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Abstract

:

This study examines the prevalence of aflatoxin contamination in 160 nut samples, both shelled and unshelled (including pistachios, peanuts, and walnuts), from the Lebanese market, focusing on their fungal contamination and specific toxigenic strains. Aflatoxin B1 (AFB1), known for its potent carcinogenic and immunosuppressive properties, was detected in various samples. Moisture content analysis showed that unshelled nuts often exceeded maximum moisture limits more frequently than shelled nuts, with levels ranging from 1.9 to 9.5%. The predominant fungal genus identified through cultivation on potato dextrose agar (PDA) plates was Aspergillus. In total, 55% of samples were contaminated with A. flavus and 45% with A. niger. All toxigenic strains isolated were identified as Aspergillus flavus. The aflatoxins, particularly AFB1, were quantified using the enzyme-linked immunosorbent assay (ELISA) and reversed-phase high-performance liquid chromatography (HPLC), revealing contamination in 43.8% of the samples, with concentrations ranging from 0.4 to 25 µg/kg. Some samples notably exceeded the established maximum tolerable limits (MTLs) for AFB1, set between 2 and 8 µg/kg. Shelled pistachios showed the highest contamination rate at 52% and were the most frequent to surpass the MTL of 8 µg/kg for pistachios, whereas walnuts displayed the lowest contamination levels, with only 15.4% exceeding the MTL for aflatoxins.
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1. Introduction


Aflatoxins are secondary metabolites formed by various types of filamentous fungi, including Aspergillus flavus and A. parasiticus, commonly discovered as pollutants in numerous agricultural products such as grains, oil-bearing seeds, tree nuts, and spices [1,2]. It is widely recognized that warm and moist climates facilitate the spread of molds that produce aflatoxins, posing a significant risk, particularly in tropical regions [2]. However, the prevalence of contamination is often the result of a mix of weather conditions, environmental influences, and poor farming techniques, such as improper collection and storage of produce [2]. The aflatoxin (AF) category comprises over 20 identified metabolites, with the most significant ones being the naturally occurring types like B1, B2, G1, and G2 [1]. Aflatoxin B1 (AFB1) is identified as the most common and most potent toxin within the group of aflatoxins. Its carcinogenic properties and immunosuppressive effects have been extensively documented in various animals including rats, poultry, cattle, and trout. The degree of its impact varies according to the species, gender, and age of animals [2]. Aflatoxins pose significant health risks across various stages of human life. Aflatoxins can penetrate the placenta and negatively impact the growth and development of a fetus, leading to major fetus problems, including low birthweight and preterm birth. In addition, exposure to aflatoxin during early childhood has been significantly linked to impairments in growth, development, and immunosuppression in early adulthood [3]. Furthermore, the aflatoxins are genotoxic in the bone marrow and spermatocyte cells, having cytotoxic effects on kidney and liver cells, such as NA synthesis, chromosome segregation, and progression through mitosis impaired by aflatoxins [4]. Aflatoxins also result in protein synthesis impairment, effects on the metabolism of micronutrients, and an increase in immunosuppression. Exposure to aflatoxins in humans has been linked to death; hepatocellular carcinoma; and liver cancer (hepatocellular carcinoma), especially in hepatitis-B-positive individuals [5]. Additionally, it has been documented that aflatoxins can lead to occupational cancers of the lung and skin through inhalation and direct contact, respectively [6].



AFB1 is identified as a potent hepatocarcinogen and a genotoxic agent, and it has been classified as a Group 1 carcinogen by the International Agency for Research on Cancer (IARC) [7,8]. Each year, approximately 25% of the global food crops, including nuts, are affected by contamination, resulting in losses in both the agricultural and industrial sectors [7]. Nuts including peanuts, almonds, cashews, and pistachios are at high risk of aflatoxin contamination due to their high fat content and various factors, such as pre-and post-harvest conditions, storage conditions, and geographical location [7]. Aflatoxins (AFs) and ochratoxin A (OTA) are common mycotoxins found in nuts [7]. The Rapid Alert System for Food and Feed (RASFF) report highlighted that, from 2010 to 2019, nearly 99% of mycotoxin notifications reported in the U.S. were associated with aflatoxin (AF) contamination, predominantly impacting almonds, pistachios, and peanuts [9].



In the Mediterranean area, nuts are popular and are often consumed due to their health benefits, such as being a good source of beneficial fats (monounsaturated and polyunsaturated), fibers, proteins, vitamins (E and K), and minerals (magnesium and potassium) [10,11].



The global occurrence and high toxicity of mycotoxins have attracted the attention of many national and international organizations. The US Food and Drug Administration (FDA) and the European Food Safety Authority (EFSA) have established numerous rules and guidelines to address the issue of mycotoxins in food, including nuts, and feed. For instance, the European Union (EU) has set a maximum level of 15 μg/kg for total aflatoxins in nut samples, whereas the FDA has set a limit of 20 μg/kg for total aflatoxins in different nut samples, including peanuts and pistachios [7]. In Lebanon, the Lebanese Standards Institution (LIBNOR) adheres to European regulations by setting the maximum tolerance levels (MTLs) for AFB1 in nuts as 2 μg/kg for peanuts and walnuts, and 8 μg/kg for pistachios, aligning with the European guidelines of 2–8 μg/kg [12,13].



In Lebanon, there has been an annual rise in the number of liver cancer and kidney disease cases. According to a 2024 GLOBCAN report from the International Agency for Research on Cancer (IARC), the incidence rates of liver and kidney cancer in Lebanon were 0.71 and 2.4 cases per 100,000 individuals, affecting individuals of all ages and genders [14]. In addition, in Lebanon, nuts are highly favored and widely used in cooking, leading to their frequent importation, thus meeting market demands [15]. The majority of nuts available in the Lebanese market are imported, with total imports valued at EUR 96,080 in 2015, encompassing a variety of nuts such as walnuts, almonds, cashew nuts, and hazelnuts. The principal countries supplying these nuts to Lebanon include Iran, Turkey, Saudi Arabia, the USA, and Ukraine [16].



However, the climatic conditions in Lebanon, marked by high humidity and temperatures, create perfect conditions for the development of mold in nuts. This leads to an increased risk of aflatoxin exposure among the Lebanese population due to the presence of aflatoxins in nuts [17]. Thus, it is essential to check food products present in the Lebanese market for contamination and assess their health impacts. Several studies have evaluated the occurrence of mycotoxins in different commodities in Lebanon, such as wheat and wheat products [18], tea [19], rice [20], baby formulae [21], and spices [22].



Therefore, this study aimed to screen for fungal contamination in nuts available in the Lebanese market and to identify the toxigenic fungi found in the samples. Additionally, this research involved an initial evaluation of aflatoxins in nuts using the ELISA, followed by quantification using high-performance liquid chromatography (HPLC).




2. Materials and Methods


2.1. Chemicals


Standards of total aflatoxins and AFB1 were purchased from Supelco (Bellefonte, PA, USA). The acetonitrile and methanol solutions were obtained from Sigma-Aldrich (Steinheim, Germany) and HPLC-grade water was prepared at the Industrial Research Institute (IRI). For the clean-up step, immunoaffinity columns (IACs) were used and purchased from Meizheng (PerkinElmer, Beijing, China). All remaining chemicals and reagents were of analytical grade.




2.2. Sampling of Different Types of Lebanese Nuts


A total of 160 nut samples were collected from supermarkets and stores across different regions of Lebanon, including pistachios with shells (28), pistachios without shells (26), peanuts with shells (27), peanuts without shells (28), walnuts with shells (26), and walnuts without shells (25). The nut samples were collected over one year during the period from June 2022 to June 2023, from three Lebanese governorates: Beirut, Mount Lebanon, and Beqaa. The samples were sourced from large supermarkets and small stores across the three regions in Lebanon. Using the method of sampling, the homogenized and representative samples were prepared, according to the official method proposed by the Association of Official Agricultural Chemists (AOAC) [23], to minimize the size of the sample and ensure thorough mixing. This process aimed to achieve an even distribution of any contaminated parts. For each nut sample, the content was blended and thoroughly mixed to produce a 100 g sample for further testing. All samples were kept in sealed polyethylene bags at a temperature of −20 °C until the time of analysis.




2.3. Determination of Moisture Content


The method from AOAC (2000) was employed to determine the moisture content of the samples [23]. In summary, 5 g of the sample was placed in a dish that had been previously weighed, and it was then oven-dried at 105 °C for a duration of 4 h. Following drying, the samples were left to cool until they reached a stable weight. This experiment was conducted in triplicate. The calculation of moisture content was based on the weight loss, and this was represented as a percentage of the initial weight [24], as demonstrated below:


  %   moisture   content =   W 2 − W 3   W 2 − W 1   × 100  








where W1 is the weight of an empty Petri dish; W2 is the weight of the sample and the Petri dish before drying; and W3 is the weight of the sample and the Petri dish after drying.



The percentage of shelled and unshelled nuts exceeding the maximum moisture content limits was calculated for all nut types. The maximum moisture content levels for nuts are 8% for unshelled peanuts and 6% for both unshelled pistachios and unshelled walnuts [25,26].




2.4. Isolation and Identification of Mycoflora


The method used for isolating fungi from Lebanese nuts, as outlined by Adetunji et al. [27], involved the direct seed plating technique. In this process, three to four seeds from the nut samples were sterilized using a 2% (v/v) sodium hypochlorite solution inside a sterile conical flask for one minute. Subsequently, the seeds were washed with sterile distilled water three times, each for two minutes, to remove any residual chemical agent effects. Next, four halved cotyledons from the nuts were placed at equal distances on potato dextrose agar (PDA) Petri dishes mixed with 0.01% (w/v) chloramphenicol to inhibit bacterial growth. This procedure was repeated three times, and the plates were then incubated in the dark at 25 °C for seven days. Following incubation, each distinct fungal colony was transferred to new sterile PDA plates. The fungal isolates were identified based on a comparison of their protein profiles with those available in the database using the matrix-assisted laser desorption–ionization time-of-flight (MALDI-TOF) technique (Biomérieux, Craponne, France).



The frequency of isolation for each species was determined following the method outlined by Adetunji et al. [27]:


  Frequency   ( % ) =   Number   of   samples   contaminated   with   a   species   or   genus   Total   number   of   samples   × 100  












2.5. Isolation and Detection of Toxigenic Fungal Contaminants


To isolate toxigenic Aspergillus species from nuts, an isolation method described by Ozay et al. [28] was followed. The kernels were first surface-sterilized by soaking them in 70% ethanol for 2 min, followed by a 2 min immersion in 0.4% chlorine solution. Subsequently, these kernels were directly plated onto Aspergillus flavus and parasiticus agar (AFPA) medium [29]. The plates were supplemented with chloramphenicol (100 mg) to inhibit bacterial growth. The plates were then incubated at a temperature of 25 °C for a period of 3 to 5 days. The presence of black pigmentation served as the primary screening criteria for the identification of toxigenic Aspergillus species. Following this initial identification, microscopic characterization and the MALDI-TOF technique were employed for a more precise identification. Isolations from nut samples were repeated three times for each sample.




2.6. ELISA Analysis


The nut samples were tested for total aflatoxins (AFs: AFB1, B2, G1, and G2) using the 8031 Veratox Direct Aflatoxin Test Kit (Neogen, Lexington, KY, USA). The Microplate Reader (ELx 800, Bio-Tek, Shoreline, WA, USA) measured the absorbance of the wells at 650 nm. The process involved blending nut samples with 70% methanol at high speeds. The mixture was then filtered through F42 filter paper, and the resulting filtrate was prepared for ELISA testing. Controls (0, 1, 2, 4, and 8 ppb) and sample aliquots of 100 μL were placed into the mixing well, where 100 μL of conjugate had already been added. After mixing, 100 μL from the mixed solution was transferred into the antibody-coated wells and incubated at room temperature for 10 min. Following incubation, the wells were washed five times with a washing solution (distilled water). After drying the wells, 100 μL of substrate was added to each well and incubated for an additional 10 min. The process was completed by adding 100 μL of stop solution to each well. A calibration curve for the standard solutions of aflatoxins was established, and the absorbance of the wells was measured at 650 nm. The limit of detection (LOD) for the ELISA kit employed in the study was determined to be 0.5 ppb.




2.7. HPLC Determination of AFB1


Following the ELISA screening, HPLC analysis was carried out on positive samples. To summarize, a 25 g portion of the sample was blended with 5 g of sodium chloride (NaCl) and a mixture of methanol–water (3:7, v/v). The resulting mixture was then filtered through F24 filter paper. Subsequently, 10 mL of this filtrate was slowly passed through a Meizheng immunoaffinity column (PerkinElmer, China) at a flow rate of 1–2 drops per second and rinsed twice with 10 mL of water at the same rate. The final eluate was used for HPLC analysis.



HPLC analysis was conducted using a JASCO HPLC system (JASCO Corp., Tokyo, Japan) equipped with a fluorescence detector Prominence RF-20Axs (Shimadzu, Kyoto, Japan). Chromatographic separation occurred on a C-18 column (4.6 mm internal diameter × 250 mm, 5 µm particle size, Supelco Discovery) with a water–methanol–acetonitrile (30:10:10, v/v/v) mobile phase at a flow rate of 1 mL/min. The fluorescence detector had an excitation wavelength of 365 nm and an emission wavelength of 435 nm.




2.8. Validation of HPLC


The linearity was determined and a calibration curve was created with AFB1 standards across 5 varying concentrations, ranging from 0 to 10 µg/kg to calculate the coefficient of determination (R2). The detection limit (LOD) and quantification limit (LOQ) were assessed based on signal-to-noise ratios of 3:1 for LOD and 6:1 for LOQ, respectively [30,31]. The accuracy of the HPLC was confirmed through recovery tests, which involved spiking AFB1 concentrations of 2, 5, and 10 µg/kg into three types of nuts prior to extraction [30]. Additionally, the precision of the HPLC method for detecting aflatoxin B1 (AFB1) was evaluated by preparing samples spiked with AFB1 at concentrations of 0.5, 2.5, and 10 µg/kg, followed by conducting ten injections per concentration in a single session. Precision was assessed by calculating the relative standard deviation (RSD) of the mean [32].




2.9. Estimation of Daily Intake of AFB1


The average daily nut consumption in Lebanon was established through a list which was created using food consumption data from a survey of individual food intake among an adult population in Lebanon [33]. The daily intake of nuts in Lebanese adult population was estimated to be 6 g/day and an average body weight of 72.8 kg was utilized, reflecting the average weight of participants in the food consumption survey [33]. The mean for the total group of pistachios, peanuts, and walnuts was approximately 5.32 in the current study. The estimation of daily intake of AFB1 from nuts consumption in Lebanon can then be estimated by multiplying the detected average AFB1 concentration in the nut samples by the daily consumption of nuts, determined from the food frequency questionnaire [34], as follows:


  EDI =   D i × M i   W    








where EDI is the estimation of daily dietary AFB1 intake (μg/kg b.w./day), Di is the daily consumption of nuts in an age group (g/day), Mi is the mean level of AB1 in nuts (μg/kg), and W is the weight (kg).




2.10. Statistical Analysis


IBM® SPSS® 2022 software was used for the calculation of means, ranges, and standard errors of the mean (SEMs), and it was also employed to conduct independent sample t-tests to identify significant differences with a p-value threshold of ≤0.05.





3. Results


3.1. Moisture Content Levels


The moisture content of Lebanese nuts collected is shown in Table 1. The moisture contents of pistachios ranged from 2.7 ± 0.11 to 9 ± 0.14%, from 4.9 ± 0.08 to 9.5 ± 0.11% for peanuts, and from 1.9 ± 0.08 to 7.7 ± 0.08% for walnuts. The percentage of samples exceeding the maximum moisture content limits (8% for peanuts, and 6% for both pistachios and walnuts) was observed to be higher in nuts without shells than in those with shells. In total, 50% of unshelled pistachios, 44% of unshelled peanuts, and 36% of unshelled walnuts were above the recommended limits. However, only 28.5% of shelled pistachios, 22% of shelled peanuts, and 11.5% of shelled walnuts exceeded the maximum limits.




3.2. Mycoflora Presence


In total, 80% of the Lebanese nut samples tested on PDA plates were contaminated with fungi. Four fungal species were identified in Lebanese nuts (Table 2). The most common fungi present in all types of nuts included Rhizopus arrhizus, Candida albicans, Aspergillus niger, and Aspergillus flavus. The most prevalent fungi isolated were Aspergillus flavus and Aspergillus niger, with 61.2% and 56.5% occurrence rates, respectively. Statistical analysis was performed, and the calculated p-values were ≤0.05, indicating significant differences between the groups in terms of fungal contamination rates.




3.3. Incidence of Toxigenic Fungal Contaminants


Differentiating between toxigenic and atoxigenic fungi was achieved using AFPA plates, with toxigenic fungi displaying an orange reverse color and atoxigenic fungi exhibiting a black reverse color. The subsequent culturing of the positively identified isolates on PDA plates confirmed that they all belonged to the Aspergillus flavus species, with no detection of Aspergillus parasiticus among the isolates. Analyzing the distribution of toxigenic A. flavus across various types of Lebanese nuts revealed its presence in 38% of the samples. However, the pistachio samples had the highest incidence of toxigenic A. flavus contamination, affecting 40% of the samples.




3.4. ELISA Analysis


In this study, the initial screening of contaminated samples with total aflatoxins was conducted using the ELISA method, which is effective for efficiently assessing contaminants in a large volume of samples and in a shorter time. The results indicated that out of 160 samples, 70 samples of both shelled and unshelled nuts (43.8%) exhibited contamination levels exceeding the MTL for total aflatoxins (15 µg/kg) [7] and they were selected as possible positive samples. Pistachio samples were identified as the most contaminated samples (52%), while the lowest levels of contamination were detected in peanuts and walnuts.




3.5. HPLC Analysis


For the further verification and quantification of AFB1 levels, HPLC was utilized. Table 3 provides a summary of AFB1 findings in samples of Lebanese nuts. Out of 70 positive samples analyzed, 14.3% exceeded the MTL for AFB1 in nuts (2 µg/kg for peanuts and 8 µg/kg for both pistachios and walnuts), and all these samples were unshelled. No shelled nuts surpassed the MTL. The highest concentration of AFB1 was detected in an unshelled pistachio sample, followed by an unshelled peanut sample, with concentrations of 25 μg/kg and 16 μg/kg, respectively. The mean ± SEM levels of AFB1 in Lebanese nut samples ranged from 1.08 ± 0.06 to 9.4 ± 1.04 µg/kg. In addition, p-values were calculated for each group of nuts using the Mann–Whitney Test.




3.6. Validation of HPLC


A calibration curve for AFB1 standards was constructed, and the results indicated that the AFB1 concentrations were proportional to the corresponding areas. The coefficient of determination was determined to be 0.820. Method performance parameters, such as the LOD and LOQ, were calculated from the calibration curve and found to be 0.245 µg/kg and 0.817 µg/kg, respectively. The precision of the HPLC was evaluated and it was within an acceptable range, with relative standard deviations (RSDs) ranging from 0.2 to 1.7%. In addition, the recovery rates obtained for the selected matrices ranged from 89 to 95%.




3.7. Relation between Moisture Content and AFB1 Levels in Nut Samples


According to the Pearson correlation (r = 1), the significance (Sig.) was less than 0.05, indicating a significant correlation between moisture content and AFB1 levels, as measured by HPLC. In other words, as the moisture content in the nut samples increases, the AFB1 level also increases. This pattern was observed with the highest AFB1 level found in a pistachio sample (19.1 µg/kg), where the moisture content was also the highest. A similar observation was made for the peanut sample.




3.8. Daily Intake of AFB1


The EDI of AFB1 in Lebanese nuts was calculated. Using an average body weight of 72.8 kg, the estimated daily intake of AFB1 in nuts was found to be equal to 0.43 μg/kg b.w./day.





4. Discussion


The moisture contents of pistachio samples ranged from 2.7 ± 0.11 to 9 ± 0.14%. These results exceeded the findings reported by Mohammadi-Moghaddam et al. [35], who found moisture levels ranging from 0.05 ± 0.02% to 2.19 ± 0.04%. In addition, the moisture content in the tested peanut and walnut samples fell within the ranges of 4.9 ± 0.08% to 9.5 ± 0.11% and 1.9 ± 0.08% to 7.7 ± 0.08%. These findings were found to be lower than the moisture content reported by Oyedele et al. for groundnut samples [36], which varied from 2.2 to 19.7%. It was observed that a significant portion of the unshelled nut samples exceeded the recommended moisture levels (6% for walnuts and pistachios, and 8% for peanuts). In total, 50% of unshelled pistachios, 44% of unshelled peanuts, and 36% of unshelled walnuts surpassed these levels. This indicates that the unshelled samples have a higher risk of mycoflora contamination and aflatoxin presence, as aflatoxin production is notably influenced by various factors such as moisture content, relative humidity, and ambient temperature [37]. Furthermore, the elevated moisture content observed in nut samples could result from inadequate packaging or the absence of quality packaging materials [37]. As nuts are hygroscopic colloidal materials, the nuts absorb moisture from their surroundings until equilibrium is achieved, as highlighted by Oladapo et al. [38]. Moreover, the moisture content of nuts could be affected by the harvesting methods employed by the farmers [37].



Various fungi were identified in the nut samples collected from three governorates in Lebanon. These results closely match the microbial metabolite profiles obtained from the samples, indicating a broad spectrum of fungal species that colonized the kernels at some point, from the field to storage or the market. The mycoflora were present in every sample of tree and ground nuts immediately after procurement from the market. The prevalence of A. niger and A. flavus species in the nut samples corroborates the findings of previous studies that documented the dominance of these organisms in their nut samples [24,27,39,40]. Additionally, R. arrhizus was found in a significant number of the nuts (42.6%). This finding supports the observations of previous researchers who have identified various Rhizopus species contaminating nut samples [24,41,42]. However, unlike other researchers [27,40,43], no Penicillium species were isolated in the current study. This could be because the presence of Penicillium tends to inversely correlate with that of Aspergillus [25]. In terms of fungal contamination in nuts and their products, groundnuts and tree nuts such as almonds, pistachios, and walnuts are primarily contaminated by fungi, including Aspergillus, Penicillium, Rhizopus, Alternaria, and Fusarium [25]. Several factors contribute to the high incidence of fungi in Lebanese nuts. The continuous exposure of nuts to sunlight during the day followed by recondensation at night can lead to an increase in the microbial content in samples. Without the proper control of storage temperatures and humidity, molds capable of producing aflatoxins may rapidly multiply, presenting a significant food safety issue and heightening the risk of aflatoxin production [44]. Aspergillus species can flourish under optimal conditions, specifically at temperatures of 27–33 °C, within a pH range of 5–6, and when the water activity is between 0.82–0.99 [44]. The initial contamination of nuts by fungi can take place in the field, with the possibility of further deterioration and mycotoxin production during prolonged storage periods [45].



It is widely recognized that the production of aflatoxins (AFs) is specific to the species [46]. Therefore, studying and identifying the toxigenic species among the nuts sold in the Lebanese market was important. The toxigenic fungus A. flavus, known for its role in producing aflatoxins, was the predominant species found in Lebanese nuts, present in 38% of the samples. Notably, A. parasiticus was absent in all nut samples that were examined. Similar findings have been reported in previous research studies conducted in the USA, Iran, and Canada [47,48,49], reinforcing these observations. This pattern may be attributed to the fact that A. parasiticus is known for generating substantial quantities of aflatoxins, yet it is commonly found at a low frequency (≤5%) in both food and soil samples [36].



ELISA analysis offers a practical approach for concurrently detecting contaminants in numerous samples efficiently and cost-effectively. However, it lacks the accurate quantification of contaminants due to potential sample matrix effects and the risk of overestimating contaminants at very low concentrations [31]. In addition, there is a risk of false-positive outcomes in ELISA tests because of the cross-reactivity of antibodies [7]. To mitigate this problem, confirming the results through a reliable chromatographic method, HPLC, was performed. In this study, 70 samples were tested using ELISA to find total aflatoxins and selected as potentially positive samples. These samples were further analyzed using HPLC for AFB1 quantification.



Pistachio samples were identified as the most contaminated, where 52% of the total pistachio samples were contaminated by AFB1. The contamination of AFB1 in Lebanese nut samples varied, with an average of 1 to 9.4 µg/kg. However, Raad et al. [33] previously documented AFB1 contamination in Lebanese nuts, where a mixed sample of nuts, seeds, olives, and dried dates exhibited an average AFB1 level of 0.1 μg/kg. Similarly, Soubra et al. [17] investigated aflatoxin contamination in nuts with levels of total aflatoxins varying between 0.5 to 8.0 μg/kg, which is lower than the average reported in the current study. The variations in findings between this investigation and others could result from variations in the timing of sample collection, the methodologies employed, the preparation processes, and the analytical techniques used.



On the other hand, our findings indicated that pistachios were more susceptible to AFB1 contamination compared to other types of nuts analyzed in the study, with 50% of pistachio samples affected. Moreover, pistachios had the highest percentage of samples exceeding the MTL of AFB1 in nuts, with 38.5% of positive samples. This result aligned well with reports of border rejections noted on the RASFF portal for Lebanese imports into the European Union, where pistachio samples were the most frequently rejected nut type due to their high AFB1 content [15]. The levels of AFB1 in pistachios rejected for imports from Lebanon varied, with an average of 57 to 890 μg/kg [15]. Globally, research studies on nut contamination have also reported the frequent occurrence of AFB1, predominantly in pistachio samples across various regions. For instance, in Italy, pistachios were found to be the most contaminated among various nut samples, with 50% of samples contaminated between 8.2 and 354.5 μg/kg [50]. Similarly, in Morocco, the analysis of different nuts revealed that pistachio samples had the highest rates of contamination for both total aflatoxins and AFB1, with both contaminants found in 45% of the pistachio samples [51]. In Europe, the European Food Safety Authority (EFSA) in 2007 examined the presence of aflatoxins in 20,016 nut samples, including almonds, Brazil nuts, hazelnuts, cashews, pistachios, and peanuts. The findings indicated that Brazil nuts and pistachios had the highest rate of samples testing positive for aflatoxins [52]. The results were in agreement with the above results, underscoring that pistachios are considered a significant source of dietary aflatoxin exposure from tree nuts, contributing to 7–45% of the total AF exposure humans face from all sources [53]. Pistachios are regarded as having the greatest risk of aflatoxin contamination, primarily because their shells split towards the end of the maturation process. This shell serves to shield the kernel of the pistachio, and the splitting renders pistachios vulnerable to mold and insect infestations [53]. The walnuts exhibited the lowest contamination levels, with only 15.4% of samples surpassing the MTL for aflatoxins, a minimal occurrence attributed to the specific antioxidant hydrolysable tannin, present in walnuts, which can inhibit the formation of aflatoxins [30].



Upon comparing shelled and unshelled nuts, it was noted that all samples exhibiting AFB1 contamination levels exceeding the MTL were unshelled nuts. Specifically, 15.4% of unshelled walnuts, 38.5% of unshelled pistachios, and 35% of unshelled peanuts were contaminated with AFB1 levels surpassing the MTL. Notably, the highest AFB1 contamination level was found in an unshelled pistachio sample, reaching 25 µg/kg. These findings align closely with research conducted by Kabak et al. [54] who discovered that unshelled hazelnuts had higher levels of four types of aflatoxins, while no shelled hazelnuts were contaminated by any aflatoxin. This suggests that the shell of various nuts serves as a natural protective barrier, helping to prevent mold growth, fungal infestation, and the subsequent aflatoxin contamination of the kernel [54,55].



The results showed a high EDI for AFB1 (0.43 μg/kg b.w./day), which was higher than the dietary intakes of AFB1 from peanuts in Korea (0.025 ng/kg b.w./day) [56] and the EDI from nuts in China, which varied between 0.0179 and 0.0183 ng/kg b.w./day [57]. This exposes the Lebanese population to significant risk, especially since this EDI pertains only to nuts and not to the total food consumed by the Lebanese population. This raises concerns for the adult Lebanese population. The Lebanese diet, characterized by a rich variety of plant-based foods such as fruits, vegetables, legumes, nuts, and seeds [58], indicates that these foods require risk management measures at the level of aflatoxins. The reduction in risk necessitates a comprehensive system strategy that incorporates specific agricultural practices, the use of biological control techniques, and the improvement of the host plant’s resistance. This should be combined with post-harvest technologies, such as proper drying, storage, and the sorting of nut products to remove contamination [59].




5. Conclusions


The analysis of 160 nut samples collected from the Lebanese market revealed significant insights into fungal and aflatoxin contamination. The findings highlighted the predominance of Aspergillus species, especially A. flavus, as a main contributor to aflatoxin contamination in nuts. Notably, it was found that the unshelled nuts had a greater tendency to exceed the maximum moisture content limits, making them more vulnerable to AFB1 contamination, with pistachio samples being the most affected. A significant portion of tested samples (43.8%) had detectable aflatoxin levels, underscoring the critical need for strict quality control within the nut distribution chain. The contamination of nuts with AFB1 levels ranging from 0.4 to 25 μg/kg underscores the urgent need for continued surveillance regarding aflatoxin content in nuts. Notably, the maximum allowable AFB1 levels in Lebanon were set at 2 μg/kg for walnuts and peanuts, and 8 μg/kg for pistachios. This study provides insights into the potential health risks associated with nut consumption in Lebanon, particularly the concern for an increased risk of liver cancer among consumers. Additional studies and surveillance efforts are essential to assess the prevalence of various mycotoxins in nuts sold in the Lebanese market. Moreover, future studies should explore the local practices of nut storage and distribution, which could significantly impact food safety.
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Table 1. The moisture content in shelled and unshelled Lebanese nuts.
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Lebanese Nuts

	
Moisture Content Range (%)




	
With Shells

	
Without Shells






	
Pistachios

	
(2.7 ± 0.11)–(7.2 ± 0.14)

	
(2.7 ± 0.12)–(9.0 ± 0.14)




	
Peanuts

	
(4.9 ± 0.08)–(8.9 ± 0.11)

	
(5.3 ± 0.14)–(9.5 ± 0.11)




	
Walnuts

	
(1.9 ± 0.08)–(7.6 ± 0.13)

	
(3.1 ± 0.12)–(7.7 ± 0.08)








Data are represented as range ± SEM.













 





Table 2. The distribution of fungal contaminants in Lebanese nuts.






Table 2. The distribution of fungal contaminants in Lebanese nuts.





	Fungi Isolate
	Number of Samples Infected
	Frequency of Isolation (%)





	A. flavus
	84
	61.2



	A. niger
	73
	56.5



	R. arrhizus
	55
	42.6



	C. albicans
	38
	30










 





Table 3. Contamination levels of AFB1 in shelled and unshelled Lebanese nuts.
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	Sample
	N
	Positive Samples
	% Exceeding MTLs
	Range (μg/kg)
	Mean ± SEM

(μg/kg)
	p-Values





	Peanuts (shelled)
	27