB) for ATX-I, 0.0039 (LB)–0.1744 ng/kg b.w./day (UB) for TEN, and 3.7094 (LB)–3.8499 ng/kg b.w./day (UB) for TeA in all food samples. Seasoning foods were the main contributors for dietary exposure to AOH and TeA. Nuts and seeds were the major contributors for dietary exposure to AME and ALT. Beverages and cereal grains were the highest contributors for daily dietary exposure to ATX-I and TEN, respectively.



For the extreme exposure (95th percentile) scenario, the average daily exposure levels were 0.0935 (LB)–0.2255 ng/kg b.w./day (UB) for AOH, 0.0733 (LB)–0.1572 ng/kg b.w./day (UB) for AME, 0.0003 (LB)–0.1534 ng/kg b.w./day (UB) for ALT, 0.0072 (LB)–0.1889 ng/kg b.w./day (UB) for ATX-I, 0.0591 (LB)–0.8437 ng/kg b.w./day (UB) for TEN, and 14.3004 (LB)–15.0344 ng/kg b.w./day (UB) for TeA in all food samples. Cereal grains were the most important contributors for dietary exposure to AOH, AME, ATX-I, and TEN estimated by extreme food intake scenario due to their high consumption. Nuts and seeds and seasoning foods were the highest contributors for daily dietary exposure to ALT and TeA, respectively.



The estimated exposure levels of ATs in this study were much lower than the previously reported studies based on mean food consumption of Zhao et al. (2015) (3.56 ng/kg b.w./day (LB) for AOH) and EFSA (2016) (0.4–1.9 ng/kg b.w./day (LB) for AOH, 0.7–3.4 ng/kg b.w./day (LB) for AOH, 0.4–1.6 ng/kg b.w./day (LB) for TEN, and 37–100 ng/kg b.w./day (LB) for TeA) [3,16].





3. Conclusions


Our study validated an LC-MS/MS-based method with SPE clean-up for the simultaneous analysis of six ATs in four different food matrices to investigate the natural occurrence of ATs in marketed foods in South Korea. Further, the co-occurrence of six ATs and correlation between different levels of toxin were investigated. Processed tomato products are among the foods that are susceptible to contamination by Alternaria toxins. In South Korea, the occurrence of toxins in processed tomato products (ketchup, puree, juice) was similar to those reported in other countries. TeA was the most frequently detected Alternaria toxin among all of the tested food categories, and the highest TeA level was found in hot pepper powder. Although the toxin occurrence levels were lower than those reported in previous studies, continuous monitoring is needed for risk management of red pepper powder, which is among the most widely consumed products in South Korea. Additionally, 44% of positive samples were co-contaminated with at least two Alternaria toxins. The overall estimated daily dietary exposures of South Koreans to ATs were lower than those reported in previous studies from other countries. Collectively, our results highlight the need for further monitoring and risk assessment of co-occurring Alternaria toxins in agricultural and food products.




4. Materials and Methods


4.1. Sample Collection


A total of 152 marketed agricultural products and processed food samples were purchased from online retailers, supermarkets, and local markets in 2020. The collected samples were classified into as followings: cereal grains (rice, brown rice, wheat flour, barley, sorghum, and buckwheat), pulses (soybean, kidney bean, and lentils), seasoning foods (hot pepper powder, tomato ketchup, and tomato puree), nuts and seeds (sesame, perilla seed, black sesame, and sunflower seed), beverages (apple juice, orange juice, grape juice, tomato juice, black tea, corn silk tea, barley tea, and soybean milk), vegetables (tomato, onion, and Korean cabbage), and fruits (apple, mandarin, grape, and watermelon). The samples were homogenized and stored at −20 °C, followed by equilibration at room temperature prior to analysis.




4.2. Chemicals and Reagents


Certified mycotoxin standards were purchased as follows: AOH from Alternaria sp. (purity >96%), AME from Alternaria alternata (>98%), TeA copper salt from Alternaria alternata (>98%), and TEN from Alternaria tenuis (>95%) were obtained from Sigma-Aldrich (St. Louis, MO, USA); ALT (>98%) was purchased from ChemFaces (Wuhan, China), and ATX- I (>97%) was obtained from Cayman (Ann Arbor, MI, USA). All mycotoxin standards were prepared at 1 mg/mL in acetonitrile (ACN) and kept at −20 °C. HPLC-grade water, ACN, and methanol (MeOH) from Honeywell Burdick and Jackson (Muskegon, MI, USA) were used for sample preparation. LC/MS-grade water and methanol from Fisher Scientific (Cleveland, OH, USA) were used as the mobile phase. LC/MS-grade ammonium acetate was purchased from Merck (Darmstadt, Germany) and glacial acetic acid (≥99.7%, HPLC grade) for pH adjustment was obtained from Fisher Scientific (Cleveland, OH, USA).




4.3. Sample Preparation


After purification of the Alternaria toxins from rice, sesame seed, apple juice, and tomato, toxin determination in tomato, wheat, and sunflower seeds was performed by SPE clean-up and HPLC–MS/MS, using the EN 17521-2021 standard method developed by the Slovenian Institute for Standardization (SIST), with some modifications [32]. Briefly, 2 g of sample was extracted with 15 mL of MeOH/water/acetic acid (85:14:1, v/v/v) by shaking for 45 min at 270 rpm, followed by centrifugation of the extract for 10 min at 3100× g. The supernatant (7.5 mL) was diluted with an equal volume of 1% acetic acid solution (v/v). The Alternaria toxins were cleaned up using solid-phase extraction with polymer-based hydrophilic-lipophilic balanced (HLB) SPE cartridges (200 mg, 6 mL) purchased from Waters (Milford, MA, USA). The cartridges were conditioned with 7 mL of MeOH and equilibrated with 7 mL of water and 4 mL of 1% acetic acid. After the equilibration solvent completely passed through the cartridges, their bottom was closed and 3 mL of 1% acetic acid was added. A syringe was attached to the cartridge to load the diluted supernatant and allow the cartridge to flow. Then, the cartridge was washed with 7 mL of 2% Tween 20 (v/v) (Sigma-Aldrich) and thoroughly dried under a vacuum. Another 7 mL of 1% acetic acid solution (v/v) was added to wash the cartridge, followed by drying thoroughly under a vacuum. After that, 7 mL of MeOH/ethyl acetate (75:25, v/v) was added to the cartridge to elute the Alternaria toxins. The eluate was evaporated under nitrogen gas at 50 °C and reconstituted with 0.4 mL MeOH and 0.6 mL of 5 mM ammonium acetate (pH 8.6). The reconstituted solvent was filtered through a 0.2 μm PTFE syringe filter. The filtrate was centrifuged (13,000× g, 10 min) and the supernatant was injected into the LC-MS/MS system.




4.4. LC-MS/MS Equipment and Parameters


Detection and quantification were performed using a Thermo Scientific Vanquish HPLC system coupled with a Thermo Scientific Q Exactive Orbitrap spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with parallel reaction monitoring in negative electrospray ionization (ESI) mode. Analysis was conducted with a Supelco Ascentis® Express C18 column (4.6 mm × 150 mm, 2.7 μm) connected to a guard column (4.6 mm × 50 mm, 2.7 μm). Separation was conducted over a period of 20 min using a flow rate of 0.4 mL/min: 90% solvent A (5 mM ammonium acetate in water, pH 8.6) and 10% solvent B (MeOH) for 1 min to reach equilibrium. Solvent B was first applied using a linear gradient elution system at a concentration increasing from 10% to 100% over 9 min, and then held for 2 min. The concentration of solvent B was then changed to 10% within 0.2 min, and the column was re-equilibrated for 20 min. The column oven temperature was held at 40 °C. The normalized collision energy was 42%, and nitrogen was used as the collision gas. The spray voltage was −2.5 kV. The source heater and capillary temperatures were set at 250 and 320 °C, respectively, whereas the sheath and auxiliary gas flow rates were 40 and 10 L/min, respectively. Data analysis was performed using the Thermo Xcalibur Qual Browser 3.0 software. All analyzed Alternaria toxins were ionized in negative mode in the form of (M − H)− ions. The product ions for quantification (identification) of the six toxins were as follows: AOH 257.045 m/z → 215.035 m/z (147.044 m/z), AME 271.061 m/z → 256.038 m/z (228.042 m/z), ALT 291.087 m/z → 248.069 m/z (203.034 m/z), ATX- I 351.087 m/z → 315.066 m/z (333.077 m/z), TEN 413.219 m/z → 141.066 m/z (214.074 m/z), TeA 196.097 m/z → 138.019 m/z (178.087 m/z).




4.5. Method Validation


Standard curves for each mycotoxin were evaluated based on the R2 value of six-point matrix-matched calibration curves, constructed by plotting the peak areas (signal intensities). The LOD and LOQ values were determined using the slope of the calibration curve (s) and the standard deviation (σ) of the peak area corresponding to the lowest concentration in the calibration curve, according to the following equations: LOD = 3.3 × σ/s and LOQ = 10 × σ/s. The recovery was evaluated by fortification experiments according to the following equation: analyzed concentration of spiked samples calculated from matrix-matched standard/spiking concentration × 100 (%). The precision values were calculated as the RSDs of the replicated recovery experiments.




4.6. Estimation of Daily Dietary Exposure


Food consumption data and mean body weight were provided by the Korean National Health and Nutrition Examination Survey (KNHANES, 2020) [33]. The food consumption data included the mean and extreme (95th percentile) in the general population. A lower bound (LB) and upper bound (UB) approach were used for the estimation of dietary exposure. “Not detected (N.D.)” samples that quantified below LOD were evaluated by assigning the N.D. sample as a value of zero (lower bound, LB) and a value of LOD for each AT (upper bound, UB). Daily dietary exposure to ATs was calculated using the following formula: Daily dietary exposure (ng/kg b.w./day) = Mycotoxin contamination level in food (μg/kg) × food intake of the population (g/day)/mean body weight of the population (kg).
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Figure 1. Chromatograms of Alternaria toxins. (A) The concentrations of the standards were as follows: 10 μg/kg for AOH, AME, ALT, ATX-I; 50 μg/kg for TEN; 100 μg/kg for TeA. (B) Chromatograms of contaminated sesame sample. 
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Figure 2. Prevalence of Alternaria toxins quantified in different food categories: (A) cereal grains, (B) pulses, (C) seasoning foods, (D) nuts and seeds, (E) beverages, and (F) vegetables and fruits (each dot within the boxplots indicates one positive sample). 
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Figure 3. Co-occurrence of Alternaria toxins in different food categories: (A) cereal grains, (B) pulses, (C) seasoning foods, (D) nuts and seeds, (E) beverages, and (F) vegetables and fruits. 
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Figure 4. Correlation matrix of the concentration of Alternaria toxins in the most frequently contaminated food categories: (A) cereal grains, (B) seasoning foods, (C) nuts and seeds. 
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Table 1. Linearity, LOD, and LOQ parameters in each validated food matrix.
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Matrix

	
Chemical Group

	
Toxin

	
Slope

	
Intercept

	
R2

	
LOD

(μg/kg)

	
LOQ

(μg/kg)






	
Rice

	
Dibenzo-α-pyrone derivatives

	
AOH

	
38,024.7

	
−4477.4

	
1.000

	
0.42

	
1.26




	
AME

	
557,506.5

	
525.4

	
1.000

	
0.23

	
0.69




	
ALT

	
21,640.4

	
−5656.4

	
1.000

	
0.22

	
0.67




	
Perylene quinone derivatives

	
ATX-I

	
81,060.5

	
−28,786.2

	
0.999

	
0.12

	
0.35




	
Cyclic tetrapeptide

	
TEN

	
183,111.4

	
241,902.1

	
1.000

	
0.67

	
2.04




	
Tetramic acid

	
TeA

	
20,620.1

	
−23,613.1

	
1.000

	
0.38

	
1.16




	
Sesame

	
Dibenzo-α-pyrone derivatives

	
AOH

	
37,644.2

	
−5566.9

	
1.000

	
0.35

	
1.06




	
AME

	
481,012.8

	
296,681.0

	
0.999

	
0.62

	
1.87




	
ALT

	
14,857.9

	
−6783.0

	
1.000

	
0.05

	
0.14




	
Perylene quinone derivatives

	
ATX-I

	
77,708.8

	
−14,826.9

	
1.000

	
0.15

	
0.46




	
Cyclic tetrapeptide

	
TEN

	
165,058.5

	
145,868.5

	
1.000

	
1.13

	
3.42




	
Tetramic acid

	
TeA

	
18,454.9

	
−2897.7

	
1.000

	
1.44

	
4.35




	
Tomato

	
Dibenzo-α-pyrone derivatives

	
AOH

	
35,967.4

	
−14,170.1

	
1.000

	
0.13

	
0.40




	
AME

	
651,313.1

	
−9161.5

	
1.000

	
0.09

	
0.26




	
ALT

	
19,632.1

	
−6452.2

	
1.000

	
0.24

	
0.72




	
Perylene quinone derivatives

	
ATX-I

	
85,741.1

	
−16,991.5

	
1.000

	
0.35

	
1.05




	
Cyclic tetrapeptide

	
TEN

	
239,237.6

	
194,783.3

	
1.000

	
1.42

	
4.30




	
Tetramic acid

	
TeA

	
21,292.1

	
−36,110.6

	
1.000

	
1.67

	
5.06




	
Apple juice

	
Dibenzo-α-pyrone derivatives

	
AOH

	
36,592.4

	
−3876.9

	
1.000

	
0.08

	
0.24




	
AME

	
460,716.3

	
80,147

	
1.000

	
0.22

	
0.67




	
ALT

	
18,358.9

	
−3988.7

	
1.000

	
0.12

	
0.36




	
Perylene quinone derivatives

	
ATX-I

	
92,791.6

	
156.6

	
1.000

	
0.04

	
0.12




	
Cyclic tetrapeptide

	
TEN

	
205,537.6

	
543,369.8

	
0.999

	
0.58

	
1.76




	
Tetramic acid

	
TeA

	
20,161.3

	
−21,619.0

	
1.000

	
0.55

	
1.68
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Table 2. Recovery and RSD values in each validated food matrix.
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Matrix

	
Parameter

	
Spiking

Level

(μg/kg) *

	
Recovery (%) ± RSD%




	
Dibenzo-α-Pyrone

	
Perylene Quinone

	
Cyclic Tetrapeptide

	
Tetramic Acid




	
AOH

	
AME

	
ALT

	
ATX-I

	
TEN

	
TeA






	
Rice

	
Intra-day

	
I

	
101.5

	
±

	
11.1

	
95.3

	
±

	
8.9

	
95.6

	
±

	
8.9

	
114.7

	
±

	
9.1

	
101.7

	
±

	
9.9

	
90.4

	
±

	
6.5




	
II

	
96.6

	
±

	
5.3

	
89.4

	
±

	
5.7

	
90.8

	
±

	
4.9

	
101.3

	
±

	
9.2

	
94.9

	
±

	
5.0

	
87.8

	
±

	
6.4




	
III

	
99.0

	
±

	
5.0

	
93.3

	
±

	
10.1

	
97.3

	
±

	
4.3

	
105.6

	
±

	
10.9

	
98.6

	
±

	
7.6

	
88.0

	
±

	
6.4




	
Inter-day

	
I

	
96.3

	
±

	
12.1

	
87.0

	
±

	
9.6

	
89.6

	
±

	
11.9

	
102.8

	
±

	
11.7

	
88.5

	
±

	
11.5

	
90.1

	
±

	
8.6




	
II

	
101.8

	
±

	
11.8

	
87.4

	
±

	
8.6

	
96.1

	
±

	
9.8

	
99.9

	
±

	
13.2

	
98.7

	
±

	
11.1

	
96.9

	
±

	
11.1




	
III

	
102.2

	
±

	
10.7

	
82.1

	
±

	
9.3

	
100.3

	
±

	
13.2

	
97.1

	
±

	
11.3

	
97.0

	
±

	
12.6

	
94.4

	
±

	
15.6




	
Sesame

	
Intra-day

	
I

	
80.0

	
±

	
6.3

	
82.2

	
±

	
8.0

	
87.6

	
±

	
5.6

	
84.3

	
±

	
4.6

	
86.6

	
±

	
4.6

	
94.9

	
±

	
13.8




	
II

	
80.5

	
±

	
5.6

	
82.0

	
±

	
7.6

	
85.5

	
±

	
2.5

	
82.8

	
±

	
3.6

	
86.9

	
±

	
2.8

	
81.5

	
±

	
8.7




	
III

	
86.8

	
±

	
8.7

	
85.4

	
±

	
4.8

	
89.3

	
±

	
5.1

	
86.7

	
±

	
2.9

	
93.0

	
±

	
3.3

	
84.9

	
±

	
5.3




	
Inter-day

	
I

	
85.3

	
±

	
9.6

	
86.1

	
±

	
11.9

	
90.4

	
±

	
9.4

	
85.7

	
±

	
7.4

	
86.5

	
±

	
8.5

	
91.8

	
±

	
17.7




	
II

	
82.7

	
±

	
5.0

	
80.2

	
±

	
6.9

	
87.8

	
±

	
8.3

	
83.6

	
±

	
4.8

	
86.1

	
±

	
5.6

	
82.3

	
±

	
8.4




	
III

	
89.9

	
±

	
8.5

	
84.8

	
±

	
6.0

	
90.2

	
±

	
4.9

	
88.0

	
±

	
2.9

	
94.2

	
±

	
3.6

	
85.6

	
±

	
9.9




	
Tomato

	
Intra-day

	
I

	
108.5

	
±

	
11.0

	
97.2

	
±

	
8.0

	
95.7

	
±

	
8.0

	
96.5

	
±

	
12.0

	
87.9

	
±

	
8.9

	
88.0

	
±

	
7.3




	
II

	
100.0

	
±

	
11.7

	
91.9

	
±

	
7.4

	
95.6

	
±

	
11.1

	
95.7

	
±

	
15.1

	
89.1

	
±

	
11.2

	
84.1

	
±

	
11.6




	
III

	
97.4

	
±

	
13.7

	
104.3

	
±

	
9.5

	
105.9

	
±

	
7.0

	
102.5

	
±

	
6.6

	
100.9

	
±

	
6.9

	
90.3

	
±

	
8.9




	
Inter-day

	
I

	
102.2

	
±

	
10.6

	
87.2

	
±

	
13.9

	
101.2

	
±

	
9.2

	
92.2

	
±

	
13.8

	
89.9

	
±

	
6.2

	
85.0

	
±

	
3.2




	
II

	
99.4

	
±

	
10.6

	
89.8

	
±

	
7.8

	
92.0

	
±

	
6.7

	
89.6

	
±

	
6.9

	
86.6

	
±

	
7.4

	
82.7

	
±

	
7.4




	
III

	
107.1

	
±

	
10.1

	
107.0

	
±

	
10.5

	
110.7

	
±

	
6.8

	
99.2

	
±

	
9.4

	
106.3

	
±

	
9.1

	
87.4

	
±

	
4.1




	
Apple juice

	
Intra-day

	
I

	
96.0

	
±

	
11.3

	
108.6

	
±

	
12.9

	
114.3

	
±

	
9.6

	
108.1

	
±

	
9.3

	
95.5

	
±

	
5.6

	
87.6

	
±

	
12.2




	
II

	
92.5

	
±

	
15.1

	
101.1

	
±

	
12.4

	
103.1

	
±

	
9.5

	
101.7

	
±

	
9.9

	
92.4

	
±

	
7.5

	
86.1

	
±

	
9.8




	
III

	
104.5

	
±

	
8.5

	
103.7

	
±

	
12.1

	
108.9

	
±

	
12.3

	
101.1

	
±

	
12.7

	
93.3

	
±

	
9.1

	
88.7

	
±

	
6.9




	
Inter-day

	
I

	
88.6

	
±

	
15.4

	
111.0

	
±

	
9.7

	
105.9

	
±

	
10.5

	
93.7

	
±

	
10.2

	
88.0

	
±

	
13.0

	
90.9

	
±

	
13.9




	
II

	
85.9

	
±

	
4.1

	
105.5

	
±

	
10.3

	
108.9

	
±

	
14.1

	
97.5

	
±

	
8.8

	
93.8

	
±

	
10.9

	
88.0

	
±

	
9.4




	
III

	
100.0

	
±

	
7.5

	
110.4

	
±

	
9.2

	
114.1

	
±

	
5.8

	
106.8

	
±

	
8.8

	
93.1

	
±

	
8.1

	
95.2

	
±

	
13.0








* Spiking level I: 5 μg/kg for AOH, AME, and ALT; 25 μg/kg for TEN; 50 μg/kg for TeA. Spiking level II: 10 μg/kg for AOH, AME, and ALT; 50 μg/kg for TEN; 100 μg/kg for TeA. Spiking level III: 20 μg/kg for AOH, AME, and ALT; 100 μg/kg for TEN; 200 μg/kg for TeA.
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Table 3. Occurrence of Alternaria toxins in commercial food commodities.
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Category

	
Food Product

	
Concentration (μg/kg)




	
AOH

	
AME

	
ALT

	
ATX-I

	
TEN

	
TeA




	
Mean

	
Incidence 1

	
Range

	
Mean

	
Incidence

	
Range

	
Mean

	
Incidence

	
Range

	
Mean

	
Incidence

	
Range

	
Mean

	
Incidence

	
Range

	
Mean

	
Incidence

	
Range






	
Cereal grains

	
Rice

	
. 2

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
3.84

	
5/6

	
1.26–10.68




	
Brown rice

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
5.18

	
2/5

	
7.89–18.01




	
Wheat flour

	
1.53

	
1/5

	
7.63

	
0.56

	
1/5

	
2.78

	
.

	
0/5

	
.

	
0.56

	
2/5

	
0.63–2.18

	
1.74

	
1/5

	
8.72

	
32.67

	
2/5

	
4.00–159.34




	
Barley

	
.

	
0/5

	
.

	
0.07

	
1/5

	
0.35

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
16.81

	
3/5

	
8.04–52.17




	
Sorghum

	
4.53

	
3/5

	
1.01–19.17

	
2.63

	
3/5

	
0.36–11.29

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
3.48

	
2/5

	
2.77–14.64

	
51.73

	
3/5

	
10.38–219.56




	
Buckwheat

	
26.68

	
4/5

	
3.41–105.49

	
6.18

	
5/5

	
0.45–21.89

	
.

	
0/5

	
.

	
2.17

	
2/5

	
3.06–7.81

	
5.75

	
3/5

	
4.80–13.00

	
21.65

	
4/5

	
6.73–38.51




	
Total

	
5.28

	
8/31

	
1.01–105.49

	
1.52

	
10/31

	
0.35–21.89

	
.

	
0/31

	
.

	
0.44

	
4/31

	
0.63–7.81

	
1.77

	
6/31

	
2.77–14.64

	
21.39

	
19/31

	
1.26–219.56




	
Pulses

	
Soybean

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Kidney bean

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
0.35

	
1/5

	
1.75




	
Lentils

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Total

	
.

	
0/15

	
.

	
.

	
0/15

	
.

	
.

	
0/15

	
.

	
.

	
0/15

	
.

	
.

	
0/15

	
.

	
0.12

	
1/15

	
1.75




	
Seasoning foods

	
Hot pepper powder

	
2.08

	
4/6

	
0.66–5.76

	
0.41

	
4/6

	
0.20–1.12

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
1845.94

	
6/6

	
288.47–4028.18




	
Tomato ketchup

	
0.94

	
3/5

	
1.41–1.80

	
0.41

	
2/5

	
0.88–1.14

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
73.26

	
5/5

	
36.32–91.10




	
Tomato puree

	
2.05

	
2/5

	
3.76–6.48

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
211.07

	
5/5

	
3.17–882.22




	
Total

	
1.71

	
9/16

	
0.66–6.48

	
0.28

	
6/16

	
0.20–1.14

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
781.08

	
16/16

	
3.17–4028.18




	
Nuts and Seeds

	
Sesame

	
0.17

	
1/7

	
1.41–3.30

	
11.21

	
4/7

	
3.12–56.91

	
0.16

	
1/7

	
1.13

	
.

	
0/7

	
.

	
.

	
0/7

	
.

	
15.53

	
5/7

	
10.74–56.49




	
Perilla seed

	
0.31

	
1/5

	
1.56–1.56

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
0.64

	
1/5

	
3.21

	
138.64

	
5/5

	
28.91–476.19




	
Black sesame

	
43.85

	
4/5

	
15.67–94.97

	
106.49

	
4/5

	
17.82–310.82

	
3.95

	
4/5

	
2.29–10.71

	
0.41

	
1/5

	
2.04

	
.

	
0/5

	
.

	
335.66

	
5/5

	
10.31–911.63




	
Sunflower seed

	
0.47

	
1/5

	
2.34

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
1.36

	
2/5

	
3.20–3.58

	
30.29

	
3/5

	
34.34–70.87




	
Total

	
10.20

	
7/22

	
1.41–94.97

	
27.77

	
8/22

	
3.12–310.82

	
0.95

	
5/22

	
1.13–10.71

	
0.09

	
1/22

	
2.04

	
0.45

	
3/22

	
3.20–3.58

	
119.62

	
18/22

	
10.31–911.63




	
Beverages

	
Apple juice

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Orange juice

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
4.31

	
2/5

	
6.47–15.10




	
Grape juice

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Tomato juice

	
1.18

	
3/5

	
1.06–3.32

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
13.51

	
2/5

	
23.61–43.92




	
Black tea

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.




	
Corn silk tea

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.




	
Barley tea

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.




	
Soybean milk

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
.

	
0/3

	
.

	
0.52

	
2/3

	
0.50–1.04

	
.

	
0/3

	
.

	
.

	
0/3

	
.




	
Total

	
0.18

	
3/32

	
1.06–3.32

	
.

	
0/32

	
.

	
.

	
0/32

	
.

	
0.05

	
2/32

	
0.50–1.04

	
.

	
0/32

	
.

	
2.78

	
4/32

	
6.47–43.92




	
Vegetables

	
Tomato

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.

	
.

	
0/6

	
.




	
Onion

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Korean cabbage

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Total

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
.

	
0/16

	
.

	
.

	
0/16

	
.




	
Fruits

	
Apple

	
.

	
0/5

	
.

	
0.06

	
1/5

	
0.3

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
1.14

	
1/5

	
5.69




	
Mandarin

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Grape

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
0.78

	
1/5

	
3.88




	
Watermelon

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.

	
.

	
0/5

	
.




	
Total

	
.

	
0/20

	
.

	
0.01

	
1/20

	
0.3

	
.

	
0/20

	
.

	
.

	
0/20

	
.

	
.

	
0/20

	
.

	
0.48

	
2/20

	
3.88–5.69








1 Number of positive samples/number of analyzed samples. 2 Not detected (below LOD).
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Table 4. Estimated daily dietary exposure to Alternaria toxins (ng/kg b.w./day)






Table 4. Estimated daily dietary exposure to Alternaria toxins (ng/kg b.w./day)





	
Scenario

	
Toxins

	
Daily Dietary Exposure (ng/kg b.w./day)




	
Cereal Grains

	
Pulses

	
Nuts and Seeds

	
Beverages

	
Seasoning Foods

	
Vegetables

	
Fruits




	
LB

	
UB

	
LB

	
UB

	
LB

	
UB

	
LB

	
UB

	
LB

	
UB

	
LB

	
UB

	
LB

	
UB






	
Mean

food

intake

	
AOH

	
0.0255

	
0.2006

	
0.0000

	
0.0075

	
0.0041

	
0.0053

	
0.0168

	
0.0323

	
0.0362

	
0.0382

	
0.0000

	
0.0353

	
0.0000

	
0.0347




	
AME

	
0.0109

	
0.1061

	
0.0000

	
0.0041

	
0.0430

	
0.0445

	
0.0000

	
0.0446

	
0.0087

	
0.0111

	
0.0000

	
0.0245

	
0.0081

	
0.0297




	
ALT

	
0.0000

	
0.0924

	
0.0000

	
0.0039

	
0.0008

	
0.0010

	
0.0000

	
0.0243

	
0.0000

	
0.0039

	
0.0000

	
0.0652

	
0.0000

	
0.0642




	
ATX-I

	
0.0078

	
0.0576

	
0.0000

	
0.0021

	
0.0000

	
0.0007

	
0.0079

	
0.0156

	
0.0000

	
0.0019

	
0.0000

	
0.0951

	
0.0000

	
0.0936




	
TEN

	
0.0267

	
0.3062

	
0.0000

	
0.0119

	
0.0008

	
0.0054

	
0.0000

	
0.1176

	
0.0000

	
0.0141

	
0.0000

	
0.3859

	
0.0000

	
0.3796




	
TeA

	
2.2538

	
2.2865

	
0.0010

	
0.0076

	
0.2043

	
0.2057

	
0.4041

	
0.5017

	
22.9266

	
22.9266

	
0.0000

	
0.4538

	
0.1759

	
0.5676




	
Extreme

food

intake

(P95)

	
AOH

	
0.4782

	
0.9302

	
0.0000

	
0.0309

	
0.0065

	
0.0111

	
0.0168

	
0.0323

	
0.1527

	
0.1609

	
0.0000

	
0.1675

	
0.0000

	
0.2455




	
AME

	
0.2580

	
0.5018

	
0.0000

	
0.0169

	
0.1414

	
0.1470

	
0.0000

	
0.0446

	
0.0434

	
0.0552

	
0.0000

	
0.1159

	
0.0705

	
0.2192




	
ALT

	
0.0000

	
0.2507

	
0.0000

	
0.0162

	
0.0022

	
0.0029

	
0.0000

	
0.0243

	
0.0000

	
0.0173

	
0.0000

	
0.3092

	
0.0000

	
0.4532




	
ATX-I

	
0.0428

	
0.1759

	
0.0000

	
0.0088

	
0.0000

	
0.0024

	
0.0079

	
0.0156

	
0.0000

	
0.0078

	
0.0000

	
0.4509

	
0.0000

	
0.6609




	
TEN

	
0.4108

	
1.1425

	
0.0000

	
0.0493

	
0.0026

	
0.0196

	
0.0000

	
0.1176

	
0.0000

	
0.0662

	
0.0000

	
1.8293

	
0.0000

	
2.6813




	
TeA

	
11.5228

	
11.6342

	
0.0010

	
0.0287

	
0.7277

	
0.7327

	
0.4041

	
0.5017

	
86.0728

	
86.0728

	
0.0000

	
2.1514

	
1.3746

	
4.1193

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(

(

(log pg/kg) B>

-

Mycotoxin concentration

=

Mycotoxin concentration (log pg/kg)

S’

10,000

:

3

0.1

10,000

0.1

I I I [ I }
AOH AME ALT ATX-1 TEN TeA
Alternaria toxins
v
A

; \J
——

T T T T
AOH AME ALT ATX-1

Alternaria toxins

T
TEN

T
TeA

—~

(log pg/kg)

-

Mycotoxin concentration

o~

Mycotoxin concentration (log pg/kg)

B)

10,000

1000

0.1

E)

10,000

1000

0.1

lif—
I | | | | |
AOH AME ALT ATX-1 TEN TeA
Alternaria toxins
T T T T T T
AOH AME ALT ATX-1 TEN TeA

Alternaria toxins

S

=’ 10,000
i
=11
2 1000
=
2
- 100
-
S
S 10
=
~
s
l; I
S
=
<
Z 0l
-
= 10000
s
-T1]
2 1000
=
=
= 100
-
—
S 10
=
o
s
l; ]
S
=
“
s

0.1

T

T T
AOH AME

T T T T
ALT  ATX-1 TEN TeA

Alternaria toxins

——

Median
25%
Min

T T
AOH AME

T T T
ALT ATX-1 TEN TeA

Alternaria toxins






nav.xhtml


  toxins-14-00824


  
    		
      toxins-14-00824
    


  




  





media/file2.png
(A) (B)

RT000-1460 SM: 76 RT: 0001460 )
100: o 11:91 "m_- 1108
ul . CHy = i || ] ‘
s Alternariol (AOH) NN o | = AOH | 2
3 Ho" oo |I 7
o 11.28 , 12,0 e 137 18]l
o0 13-9 0 1373
s-  Alternariol monomethylether (AME) Jil/( on x-  AME
: 1310 1347 1, 1398 . 10s 1337 (|10
e 1138 .y 1137 B
=100- TH ?L 2 100- 3
: . It :
25 Altenuene (ALT) MY | 25 ALT | %
z O g 265
= o w10 1087 L1157 1207 = o i 1103 ; i 1255_1 ﬁ
o0 230 o .\m
o Altertoxin-I (ATX-I) ? o ATX |
o .|[ o] ]
100 _ ey o, 1248 0 1245
1 : o NS || ]
«- Tentoxin (TEN) o = «- TEN
1 ' W W *=j~.. I ]
n- il 1178 1216 ' 1271 n- 1228 [\ 1291
TR — TH
100- 100
_ . . Hac"'c'\_e"cl"1 1 ’|
5~ Tenuazonic acid (TeA) N } o TeA |.
a ] |
0 ‘{ 2 3 dl. 5I é T B é‘ 10 '||1 1'2 1'3 1|d o 1 2 fli 4 5| é B QI 'IIIJ 1I1 1|2 1I'3 14

Time (rmin) “NW}





media/file5.jpg





media/file3.jpg





media/file1.jpg
Mt sy ()

pr—

p——

* Temmesiron S






media/file7.jpg





media/file0.png





media/file8.png
©

(B)

(A)

JUDIDIFI00 UONE[IIIOD yuel sueweddg

o = - -
= 38 8 & 8 3 = £ 5 5 7

I

<
e

=

L

[
o @
. P

<

o (Te]
5 & ©
[¥7) [ae] [as]
S o o o
< =) o o
uw w w
5 & & R 8
< o =) S o

JUDIDIF200 UOHEJALI0D YUkl sueuueadg
~ = o @
= 2 8 2 8 3 5 5 5 =

ey M S —

-1.0

o o a <
- z 7 z 3
a a a a m 3
z Z Z 4 - Z,
. . I .
A A A . 5 A
Z Z Z m Z Z,
<

5 5 ar A g a
z Z < Z, 2, z

. = I a A

S _
< Z Z, Z,
S Q g 5 5

JUADLJA0I UONE[2LION Yurl suruuready

..._A,ms
= 32 3 2 2 8 = £ < =

—-1.0

ND
TeA

: T
= m I~
& - o
. o~
2 '
Z o
o o) ar g a -
z z < . z. z
L : — o™ o
= g © =) <t
< ~ o o o
I w0 _ ] r~
() = 9 © ©
< =) A = =





media/file6.png
Number of sample

Number of sample

One Two Three Four Five

Number of co-occurring toxins

One Two Three Four Five

Number of co-occurring toxins

TEN
ATX-1

AME
AOH

TeA
TEN
ATX-1
ALT
AME
AOH

E

Number of sample

-
&5
-’

Number of sample

One Two Three Four Five

Number of co-occurring toxins

| T I
One Two Three Four Five

Number of co-occurring toxins

BO00EA@N

TeA
TEN
ATX-1
ALT
AME
AOH

Number of sample

Number of sample

T T
One Two Three Four Five

Number of co-occurring toxins

a

T
One Two Three Four Five

Number of co-occurring toxins

TEN
ATX-1

AME
AOH

TeA
TEN
ATX-1
ALT
AME
AOH





