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ABSTRACT

Aflatoxins are potent carcinogenic mycotoxins that frequently contaminate oilseed
value chains in developing countries. This study assessed the occurrence of aflatoxins
(AFB., AFTB., AFGi, AFG:) and associated dietary health risks in 69 samples
comprising oilseeds, crude edible oils, and oil cakes collected from local pressing mills
in six cities of Oromia, Ethiopia. Samples were extracted, purified using
immunoaffinity columns and analyzed by validated high-performance liquid
chromatography with fluorescence detection (HPLC-FLD). The analytical method
showed excellent linearity (R?, 0.9960-0.9993), limits of detection ranging from 0.12
to 0.31 pg kg™, and acceptable precision (RSD, 2.2—-10.0%). Total aflatoxins were
detected in 78.3% of oilseeds, 47.8% of crude oils and 72.7% of oil cakes. AFB;, the
predominant and most toxic congener, reached maximum concentrations of 4.24 ug
kg in oilseeds, 12.63 pg kg ! in crude edible oils and 16.52 pg kg™ in oil cakes. While
only 4.3% of oilseed samples exceeded the regulatory limit of 10 ugkg™, 30.4% of

crude edible oil samples exceeded this limit, with total aflatoxin concentrations
reaching 30.34 pgkg™', suggesting that mechanical oil extraction may concentrate
aflatoxins in crude edible oils. Health risk assessment revealed that the hazard
quotient values (HQ, 7.8-37.5) exceeded 1 for all age groups and the incremental
lifetime cancer risk (ILCR, 0.9 x 107°-4.5 x 10°%), indicating a measurable carcinogenic
risk associated with chronic consumption of contaminated crude edible oils. These
findings highlight the need for improved postharvest management, routine surveillance
and practical mitigation strategies for small-scale oil processors.

INTRODUCTION

Food safety remains an important global challenge, and mycotoxin contamination continues to threaten food quality and
security. Among these contaminants, aflatoxins, produced mainly by Aspergillus flavus and A. parasiticus, are particularly
important because of their high toxicity. The major naturally occurring aflatoxins are AFBi, AFB2, AFGi, and AFG, of
which AFB: is the most toxic and carcinogenic (Balan et al., 2024; Yohannis et al., 2025). Recent evidence indicates that
aflatoxin contamination remains prevalent in agricultural commodities, particularly in warm regions where environmental
and post-harvest conditions favor fungal growth and toxin production (Takim & Aydenir, 2021; Polat et al., 2023).
Oilseeds are susceptible to contamination during production, drying, storage, and processing, and recent studies have
confirmed the occurrence of aflatoxins in Ethiopian oilseed commodities, including on-farm-stored sesame (Alemayehu et
al., 2024). The fate of aflatoxins during oil processing depends on the characteristics of the contaminated raw material and
the processing conditions. Consequently, crude or minimally processed edible oils may retain measurable aflatoxin
residues, while oil cakes remaining after mechanical extraction may also contain aflatoxins and are commonly used as
livestock feed. Contaminated feed can contribute to the transfer of AFB: into animal-derived foods, particularly milk
through its metabolite AFM: (Balan et al., 2024; Zebib et al., 2022, 2023).

In sub-Saharan Africa, effective control remains constrained by inadequate post-harvest practices, limited analytical
capacity, insufficient surveillance, and weaknesses in regulatory implementation. Recent reviews of Ethiopia have
documented aflatoxins and other mycotoxins in diverse food and feed commodities and identified important gaps in
monitoring, technical capacity, regulation, and mitigation (Atnkut et al., 2025; Gelaye, 2024). Ethiopia has a substantial
oilseed sector that contributes to domestic food consumption, livestock production, livelihoods, and agricultural trade.
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Locally processed edible oils are commonly produced by small- and medium-scale mills using mechanical pressing, often
without subsequent refining or comprehensive analytical quality control. Although previous Ethiopian studies have
investigated aflatoxins in cereals, groundnuts, sesame, milk, and other commodities, evidence specifically addressing
contamination across locally processed oilseed products remains limited. In particular, few studies have simultaneously
examined raw oilseeds, crude edible oils, and oil cakes originating from local oil-processing systems, leaving the
distribution of individual aflatoxin congeners during mechanical extraction insufficiently characterized. Furthermore,
quantitative dietary health-risk assessment specifically associated with consumption of locally processed crude edible oils
remains limited. Addressing these gaps is important for strengthening risk-based surveillance and developing practical
mitigation strategies for Ethiopia's edible-oil sector. Therefore, this study aimed to comprehensively determine the
prevalence and concentrations of AFB1, AFB2, AFGi, and AFG: in oilseeds, crude edible oils, and oil cakes collected from
selected local oil-processing mills in six cities of Oromia, Ethiopia. It also assessed the dietary non-carcinogenic and
carcinogenic health risks associated with consumption of contaminated crude edible oils among different population
groups.

MATERIALS AND METHODS

Study design, study area and sample collection

This study employed a purposive selection of sampling locations and oil-processing mills, followed by random selection of
samples within the selected mills. The research utilized participatory data collection methods, including in-depth
interviews, focus group discussions, key informant interviews, observational checklists, and a structured, pre-tested
questionnaire administered by trained enumerators. Oilseed, edible oil, and oil cake samples were collected from local
oil-pressing mills in selected Oromia cities (Adama, Ambo, Asella, Burayu, Gobaa, and Malka Nono), which are
recognized as major centers for oilseed milling and trade (Figure 1). Samples were analyzed at the Department of
Chemistry, Haramaya University. The sample size was determined pragmatically based on the availability and
accessibility of eligible samples across the selected mills and the need to obtain comparable numbers of samples from the
three product categories. The final 69 samples comprised 23 oilseeds, edible oils, and oil cakes. All samples were carefully
coded, protected from light and moisture, transported under cold conditions, stored at 4 °C, and analyzed within 48 h to
minimize degradation and mycotoxin formation.
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Figure 1. Map showing the geographical location of the study area and sampling sites.
Chemicals and reagents

Aflatoxin mixed standards (>98 %) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals,
including sodium dihydrogen phosphate, sodium hydrogen phosphate, sodium hydroxide, and HPLC-grade solvents
(acetonitrile, methanol, and water), were purchased from Loba Chemie Pvt. Ltd. (Mumbai, India).

Apparatus and instruments

Glassware of various sizes, including measuring cylinders, volumetric flasks, Erlenmeyer flasks, beakers, and funnels, was
obtained from Borosilicate Works (Mumbai, India). High-precision micropipettes were sourced from Eppendorf AG
(Hamburg, Germany), and centrifuge tubes were supplied by Thermo Fisher Scientific (Waltham, MA, USA). Sample
preparation utilized a mechanical grinder from Bosch (Gerlingen, Germany) and a blender from Waring Commercial
(Torrington, CT, USA). Weighed analyses were performed using a Mettler Toledo AX26 analytical balance (Greifensee,
Switzerland), and pH adjustments were carried out with a calibrated pH meter from Hanna Instruments (Woonsocket, R,
USA). Sample extraction and purification employed a mechanical shaker from IKA Works (Staufen, Germany), a
laboratory centrifuge (West Sussex, UK), and desiccators from Bel-Art Products (Wayne, NJ, USA). Final quantification
of aflatoxins was performed using an Agilent 1100 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, USA).
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Extraction and clean-up procedures
Oilseed and oil cake samples

The extraction and clean-up of oilseed and oil cake samples were performed following recently validated analytical
procedures for aflatoxin determination in food matrices with minor modifications (Lattanzio et al., 2022; Lee et al., 2023).
In brief, 5 g of milled and homogenized sample was placed into a 50 mL centrifuge tube, and 20 mL of extraction solvent
(methanol : acetonitrile, 50 : 50, v/v) was added. The mixture was vortexed for 20 min and allowed to stand for 90 s before
carefully collecting the supernatant. Fifteen milliliters of the extract were then diluted with 85 mL of phosphate-buffered
saline (PBS), and 50 mL of the diluted solution was passed through an immunoaffinity column (IAC) pre-equilibrated with
20mL of PBS at a flow rate of 1-2 drops per second. The column was washed with 20 mL of distilled water, and
aflatoxins were eluted with 2 mL of methanol into HPLC vials. The eluate was evaporated to dryness under a nitrogen
stream, reconstituted in 2 mL of MeOH : H.O (1 : 1, v/v), filtered through a syringe filter (0.45 um), and then injected into
the HPLC-FLD system for analysis ( Lattanzio et al., 2022; AOAC International, 2023).

Crude edible oil samples

For crude oil samples, 2 mL of oil was combined with 2 g of NaOH in a 50 mL centrifuge tube, followed by the addition of
6 mL of methanol. The mixture was thoroughly shaken and then centrifuged at 5000 rpm for 10 min. The supernatant was
filtered, and 6 mL of the filtrate was diluted with 10 mL of HPLC-grade ultrapure water. Approximately 15 mL of this
filtered and diluted extract was passed through an immunoaffinity column (IAC) at a flow rate of 1-2 drops per second.
Aflatoxins were eluted from the column using 2 mL of methanol and HPLC-grade water. The eluate was then refiltered
through a syringe filter (0.45 um) before injection into the HPLC-FLD system for analysis (Rind et al., 2022).

Analytical method validation

The analytical method was validated before sample analysis in accordance with internationally accepted analytical
performance guidelines (Pisoschi et al., 2023). Linearity was evaluated by analyzing a series of mixed aflatoxin standard
solutions at different concentration levels, and calibration curves were constructed by plotting peak area against analyte
concentration. The limits of detection (LOD) and limits of quantification (LOQ) were estimated based on signal-to-noise
(S/N) ratios of 3:1 and 10:1, respectively. Method accuracy was assessed through recovery experiments by spiking
representative blank samples with known concentrations of AFB1, AFB2, AFGi, and AFG: before extraction and analysis.
Precision was evaluated by repeated analysis of spiked samples under identical operating conditions and expressed as the
relative standard deviation (RSD).

HPLC analysis and quality assurance

Aflatoxins were analyzed using high-performance liquid chromatography (HPLC) equipped with a fluorescence detector
(FLD) (Koli and Mannur, 2023; Liu et al., 2023). Separation was achieved on a C18 column (250 mm X 4.6 mm i.d., 5 um
particle size) under isocratic conditions, using a mobile phase of acetonitrile : methanol : water (10 : 30 : 60, v/v) at a flow
rate of 1.0 mL/min and a column temperature of 25 °C. Detection was performed with FLD at excitation and emission
wavelengths of 360 and 460 nm, respectively, with an injection volume of 10 uL and a total run time of 30 min. Quality
assurance measures included proper equipment storage and cleaning, use of method blanks, verification of retention times,
carryover testing, and validation of linearity, sensitivity, precision, and recovery. The method was validated for linearity
(R2=0.9960-0.9993), limits of detection (LOD: 0.12-0.31 pgkg™), limits of quantification (LOQ: 0.40-0.93 pgkg™),
intra-day precision (RSD: 2.2-5.5%) and inter-day precision (RSD: 4.9-10 %), meeting internationally recognized
performance criteria (Lattanzio et al., 2022; Lee et al., 2023).

Statistical analysis

Statistical analyses were performed to evaluate relationships among aflatoxin types and differences in total aflatoxin (XAF)
concentrations among sample types and sampling locations. Pearson correlation analysis was used to examine
relationships between aflatoxins (AFBi, AFB., AFGi, and AFG:), and one-way analysis of variance (ANOVA) was
conducted to determine whether mean XAF concentrations differed significantly among oilseeds, crude edible oils, and oil
cakes and and among the six sampling locations. () When significant differences were detected, post hoc multiple
comparison tests were conducted where appropriate. The results are reported as F-value, degrees of freedom (df), and p-
value, with statistical significance established at p < 0.05. Statistical analyses were conducted according to current
recommendations for food composition data analysis and contemporary statistical approaches used in food chemistry and
food safety research (Balakrishna et al., 2022; Kharbach et al., 2026).

Health risk assessment

The health risk assessment was conducted using a deterministic exposure model to estimate potential dietary exposure to
total aflatoxins across different age groups (Kibugu et al., 2024). The estimated daily intake (EDI) was calculated from the
assumed aflatoxin concentration, daily consumption rate, and body weight, and was compared with the TDI of 0.4 ng/kg
bw/day. The model assumed that individuals consumed the contaminated oilseed product at the age-specific daily intake
rates presented in Table 5, that the contaminant concentration remained constant, and that exposure occurred chronically.
Age-specific body weights and consumption rates were used to account for differences in exposure intensity among
infants, children, adolescents, adults, and elderly individuals. The cancer risk calculation further assumed an exposure
frequency of 365 days/year and applied a cancer slope factor of 0.0017 (ng/kg bw/day)* for AFB..
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Health risk assessment was based solely on crude edible oils, since these products constitute the direct route of human
dietary exposure. The contamination data obtained from oilseeds and oil cakes were used to characterize aflatoxin
occurrence and distribution during processing but were not incorporated into the exposure calculations. Consequently, the
EDI, HQ, and ILCR values presented in this study reflect the potential health risks associated with the consumption of
locally processed crude edible oils rather than the entire oilseed value chain. The estimated daily intake (EDI) was
calculated according to the FAO/WHO (2024) guidelines using Eq. (1):

Carx DI
BW

where Car is the concentration of total aflatoxins (ug kg™), DI is the daily intake of the contaminated food (kg day?), and
BW is the body weight (kg). The EDI (ngkg'bwday') was compared with the tolerable daily intake (TDI) of
0.4 ng kg ! bw day! established by the Joint FAO/WHO Expert Committee on Food Additives for aflatoxin-induced liver
toxicity (FAO/WHO, 2024; EFSA, 2022).

EDI=

Non-carcinogenic risk was assessed using the hazard quotient (HQ), calculated as shown in Eq. (2):
EDI

An HQ > 1 indicates a potential non-carcinogenic health risk ().

The incremental lifetime cancer risk (ILCR) associated with chronic aflatoxin ingestion was estimated using the cancer
slope factor (CSF) approach (U.S. EPA, 2024) using Eq. (3):

ILCR=EDIxCSFXxEDXEF...........c....cociiiiia 3)

where ED is the exposure duration (years), and EF is the exposure frequency (days year'). A CSF of 0.0017 (ng kg™! bw
day')"' for AFB: was used as the baseline potency estimate. A CSF of 0.0017 (ng kg™' bw day')™' for AFB: was used as
the baseline potency estimate. Because hepatitis B virus (HBV) infection can substantially increase the hepatocarcinogenic
potency of AFB., the ILCR calculated using the unadjusted CSF represents a baseline estimate and may underestimate
cancer risk among HBV-positive individuals. JECFA has reported substantially greater AFB:-associated cancer potency
among HBsAg-positive individuals. However, because individual HBV/HBsAg status was not collected in the present
study, a uniform HBV-related potency adjustment was not applied to the primary population-level ILCR calculation. The
potential effect of HBV co-exposure was therefore considered as an important uncertainty and sensitivity factor in the
interpretation of cancer risk. Regulatory guidelines typically consider an ILCR <107¢ (1 in 1,000,000) as negligible risk
and an ILCR > 10 (1 in 10,000) as a priority level for risk management ( U.S. EPA, 2024; FAO & WHO, 2024; EFSA,
2022).

RESULTS AND DISCUSSION

HPLC-FLD method performance validation

The analytical method used to determine aflatoxins in oilseed samples was validated against internationally recognized
performance criteria. Table 1 presents the results, which demonstrate excellent linearity across the tested range (0.5—
100 pg kg™"), with correlation coefficients (R?) ranging from 0.9960 to 0.9993. These values are consistent with previous
HPLC-based aflatoxin analyses, which have reported R? values of 0.995-0.999 (EC, 2024; Lattanzio et al., 2022; AOAC
International, 2023; Koli and Mannur, 2023).

Table 1. Summary of method validation results considering the seed samples.

. Precision (%RSD,  Matrix Spike Recovery (%)
Linear

Analvte Range Linearity LOD LOQ n=3)
y s (R?) (ng/kg)  (ug/kg) Intra- Seeds Crude Oil cake
(ng/kg) Inter-day .
day oil
AFB: 1-100 0.9993 0.31 0.93 4.9 9.7 86-109 86-93 86.6-88.5
AFB: 1-100 0.9986 0.21 0.62 2.2 8.6 72-103 89-95 86.6-88.5
AFG: 1-100 0.9983 0.20 0.60 5.5 10.0 76-108 85-97 86.6-88.5
AFG: 0.5-100 0.9960 0.12 0.40 3.2 4.9 82-103 76-85 86.6-88.5

Abbreviations: R? = correlation coefficient, LOD = limit of detection, LOQ = limit of quantification, RSD = relative standard deviation, AFB; = aflatoxin
Bi1, AFB: = aflatoxin Bz, AFG, = aflatoxin Gi, AFG: = aflatoxin G..

The analytical method demonstrated high sensitivity with limits of detection (LOD) ranging from 0.12 to 0.31 pgkg™,
which are comparable to those reported in recently validated chromatographic methods for aflatoxin determination in food
and feed matrices ( Lattanzio et al., 2022; Lee et al., 2023; EC, 2024; AOAC INTERNATIONAL, 2023). Precision,
expressed as relative standard deviation (%RSD), ranged from 2.2—5.5% for intra-day repeatability and 4.9-10% for inter-
day reproducibility meeting internationally accepted analytical performance criteria.  Similar repeatability and
reproducibility values (RSD <10%) have been reported in recent validation studies employing HPLC-FLD and LC-
MS/MS methods for aflatoxin analysis in cereals, oilseeds, edible oils, and other food commodities (Teye et al., 2024;
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Lattanzio et al., 2022). Collectively, these validation results confirm that the HPLC-FLD method is sufficiently sensitive,
precise, and reproducible for the quantitative determination of aflatoxins in oilseeds, crude edible oils, and oil cakes.

Prevalence of aflatoxins in oilseeds

A high occurrence of aflatoxin contamination was found in the raw oilseed samples, with 78.3% (18 out of 23) of the
samples testing positive for at least one of the targeted aflatoxin species (Table 2). These widespread detections of low
amounts of aflatoxin reflect findings reported for other sensitive crops grown under similar agro-climatic conditions within
Ethiopia (Gelaye et al., 2022) which suggests that there are regionalised, systemic fungal challenges associated with
oilseeds grown in Ethiopia. The total aflatoxin concentrations (ZAF) in oilseed samples ranged from 1.85ugkg™ to
14.03 ng kg, with a mean of 5.26 ng kg™ and a median of 4.55 pg kg™'. The contamination profile was characterized by a
relatively high frequency of samples containing low-concentrations of aflatoxins, , a pattern commonly reported for
oilseed value chains in sub-Saharan Africa and attributed to variability in pre-harvest infection, post-harvest handling, and
storage conditions (Mohammed et al., 2026; Yalew et al., 2026). Most importantly, only one of the seed samples (4.3%)
exceeded both the Ethiopian and Codex Alimentarius maximum limit (ML) for total aflatoxins in oilseeds of 10 pgkg™ (
CAC, 2023; ESI, 2024). Consequently, the relatively low aflatoxin concentrations observed in most oilseed samples
indicate generally good compliance with current food safety requirements. Nevertheless, the occurrence of detectable
aflatoxins highlights the importance of continuous implementation of good agricultural practices, appropriate drying, and
improved storage management to minimize further fungal growth and toxin accumulation during storage and processing
(Mahmoud, 2023; EC, 2023; FAO/WHO, 2024).

The present study did not directly measure environmental variables, seed moisture during storage, storage duration, or
specific post-harvest practices at each sampling location. Therefore, these factors should be considered plausible
explanations for the observed geographical differences rather than confirmed causal determinants. The observed location-
specific pattern nevertheless suggests that aflatoxin management should be targeted toward both susceptible commodities
and high-risk production and processing areas. In particular, the relatively high contamination observed in linseed from
Asella and groundnut from Burayu indicates the need for strengthened drying, storage, raw-material screening, and routine
aflatoxin monitoring for these commodity—location combinations.

Table 2. Residual concentration of Aflatoxins in oilseed samples, pg/kg (mean = SD, n=3).

%lszed Sample (v /Sub-city g‘(‘;g"e AFB:  AFB:  AFG:  AFG:  TAF
Adama AdAbBLSS 1.58+0.08 <LOD <LOD 3.15£0.13  4.73£0.15
Ambo AmASsLSS <LOD <LOD <LOD <LOD <LOD
Asella AsBeLSS 3.1040.26 0.19+0.03 <LOD <LOD 4.29+0.26
Linseed Asella AsEILSS 2.60£0.05 0.05£0.06 6.63£0.57 2.75+0.10 14.03+0.58
Goba GoAbLSS 1.55+0.01 0.15+0.05 2.27+0.26 <LOD 4.97+0.26
Goba GoDaLSS <LOD <LOD <LOD <LOD <LOD
Goba GoMILSS <LOD <LOD <LOD <LOD <LOD
Goba GoYaLSS 1.4140.09 1.27+0.02 4.68+0.32 <LOD 7.36+0.33
Adama AdMiGNS 0.63+0.05 <LOD 2.70+0.12 <LOD 3.33+0.13
Burayu BuAIGNS <LOD <LOD <LOD 1.85+0.06 1.85+0.06
Groundnut Burayu BuBaGNS 4244041 1.16£0.02 1.79+0.10 <LOD 7.19+0.43
Burayu BuNuGNS <LOD <LOD <LOD <LOD <LOD
MelkaNono  MNGiGNS  <LOD <LOD <LOD <LOD <LOD
Ambo AmAsNSS <LOD 1.14+0.01 <LOD 2.18+0.07 3.32+0.07
Ambo AmBiNSS <LOD 1.12+0.03 1.89+0.18 <LOD 3.010.18
Niger Seed Ambo AmGeNSS <LOD <LOD <LOD <LOD <LOD
Asella AsEINSS 2.66+0.13 <LOD <LOD 1.89+0.09 4.55+0.16
Burayu BuBaNSS <LOD 1.96+0.17 <LOD <LOD 1.96+0.17
Adama AdDeCSS 2.51+0.17 <LOD <LOD <LOD 2.51+£0.17
Cotton Seed Adama AdHaCSS <LOD <LOD 1.81+0.11 2.8140.14 4.62+0.18
Adama AdMeCSS 1.93+0.09 1.35+0.03 3.35+0.34 <LOD 6.63+0.35
Soybean seed Adama AdAISBSS  2.75+0.03 1.96+0.01 <LOD <LOD 4.71+0.03
Mustard seed Asella AsHiMSS <LOD <LOD <LOD <LOD 0.00+0.00

Abbreviations: AFBi, Aflatoxin Bi; AFB:, Aflatoxin Bz; AFG:, Aflatoxin Gi; AFG: = Aflatoxin G2; SD, standard deviation; LOD, limit of detection; XAF,
total Aflatoxin concentration (AFB: + AFB: + AFG: + AFG:); MRL, maximum residue limit for total aflatoxins in oilseeds.

Note: MRL is 10 ug kg™ as per the Ethiopian Standards, ES 595:2001. SDs, 4 = [ (SDaps1)? + (SDarp2)* + (SDapc1)? + (SDyrgz)?
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Prevalence of aflatoxins in crude edible oils

Crude edible oils were found to be exceptionally hazardous to public health, unlike the seeds from which these oils were
produced. Of the 23 sample oils tested, 11 (47.8 %) were contaminated with aflatoxin (Table 3). The results showed that 7
of the oils tested (30.4 %) were above the ML for total aflatoxins in edible oils (CAC, 2023; ESI, 2024). The average
concentration of aflatoxins in the oil samples was 17.67 ngkg™, ranged from 2.98 pgkg™ to 30.34 pgkg'. The high
concentration and relatively high proportion of crude oils exceeding regulatory limits indicate that a breakdown in quality
control procedures during the extraction and re-concentration of toxins produced in contaminated seeds when these were
processed to create this edible oil product (Mohammed et al., 2026; Yalew et al., 2026). The high concentration and
relatively high proportion of crude oils exceeding the Ethiopian regulatory limit indicate that mechanical processing can
substantially redistribute aflatoxins from contaminated seeds into the expressed oil fraction... During small-scale
mechanical expelling, the oilseed matrix is subjected to grinding, compression, shear, and friction within the press. These
forces disrupt cellular structures and release oil droplets together with matrix-associated compounds into the expressed
crude oil. Pressure and friction can also generate heat during pressing, although the magnitude depends on press design,
operating conditions, seed moisture, and throughput. Importantly, the observed increase in aflatoxin concentration should
not be interpreted as formation of new aflatoxins by heat or pressure. Rather, it is more appropriately explained by
physical redistribution and partitioning of pre-existing aflatoxins between the oil and press-cake fractions. Aflatoxins are
not completely eliminated by mechanical extraction and a proportion can transfer into crude oil, while the remaining toxin
is retained in the press cake. Recent processing studies similarly demonstrate that extraction method strongly influences
the distribution of AFB: between oil and cake fractions. Because locally pressed oils generally undergo little or no
subsequent refining, aflatoxins transferred to the crude oil may remain in the final product. Refining processes such as
alkali treatment, bleaching, and deodorization can substantially reduce aflatoxin levels in oils. Thus, the higher non-
compliance observed in crude oils (30.4%) compared with raw oilseeds (4.3%) is best interpreted as evidence of
processing-associated redistribution and concentration of pre-existing aflatoxins, rather than de novo toxin formation
during pressing.

Table 3. Residual concentration of Aflatoxins in edible crude oil samples, pg/L (mean + SD, n=3).

Edible

g::::ﬁe Ol City/Sub-city Sg‘;‘(‘l’ele AFB; AFB; AFG: AFG: (Eg/i) (fg‘}“lfg)

Type
Adama AdAbBLSOS 2.540.06 <LOD 4.7£0.16 <LOD 7.20+0.17 7.83+0.17
Ambo AmAsLSOS <LOD <LOD <LOD <LOD <LOD <LOD
Asella AsBeLSOS 2.54+0.15 <LOD 7.35£0.59 6.58+0.31 16.47+0.68 17.90+0.68

Linsced il Asella ASEILSOS ~ 4.1240.19 1.66+0.08 7.41+0.61 6.73£0.19 19.92+0.66 21.65+£0.66
Asella AsFeLLSOS 4.16£0.11 1.50+£0.08 14.5+£1.21 7.75£0.19 27.91£1.23 30.34+£1.23
Gobaa GOoAbLSCOs 3.71+0.20 1.46+0.08 10.2+0.39 6.67£0.26 22.04+0.49 23.96+0.49
Gobaa GoDaLSOS <LOD <LOD <LOD <LOD <LOD <LOD
Gobaa GoMiLSOS 6.05£0.29 1.46+0.08 10.2+0.39 6.67+0.26 24.38+0.51 26.50+0.51
Adama AdMiGNOS <LOD <LOD <LOD <LOD <LOD <LOD

Groundnut Burayu BuAIGNOS <LOD <LOD 18.1£0.78 6.19£0.07 24.29+0.78 26.40+0.78

oil Burayu BuNuGNOS  2.74+0.28 <LOD <LOD <LOD 2.74+0.28 2.98+0.28
Melka Nono MGiGNOS 2.91+£0.06 <LOD 9.584+0.82 <LOD 12.49+0.82 13.58+0.82
Melka Nono MNTeGNOS 2.74+0.24 1.55+0.06 <LOD <LOD 4.29+0.25 4.66+0.25
Ambo AmAsNSOS <LOD <LOD <LOD <LOD <LOD <LOD

Niger seed Ambo AmBiNSOS <LOD  <LOD  <LOD <LOD  <LOD <LOD

oil Ambo AmGeNSOS <LOD <LOD <LOD <LOD <LOD <LOD
Asella AsEINSOS 2.33+£0.23 <LOD 13.1£0.59 7.59+£0.26 23.02+0.68 25.02+0.68
Burayu BuBaNSOS  <LOD <LOD <LOD <LOD <LOD <LOD

Cotton  seed Adama AdDeCSOS <LOD <LOD <LOD <LOD <LOD <LOD

oil Adama AdHaCSOS <LOD <LOD <LOD <LOD <LOD <LOD
Adama AdMeCSOS  <LOD <LOD <LOD <LOD <LOD <LOD

Soybean oil ~ Adama AdAISBOS <LOD <LOD <LOD <LOD <LOD <LOD

Mustard oil Asella AsHiMOS <LOD <LOD <LOD <LOD <LOD <LOD

Abbreviations: AFBi, Aflatoxin Bi; AFB:, Aflatoxin B:; AFG., Aflatoxin Gi; AFG: = Aflatoxin G2; SD, standard deviation; LOD, limit of detection; XAF,
total Aflatoxin concentration (AFB:1 + AFB: + AFG:i + AFG3); MRL, maximum residue limit for total aflatoxins in edible oil.
Note: MRL is 10ug/kg as per the Ethiopian Standards, ES 595:2001. To convert a concentration from ug/L to ug/kg, it was divided by the density
(0.92 g/mL or 0.92 kg/L), i.e. Concentration (ug/kg) = Concentration (ug/L)/0.92 (kg/L)
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Prevalence of aflatoxins in oil cakes

In the course of an investigation into oil cake samples, which represent a significant feed ingredient for livestock, a major
finding was that nearly three-quarters (72.7 %) of the samples were found to contain detectable levels of aflatoxins (Table
4), creating a substantial second-tier risk to the food supply chain (Mengesha et al., 2024). Of the total number (23), 16
(69.6%) contained detectable levels of total aflatoxin (XAF) ranging from 2.10-28.62 ugkg™'.), Moreover, 12.5 % of the
oil cakes (2 of the 16 positives) had ZAF levels above the international benchmark of 20 pg kg™

Although ES 595:2001 does not specify an MRL for oil cakes, these findings are relevant to livestock and human food
safety because AFB: consumed by lactating dairy animals through contaminated feed can be metabolized to aflatoxin M;
(AFM)) and subsequently excreted in milk. Reported AFBi-to-AFM: carry-over in dairy cattle varies considerably with
feed intake, milk yield, and other animal and production factors, with typical estimates of approximately 1-2% and higher
rates reported in high-producing cattle. Thus, the occurrence of ZAF up to 28.62 pg kg! in oil cakes indicates a plausible
indirect pathway for human exposure through contaminated milk and dairy products. However, AFM: was not measured in
milk in the present study, and therefore the magnitude of this carry-over and associated dietary risk cannot be quantified
from our data. These findings nevertheless support the need for routine monitoring of AFB: in oil cakes used as livestock
feed and AFM. in milk, together with improved control of contaminated feed entering dairy production.

Table 4. Residual concentration of Aflatoxins in oil cake samples, pg/kg (mean + SD, n=3).

Sample Type City/Sub-city Sample Code AFB, AFB; AFG: AFG: YAF
Adama AdADBLSCS 1.74+0.08 0.36+0.01 <LOD <LOD 2.10+0.08
Ambo AmASLSCS <LOD <LOD <LOD <LOD <LOD
Asella AsBeLSCS 2.65£0.10 0.33+0.02 <LOD 12.7+£0.89  15.68+0.90
Asella ASEILSCS 23.0+0.52 <LOD 5.62+0.37 <LOD 28.62+0.64
Linseed cake Asella AsFeLSCS 6.22+0.55 0.37+£0.01 1.93+0.08 3.43+0.16 11.95+0.58
Gobaa GoAbLSCS <LOD <LOD <LOD 7.25+0.34 7.25+0.34
Gobaa GoDaLSC 1.37+0.09 <LOD 1.26+0.07 2.63+0.12 5.26+0.17
Gobaa GoMIiLSCS <LOD <LOD <LOD <LOD <LOD
Gobaa GoYaLSCS <LOD <LOD <LOD 6.11£0.39  6.11+0.39
Adama AdMiGNCS <LOD <LOD <LOD 4.42+0.16 4.42+0.16
Groundnut cake Burayu BuAIGNCS 13.1+0.57 <LOD 9.78+0.68 <LOD 22.88+0.89
Burayu BuNuGNCS 1.11£0.09 <LOD 1.87+0.08 2.08+15 5.06+15.00
Melka Nono MNGIGNCS 8.23+0.77 0.46+0.01 1.29+0.08 8.97+0.33 18.95+0.84
Ambo AmAsNSCS <LOD <LOD <LOD <LOD <LOD
Ambo AmBINSCS <LOD <LOD <LOD <LOD <LOD
Niger seed cake Ambo AmGeNSCS <LOD <LOD <LOD <LOD <LOD
Asella ASEINSCS 0.96+0.02 <LOD <LOD 1.75+0.07 2.71+0.07
Burayu BuBaNSCS 2.38+0.19 0.39+0.01 2.20+0.18 4.83+0.33 9.80+0.42
Adama AdDeCSCS <LOD <LOD <LOD <LOD <LOD
Cotton seed cake Adama AdHaCSCS <LOD <LOD <LOD 10.6+£0.48 10.60+0.48
Adama AdMeCSCS <LOD 0.51+0.01 <LOD 2.56+0.02 3.07+0.02
Soybean cake Adama AdAISBCS 0.95+0.01 <LOD 1.68+0.10 3.43+0.17 6.06:0.20
Mustard seed cake  Asella AsHiIMSCS <LOD <LOD <LOD 6.18+0.21 6.18+0.21

Abbreviations: AFBi, Aflatoxin Bi; AFB:, Aflatoxin B2; AFG, Aflatoxin Gi; AFG:, Aflatoxin G2, SD, standard deviation; LOD, limit of detection; XAF =
total Aflatoxin concentration (AFB; + AFB: + AFG; + AFG:).

Note: SDy ar = v/ (SDarp1)? + (SDarp2)? + (SDapg1)? + (SDarcz)?, Ethiopian Standards, ES 595:2001, does not explicitly list an MRL for oil cakes,
but a common benchmark for feed safety is 20 ug kg™ for total Aflatoxins.

In summary, there is a clear variation in Aflatoxin B: (AFB:) concentrations among oilseed, crude edible oil,
and oil-cake samples across the six sampling locations (Figure 2). AFB: levels were generally lowest in raw
oilseeds, while substantially higher concentrations were observed in crude edible oils and oil cakes, indicating
possible concentration or transfer of aflatoxins during oil processing. The highest AFB: concentrations were
particularly associated with Burayu and Asella, whereas Ambo and Adama generally showed lower
contamination. Overall, the pattern indicates that crude oils and oil cakes may represent greater contamination
concerns than the corresponding raw oilseeds, emphasizing the importance of improved post-harvest handling,
storage, and processing controls.
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Figure 2. Aflatoxin B1 concentration in oilseed, crude oil and oil cake samples across the six sampling locations.
Health risk assessment of aflatoxin

The data from the health risk assessment of aflatoxins from oilseeds by age group (Table 5) indicate all age groups had
EDI values exceeding the TDI, resulting in HQ values greater than 1 for the modeled exposure ranges, while the calculated
ILCR values exceeded the 107¢ negligible-risk threshold. Consequently, the model classified 100 % of the modeled age-
group scenarios as having potential non-carcinogenic and carcinogenic health risks (U.S. EPA, 2024; Kibugu et al., 2024).
Importantly, this 100% value represents the proportion of modeled scenarios exceeding the selected risk thresholds and
should not be interpreted as meaning that every individual in the population will necessarily develop aflatoxin-related
disease. The highest estimated exposure occurred among infants and young children because their lower body weights
produce higher dose per unit body weight for a given amount consumed. Thus, the results should be interpreted as
screening-level estimates of potential health risk under the specified exposure assumptions, rather than precise estimates of
disease incidence. These limitations highlight the need for larger, population-representative dietary surveys and
probabilistic exposure assessments in future studies.

Non-carcinogenic health risk prevalence (HQ>1)

The Hazard Quotient (HQ) is used to determine the risk posed by non-carcinogenic substances; HQs greater than 1.0
indicate a potential health risk ( U.S. EPA, 2024). For each age group, the entire spectrum of HQs calculated from 13.78
for elderly (51+ yrs) to 66.26 for Children (1-3 yrs) exceeds this value. Thus, all groups (infants, children, teenagers,
adults and older people) have a 100 % likelihood of experiencing non-cancer health risks. The most extreme HQs
correspond to the youngest children, meaning they are exposed to a higher degree of toxicity based on the TDI of
0.4 ng kg ' bw day! (based on liver toxicit.

Prevalence of carcinogenic health risk (ILCR > 107¢)
The ILCR estimates the increased chance of developing cancer due to lifetime exposure.

a) ILCR > 107 The calculated ILCR values for all age groups ranged from 0.9 x 107 to 4.5 x 107°. All estimated values
exceeded the benchmark risk level of 1x107°¢ indicating a detectable and non-negligible lifetime carcinogenic risk.
Although the estimated risks remained below the 1 x 107 level generally considered to warrant priority risk management
action, the findings indicate potential public health concern associated with long-term dietary exposure to aflatoxins. This
interpretation is supported by current international human health risk assessment guidance and by the continued
classification of naturally occurring aflatoxins, including aflatoxin Bi, as Group 1 (carcinogenic to humans) by the
International Agency for Research on Cancer (IARC, 2026; FAO/WHO, 2024).

b) ILCR > 107*: None of the calculated ILCR values reach the more stringent 10 action level. Thus, the prevalence of
exposures meeting this “actionable risk” benchmark is 0 % . According to the quantitative risk assessment conducted for
dietary exposure to aflatoxins from oilseeds in this study, every person could be expected to encounter aflatoxins in their
diet; therefore, there is a universal hazard (100 % of the population) associated with consuming aflatoxin-containing
oilseeds. These results indicate a potential public health concern associated with dietary exposure to aflatoxins from
oilseeds (FAO/WHO, 2024; IARC, 2026; Mohammed et al., 2026). The ILCR values presented in Table 5 represent
baseline estimates based on the unadjusted AFB: cancer slope factor. Because HBV infection can substantially increase the
carcinogenic potency of AFB,, the actual cancer risk may be higher among HBV -positive individuals. However, individual
HBV/HBsAg status was not available in the present study; therefore, a population-wide HBV adjustment was not
incorporated into the primary ILCR estimates. HBV-associated modification of AFB: carcinogenicity should consequently
be considered an important uncertainty in interpreting the reported cancer-risk estimates.The findings underscore the
urgent need for interventions, including the enforcement of stringent regulatory standards, improved post-harvest handling
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practices, and targeted public health education to reduce aflatoxin exposure and its long-term health impacts ( EC, 2023;
Yalew et al., 2026; FAO & WHO, 2024).

Table 5. Health risk assessment (EDI, HQ and ILCR) of Aflatoxins from oilseeds by age group.

Age Group BW DI CR EDI TDI HO ILSR (
(kg) (g/day)  (ng/kg) (ng/kg/day) (ng/kg/day) 107
Infants (6-12 months) ~ 7-10  5-10 6 842527 0.4 531(5)'937%38.26 32;4!;,60
Children (1-3 yrs) 10-14 1015 767 12552651 04 5253—766526 g:;ﬁ%
Children (4-8 yrs) 1525  15-20 17.67 10.60.23.50 0.4 ;2:2-13_35-;84 :ls:?igm
Children (9-13 yrs) 25-45  20-30 1767 R ;812-93795201 51253;66.36
Adolescent (14-18 yrs)  45-70  25-40 . 00153 04 ;23'72723;40 ;:(7){)2177
Adult (19-50 yrs) 50-80  30-50 . 11767 0.4 ?'65.'72954-("4.18 }:;;13—'2.30
Elderly 31+ yrs) 60-80 2340 54, s4g-1184 04 Z3§-718(i§9.69 ?22_9222.53

Abbreviations: BW, body weight; DI, daily intake; CR, cancer risk; EDI, estimated daily intake; TDI, tolerable daily intake; HQ, hazard quotient; ILCR,
incremental lifetime cancer risk.

Note: ILCR values were calculated using the baseline AFB;: cancer slope factor of 0.0017 (ng kg™ bw day™)”'. Because HBV/HBsAg status was not
available for the study population, no uniform HBV-related potency adjustment was applied. Consequently, the reported ILCR values represent baseline
estimates and may underestimate cancer risk among HBV-positive individuals.

Table 6. Comparison of aflatoxin levels in the samples with previous studies in Ethiopia.

Correlation . . XAF Range /
Method of . LOD LOQ Linearity
Sample Type . Coefficient Mean Study (Year
PIeTYPE s nalysis e Wgke)  (gke) (wky ot (8 Sudvien
Cereals .
(maize, LC-MS/MS 0.995-0.999 NS NS NS Jotal AF: 0.4- Sadik et al.
91.5 (2026)
sorghum)
Sorehum %HCHIII:?_S/MS NS 0.05— 0.15- NS Total AF: 0.2— Tadesse et al.
& . 0.50 1.50 15.8 (2026)
mycotoxin)
Groundnut Total AF: 1.5~ Mohammed
products LC-MS/MS NS NS NS NS 62.4 et al. (2026)
Groundnut ~ LC-MS/MS NS NS NS NS AFB: 08527 Mohammed
et al. (2026)
Reported
Oilseeds & ELISA validated variability; Yalew et al.
oilseed cakes by HPLC-FLD NS NS NS NS some samples (2026)
>20
Total AF: Sadik et al.
Cereals HPLC/ELISA NS NS NS NS <LOD-36.4 (2026)
. 0.10— 0.30— Tadesse et al.
Mixed cereals HPLC-FLD 0.996-0.999 030 1.00 1-100 Total AF: 2-88 (2026)
Oilseeds:
Oilseeds <LOD — 14.03
¢ .. HPLC-FLD with  0.9960- 0.12— 0.40- Oil: <LOD -
gg{de Oil, Oil 1A ¢ cleanup 0.9993 0.31 0.93 0.5-100 3534 Present Study
©s Cakes: <LOD
—28.62

Abbreviations: HPLC-FLD, high-performance liquid chromatography with fluorescence detection; IAC, immunoaffinity column; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; LOD, limit of detection; LOQ, limit of quantification; XAF, total aflatoxins (AFB: + AFB: + AFG: + AFG:);
NS, not specified in the reviewed document, <LOD, below limit of detection.

Comparison of the present results with previous studies

The aflatoxin concentrations determined in the present study were compared with those reported in recent studies in
Ethiopia, and the results are summarised in Table 6. Overall, the comparison indicates that aflatoxin contamination
remains a persistent food safety concern across diverse Ethiopian commodities despite differences in analytical methods,
sampling locations, and agroecological conditions. The present study recorded total aflatoxin concentrations ranging from
<LOD to 14.03 ug kg™' in oilseeds, <LOD to 30.34 pg kg in crude edible oils, and <LOD to 28.62 pg kg™ in oil cakes.
These concentrations are generally lower than those reported in recent Ethiopian studies on groundnuts, where total
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aflatoxin concentrations reached 62.4 pg kg™, and are comparable to contamination levels reported in sorghum and other
cereal commodities analyzed using LC—MS/MS and HPLC-based methods (Mohammed et al., 2026; Tadesse et al., 2026).
Likewise, recent investigations of oilseed cakes and compounded livestock feeds have demonstrated considerable
variability in aflatoxin contamination, with some samples exceeding internationally accepted maximum levels,
emphasizing the continued vulnerability of oilseed-derived products to fungal contamination during post-harvest handling
and storage (Yalew et al., 2026). Although most samples analyzed in the present study complied with the Ethiopian and
international maximum levels for oilseeds intended for food processing, the detection of aflatoxins in all commodity
groups highlights the need for continuous surveillance, implementation of good agricultural and storage practices, and
routine monitoring throughout the oilseed value chain to minimize exposure and protect public health (Mohammed et al.,
2026; Yalew et al., 2026).

Statistical analysis

Statistical analyses were performed to explore the relationships among aflatoxin types and to identify significant
differences in contamination levels across sample types and locations. Pearson correlation analysis revealed a strong
positive correlation (r=0.70) between AFB: and AFG, suggesting their co-occurrence, likely due to simultaneous
infection by Aspergillus flavus and A. parasiticus under favourable conditions such as high humidity and poor storage
practices . Moderate correlations were noted between AFB. and AFG: (r=0.38 and r=0.17), indicating partial
dependency among these toxin types. Additionally, one-way ANOVA was conducted to assess differences in mean
aflatoxin levels among oilseed, oil cake and edible oil samples, with statistical significance set at p <0.05 (Balakrishna et
al., 2022; Kharbach et al., 2026). The analysis revealed significant variation influenced by both crop type and geographic
origin: linseed and groundnut samples from Asella and Burayu exhibited higher contamination compared to those from
Adama and Ambo. These results align with findings from other studies in sub-Saharan Africa, which identify
environmental factors and post-harvest handling practices as key determinants of aflatoxin contamination (Balakrishna et
al., 2022; Kharbach et al., 2026). Overall, the statistical analyses provided robust evidence of contamination patterns,
co-occurrence of toxin types and variability across regions, supporting the development of targeted aflatoxin mitigation
strategies.

CONCLUSION

This study demonstrates that aflatoxin contamination occurs across the oilseed value chain in Oromia affecting raw
oilseeds, crude edible oils, and oil cakes with comparatively higher contamination observed in linseed and groundnut
products and in samples from Asella and Burayu.. The findings demonstrate that mechanical oil extraction does not
eliminate aflatoxins but redistributes them between the crude oil and press-cake fractions; a measurable proportion can
transfer into crude oils, while substantial amounts may remain concentrated in oil cakes, depending on the commodity and
processing conditions. It also indicate the need for practical control measures beginning with the raw material, including
careful manual or mechanical/electronic sorting and removal of visibly damaged or mouldy seeds before pressing,
followed by adequate drying, moisture control, and appropriate storage to minimize fungal growth. For local oil
processors, simple and affordable measures such as sedimentation and filtration of crude oil may provide practical options
for improving product quality, while any additional treatment should be evaluated for effectiveness and affordability
before routine adoption. Health risk assessments indicated that estimated dietary exposures exceeded tolerable intake
levels across all age groups, with infants and children particularly vulnerable. Both non-carcinogenic (HQ>1) and
carcinogenic (ILCR > 107°) risk indices surpassed recommended thresholds for 100 % of the population, highlighting the
potential long-term public health consequences of consuming contaminated oilseed products. The universal hazard
observed in this study is especially concerning given that chronic hepatitis B infection, which is highly prevalent in
Ethiopia, synergistically amplifies the carcinogenic effects of aflatoxins.

Overall, the findings indicate important deficiencies in post-harvest handling, storage, and processing practices within the
local oilseed value chain in Oromia, Ethiopia. To reduce aflatoxin contamination and associated health risks, regulatory
oversight should be strengthened by enforcing existing MRLs for total aflatoxins in edible oils (10 pgkg™) and
establishing legally binding limits for aflatoxins in oil cakes used as animal feed, aligning with international benchmarks
of 20 pgkg™'. In addition, a mandatory routine aflatoxin monitoring programme should be implemented, targeting
high-risk commodities (linseed, groundnut) and high-risk locations (Asella, Burayu) identified in this study. Improvements
in post-harvest management must be improved through low-cost interventions such as rapid drying to safe moisture levels,
adoption of hermetic storage technologies, and regular moisture monitoring and application of good storage practices to
minimize fungal growth and aflatoxin production. Improvements in post-harvest management should include rapid drying
to safe moisture levels, adoption of hermetic storage technologies, regular moisture monitoring, Finally, public health
education campaigns should be launched to raise awareness among consumers, farmers, and mill operators regarding
aflatoxin risks, exposure pathways, and mitigation strategies. A major limitation of this study is the relatively limited and
location-specific sampling design and the absence of experimental evaluation of the effectiveness and economic feasibility
of individual mitigation interventions. Future research should therefore evaluate these low-cost interventions under actual
small- and medium-scale processing conditions and conduct larger, representative studies to assess seasonal, geographical,
and value-chain variability in aflatoxin contamination. These measures could contribute to more feasible and sustainable
management of aflatoxin risks within Oromia's oilseed value chain.
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