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Abstract

:

Mycotoxins in sesame seeds pose a significant risk to both food safety and Ethiopia’s economy. The purpose of this study was to determine the presence and concentrations of mycotoxins in sesame seeds kept on farms in Ethiopia’s key sesame-producing areas. Purposive sampling was used to obtain 470 sesame seed samples from farmers′ storage facilities in five important districts. Total aflatoxin (AFT), ochratoxin A (OTA), total fumonisin (FUM), and deoxynivalenol (DON) were identified using both a lateral flow reader and an enzyme-linked immunosorbent assay (ELISA). The analysis revealed that all samples contained mycotoxins to varying degrees, with AFT and DON being particularly common. AFT levels varied between 2.5 and 27.8 parts per billion (μg/kg), averaging 13.8 μg/kg, while OTA concentrations were between 5.0 and 9.7 μg/kg, averaging 7.1 μg/kg. Total fumonisin levels spanned from 300 to 1300 μg/kg, averaging 800 μg/kg. DON was found in the range of 560 to 700 μg/kg. Notably, 96.8% of the samples fell within the safe range for AFT, FUM, and DON mean levels as defined by the Federal Drug Administration’s maximum limits. The co-occurrence rates of AFT-OTA, DON-OTA, AFT-FUM, FUM-DON, and FUM-OTA were observed at 44.0%, 38.3%, 33.8%, 30.2%, 29.8%, and 26.0%, respectively. Around 37.2% of the samples showed signs of fungal infection, and seed germination rates varied between 66.8% and 91.1%. The Limmu district exhibited higher total aflatoxin levels, greater kernel infection, and reduced germination rates compared to other districts. The Wollega sesame variety was more susceptible to kernel infection, had higher total aflatoxin levels, and lower germination rates compared to other varieties. Additionally, the age of the grain significantly affected (p < 0.05) both kernel infection and germination. Current storage practices in Ethiopia’s primarily sesame-growing districts are conducive to the growth of mycotoxin-producing fungi. Given the public health implications of mycotoxin levels in sesame, it is imperative for stakeholders to collaborate in identifying and implementing secure and effective storage solutions to preserve both the quantity and quality of sesame at the smallholder farmer level. This study underscores the necessity for improved storage technologies to safeguard sesame quality and diminish the risk of mycotoxin contamination.






Keywords:


aflatoxins; enzyme-linked immunosorbent assay; Ethiopia; food safety; mycotoxins; sesame seeds; storage practices












1. Introduction


Sesame (Sesamum indicum L.) is an essential oilseed crop predominantly grown in tropical and semi-tropical regions [1]. It plays a crucial role in the agricultural economy of developing countries, especially in Africa and Asia, due to its high nutrient content, including proteins, unsaturated fats, vitamins, and minerals [2]. These seeds are not only a nutritional powerhouse, but they also provide health benefits, such as cholesterol reduction and heart health support, owing to their antioxidant and lignan content. Globally, major sesame producers like China, Ethiopia, India, Myanmar, Nigeria, Sudan, Uganda, and Tanzania significantly contribute to the global market [3,4].



In Ethiopia, sesame is second only to coffee (Coffea arabica) as an export commodity and is predominantly cultivated in the Amhara, Benishangul-Gumuz, and Tigray regions, mostly by smallholder and commercial farmers [5]. Most of the high-quality yield is exported, with a smaller local use for oil extraction and the by-products as animal feed [6].



Ethiopia grows various sesame varieties suited to its diverse climatic and soil conditions [7]. However, the crop, adaptable to Ethiopia’s diverse climate and soil, faces challenges like biotic and abiotic stressors, impacting yield and quality [1,8]. One of the critical issues in sesame cultivation is mold infestation, significantly affecting seed germination and mycotoxin levels [1]. Post-harvest handling presents additional challenges, particularly fungal contamination from strains of Aspergillus, Fusarium, and Penicillium [9,10,11,12]. These fungi are especially problematic due to the high oil content and respiration rate of sesame seeds, leading to diminished nutritional value and potential health risks. Specific strains of these fungi produce mycotoxins, which contaminate food products, including sesame seeds, posing health risks and creating trade barriers [13,14]. The focus on aflatoxins, ochratoxin A, fumonisins, and deoxynivalenol (DON) in sesame seeds arises from their distinct toxic properties, their prevalent occurrence in foodstuffs and animal feed, and their profound impact on both public health and economic wellbeing. These mycotoxins underscore the necessity for regulations grounded in rigorous scientific data, continuous investigative efforts, and global cooperation to safeguard public health and maintain food security. These mycotoxins contaminate food products, including sesame seeds, as evidenced by various studies [15,16,17,18,19,20,21]. Research by Ezekiel et al. [22] specifically identified several microbial metabolites in sesame samples from Nigeria. Mycotoxin accumulation in sesame seeds is influenced by factors like initial seed quality and storage conditions [23]. In Ethiopia, common practices such as field-drying and storing seeds in suboptimal conditions exacerbate the risk of mycotoxin contamination [23,24]. Sesame seeds are usually stored in woven polypropylene bags, making them susceptible to moisture-induced fungal growth [25]. Ethiopia’s economic reliance on sesame is challenged by inadequate storage and limited handling knowledge, exacerbated by an informal seed system with limited technological support, leading to increased risks of fungal infection and mycotoxin buildup. Grain moisture and temperature are key factors in the development of these mycotoxins [26], with multiple mycotoxins intensifying health risks [27]. Global regulatory measures, especially concerning aflatoxin exposure, impact trade and economic dynamics, often leading to the export of higher-quality sesame and the retention of lower-quality produce domestically [28,29,30]. Beyond economic implications, mycotoxins pose significant health hazards [31]. Despite global research on mycotoxins in crops, studies on mycotoxins in farmer-stored sesame in Ethiopia are limited, primarily focusing on single aflatoxins and small sample sizes [32].



Our study aims to fill this gap by assessing levels of total aflatoxin, total fumonisin, deoxynivalenol, and ochratoxin A in sesame seeds from various Ethiopian regions and varieties. The research hypotheses are as follows: (1) the prevalence and concentration of mycotoxins in sesame seeds vary significantly across different sesame-producing districts in Ethiopia, (2) sesame seed varieties exhibit different susceptibilities to mycotoxin contamination, (3) the age of sesame seeds significantly affects kernel infection rates and seed germination rates, and (4) current storage practices in Ethiopia’s main sesame-growing districts contribute to the growth of mycotoxin-producing fungi and subsequent seed contamination. Through this study, we aim to provide insights into the relationships between mold infection, mycotoxin levels, and seed germination in Ethiopia, thereby contributing to the broader context of agricultural and environmental health.




2. Materials and Methods


2.1. Description of the Study Areas


A field survey was conducted in July 2018 in six major districts in four areas of Ethiopia that produce sesame: Metema and Tech Armachiho in the Amhara region, Kafta Humera and Tsegede in Tigray, Limmu in Oromia, and Pawe in the Benishangul Gumuz region. Selection of these districts was based on their sesame production potential, ease of access for sampling, and the history of sesame cultivation in the area [7]. The survey covered 10 kebeles in six districts to efficiently target sesame-growing households: Adebay, Bereket, Mykadra, and Rawyan in Kafta Humera, Lelistu in Limmu, Kumer and Kokit in Metemma, Mender 46 in Pawe, Yayira in Tech Armachiho, and Lekatit in Tsegede. Data from these locations were collected and evaluated at the district level in order to create a more precise and targeted plan. Furthermore, complete geographical and agro-ecological information was rigorously recorded, including altitude, latitude, longitude (calculated with GPS), cultivar specifications, storage structure, and storage length. Table 1 and Figure 1 show the geographical location of these sample sites.




2.2. Sample Collection


A total of 470 samples were collected from randomly identified households, i.e., the 1st farmer’s house was sampled, followed by the 3rd farmer’s house, skipping the 2nd farmer’s house. Ten kebeles (villages) were considered to reach sesame-growing households in six districts: Adebay, Bereket, Mykadra, and Rawyan (Kafta Humera), Lelistu (Limmu), Kumer and Kokit (Metemma), Mender 46 (Pawe), Yayira (Tech Armachiho), and Lekatit (Tsegede). For each household, a composite (1kg) of grain was sampled by taking from the top, middle, and bottom parts of the farmers’ storage systems, put in labeled polyethylene bags, and transported to Mekelle University for laboratory analyses. All collected data were analyzed at the district level in order to develop a more targeted and focused approach. Furthermore, data on altitude, latitude, and longitude (recorded using GPS), as well as agro-ecological conditions, crops, and storage methods, were documented. Structured questionnaires were used to collect information on cultivars, storage structures, and storage duration. The moisture content and temperature of the samples were measured using a moisture meter in accordance with the manufacturer’s guidance prior to sub-sampling for laboratory testing.




2.3. Determination of Moisture Contents


In each sesame seed sample, the moisture content was determined using a cost-effective yet highly accurate moisture meter, following the protocol outlined by Armstrong et al. [33]. This measurement was carried out prior to extracting samples from each on-farm storage facility. The meter operates by assessing temperature and relative humidity to estimate the equilibrium moisture content. Notably, this method has been successfully validated for use with the black sesame variety, confirming its accuracy and reliability for our purposes. This crucial step was performed immediately upon sample collection from each on-farm storage facility to ensure the most accurate representation of the seeds’ condition at the time of storage.




2.4. Determination of Kernel Infection by Molds


To evaluate mold infection in sesame kernels, we collected kernels from various varieties and locations. Each kernel was initially surface-sterilized using a 1% sodium hypochlorite (NaOCl) solution for one minute. Following this, we rinsed each kernel thrice with sterile distilled water (SDW) to ensure thorough sterilization. Subsequently, 100 surface-disinfected kernels from each sample were arranged on potato dextrose agar (PDA) plates. We placed 25 kernels on each PDA plate with a diameter of 120 cm. These plates were then stored in multi-room incubators from WITEG Labortechnik, Wertheim, Germany, at a stable temperature of 27 °C. Seven days post-incubation, we began monitoring each plate and kernel for any signs of fungal growth. The proportion of infected kernels on each plate was calculated by counting the number of affected kernels, which helped in determining the infection rate in percentages. We used the following formula to quantify the prevalence of the fungus: frequency of fungus = (number of seeds with a specific fungus × 100)/total kernels used. For further analysis, fungi isolated from infected kernels on each plate were carefully transferred and preserved on agar slants. This step was crucial for the subsequent identification and classification of the fungal species.




2.5. Seed Germination Tests


To evaluate the germination capacity, 100 sesame kernels from each sample were selected at random. These kernels were then evenly distributed between two 215 × 215 mm rectangular plastic Petri dishes, with each dish containing 50 kernels. The kernels were placed on filter papers within the dishes, as per the methodology outlined by Altaf et al. [34] and Alemayehu et al. [35], and the papers were moistened with sterile distilled water to aid germination. The kernels were arranged to maintain equal spacing within each Petri dish. To ensure a comprehensive representation from each district, the sampling process incorporated three random replications. The Petri dishes were then placed in a germination chamber equipped with fluorescent lights. The chamber was set to a 12 h light/dark cycle at a consistent temperature of 25 °C. Daily, each plate received additional sterile distilled water to sustain the required moisture levels for optimal germination. Germination tracking for each sample began seven days after incubation. The count of sprouted kernels in each sample was recorded to ascertain the germination capacity. We calculated the germination percentage using the following formula to quantify the overall germination success rate of the seeds: (number of kernels germinated × 100)/total kernels used.




2.6. Preparation of Samples and Analysis of Mycotoxins


For mycotoxin analysis, we utilized 300 g of sesame grain from each 1 kg sample obtained from the households. Concentrations of total aflatoxin (AFT), total fumonisin (FUM), deoxynivalenol (DON), and ochratoxin (OTA) were determined using enzyme-linked immunosorbent assay (ELISA) tests, following the procedures outlined by Alemayehu et al. [35]. Initially, the samples were finely ground using an electric grinder, sieved through a 1 mm mesh size sieve, and then stored in sealed Ziplock bags at −20 °C to preserve their integrity.



The process of sample preparation, mycotoxin extraction, and analysis adhered to the guidelines provided by Romer Labs [36]. For the extraction of mycotoxins, we used methanol for ochratoxin A and distilled water for the remaining mycotoxins. The quantification of total aflatoxin, total fumonisin, and deoxynivalenol was carried out using a lateral flow AgraVision reader, which incorporated a calibration curve specific to each test kit lot (Table 2). The levels of ochratoxin A were determined using a Stat Fax 4700 Enzyme-Linked Immuno-Sorbent Assay (ELISA) reader. All the test kits utilized in this study for determining various toxin levels were USDA-GIPSA approved and sourced from Romer Labs, Union, Missouri, USA. Each kit had undergone validation with sesame samples containing known mycotoxin levels at Romer Lab in the USA. The quantitative results were recorded in parts per billion (μg/kg). The detection range for each mycotoxin was as follows: 2–4 μg/kg for ochratoxin A; 3.3–100 μg/kg for total aflatoxins; 200–5000 μg/kg for deoxynivalenol; and 300–5000 μg/kg for total fumonisins. In cases where readings exceeded the maximum limit, the extracts were diluted to achieve a concentration within the detection range, and this adjusted concentration was noted after applying the appropriate dilution factor. Additionally, we conducted an analysis to identify the co-occurrence of total aflatoxins, ochratoxin A, deoxynivalenol, and total fumonisins in positive samples, using Fisher’s exact test to determine the statistical significance.




2.7. Data Analysis


In our study, we employed descriptive statistical methods to evaluate the occurrence of mycotoxins. This included calculating frequencies and central tendencies to understand the prevalence and distribution of mycotoxins in the samples. To identify variations in mycotoxin levels across different districts, grain ages, and sesame varieties, we applied one-way analysis of variance (ANOVA). Further, we utilized Fisher’s exact test to assess the relationship between the occurrence of mycotoxins in samples and variables like district locations and grain ages. For comparing the levels of aflatoxin, deoxynivalenol, fumonisin, and ochratoxin across the samples, the Kruskal–Wallis one-way ANOVA was used. This non-parametric test was particularly useful for analyzing data that did not follow a normal distribution. All statistical analyses were performed using R software, version 3.5.0. For visual representation, we created figures using Sigma Plot software, verison 12.5. Additionally, to summarize the data, we calculated means and standard deviations. Significant differences between various storage structures and districts were identified using one-way ANOVA, providing insights into the factors affecting mycotoxin levels in the samples.





3. Results


3.1. Moisture Content, Relative Humidity, and Temperature of Sesame Samples


Table 3 presents the mean values (with standard errors) of moisture content, relative humidity, and temperature across various districts, sesame varieties, and grain ages in Ethiopia. The statistical significance of differences is indicated by p-values, and means sharing the same letter within each variable category are not significantly different at a 0.05 significance level. Kafta Humera, Metemma, Tsegede, and Mixed variety samples show similar moisture content (around 8.6–8.7%), which is lower than that in Limmu and Pawe (above 10%). Relative humidity is highest in Limmu and Pawe (around 57.6–57.9%), while Tsegede reports the lowest (37.2%). The highest average temperature is observed in Tsegede (34.4 °C), and the lowest is observed in Limmu and Pawe (around 26.0–26.4 °C). The differences in these measurements across districts are statistically significant (p < 0.001).



The Wollega and Limmu district samples show higher moisture content (around 10.4%) compared to other varieties. Relative humidity is highest for the Wollega variety (57.9%) and lowest for the Mixed and Setit-I varieties (around 36.4–36.9%). Temperature varies significantly among varieties, with Wollega having the lowest (26.4 °C) and Setit-I the highest (34.5 °C). Varietal differences in all three variables are statistically significant (p < 0.001). The moisture content increases with grain age, from 7.8% at 5 months to 9.0% at 8 months. Relative humidity is lowest for 5-month-old grains (36.7%) and highest for 8-month-old grains (43.6%). Temperature is highest in 7- and 8-month-old grains (around 31.9–32.3 °C) compared to 5-month-old grains (29.9 °C). These differences across grain ages are also statistically significant (p < 0.001). Overall, the table indicates significant variations in moisture content, relative humidity, and temperature based on the district location, sesame variety, and grain age. These factors are crucial in determining storage conditions and potential risk for mycotoxin contamination in sesame seeds.




3.2. Seed Germination and Fungal Infection


The seed germination and kernel infection (mean ± SD) percentages across districts and varieties are depicted below (Figure 2 and Figure 3). One-way ANOVA showed that there were significant (p ≤ 0.05) differences among the districts, varieties, and grain ages regardless of seed germination and kernel infection. Germination rates varied across districts, with an overall average of 84.3%. The highest germination rates were found in Tech Armachiho (91.1%), Tsegede (90.2%), and Metemma (87.6%), with the lowest in Pawe (73.3%) and Limmu (66.9%) (Figure 2a). Regarding sesame varieties, Setit-I exhibited the highest germination rate (91.9%), followed by the Gojam type (87.4%). The Wollega type had the lowest germination rate (65.7%) (Figure 2b).



On average, 37.2% (range 31.7 to 54.9%) of the sesame samples were infected with fungal species. Pawe (54.9%) and Limmu (48.2%) districts had the highest kernel infection rates, with no significant difference between them. Samples collected from the rest of the four districts had lower kernel infection (ranging from 31.7 ± 1 to 36.7 ± 14.3%) than the other two districts; however, kernel infection levels were not significantly (p > 0.05) different from one another (Figure 2a). Sesame varieties showed variability in infection rates, with Abasena and Wollega types having the highest infections, comparable to each other. The Mixed, Gojam type, Setit-I, and Hirhir varieties had lower infection rates, also comparable among them ((Figure 2b). The age of grains significantly influenced both kernel infection and germination rates. Kernel infection increased and germination decreased with the age of the grains. The highest kernel infection rate (39.0%) was observed in grains stored for eight months, while the lowest infection rate (27.2%) was associated with grains stored for five months (Figure 3).



Figure 4 comprises two graphical representations focusing on mycotoxin occurrences in different districts and sesame seed types. In Figure 4a, the data exhibit the levels of various mycotoxins—specifically, total aflatoxins, ochratoxin A, total fumonisins, and deoxynivalenol—across several districts such as Kafta Humera, Limmu, Metemma, Pawe, Tech Armachiho, and Tsegede, on a 0–80% scale. Meanwhile, Figure 4b delineates the prevalence of these mycotoxins within distinct sesame seed variants, namely Abasena, Gojam, Hirhir, Mixed, Setit-I, and Wollega, with the incidence rate measured on a 0–100% scale.




3.3. Occurrence of Mycotoxins in Sesame across Varieties and Districts in Ethiopia


Table 4 presents the mean concentrations and standard errors (SE) of four types of mycotoxins (total aflatoxins, ochratoxin A, fumonisins, and deoxynivalenol) found in sesame samples collected from five different districts and various sesame varieties in Ethiopia.



3.3.1. Total Aflatoxin


Total aflatoxins were found in 65.3% of the collected sesame samples across the districts. Total aflatoxin concentration varied across districts, with the highest being in Limmu (17.6 ± 1.4 μg/kg) and the lowest in Kafta Humera (12.8 ± 0.4 μg/kg). Among varieties, the Wollega variety showed the highest concentration (17.6 ± 1.3 μg/kg), while Hirhir and Mixed varieties had the lowest concentrations (13.1 ± 0.4 μg/kg and 12.5 ± 0.7 μg/kg, respectively). The differences in total aflatoxin concentrations among districts and varieties were statistically significant (p < 0.001).




3.3.2. Ochratoxin A


Ochratoxin A was detected in 52.5% of the sesame samples. Ochratoxin A concentration was found in Pawe (7.9 ± 0.4 μg/kg), and the lowest in Kafta Humera (6.7 ± 0.1 μg/kg). In terms of varieties, the highest concentration was observed in the Abasena variety (7.6 ± 0.2 μg/kg), and the lowest was observed in Hirhir (6.8 ± 0.1 μg/kg). The variations in ochratoxin A levels were statistically significant across districts (p < 0.001).




3.3.3. Total Fumonisins


Overall, 45.7% of samples contained total fumonisins, with concentrations ranging from 300 to 1300 μg/kg, with a mean of 830 μg/kg. Furthermore, Metema sesame samples had the highest incidence of total fumonisin, while Pawe district sesame samples had the lowest. However, there was no statistically significant (p > 0.05) variation in fumonisin concentration among growing districts or sesame varieties.




3.3.4. Deoxynivalenol


Deoxynivalenol was the second most prevalent toxin, detected in 23.3–69.8% of samples, with a mean incidence of 58.3%. Deoxynivalenol concentrations in detected sesame samples ranged from 300 to 900 μg/kg, with a mean value of 700 μg/kg. Among the five districts studied, sesame samples from Pawe (450 ± 0.1 μg/kg) had the lowest mean concentration of deoxynivalenol. There were no statistically significant differences among the mean deoxynivalenol concentrations in samples from the other four districts (Kafta Humera, Limmu, Metema, Tech Armachiho, and Tsegede). The current study that sesame samples from Pawe had lower levels of ochratoxin A, total fumonisin, and deoxynivalenol than samples from any of the other study districts.



Total aflatoxin (r = 0.5), fumonisins (r = 0.2), deoxynivalenol (r = 0.3), moisture (r = 0.3), and humidity (r = 0.3) were positively correlated with grain age but negatively correlated with kernel germination (Table 5). Kernel infection and all mycotoxin levels rose as sesame grain aged in farmer storage, with a decrease in seed germination percentage, followed by an increase in moisture and temperature. Moisture contents and relative humidity were positively correlated with total aflatoxin (r = 0.34), fumonisins (r = 0.12), and deoxynivalenol (r = 0.11) but negatively correlated with germination (Table 5).





3.4. Co-Occurrence of Mycotoxins


Mycotoxins continue to attract worldwide attention because of their impacts on human and animal health, agricultural losses, and the potential effects of climate change. The co-occurrence of the mycotoxins was also observed in the majority (74.7%) of the sesame samples (Figure 5). Among tested mycotoxins, only one of them was detected in 16.6% of sesame samples, while none of the mycotoxins were detected in 8.7% (n = 470) of samples. The co-occurrence of AFT-DON and AFT-OTA were the dominant ones observed in 44.0 and 38.3% of sesame samples, respectively. DON-OTA, AFT-FUM, FUM-DON, and FUM-OTA were found in 33.8, 30.2, 29.8, and 26% of sesame samples, respectively. The co-occurrence of all three mycotoxins, such as AFT-DON-OTA, AFT-FUM-DON, and FUM-DON-OTA was found in 25, 22.3, and 18.3% of sesame samples, respectively. The co-occurrence of all four mycotoxins was found in only 13.6% of sesame samples.




3.5. Discussion


This research evaluated the occurrence of kernel infection, germination capacity, and the presence of four critical mycotoxins (aflatoxin, deoxynivalenol, fumonisin, and ochratoxin A) in sesame crops from five Ethiopian districts. The findings revealed a range of mycotoxin levels in sesame stored on farms, confirming previous studies conducted in diverse regions, including Uganda, Niger, Mississippi, and Thailand, where similar mycotoxins were detected in sesame samples [24,37,38,39]. A notable portion of the sesame samples (96.8%) had aflatoxin levels below the U.S. Food and Drug Administration’s (FDA) threshold of 20 μg/kg, indicating relatively safe levels for most samples. However, 3.2% of the samples exceeded this limit, and 64.9% surpassed the more stringent European Union (EU) limit of 4 μg/kg. This difference in compliance rates underscores the need for stricter quality control to meet diverse international standards. The aflatoxin levels observed in this study were lower than those reported in other African regions such as Niger and Uganda, possibly reflecting differences in grain types, climates, and storage methods [37,38,40]. In contrast, a study by Mimoune et al. [27] reported lower incidence but higher concentrations of aflatoxins in Chinese sesame samples, diverging from our findings of lower average levels but more widespread contamination. Regarding DON, all sesame samples adhered to the limits set by both the EU (750 μg/kg) and the FDA (1000 μg/kg). Similarly, total fumonisin concentrations complied with the FDA’s maximum allowable limit for human consumption (2000 μg/kg) [41,42]. However, ochratoxin levels exceeded the EU’s maximum permissible level (5 μg/kg) in 49.2% of the samples. This high rate of exceedance suggests that current storage practices in Ethiopia may not adequately prevent ochratoxin accumulation. The co-occurrence of different mycotoxins and the detected levels indicate that storage conditions in Ethiopia are conducive to the growth of mycotoxin-producing fungi. Factors such as moisture content, relative humidity, temperature, storage duration, and facility conditions, as well as the initial seed quality, significantly influence mycotoxin concentrations. Ensuring sesame seeds are dried to an optimal moisture content is crucial for inhibiting the growth of mycotoxin-producing fungi. Seeds should be dried to a moisture content of 6–8% before storage, as levels within this range significantly reduce the risk of fungal proliferation [35]. Utilizing hermetic storage methods can significantly reduce oxygen and moisture ingress, creating an unfavorable environment for fungal growth and mycotoxin production. These findings echo previous studies highlighting the critical role of these factors in mycotoxin development in agricultural products [32,43,44]. Research by Ezekiel et al. [45] and Mrema et al. [46] further emphasizes the impact of moisture, temperature, drying, and storage practices on mycotoxin formation. The duration of grain storage notably affected kernel infection and mycotoxin incidence in this study. Sesame grains stored for eight months exhibited higher levels of moisture, temperature, and relative humidity compared to those stored for shorter durations. This relationship suggests that prolonged storage under suboptimal conditions can significantly exacerbate mycotoxin risks, underscoring the need for improved storage technologies and practices. The study found that sesame seeds stored by farmers showed higher levels of kernel infection and mycotoxins, leading to poorer seed germination. This decline was influenced by elevated moisture content [35]. Table 5 shows that there is a negative association between kernel infection, mycotoxin levels, and seed germination potential. This conclusion is consistent with those of Alkahtani et al. [47] and Wang et al. [48], who reported that fungal invasions affect the integrity of the seed coat and reduce the availability of critical nutrients, impairing germination rates. Additionally, studies by Habib et al. [49] and Nayyar et al. [50] showed that mycotoxins disrupt the seed’s internal processes and hormonal balance, which harms germination. These findings have important implications for agricultural practices, food safety, and environmental health in Ethiopia. Enhancing storage methods and adopting practices that mitigate mycotoxin development can not only improve the safety and quality of sesame seeds but also have broader implications for public health and the sustainability of the agricultural sector. This study contributes valuable insights into the complex interactions between storage conditions, seed quality, and mycotoxin formation, offering guidance for future research and policy development in this area.




3.6. Conclusions


This study established that mycotoxin contamination, particularly aflatoxin, deoxynivalenol (DON), fumonisin, and ochratoxin A, is prevalent in sesame seeds stored across various districts in Ethiopia. This phenomenon is consistent with global observations, underscoring the widespread issue of mycotoxin presence in sesame seeds. Although a majority of the samples complied with the FDA’s limits for total aflatoxins, a significant proportion failed to meet the stricter EU standards, highlighting the need for more robust quality control measures in the context of international trade. The research has identified that storage methods and durations are key factors influencing mycotoxin development in sesame seeds. Traditional storage techniques, such as the use of polypropylene bags, are less effective in preventing contamination, compared to more advanced hermetic storage solutions. Additionally, prolonged storage is linked to heightened mycotoxin risks due to increased moisture, temperature, and relative humidity. Geographical factors, including climate and grain types, also contribute to regional variations in mycotoxin levels. The results in present samples, for instance, showed lower average aflatoxin levels than those reported in other African regions, suggesting the impact of local environmental conditions. The study highlights the importance of managing environmental factors during storage to mitigate mycotoxin risks. Even at low concentrations, the presence of multiple mycotoxins poses significant threats to food safety and public health, particularly in areas where sesame is a dietary staple or a major export commodity.



To address mycotoxin contamination, it is essential to adopt improved storage practices, ensure regulatory compliance, and regularly monitor environmental conditions during storage. Further research is warranted to develop more effective storage solutions and sesame varieties with enhanced resistance to fungal infections and mycotoxin production. In conclusion, this study provides valuable insights for stakeholders in agriculture, food safety, and public health, emphasizing the necessity for collaborative efforts to tackle mycotoxin contamination in sesame seeds.
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Figure 1. Sesame sample collection districts of Ethiopia in July 2018. 
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Figure 2. Mean (±SD) sesame germination and kernel infection (%) across sesame-growing districts (a) and varieties (b). 
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Figure 3. Mean (±SD) sesame seed germination and kernel infection (%) across the ages and sampling districts of grains in Ethiopia. 
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Figure 4. Incidences of four important mycotoxins (%) across study districts (a) and sesame varieties (b). 
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Figure 5. Co-occurrence of mycotoxins in stored sesame samples (n = 470) of sample districts in Ethiopia. 
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Table 1. Geographical description of study sites.
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	District
	Altitude (m.a.s.l)
	Latitude (N)
	Longitude (E)
	Temperature °C





	Kafta Humera
	681 to 784
	14°00′03″ N
	36°99′87″ E
	28.35–35.1 °C



	Tsegede
	726 to 806
	13°50′01″ N
	37°16′68″ E
	29–31 °C



	Metema
	550 to 1600
	12°58′00″ N
	36°14′60″ E
	30–42.8 °C



	Tech Armachiho
	600 to 2000
	13°00′00″ N
	37°16′67″E
	25–42 °C



	Pawe
	1050
	11°21′60″ N
	36°32′60″ E
	19.4–37.6 °C



	Limmu
	650 to 2320
	9°16′67″ N
	36°33′33″ E
	16–30 °C







The above Table 1 includes information on altitude (measured in meters above sea level, m.a.s.l), geographical coordinates (latitude in north and longitude in east), and the range of average temperatures (in degrees Celsius, °C). The districts covered are Kafta Humera, Tsegede, Metema, Tech Armachiho, Pawe, and Limmu.













 





Table 2. Mycotoxin extraction solution, range of quantification, and recovery rate.
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S/N

	
Parameters

	
Total Aflatoxin

	
Total Fumonisin

	
Ochratoxin A

	
DON






	
1

	
Extraction solution

	
30 mL Water/10 g

	
Water

	
Methanol/water (70:30)

	
Water




	
2

	
LOD

	
3.3 μg/kg

	
300 μg/kg

	
1.9 μg/kg

	
210 μg/kg




	
3

	
LOQ

	
5 μg/kg

	
400 μg/kg

	
2 μg/kg

	
300 μg/kg




	
4

	
Range of quantification

	
0–100 μg/kg

	
0–500 μg/kg

	
2–4 μg/kg

	
0–500 μg/kg




	
5

	
Recovery rate

	
92.1 ± 4.2%

	
87 ± 3.1

	
89.6 ± 4.5%

	
85 ± 2.3




	
6

	
Wave length

	
450 nm and 630 nm differential filter








Source: Romer Labs [36]. DON (deoxynivalenol), LOD (limits of detection), and LOQ (quantification).













 





Table 3. Mean (±SE) moisture content (%), relative humidity (%), and temperature (°C) varieties and grain ages across districts in Ethiopia.
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	Variable
	No Samples
	Moisture (%)
	Relative Humidity (%)
	Temperature (°C)





	Districts:
	
	
	
	



	Kafta Humera
	242
	8.6 ± 0.6 b
	39.6 ± 2.9 bc
	32.0 ± 0.0 b



	Limmu
	31
	10.4 ± 0.3 a
	57.9 ± 1.4 a
	26.4 ± 0.5 d



	Metemma
	64
	8.7 ± 0.5 b
	41.5 ± 1.57 b
	31.9 ± 0.8 bc



	Pawe
	30
	10.6 ± 0.2 a
	57.6 ± 1.4 a
	26.0 ± 0.7 d



	Tech Armachiho
	52
	7.7 ± 0.5 c
	38.0 ± 1.6 cd
	31.2 ± 0.8 c



	Tsegede
	51
	8.0 ± 0.4 c
	37.2 ± 3.0 d
	34.4 ± 0.8 a



	p-value
	
	<0.001
	<0.001
	<0.001



	Variety:
	
	
	
	



	Abasena
	49
	9.2 ± 0.6 b
	46.3 ± 3.1 b
	29.8 ± 1.1 d



	Gojam
	80
	8.5 ± 0.5 c
	50.0 ± 3.0 c
	31.1 ± 1.2 c



	Hirhir
	211
	8.5 ± 0.6 c
	41.1 ± 2.8 c
	31.5 ± 0.9 c



	Mixed
	60
	8.6 ± 0.6 bc
	36.9 ± 2.9 d
	33.2 ± 1.0 b



	Setit-I
	40
	8.4 ± 0.6 c
	36.4 ± 2.9 d
	34.5 ± 0.9 a



	Wollega
	30
	10.4 ± 0.4 a
	57.9 ± 1.4 a
	26.4 ± 0.5 e



	p-value
	
	<0.001
	<0.001
	<0.001



	Grain ages:
	
	
	
	



	5 months
	
	7.8 ± 0.5 b
	36.7 ± 11.8 b
	29.9 ± 1.1 b



	7 months
	
	8.1 ± 0.6 b
	37.8 ± 2.9 b
	31.9 ± 1.1 a



	8 months
	
	9.0 ± 0.6 a
	43.6 ± 3.1 a
	32.3 ± 0.9 a



	p-value
	
	<0.001
	<0.001
	<0.001







Means sharing the same letter are not significantly different at p < 0.001, <0.001, <0.001, and <0.05.













 





Table 4. Types and levels (mean ± SE) of mycotoxins present in samples collected from five districts and sesame varieties of Ethiopia (n = 470).
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Variable

	

	
Total Aflatoxins

	
Ochratoxin A

	
Fumonisins

	
Deoxynivalenol




	
Districts

	
Grain Age

	
Mean ± SE

	
Mean ± SE

	
Mean ± SE

	
Mean ± SE






	
Kafta Humera

	
7.5

	
12.8 ± 0.4 b

	
6.7 ± 0.1 ab

	
800 ± 0.2

	
700 ± 0.1 a




	
Limmu

	
7.8

	
17.6 ± 1.4 a

	
6.9 ± 0.3 ab

	
700 ± 0.4

	
700 ± 0.2 a




	
Metemma

	
7.9

	
15.4 ± 0.7 ab

	
7.5 ± 0.2 a

	
900 ± 0.4

	
700 ± 0.1 a




	
Pawe

	
7.8

	
15.6 ± 1.2 ab

	
7.9 ± 0.4 a

	
800 ± 0.3

	
500 ± 0.1 b




	
Tech Armachiho

	
7.3

	
13.8 ± 0.9 ab

	
7.3 ± 0.2 ab

	
800 ± 0.3

	
700 ± 0.1 a




	
Tsegede

	
7.52

	
14.4 ± 0.8 ab

	
7.4 ± 0.2 a

	
800 ± 0.3

	
700 ± 0.1 a




	
p-value

	

	
<0.001

	
<0.001

	
0.75

	
<0.001




	
Variety

	

	

	

	

	




	
Abasena

	

	
15.0 ± 0.9 ab

	
7.6 ± 0.2 a

	
860 ± 0.3

	
700 ± 2 ab




	
Gojam

	

	
13.7 ± 0.6 ab

	
7.3 ± 0.2 ab

	
760 ± 0.3

	
700 ± 1 a




	
Hirhir

	

	
13.1 ± 0.4 b

	
6.8 ± 0.1 b

	
850 ± 0.2

	
700 ± 0.1 ab




	
Mixed

	

	
12.5 ± 0.7 b

	
7.1 ± 0.2 ab

	
790 ± 0.3

	
700 ± 0.1 ab




	
Setit-I

	

	
15.9 ± 0.8 a

	
7.4 ± 0.3 ab

	
810 ± 0.3

	
600 ± 0.2 b




	
Wollega

	

	
17.6 ± 1.3 a

	
7.0 ± 0.4 ab

	
750 ± 0.3

	
700 ± 0.2 ab




	
p-value

	

	
<0.001

	
0.02

	
0.27

	
<0.001








Treatments with the same letter are not significantly different.













 





Table 5. The relationship between sesame grain age, mycotoxin, kernel infection, and physical environment.
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	Variables
	Age of Grains
	AFT
	FUM
	DON
	Moisture
	Humidity
	Kernel Infection





	Total aflatoxin (AFT)
	0.5 ***
	
	
	
	
	
	



	Total fumonisin (FUM)
	0.2 NS
	0.2 NS
	
	
	
	
	



	Deoxynivalenol (DON)
	0.3 **
	0.2 NS
	0.2 NS
	
	
	
	



	Moisture
	0.3 **
	0.3 **
	0.1 NS
	0.1 NS
	
	
	



	Humidity
	0.3 **
	0.2 NS
	0.1 NS
	0.2 NS
	0.4 ***
	
	



	Germination
	−0.2 NS
	−0.1 NS
	−0.0 NS
	−0.1 NS
	−0.5 ***
	−0.4 ***
	−0.5 ***