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Abstract
Mycotoxigenic Aspergillus and Fusarium species that contaminate cereal crops with aflatoxins and fumonisins are
a major threat to food security, human and animal health. Cases of mycotoxin contamination have been on the rise
globally, with causes of such surges raising research interests. We conducted factorial experiments in the laboratory
to test the hypothesis that some recently produced improved maize varieties that are not purposively bred for
resistance to storage insect pests and mycotoxigenic fungi, require protection by synthetic insecticides, which in
turn serve as nutrient sources to mycotoxigenic fungi, leading to invasive growth and enhanced toxin production by
fungi, especially in conditions of high moisture. Flour from the improved white maize variety Western 505 that is not
purposively bred for resistance to storage insect pests and mycotoxigenic fungi had the highest level of
colonisation by A. flavus (6,633 CFU g-1) and Fusarium sp. (10,870 CFU g-1) with consequent elevated
concentrations of aflatoxin (203 ppb) and fumonisin (2.23 ppm); while flour from the local yellow maize variety
Spindi exhibited the least colonisation and mycotoxin production by A. flavus (4,133 CFU g-1) and Fusarium sp.
(6,145 CFU g-1) with the local white Rachar being intermediate, at high moisture conditions. The synthetic
insecticides Super Blue Cross (BC) and Actellic Super (AS) promoted growth and mycotoxin production by A. flavus
and Fusarium sp.; while Ash promoted growth of A. flavus and Fusarium sp., but suppressed mycotoxin production
by the two mycotoxigenic fungi (Aflatoxin and Fumonisin: control=114 ppb and 1.46 ppm; Ash=114 ppb and 1.46
ppm; AS=270 ppb and 2.31 ppm; BC=320 ppb and 3.55 ppm). It is concluded that flours from the local yellow
Spindi and local white Rachar maize varieties are less susceptible to infection and mycotoxin contamination by A.
flavus and Fusarium sp. compared to the improved white maize variety WH505, which accumulates higher levels of
the mycotoxigenic fungi and their toxins, especially when treated with the synthetic insecticides Super Blue Cross
and Actellic® Super that act as fungal nutrient sources under high moisture conditions. The implications of these
findings are further discussed in the context of some relevant policies.

Introduction
Food contamination by mycotoxigenic fungi of the genera Aspergillus (Figure 1a) and Fusarium (Figure 1b), with
their respective devastating aflatoxins (Figure 2a) and fumonisins (Figure 2b), have been major hazards to human
and animal health globally (Ekwomadu et al. 2022; Meneely et al. 2022). Mycotoxins have been associated with
health-related complications such as reduced immune functions, cancers, acute liver damage, suppressed growth,
abnormal foetal development and even death (Gong et al. 2016; Ostry et al. 2017; Awuchi et al. 2022). Besides, food
contamination by mycotoxigenic fungi leads to production of non-marketable grains and hence low economic
viability (Udomkun et al. 2017). Mycotoxigenic fungi are therefore a hindrance to food security, human health and
an accelerator of poverty (Yahia et al. 2020; Adeyeye et al. 2022). The problem of mycotoxins has been on the rise
in Kenya and Uganda among other African countries that heavily consume maize and other cereal crops (Mutiga et
al. 2019; Chilaka et al. 2022). For instance, in Kenya, an outbreak of aflatoxin contamination in maize led to 125
human deaths through acute aflatoxicosis in the year 2004 (Omara et al. 2021; Chilaka et al. 2022). This was
reported as one of the utmost severe cases of mycotoxin contamination and poisoning in history, and the problem
continues to exist (Obonyo and Salano 2018; Dharini et al. 2022; Chilaka et al. 2022). 

The underlying causes of the current emerging trends of increased mycotoxin contamination around the world is a
subject that has remained to be resolved. There are concerns that some new deadly strains of mycotoxigenic fungi
that are resistant to control measures have been emerging (Hamad et al. 2023). There are cases whereby exotic
strains of mycotoxigenic fungi and mycotoxin-contaminated foodstuffs have been introduced into new territories
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through international trade and humanitarian food aid programs (Chilaka et al. 2022; Nji et al. 2022). A good
example is the genetically distinct S strain morphotype of Aspergillus flavus (Probst et al. 2012), which was
associated with the deadly aflatoxin contamination events in Kenya between the year 2004 and 2006 (Azziz-
Baumgartner et al. 2005; Islam et al. 2018; Omara et al. 2021). Climate change and associated variations in
temperature and moisture may be linked to the widespread shift in the emergence of mycotoxigenic fungal
contaminants on food (Zingales et al. 2022). Besides these explanations, human conflicts and political instability
around the world may have accelerated the spread of mycotoxins through their possible use as bioweapons
(Venkataramana et al. 2015), with A. flavus being among microbes of growing concern as potential bioweapons in
Kenya and around the world (UNODA 1972; Nthakanio and Wakhungu 2017). 

Management of mycotoxigenic fungi such as Aspergillus and Fusarium has been a global challenge (Logrieco et al.
2021) because such microbes exhibit both endophytic and saprophytic lifestyles (Ochieno 2020; Akram et al. 2023;
Dlamini et al. 2023) with their ubiquitous propagules being capable of surviving in different environments
(Abrehame et al. 2023), while infections can occur both in the field and under storage conditions (Lamboni and Hell
2009). Drying of maize grains to 13% moisture content has been the main method that helps reduce mycotoxin
contamination (Xu et al. 2022). However, moisture may still reduce gradually in poorly dried produce or build up in
storage over time depending on climatic conditions (Fandohan et al. 2006), while damage and contamination of
stored food products by post-harvest insect pests promotes contamination by mycotoxigenic fungi (Fandohan et al.
2006; Lamboni and Hell 2009). Currently in a country like Kenya, despite the release of numerous improved maize
varieties (KEPHIS 2020), those purposefully bred for resistance towards the mycotoxigenic fungi and storage pests
have still not been available (KEPHIS 2020; Krishna et al. 2023; Rock et al. 2023). A wide range of synthetic
fungicides are used on-farm and as seed treatments for various crops (Müllenborn et al. 2008; Ochilo et al. 2019;
Lamichhane et al. 2020), besides being experimentally assessed for on-farm and post-harvest potential against
mycotoxigenic fungi of cereal crops (D'Mello et al. 1998; Masiello et al. 2019). However, some synthetic fungicides
may even exhibit stimulatory effects on the production of toxins by mycotoxigenic fungi (D'Mello et al. 1998;
Müllenborn et al. 2008). Furthermore, information on post-harvest application of fungicides to control
mycotoxigenic fungi on cereal crops in a real-life scenario has been rare. Therefore, maize farmers have been left
with the almost inevitable option of applying toxic synthetic insecticides to control storage insect pests associated
with mycotoxigenic fungal infections (Bhusal and Khanal 2019; Lalah et al. 2022). The scourge of mycotoxins
keeps tormenting consumers (Omara et al. 2021; Miller 2023) amidst an increase in adoption of improved maize
varieties and insecticide application.  

This scenario leaves an open question on whether the continuous rise in mycotoxigenic fungal contaminant cases
(Miller 2023) may be related to the accelerated shift from the more adaptable indigenous local maize landraces due
the push for ‘varietal turnover’  (Abate et al. 2017; Nagarajan et al. 2019; Almekinders et al. 2021; Mathew and
Mathew 2023), towards the adoption of new improved maize varieties some among them regarded to be less
adaptable (Almekinders et al. 2021; Chivasa et al. 2022; Krishna et al. 2023; Mathew and Mathew 2023), amidst the
market-driven increasing demand for synthetic insecticides and other agrochemicals (Haggblade et al. 2022; Lalah
et al. 2022). 

In the present study, it is hypothesized that some recently produced improved maize varieties that are not
purposively bred for resistance to storage insect pests and mycotoxigenic fungi (KEPHIS 2020; Krishna et al. 2023),
require protection by synthetic insecticides (Mutiga et al. 2015; Hasnaki et al. 2023), which in turn serve as nutrient
sources to mycotoxigenic fungi (Porto  et al.  2011; Abd El-Ghany and Masmali 2016; Satish et al. 2017; Bose et al.

https://kephis.org/images/pdf-files/UPDATED%202020%20August%20NATIONAL%20VARIETY%20LIST1.pdf
https://kephis.org/images/pdf-files/UPDATED%202020%20August%20NATIONAL%20VARIETY%20LIST1.pdf
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2021; Khan et al. 2023), leading to invasive growth and enhanced toxin production by mycotoxigenic fungi
(Brzonkalik et al. 2012; Al-Gabr et al. 2013), especially in conditions of high moisture (Manu et al. 2019).

Materials And Methods
Experimental design

Studies were conducted in the Crop Science Laboratory at Masinde Muliro University of Science and Technology
(MMUST) within Kakamega County in Kenya, with complementary assays at the Mycotoxin Research Laboratory in
Egerton University within Nakuru County in Kenya. The studies comprised in vitro and in vivo experiments that
utilized fungal strains from two genera associated with the production of mycotoxigenic compounds namely,
Aspergillus and Fusarium, interacting with eight types of insecticide treatments. For each of the fungal genera, there
were two in vitro assays. The first in vitro assay of either Aspergillus or Fusarium respectively, comprised 3 × 8 full
factorial treatments consisting of three fungal strains and eight types of insecticidal compound treatments that
included untreated control (24 treatment combinations), having n=6 Petri dishes in 4 replicates and repeated once,
and hence N=1152. The second in vitro assay of either Aspergillus or Fusarium respectively, consisted of 1 × 2 × 5
factorial treatments of one fungal strain and two types of insecticidal compounds at five concentrations that
included untreated control (10 treatment combinations), having n=6 Petri dishes in 4 replicates and repeated once,
and hence N=480. The in vivo assays of either Aspergillus or Fusarium respectively, were based on a single fungal
strain in incomplete factorial treatments (Table 1), constituting of two levels of moisture content, four insecticide
levels including untreated control, four types of maize flour inoculated with the fungus or not, with some possible
treatment combinations from a 2 × 4 × 4 complete factorial design not included resulting in the incomplete factorial
design (32 treatment combinations) having a sample size (n) of 6 bottles in 3 replicates and hence N=576 (Table
1). Data was collected on parameters that included substrate weight change, fungal growth and mycotoxin
production. 

Fungal strains and inocula

Three strains of Aspergillus flavus and three strains of Fusarium sp. were obtained from the Mycotoxin Research
Laboratory at Egerton University, Nakuru Kenya (Elsie et al. 2016). These fungal strains had originally been isolated
from contaminated soils and stored as pure cultures in Potato Dextrose Agar (PDA) at 25°C. The fungal cultures
were transported in a cool box to the Crop Science Laboratory (MMUST) and sub-cultured in 19g/L Potato Dextrose
Agar (PDA) (HiMedia, Maharashtra, India) at 25°C for 7 days before use in experiments. The Aspergillus strains
included one non-aflatoxigenic variant Aspergillus flavus 1E09602 and two aflatoxigenic variants A. flavus
2EMO401 and A. flavus 2EM0602, with respect to the mycotoxin production mechanisms (Bhatnagar et al. 2016;
Elsie et al. 2016; Kushiro et al. 2018; Lagat et al. 2020). Fusarium strains included one non-fumonisin-producing
variant Fusarium DD6 and two fumonisin-prodicing variants Fusarium CM2 and Fusarium MM2, with respect to the
mycotoxin production mechanisms (Burgess et al. 2016; Elsie et al. 2016; Munkvold et al. 2021).

Aspergillus and Fusarium inocula for in vitro assays comprised of single mycelia from pure sub-cultures of the
respective fungal strains in PDA cultured at 25°C for at least 7 days. Aspergillus and Fusarium inocula for in vivo
assays consisted of a mycelia-spore suspensions in sterile distilled water with spore densities of 1 × 106 mL-1,
respectively (Lagat et al. 2020). Aspergillus mycelia and spores were washed off from PDA cultures in Petri dishes
by pipetting 2 mL of sterile distilled water into a glass beaker (100 mL). The number of Aspergillus spores in the 2
mL supernatant was estimated using a hemocytometer (Hausser Scientific, Horsham, Pennsylvania, USA) at
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×100 magnifications under a light microscope (LMU-405), based on the method described by (Lagat et al. 2020).
This was followed by serial dilutions to obtain the targeted spore density of 1 × 106 mL-1. Fusarium inoculum for in
vivo assays was obtained in a similar manner, except that the media utilized was Synthetic Nutrient Agar (SNA)
comprising of 1.0g potassium dihydrogen phosphate (KH2PO4), 1.0g potassium nitrate (KNO3), 0.5g magnesium
sulphate (MgSO4), 0.5g potassium chloride (KCl), 0.2g D-glucose (C₆H₁₂O₆) and 20g Agar per litre of distilled
water, which facilitates sporulation of Fusarium spp. at 25°C within 14 days (Wagacha et al. 2016).

Maize substrates

Grain flour substrate was obtained from three types of insecticide-free grains of maize varieties that included the
commercial hybrid WH505 (Western Seed Company, Kitale, Kenya; KEPHIS 2020), two local landraces
Spindi/Nyamula (yellow seed) and Rachar or Local 8 (white seed), and the fourth being commercial white flour
Dola of unverified maize variety or insecticide treatment status. Rachar and WH505 have been reported to be
relatively less vulnerable to aflatoxin and fumonisin contamination under storage conditions in some parts of
western Kenya (Mutiga et al. 2015). Information concerning mycotoxin contamination in Spindi maize has been
scarce. Commercial maize flour Dola (batch number A16436, Kitui Flour Mills Ltd, Kenya) originates from the
Eastern region of Kenya where there are high cases of aflatoxin contamination in maize (Asamba 2020; Massomo
2020). The maize grains were milled to Grade II texture flour (0.2 mm mesh size).

Insecticidal compounds

The study utilized six synthetic insecticides commonly used in stored maize targeting insect pests that are endemic
in western Kenya such as the Maize Weevil Sitophilus zeamais (Curculionidae), the Larger Grain Borer
Prostephanus truncates (Bostrichidae) and the Angoumois Grain Moth Sitotroga cerealella (Gelechiidae) (De Groot
et al. 2017; Kagot et al. 2022). The dust formulated insecticides that were selected based on their active ingredients
included, Actellic® Super Dust, Actellic® Gold Dust, Super Blue Cross Dust, Super Grain Dust, Skana® Super and
Sumicombi® (Table 2). Ash was obtained from a mixture of burnt common bean Phaseolus vulgaris leaves stems
and pods, which is locally utilized for production of traditional salt ‘Munyu Musherekha’ among the indigenous
Luhya people of Kenya (Merchant et al. 2022) as well as an insecticide (Hakbijl 2002), was included as a non-
synthetic pest control option.

Insecticide-enriched culture media and fungal inoculation in vitro

Formulation of insecticide-enriched culture media was done based on the method described by Xiang et al. (2020).
Potato Dextrose Agar (HiMedia, Maharashtra, India) was mixed with distilled water at a rate of 39g/L in graduated
conical flasks. The culture media mixture was then autoclaved at 121 °C for 15 min, and allowed to cool to about
60°C. 

For the first in vitro assays, insecticide dusts were weighed on a top loading laboratory balance (Ohaus Scout Pro
Portable Electronic Balance, Switzerland), to reflect the standard application doses per mass of substrate as per the
respective manufacturer’s recommendations (Table 2). The insecticide doses were added to the cooled PDA media,
swirled gently for 5 min and dispensed into plastic Petri dishes (90 mm diameter). Ash was applied in a similar
manner based on rates applied by farmers of around 20g of Ash per 100g of maize (Jaganathan et al. 2018).

The assays utilized Aspergillus spores or Fusarium mycelia respectively, which were carefully retrieved using sterile
wooden toothpicks from the pure cultures, and inoculated at the center of the solidified insecticide-enriched PDA in
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Petri dishes. The Petri dishes were sealed with parafilm and the initial weight recorded using a top loading
laboratory balance. The Petri dishes were completely randomized in the dark at room temperature (~ 25°C) for 8
days.

For the second in vitro assays, the fungal strain-insecticide treatment combinations that exhibited the strongest
positive effect on the growth of Aspergillus and Fusarium were further assessed at five graduated insecticide
concentrations, which ranged from zero (0), 50%, 100%, 150% to 200% of the recommended dose. 

Fungal colony growth in vitro 

Growth of the fungal strains was recorded using a transparent ruler as the maximum colony diameter at 48 h
intervals within 8 days. The biomass of the fungal cultures per Petri dish was also recorded using a top loading
laboratory balance at the end of the incubation period as a complementary measure of growth or substrate
consumption by the microbes. Aspergillus cultures were used for detection of aflatoxin production in vitro, while
estimation of fumonisin production by Fusarium in vitro was visually determined.

Mycotoxin production estimates in vitro

Aflatoxin production by Aspergillus strains in vitro was assessed at the Crop Science Laboratory (MMUST) by the
ammonia vapor test (Shekhar et al. 2017; Rajarajan et al. 2021). The Petri dishes containing the 8-day old
Aspergillus cultures were turned upside-down to rest on the lids. Some 2 mL of concentrated ammonia solution
(NH₄OH) was pipetted onto the inverted lid and the overturned base holding the fungal culture used as the cover.
Ammonia solution was allowed to vaporize for 15 min to have the fungal colonies exposed to the reagent vapor.
The extent of color change in the culture media from pale to dark-brown was recorded on a 1-3 scale starting from
no clear observable colour difference to the most intense. Colour change in Fusarium was visually described
without quantification, based on colony colour intensity change from white to the characteristic deep-pink (Leslie
and Summerell 2006).    

Insecticide-enriched maize flour and fungal inoculation in vivo

Three insecticidal compounds that included two with the strongest effect on growth and one having the weakest
growth-promoting effect on the fungal strains in vitro were considered in the in vivo assays that utilized maize flour
substrates. Maize flour substates contained in 500 mL glass jars were sterilized at 121°C for 15 min in an autoclave
(HS-VSE150, Hongshun Medical Instruments, Ahui, China) before cooling to ~40 °C. Insecticidal compounds were
applied to match the recommended rates (Table 2), before being thoroughly mixed. The flour was oven-dried at 55 ±
2 °C for 30 min to extremely reduce the moisture content. The flour was weighed in 30 g portions into 50 mL sterile
plastic containers. Sterile distilled water (3 mL) was added into flour containers meant for high moisture treatment
so as to obtain 100% water activity (1.00aw) (Akbar and Alam 2019). Containers meant for low moisture content
were left without addition of water.

Some 1 mL spore suspension (1 × 106 mL-1) inoculum of the selected strains of Aspergillus or Fusarium were
pipetted into the maize flour and mixed thoroughly in the plastic containers as per the experimental design (Table
1). The plastic containers were loosely closed to prevent anaerobic respiration and fermentation of the samples
before recording their initial weights. The containers were completely randomized in the dark and incubated for 14
days at room temperature (~25oC). 

Fungal colony growth in vivo 
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Enumeration of fungal propagules as colony forming units (CFUs) in flour was carried out using the dilution plate
technique (Cotty 1994; Owuor et al. 2017). Some composite flour sample (1g) obtained from a thorough mixture of
the samples per treatment replicate was aseptically mixed with sterilized distilled water (9 mL) to give a 1 × 101

dilution; which was used to prepare a three-fold diluted suspension (1 × 103). Some 0.1 mL of the 1 × 103 solution
was dispensed using a micropipette onto 90 mm Petri dishes containing PDA culture media. A flame-sterilized glass
rod was used for spreading the solution over the agar. The Petri dishes were sealed with parafilm and incubated at
room temperature in the dark for 48 hrs. Aspergillus and Fusarium colonies that grew on the Petri dishes were
counted. Their population was expressed as colony forming units (CFU) per gram based on the mathematical
formula: 

Mycotoxin production estimates in vivo

Mycotoxin concentrations in the in vivo assays were determined by Enzyme-Linked Immunosorbent Assay (ELISA)
at the Mycotoxin Research Laboratory, Egerton University. This was done for both aflatoxins and fumonisin in the
Aspergillus and Fusarium experiments, respectively. 

Aflatoxin quantification by ELISA for in vivo samples

Some 20g of a composite maize flour samples were oven-dried at 30°C for 24 hrs in 500 mL conical flasks.
Aflatoxin extraction solvent (100 mL) made of a mixture of 70 mL methanol and 30 mL distilled water was added to
the flour samples and mixed by shaking in the sealed conical flasks. The mixture was allowed to sediment and 5
mL filtrate for ELISA test obtained using a Whatman #1 filter paper. Helica Total Aflatoxin Assay based on Direct
Competitive ELISA method was applied in quantification of aflatoxins (Helica™ Elisa Total Aflatoxin Kit 941AFL01M-
96, Hygiena International, Watford, UK) (Hygiena Catalog# 941AFL01AQ-96; Sigma-Aldrich 2018a). The extraction
protocol was as per the manufacturer’s instructions. This was followed by quantification of the optical density (OD)
of each microwell using a microtiter plate reader (AgileReader™ Köln, Germany) using a 450nm filter. The zero
standard was set as 100% binding (Bo). Percentage Binding (%B) was calculated for each standard and sample as
a percentage of the zero binding (%B/Bo).

Fumonisin quantification by ELISA for in vivo samples

Some 20g of a composite maize flour samples were oven-dried at 30°C for 24 hrs in 500 mL conical flasks. Sterile
distilled water (200 mL) was added to flour samples and vortexed for 5 min. The samples were allowed to sediment
for 5 min, and 10 mL of the supernatant carefully filtered of the through a Whatman #1 filter paper into a falcon
tube (50 mL). Distilled water (40 mL) was added to the filtrate samples to obtain a ratio 1:4 (sample extract 1:4 in
distilled water). Helica Total Fumonisin Assay based on Direct Competitive ELISA method was applied in
quantification of fumonisins (Helica™ Fumonisin Hydro ELISA, Hygiena International, Watford, UK) (Hygiena
Catalog# 201FUM01AQ-96; Sigma-Aldrich 2018b). The extraction protocol was as per the manufacturer’s
instructions. This was followed by quantification of the optical density (OD) of each microwell using a microtiter
plate reader (AgileReader™ Köln, Germany) using a 450nm filter.
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Data analyses

Data analyses were done using the Statistical Analysis System (SAS 9.1) software (SAS 2004). PROC MEANS was
applied in generating means for continuous numerical data that included fungal colony diameter (in vitro), number
of colony forming units (CFU), aflatoxin and fumonisin concentrations, substrate weight (PDA-in vitro and maize
flour-in vivo), as well as categorical data that comprised of colony colour (estimated on a chromogenic scale 1-3)
related to aflatoxin concentration. The data were subjected Analysis of Variance (ANOVA) in PROC GLM, and post-
hoc test for the parameters with continuous data by LSD (Fisher’s Least Significant Difference), while Student-
Newman-Keuls (SNK) applied to the data on colony color change. Data for fungal colony forming units and
mycotoxin concentrations derived from ELISA were described without subjecting them to inferential statistics. 

Results
Aspergillus flavus growth in vitro and in vivo

Aspergillus flavus colony growth differences between the insecticide treatments were evident first day (p < 0.05),
with those grown in PDA enriched with Actellic® Super and Actellic® Gold being the smallest in diameter, while those
grown in PDA enriched with Ash or Super Blue Cross having the largest diameters after eight days (p < 0.05) (Figure
3a). The three A. flavus strains did not vary in colony diameter within each insecticide treatment (Figure 3a). In the
follow-up in vitro experiment the A. flavus colony diameters significantly varied (p < 0.05), with those grown in
higher concentrations of Ash and Super Blue Cross being larger; but those grown at the highest concentration of
Ash being the smallest in diameter (Table 3). Cases of microbial contaminants were consistently observed in all
petri dishes containing PDA enriched with Actellic® Super and Actellic® Gold in all replicates and repeats (Figure 4 &
5).    

Aspergillus flavus colony forming units (CFU) were more in maize flour containing Ash, Super Blue Cross and
Actellic® Super compared to the controls in both low and high moisture conditions (Table 4a).  Aspergillus flavus
colony forming units (CFU) were most in maize flour containing Ash followed by Super Blue Cross and while flour
containing Actellic® Super had the fewest CFUs in both low and high moisture conditions (Table 4a). Aspergillus
flavus CFUs were more in high moisture flour and in the low moisture flour (Table 4a). Aspergillus flavus CFUs were
most in flour derived from the commercial white maize variety WH505 followed by the local white maize variety
Rachar and fewest in the local yellow variety Spindi, with this trend appearing consistent between the insecticide
treatments under both moisture regimes (Table 4a). The commercial maize flour Dola contained morphologically
identified colonies of Aspergillus spp. whose population increased with moisture (Table 4a).  

Aflatoxin estimation by ammonia vapour test and quantification by ELISA

In the ammonia vapour test, the three strains of A. flavus including the non-aflatoxigenic IEM2902 exhibited variable
levels of colour change towards dark-brown (Figure 4), when subjected to the ammonia vapour test (p < 0.05) (Table
5). Colony colours of the three A. flavus strains varied between insecticide treatments, with those cultured in PDA
enriched with Super Blue Cross having the most intense colour change (Figure 4; Table 5). Colonies of A. flavus
cultured in Actellic® Super and Actellic® Gold enriched PDA barely expressed detectable colour change (Figure 4;
Table 5). Colonies of the three strains of A. flavus cultured in Ash enriched PDA had lower colour intensity
compared to their respective controls (Table 5). In PDA enriched with the four insecticides namely Super Grain Dust,



Page 9/25

Skana® Super, Sumicombi® and Super Blue Cross, A. flavus strain 2EMO401 had the highest colour intensity
followed by strain 2EMO62, while strain IEM2902 had the least colour intensity (Table 5). 

In the ELISA test, aflatoxins were detected in all the four maize flour varieties at varying quantities, with their levels
tending to increase and the trends being more prominent under high moisture conditions (Table 6a). The
concentration of aflatoxins was consistently highest in A. flavus-inoculated maize flour containing Super Blue Cross
followed by Actellic® Super, then Ash, no insecticide and lowest in the absolute control comprising sterilized flour
without insecticide; with this trend being reflected in all the three types of flour derived from the local white Rachar,
commercial white WH505 and local yellow Spindi maize varieties (Table 6a). Among the control sterilized flours, the
concentration of aflatoxins was highest in the commercial white WH505, followed by the local yellow Spindi and
lowest in local white Rachar maize variety (Table 6a). Where A. flavus was applied without insecticides, aflatoxin
concentration was highest in flour derived from the local yellow Spindi followed by commercial white WH505 and
lowest in local white Rachar maize variety (Table 6a). In the presence of Ash, flour derived from the local white
maize Rachar variety had the highest concentration of aflatoxins followed by the local yellow Spindi and lowest in
the commercial white WH505 maize variety (Table 6a). In the presence of Actellic® Super or Super Blue Cross, flour
derived from the commercial white WH505 variety had the highest aflatoxin concentration followed by the local
white Rachar variety and lowest in the local yellow Spindi variety (Table 6a). The commercial processed flour
Dola contained aflatoxin levels whose quantities increased over 40 times in high moisture with the levels much
increased compared to the other three types of flour (Table 6a).

Fusarium growth in vitro and in vivo

Fusarium colony growth differences between the insecticide treatments were evident after the first day (p < 0.05),
with those grown in PDA enriched with Actellic® Super and Actellic® Gold being the smallest diameters, while those
grown in PDA enriched with Ash and Super Blue Cross having the largest after eight days (p < 0.05) (Figure 3b). In
the follow-up in vitro experiment the Fusarium colony diameters significantly varied (p < 0.05), with those grown in
higher concentrations of Ash and Super Blue Cross being larger; but those grown at the highest concentration of
Ash being the smallest in diameter (Table 3b).   

Fusarium colony forming units (CFU) were more in maize flour containing Ash, Super Blue Cross and
Actellic® Super compared to the controls in both low and high moisture conditions (Table 4b). Fusarium colony
forming units were most in maize flour containing Actellic® Super followed by Super Blue Cross while flour
containing Ash had the fewest CFUs in both low and high moisture conditions (Table 4b). Fusarium CFUs were
more in high moisture flour than in the low moisture flour (Table 4b). Fusarium CFUs were the most in flour derived
from the commercial white maize variety WH505 followed by the local white maize variety Rachar and lowest in the
local yellow variety Spindi, with this trend appearing consistent between the insecticide treatments especially in the
high moisture regime (Table 4b). The commercial maize flour Dola contained culturally identified colonies of
Fusarium spp. whose population increased with moisture (Table 4b).  

Fumonisin quantification visually and by ELISA

In the visual assessment, the three strains of Fusarium including the non-fumonisin strain grown in PDA enriched
with Actellic® Gold, Actellic® Super and Super Blue Cross exhibited increased colour change towards deep pink
(Figure 5). In the ELISA test, fumonisins were detected in all the four maize flour varieties at varying quantities, with
their levels tending to increase and the trends being more prominent under high moisture conditions (Table 6b). The
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concentration of fumonisins was consistently highest in Fusarium-inoculated maize flour containing by
Actellic® Super followed Super Blue Cross, no insecticide, Ash and lowest in the absolute control comprising
sterilized flour without insecticide; with this trend being reflected in all the three types of flour derived from the local
white Rachar, commercial white WH505 and local yellow Spindi maize varieties (Table 6b). Among all treatments
and controls, fumonisin concentration was highest in the commercial white WH505, followed by the local white
Rachar and lowest in local yellow Spindi maize variety (Table 6b). The commercial processed flour Dola contained
fumonisin levels whose quantities increased 5 times more in high moisture with the levels being very high
compared to the other three types of flour (Table 6b).

Discussion
The present study tested the hypothesis that, some recently produced improved maize varieties that are not
purposively bred for resistance to storage insect pests and mycotoxigenic fungi, require protection by synthetic
insecticides, which in turn serve as nutrient sources to mycotoxigenic fungi, leading to invasive growth and
enhanced toxin production by mycotoxigenic fungi, especially in conditions of high moisture. Results from in vitro
and in vivo experiments revealed that the growth of A. flavus and Fusarium sp. was enhanced in substrates
enriched with the organophosphate insecticide Super Blue Cross that contains Malathion (C10H19O6PS2) and in
substrates enriched with Phaseolus vulgaris-derived Ash. It is likely that organic carbon (OC) as well as phosphorus
(P) and sulphur (S) contained in malathion were utilized as nutrients by the fungal strains (Omar 1998; Leslie and
Summerell 2006; Ijadpanahsaravi et al. 2021; Hamad et al. 2023). On the other hand, vegetative ashes including
those derived from P. vulgaris contain a complex of nutrient elements, especially calcium (Ca), potassium (K),
phosphorus (P), magnesium (Mg), manganese (Mn), copper (Cu), zinc (Zn) and iron (Fe) (Kmiecik et al. 2000;
Nwadike et al. 2018), which promote the growth and multiplication of fungi and other microbes (Bang-Andreasen et
al. 2017; Walker and White 2018; Singh and Khajuria 2018). However, very high concentrations of Ash and Super
Blue Cross appeared to inhibit the growth of A. flavus and Fusarium sp. strains in vitro. Such fungal growth
inhibiting effects of Ash and malathion-containing insecticides have been reported (Bang-Andreasen et al. 2017;
Srinivasulu and Ortiz 2017), as high concentrations of these two insecticidal compounds become toxic to the
microbes (Abd El-Ghany and Masmali 2016), while there still exists mixed information on malathion toxicity to
mammals (Jensen and Whatling 2010; Selmi et al. 2018). Although Actellic® Super (C11H20N3O3PS + C22H20Cl2O3)
and Actellic® Gold (C11H20N3O3PS + C8H10Cl2N5) promoted the growth of A. flavus and Fusarium sp. in vivo, their
capacity to promote the growth of these fungal strains could not be verified in vitro due to the presence of
antagonistic microbial contaminants.

Aflatoxin detection by ammonia vapour test in vitro indicated that A. flavus strains grown on PDA-enriched with
Super Blue Cross had the highest colour intensity, which is an indication of elevated production of aflatoxins
(Dufossé et al. 2005; Rajarajan et al. 2021). Enhanced production of aflatoxins may be linked to nutritive
components of the insecticide in the form of organic carbon, phosphorus and sulphur in Super Blue Cross
(C10H19O6PS2), which are consumed by the fungi for growth and mycotoxin production (Hamad et al. 2023). This
observation in A. flavus appeared similar to visual assessment in Fusarium sp., whereby colonies grown in PDA-
enriched with Super Blue Cross were large with bright pink colour, indicating enhanced accumulation of secondary
metabolites including fumonisins and various pigments (Soumya et al. 2018; Singh and Khajuria 2018; Menezes et
al. 2020; Rajarajan et al. 2021). Conversely, Actellic® Super, Actellic® Gold and the Ash appeared to suppress
mycotoxin production by the A. flavus strains in the ammonia vapour test. Only Ash appeared to inhibit fumonisin
production by Fusarium sp. based on limited colour change as per the visual assessment. Mechanisms behind
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aflatoxin and fumonisin inhibition by Ash may be explained in terms its alkalinity due to the presence of Ca2+ and
K+ cations (Ayo et al. 2018), which facilitate the breakage of lactone rings resulting in incomplete synthesis of the
toxins (Bozoğlu 2011; Ayo et al. 2018; Odukoya et al. 2021). ELISA results in the in vivo experiments that utilized
maize flour substrates indicated that Super Blue Cross and Actellic® Super treatments had the highest aflatoxin and
fumonisin concentrations. On the other hand, maize flour enriched with Ash had the lowest aflatoxin and fumonisin
concentrations. In the case of A. flavus, trends in the in vivo results corroborated the in vitro ones, except for
Actellic® Super, whereby aflatoxin detection in vitro may have been impeded by microbial contaminants.
Methodological differences between ELISA in vivo and ammonium vapour test in vitro also make the results not to
have common bases for analysis, and hence producing inconsistent interpretation of aflatoxin concentrations
among the Actellic® Gold and Actellic® Super treatments (Shekhar et al. 2017). Dichlorvos-Ammonia (DV-AM)
method for determining aflatoxigenicity would have produced results that are more consistent with ELISA (Kushiro
et al. 2018; Lagat et al. 2020).

Flour substrates from the four maize varieties expressed varying levels of colonization by the mycotoxigenic fungi
and mycotoxin accumulation. Generally, flour from the improved white maize variety WH505 under high moisture
conditions exhibited the highest levels of A. flavus and Fusarium sp. colonization in terms of colony forming units
as well as aflatoxin and fumonisin concentrations. Flour from the local yellow maize variety Spindi appeared to
exhibit the least levels of colonization and mycotoxin production by A. flavus and Fusarium when compared to the
white local Rachar and improved maize varieties WH505. Yellow grain maize varieties including Spindi express
beta-carotenes (LaPorte et al. 2022), which are antioxidants that quench reactive oxygen species (ROS) produced in
response to fungal pathogen invasion to limit the production of mycotoxins (Díaz-Gómez et al. 2016). The
concentrations of aflatoxin (2.35 ppb) and fumonisin (1.22 ppm) in the retailed maize flour Dola were within the
recommended safe levels as per the Kenya Bureau of Standards (KEBS) and the European Commission (EC) (Njeru
et al. 2018). However, addition of moisture into Dola maize flour led to increase in aflatoxins and fumonisin
concentration 40-fold and 5-fold, respectively. This is because moisture has a great influence on the transcriptional
activation of mycotoxin biosynthetic genes and mycotoxin production (Kolawole et al. 2021). Despite these
observations, there needs to be more critical interpretation of the in vivo aflatoxin data, especially the fact that flour
from the artificially inoculated local yellow maize Spindi variety had the highest concentration of the toxin (135
ppb) when inoculated with A. flavus without insecticidal compounds, even when compared to the commercial Dola
(100 ppb) that was already naturally contaminated with the fungus.

Various observations have been made in this study in relation to mycotoxigenic fungi and their interaction with
maize varieties, insecticides and moisture. However, there are some issues that could form basis for future studies.
For instance, the present study utilized maize flour instead of whole grain and found that insecticides promote
mycotoxin contamination. Mutiga et al. (2019) did not observe an increase in mycotoxin concentrations in whole
maize grains treated with insecticides in farmers’ stores. Furthermore, besides Dola maize flour that contained
Aspergillus and Fusarium among other microbes, inclusion of non-sterile maize flours from the improved white
WH505, local white Rachar and local yellow Spindi maize varieties would have contributed more information on the
diverse natural microbial communities in maize grains (Liu et al. 2020; Ekpakpale et al. 2021), and their interactions
with postharvest insecticides (Ngwenyama et al. 2022). Therefore, future studies may compare the effects of
insecticides on mycotoxin contamination between whole maize grain and their respective flours through controlled
experiments and using samples from farmers or retailers. Microbial contaminants were consistently detected in the
synthetic insecticides Actellic® Super and Actellic® Gold. The identity of such microbes, their source and effects on
the synthetic insecticides need to be established, as the pesticides could be sources of microbial contaminants with
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unknown effects to human and animal health (Ng et al. 2005). Little information is available on this emerging
perspective of microbe-contaminated synthetic pesticides and the wider pest-contaminated agrochemicals.
Information on such microbes could help improve on policies and procedures related to pesticide registration (PCPB
2022), as the current regulations for insecticide labels do not adequately capture such details (PCPB 2018b). Flour
from the local indigenous yellow Spindi and white Rachar maize varieties had relatively lower levels of
mycotoxigenic fungal colonization and their toxins. These local landrace maize varieties, especially the yellow one
that is a natural source of Vitamin A (Kean et al. 2008; Hwang et al. 2016), need to be conserved for improvement of
the commercial ones (Ortiz et al. 2010), particularly towards resistance against mycotoxigenic fungi (Williams 2006;
Chalivendra et al. 2020; Ortega-Beltran et al. 2022), which is yet to be actualized by maize breeding programs in a
country like Kenya (KEPHIS 2020; Okolo et al. 2023; Rock et al. 2023). Non-mycotoxigenic strains of Aspergillus and
Fusarium, including commercially available products such as Aflasafe™ (Atehnkeng et al. 2022; Chang 2022), may
need to be further investigated for their possible roles in promoting food safety through biodegradation of synthetic
insecticides in stored food or during microbial-based food processing (Jin et al. 2022). There is need for continuous
review and development of general public health policies and strategies to mitigate the possible triple-threat arising
from interactions between pest-susceptible maize varieties, mycotoxigenic fungi and toxic synthetic insecticides
(Othieno 2018; Kilonzo 2019; Aleke 2020; Chilaka et al. 2022). This would help Kenya and Uganda among other
African nations achieve food security and nutrition (SDG2), good health and well-being (SDG3) through sustainable
food consumption and production (SDG12), while building networks such as the Partnership for Aflatoxin Control in
Africa (PACA) (SDG17) in line with the United Nations Sustainable Developments Goals (SDGs) and Agenda 2063
of the African Union (AUC 2015; ICSU 2017).

To summarize, this study was based on the hypothesis that some recently produced improved maize varieties that
are not purposively bred for resistance to storage insect pests and mycotoxigenic fungi, require protection by
synthetic insecticides, which in turn serve as nutrient sources to mycotoxigenic fungi, leading to invasive growth
and enhanced toxin production by fungi, especially in conditions of high moisture. Flour from the improved white
maize variety Western 505 that is not purposively bred for resistance to storage insect pests and mycotoxigenic
fungi had the highest level of colonisation by A. flavus and Fusarium sp. with consequent elevated aflatoxin and
fumonisin concentrations. Flour from the local yellow maize variety exhibited the least colonisation and mycotoxin
production by A. flavus and Fusarium sp., especially under high moisture conditions. The synthetic insecticides
Super Blue Cross (C10H19O6PS2) and Actellic® Super (C11H20N3O3PS; C22H20Cl2O3) promoted growth and
mycotoxin production by A. flavus and Fusarium sp. The P. vulgaris-derived Ash promoted growth of A. flavus and
Fusarium sp., but suppressed mycotoxin production by the two mycotoxigenic fungi. Based on these findings, it is
concluded that flours from the local yellow Spindi and local white Rachar maize varieties are less susceptible to
infection and mycotoxin contamination by A. flavus and Fusarium sp. compared to the improved white maize
variety WH505, which accumulates higher levels of the mycotoxigenic fungi and their toxins, especially when
treated with the synthetic insecticides Super Blue Cross and Actellic® Super that act as fungal nutrient sources
under high moisture conditions.
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Figure 1

Symptoms of maize cob infection by mycotoxigenic fungi, (a) Aspergillusspecies characterized by olive-green
powdery mould that produces aflatoxins (Baranyi 2013); and (b) Fusarium ear rot that is associated with the
accumulation of fumonisins in maize (Muimba-Kankolongo 2018).
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Figure 2

Molecular structures of Mycotoxins, (a) Aflatoxin B1, B2, G1 and G2 produced by mycotoxigenic strains of
Aspergillus; and (b) Fumonisin A1, A2, B1, B2, B3 and B4 produced by mycotoxigenic strains of Fusarium (Fujimoto
2011).

Figure 3
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Colony diameters (mean ± stderr cm) of Mycotoxigenic fungal strains as influenced by insecticidal compounds in
Potato Dextrose Agar; (a) Aspergillus flavus Strain A (accession number 2EMO401) and Strain B (accession number
2EMO62) are aflatoxigenic while Strain C (accession number 1E09602) is non-aflatoxigenic; (b) Fusarium Strain A
(accession number MM2) and Strain B (accession number CM2) are fumonisin-producing while Strain C (accession
number DD6) is non-fumonisin producing. These fungal strains were obtained from the Mycotoxin Research
Laboratory at Egerton University, Kenya. Means having the same letter within a bar are not significantly different
(p>0.05).

Figure 4

Aspergillus flavus colony colour change when exposed to fumes of ammonium solution (NH₄OH). The upper two
Petri dishes contained PDA enriched with Super Blue Cross insecticide, while the two lower two Petri dishes
contained PDA enriched with Actellic® Super insecticide revealing the presence of cream-coloured colonies of
microbial contaminants.
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Figure 5

Top view (A) and Bottom view (B) of Fusarium colony colour change in Petri dishes containing PDA without any
additive (a), or PDA enriched with Super Blue Cross insecticide (b), Actellic® Super insecticide treatment revealing
the presence of pale-coloured colonies of microbial contaminants (c), and Ash derived from common bean
Phaseolus vulgaris (d).
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