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Phylogenetic and Gene Expression of Norsolorinic acidanalysisof Aflatoxigenic Strains

and Quantification of Aflatoxin B;Levels intoWhite Rice Grainsin Kenya

Abstract: The most important pathogens of global significance in food ‘security are
mycotoxigenic fungi.Aflatoxigenic strains contamination in rice grains.can lead to.a health
risk for consumers.Under appropriate conditions, aflatoxigenic< fungi can. grow and
subsequently produce aflatoxins.Aflatoxin poses a real threat to food safety and security and
destroys approximately 25% of the world's food crops and“every year:420,000 people die
from consuming contaminated food causing an estimated loss of 33'million healthy life years.
This study screened Norsoloric Acid gene involved in the biosynthesis pathway, gene
expression profile of aflatoxigenic strains characterized from rice grains, and assessed
aflatoxin By levels in white rice grains.We combine the use of moleculartechniques and
Enzyme-Linked Immunosorbent Assay ‘to detect aflatoxin biosynthesis aflD gene and

quantify gene expressionprofile, and analyzed aflatoxin B, levels, respectively.

The results shown that all aflatoxigenic strains analyzed in this study are clustered within the
same clade based on the aflD gene. The targeted aflD gene for expression was amplified in all
aflatoxigenic strains:with higher relative level in Aspergillus flavus but no relative expression
shown in Aspergillus fumigatus. Enzyme-Linked Immunosorbent Assay showed that 43.1 %
of the samples were found positive, with15.9 % being local rice and 27.2 % imported rice.
Notably, 11:3.% of analyzed samples were above the recommended aflatoxin B, in rice grains
established by European Union with aflatoxin concentration ranging between 0 pg/kg to 3.2
ng/kg.These results are indicative of exposure of the population to aflatoxin Bjand possible
health hazard. Our study reveals high levels of aflatoxin B; contamination in bothimported
and local rice grains in Kenya. This study highlights the species diversity of aflatoxigenic

fungi that have the potential to contaminate different types foodstuffs.
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1. Introduction

Microbial pathogens, particularly mycotoxigenic fungi, are a significant global menace to
food safety and security[1, 2]. In tropical climate conditions, aflatoxigenic fungi of
Aspergillusspecies easily contaminate small grains like wheat, barley, rye, rice, triticale, and
corn [3,4]. Mycotoxins are among the microbial toxins of most concern to public health and
represent a significantbarrier to the international trade of agricultural products and an obstacle
in the face of global harmonization of regulatory standards, as discussed by[5]. At any stage
of the foodstuffs production process, before and during harvesting, drying, transport, and
storage, mycotoxigenic fungi can colonize grains crops and expose consumers:to the risk of
mycotoxin contamination directly through food consumption or indirectly:through animal
feed [6].The contamination of foodstuffs and commodities with mycotoxins is a recurrent
problem in Sub-Saharan Africa (SSA). [It is caused mainly by post-harvest infestation of
Aspergillus species section flavi during storage, holding, processing, transportation,and

marketing.Among all mycotoxins, AFs are known as the most poisonous and toxic to human

beings,significantly impactingthe economic burden offoodstuffs and consumers[7, 8].| - -{ comment [HC1]: According to research on the
B contamination of foodstuffs with aflatoxin mainly in
Aflatoxins (AFs) are secondary metabolites typically produced through certainaflatoxigenic the fields, we invite the author to add this

parameter in the context part of the introduction!

species of Aspergillus, like A. flavus, A. astellatus, A. homius,and A. parasiticus [9, 10].AFs
are genotoxic, carcinogenic, teratogenic, mutagenic, hepatotoxic, and immunosuppressive
[11]. The most studied AFs among the main_types are aflatoxin B; (AFB;), aflatoxin B,
(AFB,), aflatoxin G; (AEG;), and:aflatoxin G, (AFG;), while aflatoxin M; (AFM;) and
aflatoxin M, (AFMy). have received rconsiderable attention.AFs were first discovered
following a terrible livestock poisoning occurrence in England involving turkeys [12].Of all
the AFs, AFB; is one of the most prevalentAFs, which represents a problem for consumers'
health due to being hepatotoxic and a potent carcinogenic [13,14].The challenge of AFs
stands“prominent. everywhere in the world and specifically in African countries, where
contamination by aflatoxins is recorded in foodstuffs with an incidence of 50 %, for instance,
with 1642 pg/kg infestation in white rice grains[15].Assessment of AFB; incidence in cereals
is necessary to avoid and decrease the adversative health effects onthe population. AFs in rice
grainscould be quantitatively determined by applying diverse investigative
methods.Molecular techniques like PCR, Real-Time PCR, and phylogenetic analyses are
commonly used to validate the morphological characterization of Aspergillus species

section Flavi[5].



The biosynthesis pathway of AFsinvolves numerous enzymes encoded in genes located in a
cluster of 75 kb in size[16]. In Aspergillus, the order of these genes is highly preserved [17].
There are 30 genes positioned within the same order in entirely aflatoxigenic fungi of the
Flavi section [18, 19]. The cluster is controlled in a coordinated way, and norsolorinic acidis
the first stable precursor of AFs[20, 21], which is then converted intoaverantinin the central
of the aflatoxin biosynthetic pathwayby a reductase encoded by the aflD gene [21, 22].
Indeed, a more profoundknowledge about the elements included in the regulatory path of the
biosynthetic of aflatoxin gene clusters that activate in aflatoxigenic strainsis
anessentialprerequisite for mitigating and minimizing AFs and preventing foodstuffs and
commodities contamination in the future[23, 24].

Global consumption of rice has recently increased. Rice grains was consumed arround 490.27
million metric tons worldwide in the year of 2018-2019. The consumption of rice grains in
Kenya is increasing at 12 % per yearafter wheat and maize with 4 %.and 1 % respectively. Its
local production is estimated to be between 100.000 and 120.000 metric tons per annum,
while its consumption has increased from 400.000 to 410.000 tons per annum [25].The
contamination of rice grains with AFs has been documented in several studies, with the
(EU) has set the maximum tolerable limits (MTL) for AFs in rice precisely, 4 pg/kg for total
aflatoxins (B1+B,+G1+G,) and 2 pg/kg for AFB, [29].

Manymethods are currently applied for.the detection of AFcontamination, including thin-layer
chromatography (TLC), enzyme-linked immunosorbent assay (ELISA), high-performance
liquid chromatography,/with “a fluorescence detector (HPLC-FLD), or tandem mass
spectrometry. (HPLC-MS/MS)[30, 31]. TLC and ELISA are widely utilized to
detectAFscontamination. in various foods, offering higher sensitivity around 1-20 pg/kg [32,
33].

Due tothe tropical climates with extreme ranges of temperature, humidity, and rainfall levels
throughout the year, rice grains sold in the markets, retail markets, and millers in Kenyaareat
an increased risk of contamination by AFs, posing a threat to food safety and security to the
population and animal health.Aflatoxin poses a real threat to food safety and security and
destroys approximately 25% of the world's food crops and every year 420,000 people die
from consuming contaminated food causing an estimated loss of 33 million healthy life years.
The most significant outbreaks of acute aflatoxicosis from highly contaminated food have

been documented in Kenya. In July 2004, an outbreak of acute hepatotoxicity with 317 cases
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and 150 deaths occurred as a result of AFs poisoning from ingestion of contaminated maize
[34]. Another outbreak of aflatoxicosis occurred in 1981 from contaminated maize,with 500
acute illnesses and 200 deaths in Makueni County and other parts of Kenya[35]. From the
above cases, it is clear that AFs food poisoning is a common occurrence in Kenyan cereals, a
food commodity commonly used by many communities as staple food. However, no study has
been performed in Kenya to assess the safety of rice grains for AFB1 and the risk associated
with consuming this staple product. Therefore, our study aimed to screen aflatoxigenic
strainsthrough Norsolorinic Acid (NOR)and quantify AFB; in rice grainssold in the marketsto
evaluate the exposure levels from rice consumption and the associated liver eancer risk from

this toxin.
2. Material and Methods
Sample Collection

Rise samples were collected randomly (1 kg) from local retail markets and millers in Mwea
(59 samples) and at Jamhuri Market in Thika (389 samples) (Kenya) and labelled
appropriately. A total of 98 samples (local rice produced in Mwea and imported rice
originating from Biriyani, India, Pakistan, and Thailand) were taken in line with the
alternative sampling plan for the Official Control of Mycotoxins in Food [36]. Representative
samples were put in sealed plastic ziplock.bags and transported to the Molecular Biology and
Biotechnology Laboratory.at Pan African University Institute for Basic Sciences, Technology
and Innovation (PAUSTI).

Isolation of Fungi

All samples of rice:grains collected were analyzed usingthe direct plating approach defined by
Pitt and . Hocking  [37]. Rice grains were surfacesterilized by dipping in
dilutedcommercialbleach (2.5% sodium hypochlorite) for 1 min before rinsing thrice in sterile
distilled:water.For every sample, 20 pieces (rice grains suspected to be infected by fungi)
were positioned aseptically on a layer of moistened filter paper in the Petri dishes. The Petri
dishes were incubated upright at 25 °C for 3-5 days in darkness and ventilated for 12 h onthe
3" day. Isolation of fungi from the suspected grains was performed using Ulster's method[38].
Fungi growing on distinctive seeds were isolated from emerging colonies on modified rose
Bengal chloramphenicol agar (MRBA) [39]. The cultural characteristics described in

taxonomickeys by Klich were used to identify Aspergillus section Flavi[40].Pure cultures



were performed for subsequent studies using two different media, malt extract agar (MEA)

and potato dextrose agar (PDA), according to Pitt and Hocking [39]and [41]for seven days.
Genomic DNA Extraction

FourAspergillusstrains (A. flavus, A. parasiticus,A. nomiusand A. fumigatus) were
identifiedfor this study.The genomic DNA was extracted from seven-day-oldculture grown on
mediaaccording to [42] method with modification.A total of 50-100 mg of fungal mycelium
was scraped and placed in a 2 mL Eppendorf tube. The tubes were frozen in liguid nitrogen
and vortexed vigorously for 30 minutes with steel beads to crush the mycelial wall and release
the DNA. A volume of 500 pL of Lysis Buffer (100 mM Tris-HCI pH:8, 2. mM EDTA, 100
mM NaCl, 10 mM B-mercaptoethanol, and 1 % Sodium dodecyl sulfate),5 pL of RNase A,
and 1 pL of Proteinase K were added. Tubes were then incubated at 65 °C for 45 minutes in
buffer. Thereafter, 270 uL of Sodium/Potassium acetate (3M) was added, 'and samples were
well-mixed and centrifuged at 13,000 rpm for 10, minutes. After centrifugation, the
supernatant (700 pL) was transferred to a fresh tube;.and.an equal volume of chloroform:
isoamylalcohol (24:1) was added and mixed;samples were:placed on a bench for 5 minutes,
followed by centrifugation at 13,000 rpm for 10 minutes. The supernatant (700 pL) was
transferred into new tubes, and 80 puL of Sodium/Potassium acetate (3M) and 587 pL of ice-
cold isopropanol were added and then mixed well by inverting the tubes and then incubated at
-20 °C overnight. After that, the samples were centrifuged at 13,000 rpm for 30 minutes, and
the supernatant was discarded carefully. The DNA pellets were washed with 1mL of 70 %
ethanol and centrifuged at 13,000-.rpm for 10 minutes. The DNA pellets were air-dried,
dissolved in 50 uL'of Tris-EDTA (TE) buffer, and stored at -20 °C until use.

Primer
Set K Sequences (5'-3") Length of PCR Product (bp)
ame

F-ACCGCTACGCCGGCACTCTCGGCAC
aflD 400
R-GTTGGCCGCCAGCTTCGACACTCCG

Table 1. Oligonucleotide Primer Sets Used for the Polymerase Chain Reaction (PCR)

Abbreviations in the sequences: F, forward; R, reverse.

Sequencing and Phylogenetic Analysis



The aflDgene PCR products were purified using Qiagenkit for purification, and the products
ofaflDgene primers were sent to Macrogen Europe for sequencing analyses. After getting the
forward and reverse primer sequences of each strain, sequences were edited with MEGA7

[43]and Geneious software (http://www.geneious.com).The data were contrasted in GenBank

using the BLASTnN algorithm. Additionally, strain information was evaluated using the

reference strains of NCBI (http://www.ncbi.nlm.nih.gov).Using the maximum likelihood

method based on the Tamura-Nei model [44], the phylogenetic relationship was found.

RNA Extraction

The fourstrainsidentified earlier were screened for gene expression to quantify the potential
aflatoxigenic producers by amplifying the norsolorinic acid .(NOR); aflID (nor-1) gene
involved in the aflatoxin biosynthetic pathway.RNA's isolation was done using Rneasy Mini
kit (Qiagen) following the manufacturer's instructions with brief madification. Briefly, 50 mg
of fungal mycelium were scraped and frozen in liguid nitrogen and then ground into fine
powder by vortexing in steel beads. The powder was transferred in'a 2 mL Eppendorf tube, a
suitable volume of Buffer RLT for a working solution was added, then centrifuged for 3
minutes at a maximum speed to disrupt ‘and homogenize the lysate. After centrifugation, the
supernatant was removed to a new tube. Additionally, 70 % of ethanol was added to the lysate
and mixed well by pipetting. A¢volume of 700 pL of the mixed sample was transferred to a
Rneasy Mini spin column placed in‘a 2ml collection tube and centrifuged for 20 seconds at >
8000 x g, the flow-through discarded. Thereafter, 700 puL Buffer RW1 wasadded to the
Rneasy spin column; centrifuged for 20 seconds at > 8000 x g, and discarded the flow-
through. After that, a-volumerof 500 uL. RPE wasadded to the Rneasy spin column and
centrifuged, and the flow-through was discarded. This step was repeated (twice). Thereafter,
the Rneasy spin-column was positioned in a new 1.5 ml collection tube, 50 uL of RNase-free
water, was added.to the spin column membrane and centrifuged for 1 minute at > 8000 x g to
elute the. RNA.The concentration and purity of RNA were measured using a Nano-drop
Spectrophotometer (Model PCR Max Lambda, Thermo Fisher Scientific, Waltham, MA,
USA), and the quality of all extracted RNA was measured by taking their absorbance at 260

nm and 280 nm.

cDNA Synthesis
Reverse transcriptase was done using a cDNA synthesis kit. cDNA was prepared using 5X
Hot Firepol® EvaGreen® HRM Mix (ROX) (Solis BioDyne) following the manufacturer's



instructions using random hexamers. Briefly, a master mix consisting of 1 pl of FIREScript
RT, 0.5 pl of ANTP MIX (20 mM of each), 1 pl random hexamers (100 uM), 2 pl of 10x RT
Reaction Buffer with DTT, 0.5 pl RiboGrip RNase Inhibitor, 5 pl of Nuclease-free H,O was
made and a 10 pl volume of total RNA was added to the master mix. Confirmation of
successful cDNA synthesis was done using conventional PCR with amplification of primers
for gPCR in Proflex PCR System with the following parameters: First Denaturation 95 °C for
3 minutes, second Denaturation 95 °C for 30 seconds, Primer annealing 58 °C for 45 seconds
and Elongation 72 °C for 7 minutes. Then, after PCR reactions, the PCR product was

confirmed by gel electrophoresis. The cDNA was then kept at -20 °C until use.

Table 2. Primer Sets Used for the Real-Time Polymerase Chain Reaction (QRT-PCR)

Set Primer Name Sequence (5'->3") Product Length
(bp)
aflD Forward primer AAT CAC AGT CCGAGG GTTCTT G 165
Reverse primer TGA TCA TAC CCG AGC ACA GAT
ﬁ-tubu“n Forward primer AAG ATC AAC GAG GAC GGC AC 222
Reverse primer CTC GAACGA ACGACGACCA

Gene Expression Profile Analysis

The gene expression. in‘the aflatoxin biosynthetic pathway was assessed in triplicates for all
aflatoxigenie: strains identified. The housekeeping gene (B-tubulin) was used as a control
during, the experimentation. Two primers were designed using Genius Prime software and
NCBI Gene bank for the gene of interest,aflD and Beta tubulin, ahousekeeping gene Table
1.Quantifying relative gene expression by real-time quantitative PCR was conducted using the

comparative'of 2447

method. For gene expression analysis, aflD gene, which is in control for
the conversation of norsolorinic acid (NOR) to averantin (AVN) in the centreof the

aflatoxinbiosynthetic pathway[45], was chosen.

Universal qPCR kit (5x HOT FIREPoI® EvaGreen® qPCR Mix Plus) was utilized in running
gPCR in qTOWER? - Real-Time PCR Thermal Cyclers (Analytik JenaAG, Konrad-Zuse-str.
1 07745 Jena. Germany) 96-well real-time gPCR following the manufacturer's instruction. A
total volume of 20 pL, including 4 pL of 5x HOT FIREPol, 13 pL of Nuclease-free H,O, 0.5



pL of each oligonucleotide primer sets above for qPCR and 2 uL cDNA was performed in the
system. The qPCR cycle parameters were set as: initial denaturation at 95 °C for 2 minutes,
denaturation at 95 °C for 15 s, annealing plus elongation at 57 °C for 30 s melting curve
analysis (60 -95 °C) for 10 s. Relative expression was determined using the 2**“" method[46,
47].

Quantitative Determination of AFB; levels by ELISA

Local and imported white rice grains were randomly sampled from local retail markets and
millers in Mwea and at Jamhuri Market in Thika, Kenya, and appropriately labelled. A total
of forty-four different samples comprising homegrown rice in Mwea and. imported rice
originating from Biriyani, India, Pakistan, and Thailand, respectively, were taken following
the alternative collection plan for the Official Control of Mycotoxins in.Foed (OCMF) [36].
Representative samples were then sealed in plastic ziplock bags, transferred to the Laboratory
of Molecular Biology and Biotechnology at Pan African’ University Institute for Basic
Sciences, Technology and Innovation, and prepared for subsequent ELISA analyses according
to OCMF.

Samples Preparation and ELISA Test Procedure

The quantitative analysis of AEB, from samples collected was performed based on a
competitive enzyme immunoassay. using RIDASCREEN® Aflatoxin B; 30/15 test kit (Art.
No: R1211, R-Biopharm, Darmstadt, Germany). Samples collected were powdered using a
moulinex blender, 5 g of the represented sample were transferred in sealed plastic bags (zip
lock) and then stored at 4°C [48] until use. All samples were examined according to the
instructions “ofthe, manufacturer in duplicates. Samples preparation for ELISA test were
performed ‘according to the technique described by R-Biopharm GmbH[49]. Briefly, to
perform ELISA test rice grains was ground in fine powder, then 5 g of rice ground was
transferred in.to 50 ml of falcon tube, twenty-five milliliter methanol: water (70:30) was
added in the falcon then after the samples were shaken vigorously for 3 minutes with shaker.
The obtained extract was filtered through a filter paper and diluted with distilled water (1:1).
At a minimum, 50 pL of the diluted filtrate was used per well in the test. Test procedure was
done according to RIDASCREEN® Aflatoxin B; 30/15 (Art No.: 1211) test kit manual, a
volume of 50 pL of the standard solution and prepared sample was added to the wells of
micro titer plate in duplicate. Then, 50 pL of the enzyme conjugate was added, and this step

was directly followed by adding on top 50 ml of the antibody solution to each well, then



kindly mixed and raised for 30 minutes at room temperature (20-25 °C). Later, liquid was
discarded from wells by beating them upside down dynamically against the absorbent paper;
followed by cleaning the wells twice with a washing buffer (250 uL). After the cleaning step,
a solution of 100 ml of substrate/chromogen was added to all wells, mixed gently, and
incubated for 15 minutes in the room temperature (20-25 °C). Lastly, 100 ml of the stop
solution was added intoall wells and the absorbance was measured at 450 nm in ELISA plate
reader (ELX800 UV, Biotek, USA).

Absorbance Determination

The absorbance values of the standards, and samples tested were calculated according to the

manufacture's instruction. Briefly, absorbance of the standards, and:samples measured were

divided by the absorbance value of the first standard (zero stahdard) and multiplied by 100:
absorbance standard/sample

% absorbance = X.100
0 absorbance zero standard

The zero standard is created equal to 100 % and the absorbance values were stated in
percentages. The calculated values of all'standards were typed into a system of coordinates on
semilogarithmic graph paper against the concentration (ng/kg) of aflatoxin B;. The aflatoxin
B, concentration in pg/Kg matehing.to the absorbance of each sample established was read

from the standardization curve correspondingly to the test preparation record for aflatoxin Bj.
Data Analysis

The data wereentered in Microsoft Excel Data Analysis for statistical analysis.
Phylogenetictrees:based on Maximum Likelihood were constructed based on the best model
using MEGAZ.Graphical representation of the data was displayed in Graph Pad prism version
7.0.Analysis of variance (ANOVA) was used to compare the means and Tukey's HSD test
(P<0.05) used for mean separations, IBM® SPSS® Statistics 25.0 was used to determine the
difference between levels of aflatoxin B, in rice grains and maximum limits levels permitted
in Kenya and European Union. The difference between the aflatoxin mean in local and
imported rice samples was compared by independent t-test. P<0.05 was considered as a

significance.

3. Results
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The Maximum Composite Likelihood (MCL) tree was constructed forthe aflDgene sequence
to describe the phylogenetic relationships among the aflatoxigenic strains, as shown in Figure
analysis of the aflD gene revealed that Aspergillus flavus strains clustered together with
strains of A. parasiticus, A. nomius, and A. fumigatus (Figure 1). Reference strains of A.
flavus, A. parasiticus, and A. nomius were grouped within the same clade. However, A.
fumigatus (4A5) did not form a distinct cluster with strains of A. parasiticus and A. nomius.
Overall, the aflatoxigenic strains analyzed in this study clustered within the same clade based
on the aflD gene, which plays a critical role in converting norsolorinic acid.to averantin
during the intermediate stages of the aflatoxin biosynthetic pathway, rather.than based on

their source of isolation.
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Figure 1. Molecular Phylogenetic analysis by Maximum Likelihood method showing the
phylogenetic relationships among the aflatoxigenicstrains based on aflDgene sequence.f'l’he
percentage of trees in which the associated taxa clustered is shown above the branches. Initial

tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and
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BioNJ algorithms to a matrix of pairwise distances estimated using the MCL approach and
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Analysis of Aflatoxin Gene Expression

Four Aspergillus species were analyzed for the expression of the aflD gene, a key gene in the
biosynthetic pathway of aflatoxin production. Notably, the relatively high expression levels of
the afID gene were observed in three strains: A. flavus, A. parasiticus, and A. nomius. Figure
2-A presents the mean expression levels of the aflD gene across these aflatoxigenic strains,
with A. flavus showing a significantly higher mean expression, as determined. by:real-time
PCR quantification. Figure 2- B illustrates a boxplot analysis of the relative:aflD expression
levels for all tested strains, highlighting variability among the species."Amplification curves
for the aflD gene, as shown in Figure 2- C, confirm the specificity of the reaction by plotting

fluorescence intensity against cycle number. To ensure the reaction's specificity, melting

curve analysis was performed, plotting fluorescence against temperature (Figure 2- D).
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Figure 2. Real-time PCR amplifications of aflD gene targeted in different aflatoxigenic
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Quantitative Determination of Aflatoxin B; Levels in Rice Grains
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Forty-four (44) samples, including local and imported rice grains (25 and 19, respectively)
were analyzed for aflatoxin B; content (quantitatively) using an ELISA kit. Figure 3, presents
the standard curve of aflatoxin B, generated from the absorbance values of the standards and
samples in the system.An exponential correlation (Figure 3) was obtained by plotting the
percentage of absorbance (y) and concentration (x) of aflatoxin B; (R? = 0.96061) of the
standard calibration samples supplied by the manufacturer (RIDASCREEN® Aflatoxin B;
30/15). Thedetermination of the aflatoxin B; concentration (ug/kg) corresponding to the
absorbance of each sample was recited from the calibration curve according to the test
preparation record. The detection limit was 1 pg/kg, and the recovery.rate 0f.100 %. The
recovery rate of less than 100 % shows more than 1 pg/kg of aflatoxin B;.:Values that

exceeded the legal threshold of 2.0 pg/kg were considered unfit for consumption.
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Figure 3. Standard curve of aflatoxin B; (R*= 0.96061).

The result revealed that 19 samples of surveyed rice grainshad been contaminated by aflatoxin
B, as.shown:in Table 1. Quantitative analysis reveals that 43.1 % of inspectedsamples were
found positive,of which 31.8 % were under permittedlevels. Nevertheless, 11.3 % were
surpassing the accepted levels (table 3). The result of the present study demonstrates that the
concentration of aflatoxin B; in tested rice grain samples extended from 2 pg/kg to 3.2 pg/kg
using ELISA assay. The AFB; concentration average in the imported rice grains was higher
than the findings in the local rice grains. However, no significant difference was observed in
the AFB;jconcentration mean in samples collected (P< 0.05).

Table 3. Occurrence and level of aflatoxin By in rice grains



Source of Sample e of Samples Sample Status Concentration of Aflatoxin By(ng/Ks) | Permitted levels
Positive | Negative 0 <] =] <JugKg
Local 25(56.8%) | 07 (15.9%) | 18 (40.9%) | 17 (38.6%) | 06(13.6%) | 02 (45%) (Commission
Imported 19(43.1%) [ 12(272%) | 07 (15.9%) | 08(18.2%) | 08 (18.2%) | 03 (6.8%) Regilation No.
Total 44(99.999%) | 19 (43.1%) | 25 (56.8%) | 25 (56.8%) | 14(31.8%) | 05(113%) 1881/2006)
4. Discussion

In this study, genomic DNA for the norsolorinic acid gene region of aflatoxigenic strains,
which is involved in the middle of the aflatoxin biosynthetic pathway;, was amplified and
sequenced. A comparison of aflD gene region sequences with aflatoxigenic strain sequences
deposited in the GenBank showed a high similarity inthe aflatoxigenic strains isolated.
Alignment of selected isolates showed a high evolutionary divergence."A close relationship
was observed between A. flavus, A. parasiticus and A. ‘nomius isolates, while A. fumigatus
was distantly related to the A. parasiticus and A. nomius isolates., The isolates of A. flavus
strains showed close evolutionary relationships, with all isolates clustering (Figure 4). The
conservation in A. flavus, A. parasiticus and A. nomius may be related to the functional
importance of the aflD gene,as the first stable precursor in the aflatoxin biosynthetic pathway,
encodes an enzyme responsible for catalyzing the conversion of norsolorinic acid, the initial

stable intermediate, into averantin across all aflatoxigenic strains[50; 51].

Gene expression analysesshowed variations, with three of four aflatoxigenic strains tested for
aflDgene expression. We detected:significantlyhigher gene expression stages of aflD in A.
flavus than A. parasiticus.and A. homius strains. This may be linked to the aflatoxin toxicity
in A. flavus,as.reported by[52, 53]. A. parasiticus showed a weak expression level, followed
by A. nomius:=However, the detection of aflD in these strains confirms that they can equally
be‘potential aflatoxin producers. Nevertheless, in contrast to these 3 strains in which relative
gene expression levels were detected, we did not detect aflD in A. fumigatus. The relative
fluorescence showed more concentration of RNA in 3 strains for each single curve observed
(Figure 2-C). The amplification curves for all strains were specific and showeda single peak

by melting curve analysis, as shown in Figure 2-D.

Further, we quantified aflatoxin Bilevels in rice grains of 44 samples taken from local retail
markets and millers. 43.1 % of tested samples were positive for aflatoxin B,, with 15.9 % of

contamination for local rice grains and 27.2 % of pollution in imported rice. Seven of 25 rice



samples homegrown from Mwea contained aflatoxin B; ofwhich 13.6 % were below and 4.5
% above the permitted level. This observation might suggest alack of suitable grain
management or procurement of low-quality rice grains from growers who do not observe
and incidence of mycotoxin in rice[54]. Quantification of aflatoxin B; by ELISA assay
showed a higher significance incidence in imported rice samples; 27.2 % of imported rice
samples werecontaminated with aflatoxin B; in which 6.8 % of those samples have greater
levels than the 2.0 pg/kg limit established by EU. These observations agree with others[55;
56;57] who surveyedthe incidence of aflatoxin Biin rice grains. The highest proportion of
contamination from imported rice could be explained by the storage, shipment and transport
conditions along the way up to the destination point. Our findingsconcurwiththose reported by
Nurshad [58], who investigated the incidence of aflatoxins in.rice worldwide and communal
health appearances from 1990 to 2015. In our study, the results displayed that the
concentration of AFB; in rice grains analyzed ranges from < 2.0 pg/kg to 3.2 pg/kg. These

Anthony et al.[60] in West Africa (Ivory Coast, Burkina Fase and Nigeria), and by Madbouly |

et al.[61] in Egypt,which surveyed some mycotoxins and specially AFB; in rice grains with
the range of <1.5-10.0 pg/kg, and 4.1-309.0 pg/kg, and with the limits of detection 11.0 pg/kg
respectively.Here, we have established evidence of the occurrence of aflatoxinB,in African
staple cereal, highlighting the need for new guidelines and standards to safeguard the security
of consumers of rice grains. The countries in Sub-Saharan Africa must endeavour to establish
policies that can guide. regular‘empirical food quality assessments, as this would enhance and
guarantee a healthy population:with better standards of living and sustained development for
prosperity. Acceptance of assimilated strategies across different points of the value chain to

avoid human exposure to aflatoxins in consumed rice grains is important.

Conclusion

Based on molecular techniques, our analyses revealed the three aflatoxigenic strainsA.
flavus,A. parasiticus, and A. nomiusare closely clustered within the same clade, suggesting the
afID gene plays a crucial role in regulating the biosynthetic pathway of aflatoxin production
in aflatoxigenic species. The concentration of AFB1 in the analyzed samples ranged from 0
no/kg to 3.2 pg/kg, with 43.1% of samples containing detectable levels. Notably, 11.3% of
these samples exceeded the maximum tolerable limit for aflatoxins in rice, as set by the

European Union (EU), which is 2 pg/kg for AFB1. These findings highlight the potential

-1 Comment [HC6]: Aflatoxin contamination could

well occur in the field before harvest, please
mention this !

-1 Comment [HC7]: We added the work carried

out in Burkina Faso to reinforce the author's analysis
on the contamination of rice with aflatoxins in West

Africa!
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exposure of humans, animals, and livestock to aflatoxin B1, posing significant health risks
and leading to indirect economic impacts on society. This underscores the importance of

educating the public on proper good cultural practices, grain handling-practices, especially

during and after harvesting. Good practices pre- and post-harvest cereal respect as well as the

development of grain protection techniques and technologies are necessary to protect

consumers againstaflatoxindangers.Additionally, the study affirms the efficiency of ELISA

method in detecting mycotoxins in cereals, offering advantages such as simplicity and
reduced time requirements. Continuous monitoring of foodstuffs and agricultural products is
essential to mitigate the risks associated with aflatoxin contamination. Such surveillance can
help prevent critical issues in the marketing, distributing, and consuming contaminated food

products.

Key Contribution: Aflatoxin contamination of cereals poses a. serious‘concernfor human
health worldwide. This article highlights aflatoxigenic, strains, gene expression profile and

aflatoxin B, levels in rice grains to ensurefood safety and security.

References
1. Pangga IB, SalvacionAR and Cumagun CJR. Climate change and plant diseases caused by
mycotoxigenic fungi: Implications for food security. In Climate Change and Mycotoxins;

De Gruyter: Berlin, Germany, (2015); pp. 1-28.doi: 10.1515/9783110333619-003

2. Moretti AT, Logrieco AF and Susca A. Mycotoxin: An underhand food problem. In
Mycotoxigenic. Fungi, Methods and Protocols; Moretti A, Susca A, Eds.; Humana Press:
New York, NY, USA. Methods in molecular biology, (2017); pp. 3-12.doi: 10.1007/978-1-
4939-6707-0.1.

3. Gacem MA and El Hadj-Khelil AO. Toxicology, biosynthesis, biocontrol of aflatoxin and
new methods of detection. Asian Pacific Journal of Tropical Biomedicine, (2016);6, 808-
814.https://doi.org/10.1016/j.apjtb.2016.07.012

4. Udovicki B, Audenaert K, De Saeger S and Rajkovic A. Overview on the mycotoxin’s
incidence in  Serbia in the period 2004-2016. Toxins, (2018);10,
279.doi: 10.3390/toxins10070279




5.Benkerroum, N. Retrospective and prospective look at aflatoxin research anddevelopment
from a practical standpoint. International Journal of Environmental Research and Public
Health,(2019);16, 3633.

6.Winter, G. and Pereg, L. A review on the relation between soil and mycotoxins: Effects of
aflatoxin on field, food and finance. European Journal of Soil Science, (2019);70, 882-897.

7. Mitchell NJ, Bowers E, Hurburgh C, Wu F. Potential economic losses to the US corn
industry from aflatoxin contamination. Food Addit. Contam. Part A, 33, (2016); 540-
550.doi: 10.1080/19440049.2016.1138545

8. Ostry V, Malir F, Toman J, Grosse Y. Mycotoxins as human carcinogens-the 1ARC
0265-7

9. Caceres, ., Al Khoury, A., El Khoury, R., Lorber, S., Oswaldl,.P.,"El Khoury, A., et al.,
2020. Aflatoxin biosynthesis and genetic regulation: a review. Toxins 12 (3), 150.
https://doi.org/10.3390/toxins12030150.

10. Frisvad JC, Hubka V, Ezekiel CN, Hong SB, Novédkova A., et al. Taxonomy of

Aspergillus section Flavi and their production of aflatoxins, ochratoxins and other

mycotoxins. Stud. Mycol. (2019); 93:1-63.doi: 10.1016/j.simyc0.2018.06.001

11. Theumer, M. G., Y. Henneb, ‘L. Khoury, S. P. Snini, S. Tadrist, C.Canlet, and M.
Audebert. Genotoxicity of aflatoxins and theirprecursors in human cells. Toxicol. Lett.
(2018); 287:100-107. https://doi.0rg/10.1016/j.toxlet.2018.02.007

12. Keller, N. P. Fungal secondary metabolism: regulation, function and drug discovery.
Nature Reviews Microbiology, (2019); 17, 167-180.

13. Cao, W,,“Yu, P.; Yang,.K., Cao, D.Aflatoxin B1: metabolism, toxicology, and its

involvement in“oxidative stress and cancer development. Toxicol. Mech. Methods 32 (6),
(2022); 395-419, https://doi.org/10.1080/15376516.2021.2021339

14. Marchese, S.; Polo, A., Ariano, A., Velotto, S., Costantini, S., Severino, L.Aflatoxin B1
and MZ1:biological properties and their involvement in cancer development. Toxins 10
(2018); (6), 214. https://doi.org/10.3390/toxins10060214.

15. Lee HJ, Ryu Worldwide D. Occurrence of Mycotoxins in Cereals and Cereal-Derived
Food Products: Public Health Perspectives of Their Co-occurrence. J. Agric. Food
Chem.(2017);doi: 10.1021/acs.jafc.6b04847

16. Bennett JW, Moore G. Mycotoxins. In: Encyclopedia of Microbi- ology . Oliver Walter,
(2019); 267-273.

{ Formatted: Font: 12 pt




17. Adhikari BN, Bandyopadhyay R and Cotty P J. Degeneration of aflatoxin gene clusters in
Aspergillus flavus from Africa and North America. AMB Express (2016); 6:62. doi:
10.1186/513568-016-0228-6

18. EhrlichKC, Yu J, Cotty PJ. Aflatoxin biosynthesis gene clusters and flanking regions. J
Appl Microbiol. (2005);https://doi.org/10.1111/j. 1365-2672.2005.02637.x

19. Yu J, Fedorova ND, Montalbano BG, Bhatnagar D, Cleveland TE, Bennett JW, Nierman

temperature as revealed by RNA-Seq. FEMS Microbiol Lett.
(2011);https://doi.org/10.1111/j.1574-6968.2011.02345.x

parasiticus. J Gen Microbiol. (1981); https://doi.org/ 10.1099/00221287-124-2-429

21. Trail F, Chang PK, Cary J, Lin JE. Structural and functional analysis of the nor-1 gene
Microbiol(1994); https://www.ncbi. nlm.nih.gov/ipmc/articles/PMC201939/pdf/aem00028-
0188.pdf. Accessed 12 Jan 2018.

22. Yu J. Current understanding on aflatoxin biosynthesis and future perspective in reducing
aflatoxin contamination. Toxins. (2012); https://doi. 6rg/10.3390/toxins4111024.

23. Alkhayyat F and Yu JH. Upstream regulation of mycotoxin biosynthesis. Advances and
Applied Microbiology, 86, (2014);251-278.doi: 10.1016/b978-0-12-800262-9.00005-6

24. Gil-Serna J, Vazquez.C and Patifio B. Genetic regulation of aflatoxin, ochratoxin A,

trichothecene, and fumonisin biosynthesis. International Microbiology, 23, (2019);89-96.
doi: 10.1007/510123-019-00084-2

25. Ministry of Agriculture. Economic Review of Agriculture in Kenya 2010. (2010);Nairobi.

26. Igbal, S. Z., My R. Asi, U. Hanif, M. Zuber, and S. Jinap. Thepresence of aflatoxins and
ochratoxin™A 'in_rice and rice products; andevaluation of dietary intake. Food Chem.
(2016); 210:135-140. https://doi.org/10.1016/j.foodchem.2016.04.104

27. Ali;:N. Aflatoxins in rice: worldwide occurrence and publichealth perspectives. Toxicol.
Rep. (2019); 6:1188-1197. https://doi.org/10. 1016/j.toxrep.2019.11.007

28. N. S. Al-Zoreky and F. A. Saleh, “Limited survey on aflatoxin contamination in rice,”
Saudi J.Biol. Sci., vol. 26, no. 2, , (2019);pp. 225-231doi: 10.1016/j.sjbs.2017.05.010

Compaoré H, Samandoulougou S, Compaoré S.C, Bambara A, Ratongue H, Traoré L,

Sawadogo-Lingani H.-20624b). Occurrence of Aflatoxins in rice intended for infant flour

production in Ouagadougou, Burkina Faso. Journal of Advances in Microbiology(2021b),

{ Formatted: Font: Italic

{ Formatted: Font: Italic

{ Formatted: Font: Italic

{ Formatted: Font: Italic

21 (10): 55-66.



29. European Commission. Commission regulation (EC) No. 1881/ 2006 of 19 December
2006 setting maximum levels for certain contaminants in foodstuffs. Off J Eur Union L
(2006); 364:5-24..hitp://faclex.fao.org/docs/pdf/eur68134. pdf

30. Igbal, J., M. A. Asghar, A. Ahmed, M. A. Khan, and K. Jamil. Aflatoxins contamination
in Pakistani brown rice: a comparison of TLC, HPLC, LC-MS/MS and ELISA techniques.
Toxicol. Mech.(2014); 24:544-551. https://doi.org/10.3109/15376516.2014.948247.

31. Adi, P. J,, and Matcha, B. Analysis of aflatoxin B; in contaminated feed, media, and

serum samples of Cyprinus carpio L. by high-performance liquid chromatography. Food
Quality and Safety,(2018);2, 199-204.

32. Shabeer S, Asad S, Jamal A, Ali A. Aflatoxin contamination, its impact and ‘management
strategies: An updated review. Toxins (Basel). (2022); 14(5): 307:

33. Sakamoto, S., W. Putalun, S. Vimolmangkang, W. Phoolcharoen, Y.Shoyama, H. Tanaka,
and S. Morimoto. Enzyme-linkedimmunosorbent assay for the quantitative/qualitative
analysis ofplant secondary metabolites. J.""'Nat. Med. (2018); 72:32-42.
https://doi.org/10.1007/s11418-017-1144-z.

34. Mutiga SK, Were V, Hoffmann V, Harvey JW, Milgroom MG, Nelson RJ. Extent and
drivers of mycotoxin contamination: Inferences from a survey of Kenyan maize mills.
Phytopathology. (2014);104(11):1221-1231. DOI: 10.1094/phyto-01-14-0006-r.

35. Ngindu A, Johnson BK, Kenje PR, Ngira JA, Ochieng DM, Nandwa H, et al. Outbreak of
acute aflatoxicosis caused by aflatoxin poisoning in Kenya. Lancet. (1982);1:1346-1348.
36. European Commission. Commission regulation (EC), No. 1881/2006 of 19 December
2006 setting maximumdevels for‘certain contaminants in foodstuffs. Official Journal of the

European Union, (2006); L364, 5-24.

37. Pitt, J. 1. and. Hocking, A. D. Fungi and food spoilage; Blackie Academic and
Professional,-Cambridge, (1997); UK. Food Science and Nutrition.

38. Atlas, R. M. Handbook of Microbiological Media; CRC Press. Boca Raton,(2010); FL,
USA.

39. Pitt, J. I. and Hocking, A. D. Fungi and Food Spoilage, 3rd ed, Springer: New York, NY,
USA. Advances in Microbiology, (2009); 8, 4, 519.

40. Klich, M.A. Identification of Common Aspergillus Species;Centraalbureau voor
Schimmelcultures: Utrecht, The Netherlands, (2002).

41. Varga, J., Frisvad, J. C. and Samson, R. A. Two new aflatoxin producing species and an

overview of Aspergillus section Flavi. Studies in Mycology, (2011);69:57-80.



42. Cenis, J. L. Rapid extraction of fungal DNA for PCR amplification. Nucleic Acids
Research, (1992); 20, 2380.

43. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Mol Biol Evol. (2016); 33(7):1870-4.

44. Tamura, K. and Nei, M. Estimation of the number of nucleotide substitutions in the
control region of mitochondrial DNA in humans and chimpanzees. Molecular Biology and
Evolution, (1993); 10,512-526.

45. Yu J, Chang PK, Ehrlich KC, Cary JW, Bhatnagar D,ClevelandTE, Gary AP, Linz JE,
WoloshukCP and Joan WB. Clustered Pathway Genes in Aflatoxin Biosynthesis. Applied

and Environmental Microbiology, 70, (2004); 1253-1262.doi: 10.1128/AEM.70.3.1253-
1262.2004

46. Pfaffl MW. A new mathematical model for relative quantification-in real:time RT-PCR.
Nucleic Acids Research, (2001); 29, 9, e45.doi: 10.1093/nar/29.9.e45

47. Schmittgen TD and Livak KJ. Analyzing real-time PCR data by the comparative Ct
method. Nature Protocols, 3, (2008); 1101-1108. doi: 10.1038/nprot.2008.73

48. Mohamadi SA, Gholampour AE, Salehi AE, Rahimi K:.Reduction of aflatoxin in rice by
different cooking methods. Toxicol Ind Health(2014),30:546-50.doi:
10.1177/0748233712462466.

49. R-Biopharm GmbH. Enzyme immunoassay for the quantitative analysis of aflatoxin B;
Art. No.: R1211. (2010);Darmstadt, Germany: R-Biopharm GmbH.

50. Afzaal S, Ali SW, Hameed U, Ahmad A, Akhlag M, Haider MS Molecular probing of
Aflatoxigenic fungi in rice grains collected from local markets of Lahore, Pakistan. Adv.
Life Sci. 8(2): (2021);190-194.

51. Kjeerbglling, 1 et al. A comparative genomics study of 23 Aspergillusspecies from section
Flavi. NatzCommun: (2020); 11, 1106.

52: Shabeer, 'S.; Asad, S.; Jamal, A.; Ali, A. Aflatoxin Contamination,lts Impact and
ManagementStrategies: ~ An Updated Review.Toxins  (2022); 14,  307.
https://doi.org/10.3390/toxins14050307.

53. Accinelli C, Abbas HK, Zablotowicz RM and Wilkinson JR. Aspergillus flavus aflatoxin
occurrence and expression of aflatoxin biosynthesis genes in soil. Canadian Journal of
Microbiology, 54, (2008); 371-379.doi: 10.1139/v08-018

54. Aydin A, Aksu H and Gunsen U. Mycotoxin levels and incidence of mould in Turkish

rice. Environmental Monitoring and Assessment, 178, (2011); 271-280.doi:10.1007/s10661-
010-1688-9



55. Alwan, N.; Bou Ghanem,H.; Dimassi, H.; Karam, L.; Hassan,H.F. Exposure Assessment
ofAflatoxin B1 through Consumptionof Rice in the United Arab Emirates.Int. J. Environ.
Res. Public Health (2022);19, 15000. https://doi.org/10.3390/ijerph192215000

56. Hussein, F. H.; Rita, K.; Hani, D.; Andre, E.; Rouaa, D.; Nisreen, A.; Samar, M.; Joyce,
H. And Layal, K. Aflatoxin B1 in Rice: Effects of Storage Duration, Grain Type andSize,
Production Site, and Season. Journal of Food Protection, Vol. 85, No. 6, (2022); Pages
938-944https://doi.org/10.4315/JFP-21-434

57. Phan,L. T. K; De Saeger, S. ; Eeckhout, M.; Jacxsens, L. Public health. risk due to
aflatoxinand fumonisin contamination in ricein the Mekong Delta, Vietnam:.Food Safety
and Risk (2023); 10:4 https://doi.org/10.1186/s40550-023-00104-0

58. Nurshad Ali. Aflatoxins in rice: Worldwide occurrence and publicihealth perspectives.

Toxicology Reports 6, (2019);1188-1197.https:/doi.org/10.1046/].toxtep.2049.11.007

59. Sangare-Tigori B, Moukha S, Kouadio HJ, et al.Co-occurrenceof aflatoxin B1, fumonisin
B1, ochratoxin A and zearalenone in cereals and peanuts‘from Cote d’ Ivoire. Food Addit
Contam (2006); 23:1000-1007.doi: 10.1080/02652030500415686

60. Anthony MH, Dutton FM, Njobeh BP et al. Natural multioccurrence of mycotoxins in

ricefrom Niger State, Nigeria. Mycotoxin Res (2011);:27:97-104.doi: 10.1007/s12550-010-0080-
5

61. Madbouly AK, lbrahim MIM; Sehab AF, Abdel-Wahhab MA. Co-occurrence of
mycoflora, aflatoxins and fumonisins in"maize and rice seeds from markets of different
districts in Cairo, Egypt, Food Addit. Contam.: Part B 5, (2012); 112-120.doi:

10.1080/19393210.2012.676078




