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Abstract 

Occurrence of mycotoxins in food and feeds is a serious issue of food safety. The problem prevails in 

many parts of the world but tropical areas especially developing countries are particularly at risk. 

Kenya and Tanzania are among the tropical developing countries that experience a high degree of 

mycotoxin occurrence in foods especially grains. Maize is the leading staple crop in the two 

countries. However the cereal is highly vulnerable to fungal infestation and mycotoxin contamination 

and has been the centre for mycotoxin related problems in the region.  

Maximum reduction of mycotoxins is achieved through integrating different actions from farming to 

storage and processing. Limited information on drivers of mycotoxin contamination in crops in the 

two countries is available from previous studies. It is also not well established how the dynamics of 

fungi occurrence in crops relate to the occurrence of mycotoxins. Most of mitigations known to 

control occurrence of the toxins such as growing improved resistant crop varieties, providing 

irrigation, applying appropriate fertilizers and employing proper storage facilities are often less 

accessible to farmers in Kenya and Tanzania. Having a method that utilizes simple technology, cheap 

and easily available adds a useful layer of protection against the toxins to the communities in the two 

countries.  

From that aspect, the current research was conducted to firstly study and characterize the occurrence 

of mycotoxins and mycotoxigenic fungi in harvested maize in Kenya and Tanzania. It also 

investigated on locally applicable means to control. The study aimed at understanding how the 

incidence rates and amounts of the toxins and the fungi varied across regions in the two countries and 

if determined variations are predicted by climate. The study focused on farm-sourced maize at or 

shortly after harvest and targeted key mycotoxins and the single fungus Aspergillus flavus, which is 

the leading aflatoxin producer. Mycotoxins analysed include aflatoxins (B1, B2, G1 and G2), 

fumonisins (B1 and B2) trichothecenes (T-2, HT-2 and DAS) and ochratoxin A.  The toxins were 

analysed by ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-

MS/MS) and the fungus analysed by quantitative polymerase chain reaction (qPCR) method.  The 

study also investigated the efficiency of photoinactivation of A. flavus spores and hyphae using 

natural plant products: curcumin (extracted from spice turmeric) and a vegetable-weed Bidens pilosa.  

Aflatoxin B1 was detected in 30.2% of 578 maize samples (Limit of Detection 0.2 ppb) and 

fumonisin B1 in 46.6% of the samples (LOD 1.2 µg/kg), with concentrations above 6000 µg/kg for 

both aflatoxin B1 and fumonisin B1 recorded.  The other mycotoxins analysed were also detected but 

at lesser rates. Aflatoxins and fumonisins co-occurred in 17.5% samples. The magnitudes of aflatoxin 

occurrence were high in low rainfall and high climatic temperature areas. The two climatic 
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parameters interacted negatively. Regions with annual rainfall below 1000 mm and average 

temperature above 20 °C experienced higher aflatoxins contamination risk. No statistical relationship 

was observed between the regional climatic factors and the occurrence of any of the other 

mycotoxins tested. In reference to the standards for acceptable limits for aflatoxin B1 (5 µg/kg), total 

aflatoxins (10 µg/kg) and fumonisin (2000µg/kg) for the two countries, 18.7% of the maize analysed 

was unfit for human consumption. A. flavus was detected in 84.5% of the samples and the trend of 

occurrence and levels correlated with that of aflatoxin B1. This high rate of A. flavus occurrence at 

harvest highlights the need for interventions to inactivate this fungus and prevent further aflatoxin 

accumulation.  

In the second part of this study, significant inactivation of A. flavus spores and mycelia was achieved 

through photosensitisation using curcumin and Bidens pilosa. In vitro experiments demonstrated up 

to 4 logs reduction of A. flavus viable spores and mycelia count. In vivo experiments with 

experimentally inoculated maize kernels demonstrated similar efficacy and achieved up to 2 log of 

spore count reduction. The amount of aflatoxin B1 formed in experimentally infected maize kernels 

and incubated for 10 days was reduced by more than half by curcumin mediated photosensitisation.  

The study concluded that the incidence rate and concentrations of aflatoxins, fumonisins and A. 

flavus in harvested maize in Kenya and Tanzania were alarmingly high in the year of the study. Both 

the incidence rate and levels of the toxins and A. flavus infection varied significantly between regions 

of the two countries. Aflatoxin occurrence was related to temperature and rainfall conditions of the 

climate and also the level of A. flavus contamination. Photosensitisation mediated by curcumin and 

Bidens pilosa extract has a potential to be a useful post-harvest control measure. Further studies are 

recommended to further characterize the occurrence of the key mycotoxins in the area and investigate 

application of photosensitisation to control mycotoxins.  
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CHAPTER 1. INTRODUCTION 

1.1 Background information 

Mycotoxin contaminations in food and feeds have been recognised as serious concerns of human 

and animal health for several decades. Mycotoxins are chemical substances produced as secondary 

metabolites in some fungi. Fungi which produce mycotoxins are referred to as mycotoxigenic fungi. 

Many fungal species are known to be mycotoxigenic but the major ones belong to Aspergillus, 

Fusarium and Penicillium genera (Bennett & Klich, 2003).  Literally hundreds of mycotoxins are 

produced by fungi but most important ones are the groups of aflatoxins, fumonisins, trichothecenes 

and ochratoxins due to their known health effects (Bennett & Klich, 2003, Richard, 2007a). In 

recent years it has been found that some plants, infected by fungi, can modify the produced 

mycotoxins to form structurally different chemicals which might be potentially toxic to animals and 

are called masked mycotoxins (Berthiller et al., 2013).  

Exposure to mycotoxins by humans and animals is mostly through consumption of contaminated 

food and feeds (Zain, 2011). Under very uncommon circumstances exposure can also occur through 

inhalation (Di Paolo et al., 1994). As will be described in detail in later sections of this thesis, health 

impacts of mycotoxins exposure vary depending on frequency and level of toxins ingested. Acute 

exposure occurs when victims consume one or more doses of a given toxin over a short period of 

time at levels sufficient to cause acute health damage and sometimes death. Acute cases are 

commonly associated with aflatoxin B1 and are reported sporadically (Wu et al., 2014). The most 

common scenario is chronic exposure in which victims ingest frequently and over extended  time 

periods amounts of the toxins not high enough to cause acute health impacts (Zain, 2011). Chronic 

exposure to mycotoxins is directly and indirectly associated with diverse health conditions 

including cancer, immune suppression, reproductive disorders and nutritional and growth 

impairment, teratogenic and renal disease (IARC, 1993, Williams et al., 2004).  

Although food contamination with mycotoxins is a worldwide problem available evidences indicate 

different magnitudes in different regions (Schatzmayr & Streit, 2013). Geographical nature and 

hence climatic differences between locations provide different ecological support to fungal species 

and varied mycotoxin production (Cotty & Garcia, 2007). Tropical regions due to high average 

temperature and humidity facilitate growth of most mycotoxigenic species of fungi and are more 

frequently affected with mycotoxin contamination of foods than temperate regions (Milani, 2013). 

Tropical countries experience higher contaminations by aflatoxins than other mycotoxins 

(Shephard, 2005). Several factors rationalise the greater vulnerability of humans and animals in 

tropical developing countries to mycotoxin exposure including 1) the hot humid climate facilitate 
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growth of fungi and production of aflatoxins, 2) low input agriculture make crops more prone to 

fungal infection and mycotoxin contamination, 3) low quality storage of agricultural products 

provide suitable environment for fungal infection, multiplication and mycotoxin production, 4) low 

institutional and technical capacity in detection and quantification of mycotoxins make monitoring 

and control difficult, 5) unstable food security issues force communities to consume low quality 

foods during shortages and 6) low community knowledge of mycotoxins leading to inadequate 

policy and actions against the problem (Shephard, 2008).   

Proposed approaches in controlling mycotoxins are based on reducing fungal infection in the field, 

during harvest and in storage, but also reducing exposure impacts by avoiding consumption of 

foods and feeds contaminated above certain levels (CAST, 2003). Detoxification methods are in 

some places applied to denature mycotoxins in contaminated foods and feeds to make them safe for 

consumption (Temba et al., 2016b). On-farm control practices include providing adequate 

nutritional supply to plants by appropriate fertiliser application and where required irrigation to 

avoid drought stress. These are practiced hand-in-hand with controlling pests, timely harvesting and 

in some places using crop varieties known to be resistant to fungal infections and/or pest infestation 

(Hell & Mutegi, 2011). Timely harvesting to avoid in-field fungal and pest incursions due to 

overstay is performed while ensuring crops dry to the lowest possible moisture level to discourage 

post-harvest fungal growth especially during storage (Hell & Mutegi, 2011). Other interventions 

include applying crop rotation, avoiding susceptible crops in high risk environment and biologically 

reducing aflatoxigenic fungi by artificially adding non-aflatoxigenic competitors (Yin et al., 2008). 

Controlling in-storage contamination is also an important part of mycotoxins control. The basic 

principle is to store the crops in clean moisture free environment and control storage pests (Magan 

& Aldred, 2007). Controlling the flow of contaminated products along food supply is mainly 

achieved through monitoring food channel in which regulatory authorities installs and food enforces 

quality standards. Producers, distributors and consumers also play an important role of ensuring 

products which go through food chains have acceptable safety qualities.  

Controlling mycotoxins in foods and feeds is therefore a multifactorial task, facilitated by farming 

practices, government interventions, institutional involvements, and community participation. 

Controlling mycotoxins under small scale farming systems depends, not only on adequate 

knowledge, but also good farming practices, for which farmers have to be in good health and 

financially empowered. Under circumstances where farmers produce inadequate but also food are 

toxin-contaminated, chances of malnutrition and ill-health are increased. This creates a self-

repeating (vicious) cycle as illustrated in Figure 1.1 in which mycotoxins contaminated crops 
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incapacitate farmers to practice good husbandry agriculture leading to further contaminations in 

subsequent productions.  

 

 

Figure 1.1 The mycotoxins vicious cycle in persistent community exposure 

 

In developed countries, reducing consumption of mycotoxins contaminated foods have been largely 

achieved due to formalized food business channels, and food safety standards are implemented and 

regulated (Milićević et al., 2010). Due to strict regulations, farmers and processors have adopted 

methods to eliminate, or reduce mycotoxins contamination in the foods, so as to access markets. In 

the developing world, where the majority either consume what they produce, or buy foods from 

informal market channels, farmers play an extremely important role in ensuring what gets to the 

consumer is safe. Many people live in rural areas, where they cultivate most of their own foods and 

sell the surplus to traders and other consumers. Flow of foods from producers to consumers is 

informal, and controlling mycotoxins largely depends on farm level and storage methods, rather 

than regulatory methods. Many rural families produce and store agricultural products which they 

then consume for lengthy periods before next harvest. Under these conditions, if the food gets 

contaminated in field or in storage, the family members are at risk of prolonged chronic mycotoxin 

exposure.  
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Strategizing mycotoxin control programs needs consideration of where and how efforts, and 

resources, should be prioritised. In Kenya and Tanzania studies indicate, that although the risk of 

mycotoxins contamination in food and feeds is all over the whole region, some parts may be more 

affected than others (Kamala et al., 2015, Kimanya, 2015, Mutiga et al., 2015, Mutiga et al., 2014). 

Farming and cultural practices are thought to influence the risk distribution, and climate conditions 

especially rainfall and temperature are understood to play a significant role. The two adjacent 

countries border the Indian Ocean in eastern Africa (Figure 1.2), both with approximate 

populations of 100 million people. They experience warm and humid tropical climate, especially 

along the Indian Ocean coastline, which become cooler as one move further inland, especially up 

into the highlands, experiencing various climatic conditions (Ogwang et al., 2014). 

Administratively, both countries are headed by democratically elected presidents. Kenya is sub-

divided into 47 semi-autonomous counties, which are headed by governors, whereas Tanzania is 

subdivided into 30 administrative regions.  

 

Figure 1.2  Location of Kenya and Tanzania (and bordering countries) in eastern Africa 

 

 



 

5 

 

This study is designed to improve our understanding on the nature, and magnitude of the mycotoxin 

problem in Kenya and Tanzania. The study also evaluates effectiveness of a potential maize 

treatment method, which utilises available plant products and light, to reduce growth and 

multiplication of fungi, and eventual mycotoxin contamination in storage. Understanding the 

influence of key climate factors, and how they contribute to aflatoxin concentration in maize will 

guide development of efforts to improve the safety of maize and its products.  

1.2 Problem statement 

Maize is the most consumed staple crop in Kenya and Tanzania, and most other countries in 

tropical Africa. Like several other grains and crops, maize is highly susceptible to infection by 

mycotoxin producing fungi. Limited studies in the region have indicated concerning levels of 

mycotoxin occurrences, including the carcinogenic aflatoxins and fumonisins, along maize food 

chain. The information is however limited, on details of how variation of contamination is 

influenced by various factors including climate. Whereas studies have reported occurrence of 

aflatoxins and fumonisins, little information is available on occurrence of other mycotoxins in 

maize in this region.  

Successful mycotoxin control requires integration of multiple measures each built on precise 

information about what, when, where, why and how is the occurrence nature of the problem. In 

Kenya and Tanzania information on how much mycotoxin contamination varies from the field to 

storage and how it differs in different farming practices, geographical locations and time of the year 

is important in planning which and how to direct control efforts. 

Substantial amounts of mycotoxins are produced in food by contaminating fungi during storage. 

Preferred methods, proven to reduce in-storage mycotoxins contamination are often too technical or 

expensive to be adopted at family and small holder level processing. Therefore having a method 

which is safe and applicable at low scales of food chain handling will indeed add a useful layer of 

protection to humans and animals especially in developing countries like Kenya and Tanzania.   

1.3 Aim and Objectives 

1.3.1 Aim 

To characterise the magnitude of mycotoxin contamination, and Aspergillus flavus infection in 

maize in Kenya and Tanzania, and investigate the efficacy of photosensitisation techniques to 

reduce post-harvest fungal infections in maize 
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1.3.2 Objectives 

The objectives of this study are: 

1. To understand how incidence rates and concentrations of mycotoxins vary in different 

geographical areas of Kenya and Tanzania, and how the variation relates to climate 

conditions. 

2. To investigate how incidence and quantity of A. flavus relate to occurrence of aflatoxins in 

harvested maize 

3. To develop and test a photosensitisation method using plant dyes derived from curcumin 

and Bidens pilosa, which can be used to deactivate fungal spores in maize, and reduce 

production of aflatoxin.  

1.4 Hypotheses 

The research hypotheses are: 

1. Occurrences of mycotoxins in harvested maize in Kenya and Tanzania vary by geographical 

location, and are predictable by climatic conditions of selected local areas 

2. The pattern of aflatoxins occurrence in harvested maize in Kenya and Tanzania correlates 

with intensity of A. flavus infection, detectable by molecular identification 

3. Photosensitisation mediated by curcumin and Bidens pilosa extracts can efficiently 

inactivate vegetative parts of A. flavus, and subsequently result in reduced aflatoxin 

contamination.  

1.5 Significance of the study 

The study provides a comprehensive updated overview of literature on dynamics of occurrence and 

control strategies for mycotoxins, with special focus to Kenya and Tanzania (Chapter 2, with one 

journal article published). An assessment of the status of multiple mycotoxins occurrences in maize 

collected during the 2013 harvest seasons in the two countries is provided (Chapter 3, two journal 

articles under preparation), indicating incidences and concentrations of eight mycotoxins analysed. 

The study, in the same chapter analyses how the occurrences of aflatoxin B1 and fumonisins vary 

across geographical locations of the two countries, and how it relates to variations in climatic 

conditions across the given locations.  The findings on presence and biomass level of Aspergillus 

flavus (Chapter 4, with a journal articles under preparation) explains how the risk of aflatoxins 

contamination is reflected on in-field and around-harvesting by infection of the maize with the 

aflatoxin producing fungus. Having found concerning levels of aflatoxins and A. flavus in harvested 

maize as presented in Chapters 3 and 4, the study investigates a novel technique 
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(photosensitisation), which can  control post-harvest aflatoxin accumulation in foods by fungal 

inactivation (Chapters 5, 6 and 7). The study provides details on how photosensitisation methods 

were developed and tested (Chapter 5, with journal article under preparation), to illustrate how the 

technique can be studied and applied. The study shows how effective the photosensitisation 

technique is, for in vitro and in vivo inactivation of fungal vegetative parts, and its subsequent 

effects of reducing aflatoxin B1 secretion using curcumin (Chapter 6, with one journal article 

published and one under preparation) and Bidens pilosa (Chapter 7, with one journal article 

published). The study concludes with a summarized overview, on how the findings reflect the status 

of mycotoxins in maize in Kenya and Tanzania, and how photosensitisation and other low 

technology methods can be selected and applied in dealing with the problem. Three articles 

emanated from this study have been published in peer reviewed journals, a further manuscript has 

been submitted to journal editor and five more are under different stages of preparation to be 

submitted. 
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CHAPTER 2. Literature Review 

Note: Part of this chapter have been published in Journal of Agricultural and Food Chemistry 

 

2.1 Introduction to mycotoxins 

2.1.1 Overview 

Mycotoxins are chemicals produced as secondary metabolites by some fungal strains. The common 

species of fungi known to produce mycotoxins are Aspergillus sp., Penicillium sp. and Fusarium sp. 

that occur naturally as saprophytes but also infect crops (Bennett & Klich, 2003). Infection of crops 

by mycotoxigenic fungi starts in the field and under favourable environmental conditions occurs 

also during harvesting, transportation, processing or storage(Ismaiel & Papenbrock, 2015). The 

term ―mycotoxins‖ originated from a combination of Greek word, ―mykes‖ (fungus) and the Latin 

word ―toxicum‖ (poison). Some sources consider the term to be more appropriate for the toxic 

chemical compounds produced by fungi that colonize crops (Turner et al., 2009), but normally it is 

not limited to crops as mycotoxins are produced in a variety of food and non-food products of both 

plant and animal origin. Despite hundreds of fungal secondary metabolites being listed as 

mycotoxins (Streit et al., 2013), less than 20 are considered to be of serious human and animal 

health concern. 

2.1.2 Major mycotoxins 

From the different known mycotoxins, only a small number have been proven to cause impacts on 

humans or animals under natural circumstances (CAST, 2003). The mycotoxins that have important 

health impacts and occurrence potential in humans and animals can be considered as major 

mycotoxins and they include aflatoxins, ochratoxin A, fumonisins, zearalenone, some 

trichothecenes and ergot alkaloids. Table 2.1 summarizes the literature for source and crops mainly 

affected by important mycotoxins which are illustrated in Figure 2.1- 2.18.  
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Table 2.1Source and affected crops and food products of some key mycotoxins 

Mycotoxin  Common producing 

fungi 

Commonly 

affected 

products 

Reference(s) 

Aflatoxin B1 and 

aflatoxin B2 

Aspergillus flavus 

A. parasiticus 

A. nomius 

peanuts, maize, 

wheat, rice, 

cottonseed, copra 

Bbosa et al. (2013), 

CAST (2003), 

Rodrigues and Naehrer (2012a) 

Varga et al. (2009), 

Williams et al. (2004), 

 

Aflatoxin G1 and 

aflatoxin G2 

 

 

A. parasiticus 

A. nomius 

A. arachidicola 

peanuts, maize, 

wheat, rice, 

cottonseed, copra, 

nuts 

Asao et al. (1965), 

Asao et al. (1963), 

Bbosa et al. (2013), 

CAST (2003) 

van der Zijden et al. (1962), 

Williams et al. (2004) 

 

Aflatoxin M1 and 

aflatoxin M2 

(Metabolites of 

aflatoxin B1 and B2) 

milk and milk 

products 

Kensler et al. (2011) 

Fumonisin B1 and 

fumonisin B2 

Fusarium 

verticillioides 

F. proliferatum 

F. oxysporum 

F. globosum 

F. subglutinans 

F. fujikuroi 

Alternaria alternata 

maize, soybean 

meal, wheat, 

compounded 

animal feeds 

Henry and Wyatt (2001) 

Marasas (2001) 

Missmer et al. (2006) 

Rodrigues and Naehrer (2012a) 

Rodrigues and Naehrer (2012b) 

Scott (2012) 

 

Zearalanone 

 

Fusarium cerealis 

F. graminearum 

F. culmorum 

F. equiseti 

F. avenaceum 

F. semitectum 

maize, mouldy 

hay, pelleted 

commercial feeds, 

beer 

Bennett and Klich (2003) 

CAST (2003) 

Rodrigues and Naehrer (2012a) 

Rodrigues and Naehrer (2012b) 

Zinedine et al. (2007), 

 

Ochtatoxin A Aspergillus ochraceus 

A. niger 

A. auricomus 

A. carbonarius 

A. glaucus 

A. melleus 

A. alliaceus 

cereal grains dry 

beans, peanuts, 

coffee, grapes, 

dried fruits, 

Bayman et al. (2002) 

Bennett and Klich (2003) 

Rodrigues and Naehrer (2012a) 

Rodrigues and Naehrer (2012b) 

Trichothecenes Fusarium acuminatum 

F. crookwellense 

F. culmorum 

F. graminearum 

F. equiseti 

F. langsethiae 

F. poae 

F. sambucinum 

F. sporotrichioides 

maize, wheat, 

commercial cattle 

feed, barley, oats 

CAST (2003) 

Foroud and Eudes (2009) 

Grove (1988) 

Rodrigues and Naehrer (2012a) 

Rodrigues and Naehrer (2012b) 

Yazar and Omurtag (2008) 

 

Ergot alkaloids  Claviceps purpurea 

C. fusisormis 

grass (hay, silage) Bennett and Klich (2003) 

Richard (2007b) 
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Mycotoxin  Common producing 

fungi 

Commonly 

affected 

products 

Reference(s) 

C. palpalis 

Cyclopiazonic 

acid 

Aspergillus flavus 

A. versicolour 

A.s tamarii 

maize, peanuts Dorner et al. (1994) 

Gallagher et al. (1978) 

Lansden and Davidson (1983) 

LeBars (1979) 

Norred et al. (1988) 

Oliveira et al. (2008) 

Citrinin Penicillium citrinum 

P. verrucosum 

P. camemberti 

Aspergillus oryzae 

wheat, oats, rye, 

corn, barley, rice, 

vegetables 

Bennett and Klich (2003) 

Peraica et al. (1999) 

 

Patulin Penicillium expansum 

P. griseofulvum 

fruits, fruit juices CAST (2003) 

Trucksess and Pohland (2001) 

 

  

Figure 2.1 Aflatoxin B1 Figure 2.2 Aflatoxin B2 

  

Figure 2.3 Aflatoxin G1 Figure 2.4 Aflatoxin G2 

  



 

11 

 

Figure 2.5 Aflatoxin M1 Figure 2.6 Aflatoxin M2 

 
 

Figure 2.7 Fumonisin B1 Figure 2.8 Fumonisin B2 

  

Figure 2.9 Zearalenone Figure 2.10 Ochratoxin A 

  

Figure 2.11Deoxynivalenol (DON) Figure 2.12 Diacetoxyscirpenol (DAS) 

  

Figure 2.13 T-2 Toxin Figure 2.14 Nivalenol 
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Figure 2.15 Ergotamine Figure 2.16 Cyclopiazonic acid 

 

 

Figure 2.17 Citrinin Figure 2.18 Patulin 

Aflatoxins are the most toxic class of mycotoxins in human food and animal feeds, and are 

produced by Aspergillus species. Aflatoxins were first isolated and characterised after the outbreak 

of turkey X disease in the 1960‘s where about 100,000 turkey poults died (van der Zijden et al., 

1962). There are four major aflatoxins; aflatoxin B1, and B2 (Figure 2.1 and Figure 2.2) named for 

―blue‖ fluorescence under UV light and aflatoxins G1 and G2 (Figure 2.3 and Figure 2.4), with 

green fluorescence (Asao et al., 1963, Asao et al., 1965, van der Zijden et al., 1962). Aflatoxins M1 

and M2 (Figure 2.5 and Figure 2.6) are metabolites of aflatoxins B1 and B2 that are secreted  in 

milk of animals exposed to aflatoxin B1 and B2 (Kensler et al., 2011). Aflatoxin B1 is the most 

poisonous mycotoxin, being the most potent natural carcinogen with various detrimental health 

impacts to humans and animals and imposing serious problems to production economics and 

sustainability (Bbosa et al., 2013, CAST, 2003, Williams et al., 2004) 

Structurally aflatoxins are derivatives of difuranocoumarin synthesized in some aflatoxigenic fungal 

strains through polyketide pathways (Abrar et al., 2013). A. flavus and A. parasiticus are the most 

important aflatoxin producers and A. flavus in particular is a common contaminant of agricultural 

crops and products. Several other species of Aspergillus produce the toxins including Aspergillus 

bombycis, Aspergillus ochraceoroseus, Aspergillus nomius, and Aspergillus pseudotamari but these 

are less encountered. Crops most common affected by aflatoxins are cereals and nuts, with these 

toxins consequentially found in processed products including animals concentrates and seed oils. 

Aflatoxins are also found in variety of other products such as dried cassava (Manjula et al., 2009), 
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dried vegetables (Hell et al., 2009), smoked fish (Akinyemi et al., 2012) and dried edible insect 

(Musundire et al., 2016).  

The most frequent fumonisins in foods and feeds contamination are B1 and B2 (Figure 2.7 and 

Figure 2.8) where fumonisin B1 is the most toxic. Fumonisin B1 and B2 were the first to be 

described and characterized in 1988 (Bezuidenhout et al., 1988, Gelderblom et al., 1988), with other 

fumonisins such asB3, B4, A1 and A2 being later isolated and their structures determined (Marasas, 

2001). Fumonisins are produced by Fusarium vertillioides  F. proliferatum, F. oxysporum, F. 

globosum, several other Fusarium species, and Alternaria alternate (Gelderblom et al., 1988, 

Marasas, 2001). Fusarium vertillioides is the most pathogenic species in food, commonly occurring 

in maize. The fungus often causes no disease symptoms and many strains do not produce the toxin 

(Covarelli et al., 2012). Under favourable environment conditions especially with insect damage to 

the maize, the fungus causes a series of pathological conditions such as ear rot, stalk rot and 

seedling blight (Oren et al., 2003). Fumonisin B1and B2 are commonly found in maize and other 

crops such as sorghum, rice, cowpea seeds and soybeans, and also in processed products such as 

beer (Scott, 2012). 

Zearalenone (ZEA, Figure 2.9) occurs in high-moisture maize and maize products and has been 

isolated in hay and pelleted animal feeds. It is produced primarily by the fungi Fusarium 

graminearum but also F. cerealis, F. culmorum, F. equiseti, and F. semitectum, F. crookwellense. It 

is a regular contaminant of cereal crops worldwide (Bennett & Klich, 2003, CAST, 2003). 

Zearalenone is frequently associated with reproductive disorders in farm animals and some cases of 

hyperoestrogenism in humans (Zinedine et al., 2007).  

Ochratoxins are produced by Aspergillus ochraceus, A. niger and related species and also by 

Penicillium verrucosum and some other Penicillium species. The major and most potent ochratoxins 

is ochratoxin A (Figure 2.10), produced mainly by Aspergillus ochraceus A. alliaceus, A. 

auricomus, A. carbonarius, A. glaucus, A. melleus, and A. Niger (Bayman et al., 2002, O‘Brien & 

Dietrich, 2005) and is commonly reported in barley, but also in oats, rye, wheat, coffee beans, and 

other plant products (Bennett & Klich, 2003). Ochratoxin A has been indicated to be nephrotoxic, 

hepatotoxic, immune suppressant and a potent teratogen, and a carcinogen in animals (O‘Brien & 

Dietrich, 2005) and is also believed to be similarly or more toxic to humans as they have relatively 

longer elimination duration compared to other mycotoxins toxin among the tested species (Creppy, 

1999). 
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Trichothecenes represent a group of nearly 150 mycotoxins that are structurally related 

sesquiterpenoid metabolites (Grove, 1988) produced mainly by fungi in the genus Fusarium. Other 

fungal genera are also known to produce trichothecenes including Cephalosporium, Myrothecium, 

Stachybotrys and Trichoderma (McCormick et al., 2011). The most toxic naturally occurring 

trichothecenes that contaminate foods and feeds are deoxynivalenol (DON, also referred to as 

vomitoxin, diacetoxyscirpenol (DAS) T-2 toxin and nivalenol (CAST, 2003). In acute and chronic 

occurrence, trichothecenes present serious biological and health impacts to humans and animals 

(Foroud & Eudes, 2009, Yazar & Omurtag, 2008) 

DON (Figure 2.11) is one of the well-studied trichothecenes found in grains especially wheat, 

maize, rice, oats, barley and other grains in the field and in storage and in silage (Driehuis et al., 

2008, Kazemi et al., 2015, Yazdanpanah et al., 2014). Although DON is less toxic as compared to 

other trichothecenes it is still considered to be important in the group due to its wide and frequent 

occurrence in different products. When ingested in large amounts the toxin causes nausea, vomiting 

(hence the name vomitoxin), diarrhea, abdominal pain, headache, dizziness, and fever (Sobrova et 

al., 2010). 

DAS and T-2 (Figure 2.12 and Figure 2.13 respectively) are also among trichothecenes found in 

grains known to have significant health effect in human and animals causing immunosuppression, 

and other gastrointestinal, dermatological, and neurologic symptoms (Li et al., 2011, Zain, 2011). 

Nivalenol (Figure 2.14) is a one of the trichothecenes produced by F. graminearium which closely 

resembles DON. The toxin is a common contaminant of wheat and wheat products and is thought to 

have health impacts in livestock, similar to DON (Pinto et al., 2008).  

Ergotalkaloids (e.g. Ergotamine, Figure 2.15) are fungal indole alkaloid metabolite compounds 

produced by different species of Claviceps, which are fungi that are common pathogens of grass 

plants (Bennett & Klich, 2003). Consumption of the toxin which occurs by eating contaminated 

foods results into a disease known as ergotism in humans. 

2.1.3 Minor groups of mycotoxins 

Cyclopiazonic acid (CPA, Figure 2.16) is an indole-tetramic acid mycotoxin that naturally 

contaminates foods and feeds and which is produced by Aspergillus flavus (similar strains that 

produce aflatoxins), A. versicolor, A. tamarii, and several Penicillium species. The toxins have been 

found to occur naturally in maize, peanuts, cheese (Gallagher et al., 1978, Lansden & Davidson, 
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1983, LeBars, 1979) and other food crops but also in poultry, milk, and eggs probably due to 

consumption of contaminated feeds (Dorner et al., 1994, Norred et al., 1988, Oliveira et al., 2008).  

Sterigmatocystin is a toxic product of several species of Aspergillus and Bipolaris and Penicillium 

luteum (CAST, 2003). Structurally it resembles aflatoxins and it is a precursor for biosynthesis of 

aflatoxins (Hsieh et al., 1973).  

Several Aspergillus and Penicillium species including Penicillium verrucosum and 

Penicillium citrinum are able to produce citrinin (Figure 2.17) which is a yellowish mycotoxin and 

was thought to be the cause of yellow rice disease in Japan and porcine nephropathy (Peraica et al., 

1999). 

Patulin (Figure 2.18) is produced by many different fungi including Penicillium patulum(renamed 

Penicillium urticae, now Penicillium griseofulvum) (Bennett & Klich, 2003). It is a 4-hydroxy-4H-

furo[3,2c]pyran-2(6H)-one, which normally contaminates fruits and is toxic only at high 

concentration (Trucksess & Pohland, 2001).  

2.2 Impacts of mycotoxins occurrence in foods and exposure to human and 

animals 

2.2.1 Overview 

Occurrences of mycotoxins in foods have health, economic and social impacts to the affected 

communities. Due to the toxic nature of mycotoxins to humans and animals the toxins pose serious 

health issues especially in areas with prolonged exposure. Most of the economic problems 

associated with mycotoxins arise from the established food safety standards which prohibit selling 

and using foods contaminated beyond specific levels. This eventually results in discarding the 

contaminated products, and increasing the costs of controlling the contamination. The link between 

the health and economic impacts of mycotoxins occurrences in foods in small holder farmers have 

been demonstrated in Figure 1.1. In communal societies where traditional sharing of foods happen; 

mycotoxins can give rise to serious social misunderstanding when contaminated foods are involved 

and result in notable acute health problems.  

2.2.2 Effects of mycotoxin exposure to human and animal health 

Exposure to mycotoxins is often associated with serious health conditions including carcinogenesis 

and teratogenesis. The toxins are also associated with immunosuppression, renal dysfunction, and 
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impaired growth and fertility disorders. In most cases the mentioned disease conditions follow 

chronic to sub-chronic exposure to the toxins, although sporadic acute cases are reported especially 

in developing countries.  

Mycotoxins associated with carcinogenic potency as evidenced from animal experiments include 

aflatoxins, sterigmatocystin, ochratoxin, fumonisin and zearalenone (Ueno & Kubota, 1976). The 

carcinogenic effects of mycotoxins are associated with damaging the DNA except for fumonisins 

which are associated with disrupting the signal transduction pathway (Voss et al., 2002). Aflatoxin 

B1 has been classified as a type I human carcinogen by the International Agency for Research on 

cancer (IARC, 1993). The carcinogenic potency of aflatoxin B1 has been experimentally 

demonstrated in many animal models including rodents, non-human primates, and fish (Canton et 

al., 1975, Wild & Turner, 2002, Wogan et al., 1974). Studies indicate that the carcinogenic and 

mutagenic effects of aflatoxin B1 in rats basically occurs when the toxin binds to the DNA forming 

DNA adducts (Bennett et al., 1981, Muench et al., 1983). The other mycotoxins also induce 

carcinogenesis and other health disorders in different mechanisms as summarised in Table 2.2 
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Table 2.2  Some health conditions associated with common mycotoxins 

Health disorder Implicated 

mycotoxins 

Suggested pathogenesis 

Carcinogenesis  Aflatoxins Bind to DNA double strands causing DNA adducts as 

demonstrated in rodents, non-human primates, and fish 

(Canton et al., 1975, Wild & Turner, 2002, Wogan et al., 

1974). 

Fumonisins Inhibit production of tumour necrosis factor (Voss et al., 

2002), inhibit biosynthesis of sphingolipids hence DNA 

proliferation (Riley et al., 2001, Riley et al., 1994). 

Stimulate production of reactive oxygen and nitrogen 

species that are related with oral esophageal squamous cell 

carcinoma (Stockmann-Juvala et al., 2004). 

Sterigmatocystin Causes papilloma in squamous cells and hepatocytes 

carcinomas in rats (Purchase & Van der Watt, 1973), binds 

to DNA to form adducts (Stark, 1980).  

Zearalenone Induces proliferation of mammary carcinoma cells (Fink-

Gremmels & Malekinejad, 2007), suppresses expression of 

tumour necrosis factor (Wang et al., 2012). 

Ochratoxin A Induces production of oxidative stress leading to DNA 

damage and mutations (Schilter et al., 2005), forming 

guanine specific DNA adducts associated with renal 

carcinoma in male rats (Faucet et al., 2004, Pfohl-

Leszkowicz & Manderville, 2012). 

DON Acts synergistically with sterigmatocystin to cause 

adenocarcinoma (Huang et al., 2004). 

Immunosuppression  Aflatoxins  Interfere with cytokine secretion by important white blood 

cells (Dugyala & Sharma, 1996, Hinton et al., 2003), 

interfere with antigen-presenting capacity of immune cells 

(Mehrzad et al., 2014). 

Fumonisins  Reduce lymphocyte proliferations and eventually cause 

reduced spleen, bursa and thymus weight (Johnson & 

Sharma, 2001). 

Zearalenone  Supresses expression of chicken splenic lymphocytes 

cytokines at the mRNA level (Wang et al., 2012). 

DON Suppresses proliferation of lymphocytes and hence 

reduced spleen and thymus weight (Robbana-Barnat et al., 

1988, Solcan et al., 2013). 

Ochratoxin A Inhibits antibody secretion by interfering lymphocyte 

metabolism (Lea et al., 1989). 

Hepatotoxicity Aflatoxins Induce accumulation of oxidative molecules and pro-

inflammatory factors (Hinton et al., 2003, Ma et al., 2015). 

Fumonisins  Cause injury to hepatocytes and bile duct cells (Mathur et 

al., 2001). 
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Zearalenone  Causes hepatocellular necrosis and disrupts hepatic 

enzyme activities (Chatopadhyay et al., 2012). 

Ochratoxin A Interferes with protein synthesis in hepatocytes (Qi et al., 

2014), acts in synergy with citrinin to induce reactive 

oxygen species mediated hepatocidal effects (Gayathri et 

al., 2015). 

Renal toxicity Aflatoxins Cause necrosis of renal tubules and loss of plasma ions and 

proteins (Martinez-de-Anda et al., 2010). 

Fumonisins  Cause apoptosis to proximal renal tubular cells, as well as 

dilation of proximal renal tubules (Bucci et al., 1998, 

Mathur et al., 2001). 

Ochratoxin A Induces Inflammatory and degenerative effects to kidney 

tubular epithelial cells (Aydin et al., 2003), associated with 

Balkan endemic nephropathy in humans (Pfohl-

Leszkowicz & Manderville, 2007). 

Zearalenone and 

DON 

Act synergistically to induce apoptosis, dysfunction, and 

oxidative stress in mouse kidney (Liang et al., 2015). 

Infertility  Aflatoxins Cause follicular degeneration in rats (Hasanzadeh & 

Amani, 2013), suppress spermatogenesis, cause 

abnormality in  spermatozoa  and atrophy in  testis in 

rooster (Ortatatli et al., 2002). 

Zearalenone Has oestrogenic properties which disrupt normal oestrus 

cycle, induce degeneration of genital organs and impair 

foetal development especially in pigs (Chen et al., 2015).  

DON Impairs development of gonads, spermatogenesis and 

reduce sperm quality in male rats (Sprando et al., 2005). 

Teratogenicity Aflatoxins  Cause gross and histologic defects on skeletal and visceral 

organs in rabbits and chicken (Celik et al., 2000, Cilievici 

et al., 1980, Wangikar et al., 2005). 

Ochratoxin A Causes prenatal mortality, decreased foetal weight, and 

various foetal malformations (Hayes et al., 1974). 

Zearalenone Crosses placenta to impair foetal growth and development 

of visceral and skeletal organs in rats (Collins et al., 2006). 

Neurotoxicity  Fumonisin B1 Causes Equine leukoencephalomalacia, a neurological 

disease related to impaired cardiovascular function in 

horses(Kellerman et al., 1990, Smith et al., 2002).  

T-2 toxin and 

HT-2 

Cause oxidative stress and subsequent brain cell apoptosis 

in mice (Chaudhary & Rao, 2010, Weidner et al., 2013). 

Ochratoxin A Causes oxidative damage to different brain cells more 

specifically in dopaminergic centre (Sava et al., 2006) and 

cause microcephaly in mice (Fukui et al., 1992). 

Cardiovascular 

diseases 

Fumonisin B1 Causes Porcine pulmonary oedema due to myocardial 

dysfunction as result of elevated sphingolipids (Haschek et 

al., 2001, Haschek et al., 1992).  



 

19 

 

Gastrointestinal 

effects 

DON and T2-

toxin 

Impair development and function of the intestinal 

absorption surface (Grenier & Applegate, 2013) 

2.2.3 Effects of mycotoxin occurrence in foods and feeds on crop production 

economics 

In addition to the health impacts, it is indicated in literature, that mycotoxin contamination in foods 

and animal feeds result in economic losses estimated in terms of billions of dollars every year 

(CAST, 2003, Wilson & Otsuki, 2001, Wu, 2007). Generally the economic losses due to mycotoxin 

contamination emanate from loss of human and animal life, associated medical and veterinary care 

costs and reduced livestock production. The toxins also lead to reduced value or disposal of the 

contaminated foods and feeds, and investment in the research and applications to reduce severity of 

the mycotoxin problem (Zain, 2011). In United States, in corn (maize) only; an estimated loss 

ranging from US$52.1 million to US$1.68 billion occurs annually due to aflatoxins contamination 

being higher during warmer years (Mitchell et al., 2016). Direct economic impacts of mycotoxins in 

East African countries have not been reported but in Tanzania a loss of up to US$264 million for 

the year 2014 was computed on the basis of value of statistical life (Kimanya et al., 2016). 

Difficulties in accessing markets due to contamination occur when standards are controlled and 

over 100 countries worldwide are known to set maximum acceptable levels for aflatoxins in foods 

(Wu & Guclu, 2012). 

2.3 Factors which influence occurrence of mycotoxins in foods and feeds 

2.3.1 Overview 

Mycotoxin contaminations in foods, food products and animal feeds occur in different stages of 

crop cycles and food chains, starting in the field before and after crop maturity, during harvesting, 

transportation, storage and processing. In most cases, fungal infection occurs in the field, but 

enormous fungal growth and toxin production may occur during harvesting and storage especially 

when favourable conditions prevail.  

Intrinsic factors such as crop genotype and extrinsic factors such as drought, soil characteristics and 

infestation of insects are important in influencing preharvest contamination. Other agronomic 

factors such as planting time, mixed cropping, use of fertilisers and control of weeds have also been 

implicated with the degree of pre-harvest occurrence of mycotoxins (Hell et al., 2003). 

Temperature, moisture and aeration conditions are important during storage by influencing 

postharvest fungal proliferation and mycotoxin production. Plant breeders have tried to develop 
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varieties of maize and other crops that are resistant to fungal infection and production of 

mycotoxins. 

2.3.2 Climatic and weather factors 

Production of mycotoxins is subject to both fungal and crop factors. Favourable conditions are 

important for the fungi to grow, but also for the crop to continuously express its resistance against 

microbial infection and pest infestation. Temperature and substrate moisture are important factors 

that influence fungal growth and mycotoxin production. Optimal temperature and substrate 

moisture conditions for fungal growth and mycotoxin production vary between fungal species, 

strains and type of mycotoxin (Milani, 2013). Maximum production of Aspergillus toxins such as 

aflatoxins and ochratoxins are observed at a temperature range of 20-30 °C (Gqaleni et al., 1997, 

Mousa et al., 2013) whereas Fusarium toxins such as fumonisins and trichothecenes are produced 

between 15-30 °C (Kokkonen et al., 2010, Nazari et al., 2014, Samapundo et al., 2005).Aspergillus 

toxins also require water activity >0.9awto be produced at significant amounts (Dorner et al., 1989, 

Mousa et al., 2013). Production of most Fusarium toxins is also optimum >0.9 aw although some of 

them can be produced at ≥0.86 aw (Medina & Magan, 2011, Samapundo et al., 2005).  

Crops differ in the way they respond under different environmental temperatures and soil moistures. 

Most crops are stressed when soil moisture drop below a certain level making them less resistant to 

fungal infection (Diao et al., 2015, Hill et al., 1983). Drought and semi-arid to arid conditions 

contribute to frequent mycotoxin contamination and change in weather conditions have been 

associated with outbreak of mycotoxicoses (especially aflatoxicosis) and deaths (Lewis et al., 

2005). On the other hand the harvesting and storage of inadequately dried grains make the crops 

suitable substrates for fungal multiplication and mycotoxin production (Lacey, 1989). The 

advocated methods to constrain impacts of unsuitable weather include irrigation during drought 

conditions and proper drying and storage of crops (Hell & Mutegi, 2011, Payne, 1986).  

2.3.3 Farming practice related factors 

A useful strategy to reduce both the health and economic impacts associated with the mycotoxin 

occurrence in foods and animal feeds is to build awareness in food producers and handlers on 

application of different practices that lower fungal growth and mycotoxin contamination, during 

production, harvesting, transportation, storage and processing of foods and feeds (Dohlman, 2003). 

Agronomic factors including crop rotation, use of organic or mineral fertilisers and use of pesticides 

and herbicides are known to reduce fungal growth and mycotoxin production. Other factors include 
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planting time, plant density, irrigation, cultivation, harvesting time, type of soil and type of seeds 

used. It has been shown in Norway that agronomic and climatic related factors contribute about 10-

30% of the occurrence patterns of Fusarium fungi and mycotoxins (Bernhoft et al., 2012). Some 

studies report that organic farming systems significantly reduced Fusarium infestations and levels 

of the mycotoxins DON, HT-2 toxin and T-2 toxin in cereals compared to conventional farming 

(Bernhoft et al., 2010, Bernhoft et al., 2012, Guthrie et al., 1981). Giménez et al. (2012) found that 

in addition to moderate weather conditions, organically managed farming systems may provide 

some reduction in DON levels in durum wheat, which was attributed to reduced intensity of 

cultivation applied along with crop rotation. Elsewhere it was shown that late planting and insect 

damage are the major two factors that enhance mycotoxin occurrence in maize in Mexico 

(Rodriguez-del-Bosque, 1996). In Benin, agronomic factors associated with high levels of 

aflatoxins include the use low quality maize varieties, the mixed cropping with other crops 

including cowpea, cassava, or groundnut, the use of industrial fertilizers, the prolonged or delayed 

harvesting, and the processing activities such as winnowing. Reduced aflatoxins contamination is 

associated with practices such as using improved varieties, application of NPK-fertilizer, 

intercropping with vegetables, thorough drying of harvested maize for at least 60–90 days, as well 

as sorting out of damaged and poor quality cobs (Hell et al., 2003). 

2.4 Overview of mycotoxins occurrence in foods and feeds in Kenya and 

Tanzania 

Similar to many other tropical developing countries, East African countries are highly affected by 

mycotoxin food contamination especially aflatoxins and fumonisins (WHO, 2006). The toxins are a 

serious food safety concern with several incidences of fatalities attributed to intoxication with the 

fungal toxins (Ngindu et al., 1982, Probst et al., 2007). In 1981 cases of acute hepatitis were 

reported in Kenya where 20 people were hospitalized and 12 of them died due to aflatoxin 

poisoning(Ngindu et al., 1982). In 2004, one of the most serious cases of acute aflatoxicosis caused 

by consumption of maize contaminated with aflatoxins was reported in Kenya where 317 cases 

were reported leading to 125 deaths (Azziz-Baumgartner et al., 2005, Probst et al., 2007). Several 

other cases kept happening in sporadic and epidemic nature in eastern Kenya some of them with 

fatality rates of up to 40%, mostly associated with eating contaminated maize (Daniel et al., 2011). 

In Tanzania, a recent outbreak in Dodoma region in the central part of the country was reported 

with 17 fatal cases reported from consumption of foods highly contaminated with aflatoxins (Daily-

News, 2016). 
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Although mycotoxin contamination occur in different crops and products in East Africa, maize and 

peanuts are the crops mostly implicated to exposure to mycotoxins especially aflatoxins due to their 

high vulnerability to contamination and the level of consumption (Mutegi et al., 2013). 

Approximately 132 million people across East Africa depend on maize as staple food and studies 

have indicated that the extent of mycotoxin exposure is correlated with daily maize intake (Shirima 

et al., 2013).  

The severity of exposure to mycotoxins from foods can be reflected in the studies that assessed 

human exposure using different validated biomarkers. A study in Tanzania revealed that about 84% 

and 96% of 12-22 months old children are chronically exposed to aflatoxins and fumonisins 

respectively (Shirima et al., 2013). Other investigations in Kenya revealed analogous observations, 

where in 2007a cross-sectional study in Kenya that determined aflatoxin human exposure using 

aflatoxin albumin adducts found a prevalence of 78% (Yard et al., 2013). In eastern Kenya, a survey 

study using the similar biomarker revealed 100% exposure rate (Lewis et al., 2010) in adults, 

whereas another study in children revealed similar high prevalence of aflatoxins exposure (Gong et 

al., 2012b). The findings of the prevalence of mycotoxin contamination in foods in East Africa is in 

accord with findings in other parts of Africa which indicate that the problem is widespread in 

tropical and subtropical regions (Bankole & Adebanjo, 2003, Wagacha & Muthomi, 2008). Similar 

to East Africa, high extent of human exposure in other parts of Africa has been reported (Allen et 

al., 1992, Gong et al., 2012a).The occurrences of mycotoxins in East Africa has also been indicated 

in animal feed (Kajuna et al., 2013, Kang'ethe & Lang'a, 2009) affecting the health and productivity 

of the livestock sector (Dalvi & Ademoyero, 1984, Kanora & Maes, 2009, Ostrowski-Meissner, 

1983). 

In addition to acute cases of aflatoxicosis in Kenya and Tanzania, human and animals in the two 

countries are understood to be affected by chronic exposure of mycotoxins. The chronic impacts of 

mycotoxins may not be well reported due to low documentation of the chronic diseases such as 

cancer (IARC, 2003). In Dodoma, Tanzania, high prevalence of hepatic carcinoma (27% of 939 

cases of clinically diagnosed malignancies) have been associated with chronic aflatoxin exposure 

due to high consumption of groundnuts in the region (Hiza, 1979). High prevalence of hepatitis B 

infection and hepatitis in Kenya was linked with high aflatoxin contamination in maize consumed in 

patients‘ homes (Barrett, 2005) whereas stunted growth has been commonly reported in children 

and was associated with chronic exposure of mycotoxins in Benin (Gong et al., 2004). High rates of 

underweight and stunted growth in children have been frequently reported in Kenya (Bloss et al., 

2004) and Tanzania (Lwambo et al., 2000).  
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The magnitude of mycotoxin contamination in the two countries is thought to be exacerbated by the 

low input agronomic practices, the improper grain storage, the extreme weather conditions and the 

inadequate knowledge and action in control and management of mycotoxins (Berl, 1938, Shaban et 

al., 2015, Shephard, 2005). The problem does not end only in human health, but greatly affects the 

economy of the area particularly in animal production due to contamination in feeds, market denial 

and discarding of the crops that fail to meet the regulatory standards. 

2.5 Methods to control mycotoxin contaminations in food crops 

2.5.1 Overview 

Fungal contamination of crops and their subsequent mycotoxins production occur in the fields 

before harvest, during harvest or post-harvest during storage. It is therefore appropriate for 

mycotoxin control plans to have into consideration the reduction of fungal infection and 

multiplication, the detoxification and binding of mycotoxins in contaminated products, the 

protection of humans and animals from accessing contaminated products, or combination of the 

methods (Kabak et al., 2006, Varga & Toth, 2005). 

2.5.2 Controlling fungal infection and proliferation 

Controlling fungal contamination in food crops is achieved in a number of ways that can be grouped 

as biological, chemical, agronomical and physical approaches. The biological methods may involve 

the use of natural or transgenic varieties of crops which are known to possess resistance 

characteristics against some fungi (Duvick, 2001, Hammond et al., 2004). They also involve the use 

of nontoxigenic competitor fungi that outgrow the toxigenic ones and this is commonly applied 

with Aspergillus flavus (Dorner, 2009). The use of chemicals involve the application of fungicides 

and pesticides that kill the fungi directly or reduce cross-contamination by insect vectors 

(Suproniene et al., 2011). Agronomical methods such as crop rotation, tillage, weed control (Hell & 

Mutegi, 2011), and others have also been employed to reduce fungal infestation in crops whereas a 

novel photosensitisation technique (further detailed in this review), is showing potentials to bean 

applicable method for controlling mycotoxigenic fungi in food products. 

Most methods proposed to reduce presence of mycotoxins in foods are based on preventing or 

reducing the establishment and multiplication fungi in the food materials. Photoinactivation of 

foods is a promising method that can be used to reduce or eliminate fungal contaminations and 

eventually reduce mycotoxin production. The method has been indicated to be applicable in food 

technology (Smijs et al., 2007, Smijs et al., 2004). Whereas industrial chemical photosensitisers 
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such as methylene blue and toluidine were previously reported to kill microbes (Friedberg et al., 

2001, Souza et al., 2006) the use of natural products for inactivation of aflatoxin producing 

Aspergillus flavus spores and hyphae was achieved using curcumin (Temba et al., 2016a) and 

Bidens pilosa leaves extract (Temba et al., 2015). 

Photosensitisation decontamination works by killing microbial cells through photosensitiser-light 

induced cytotoxic reactions. This happens when nontoxic photosensitisers (normally aromatic 

compounds) are delivered, selectively taken up by the pathogens and localized in different parts of a 

microbial cell depending on physical and photochemical properties of the substance (Demidova & 

Hamblin, 2005). Subsequent illumination with light of an appropriate and specific wavelength in 

the presence of molecular oxygen lead to production of highly reactive molecules including oxygen 

species, which induce damaging oxidative reactions to microbial cell biomolecules (Yow et al., 

2012). In the mechanism of the reactions as summarized by Wainwright (1998) and illustrated in 

Figure 2.19, the photosensitising compound in its ground electronic state (S0) upon light 

absorption, becomes excited to the short-lived first excited singlet state (S1). Further excitation of 

the S1 may happen to form more reactive states of the oxygen for example superoxide (S2 – Sn). 

From the excited state, S1 may return to state S0 by discharging the energy as fluorescence or by 

internal conversion. In some cases the S1 does not get back to its ground state, but alternatively gets 

converted to the first excited triplet state (T1) by undergoing intersystem crossing. As the excited T1 

state is adequately long-lived, it can take part in chemical reaction. This means that photodynamic 

process is facilitated by the excited triplet state of the photosensitiser molecule (T1). In other cases, 

the T1 may get back to ground state (S0) by discharging phosphorescence. 
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Figure 2.19 Diagram of Photo-physical processes of photosensitisation: 

1, absorption; 2, fluorescence; 3, internal conversion; 4, intersystem crossing; 5, phosphorescence; 

and 6, formation of singlet oxygen 
1
O2 by energy transfer from T1 photosensitiser to triplet oxygen 

3
O2 (ModifiedNyman and Hynninen (2004)). 

Various synthetic and naturally occurring substances are known to be variably photoactive and 

suitable for photosensitisation. Natural products especially dyes from plants are considered to be 

safer to the consumers attracting scientific interest in their use in microbial decontamination of 

foods. Plant derived photoactive compounds occur in a wide variety of chemical structures and 

groups including quinones, furanocoumarins, polyacetylenes, porphyrins and thiophenes and are 

found in different plant families (Fu et al., 2013). 

2.5.3 Mycotoxin detoxification in foods 

Studies have highlighted the potential of rendering mycotoxin contaminated foods and feeds 

useable without significantly affecting their nutritive value through processes of dilution, separation 

or decontamination (Williams et al., 2004).Dilution methods are perhaps the simplest of these, and 

involve mixing products with high concentrations of the mycotoxins with less contaminated ones to 

achieve final products with reduced contaminant concentration. Where permitted, this can help 

reduce exposure to the toxins. Although dilution is not a permissible treatment in the European 

Union (Siegel & Babuscio, 2011),elsewhere the practice of mixing highly contaminated products 

such as peanut cake with less contaminated ingredients in making livestock feeds is considered 

acceptable in some places (Parker & Melnick, 1966). Separation involves sorting and removal of 
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excessively contaminated portions of the product, with such processes more suited to some 

particular products such as peanuts (Bryden, 1999). 

Methods proposed for mycotoxin decontamination and suppression in foods and feeds should meet 

the criteria recommended by Food and Agriculture Organization of the United Nations(FAO), and 

(1) inactivate, destroy or remove the toxin; (2) not produce or leave toxic residues in the food or 

feed; (3) retain nutritive value and food/feed acceptability of the product; (4) not alter significantly 

the technological properties of the product, and (5) if possible, destroy fungal spores (Lopez-Garcia 

et al., 1999). Such methods can be grouped into biological and nonbiological.  

2.5.4 Detoxification of contaminated foods and feeds by biological interventions 

Biological decontamination and suppression methods involve the use of living organisms or 

enzymatic extracts to facilitate biodegradation of the toxins or reduce their absorption and/or 

bioavailability when ingested (Halász et al., 2009, Kabak & Dobson, 2009, Oliveira et al., 2013). 

Different studies have indicated the potential of the biological methods as being efficient, specific 

and environmentally friendly. In most cases the biodegradation methods involve the use of enzymes 

from microbial organisms including bacteria, fungi, and protozoa in vitro or by taking advantage of 

normal flora in the digestive tract. 

2.5.4.1 The use of soil bacteria 

Several studies have indicated the ability of soil dwelling bacteria for mycotoxins degradation. 

Flavobacterium aurantiacum is a bacterium found commonly in water and soils and was shown to 

have high ability to detoxify aflatoxins from foods and animal feeds with complete detoxification of 

the toxin implied in ducklings assay (Ciegler et al., 1966). The applications of bacteria for 

detoxification of foods and animal feeds have been reviewed(Bata & Lásztity, 1999). Arai et al. 

(1967) found that a Nocardia asteroid reduces aflatoxin B1 by biotransformation to another 

fluorescent product. Other soil bacteria that have been indicated to degrade mycotoxins include 

Corynebacterium rubrum (Mann & Rehm, 1976), and Mycobacterium fluoranthenivorans 

(Hormisch et al., 2004). Teniola et al. (2005) observed a dramatic decrease of aflatoxin B1 during 

incubation in the presence of Rhodococcus erythropolis. Metabolic degradation of deoxynivalenol 

was achieved by using a microbial culture of a bacterial strain that was identified as belonging to 

Agrobacterium-Rhizobium group (Shima et al., 1997). 
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2.5.4.2 Fungi 

Although fungi are the producers of mycotoxins, studies on degradation of the toxins are active and 

have generated diverse results of variable promises. Aspergillus niger was shown to convert 

aflatoxin B1to aflatoxin B1a, which could be further converted to the less toxic aflatoxin B2a 

(Nakazato et al., 1990). Some strains of A. flavus were investigated by Ciegler et al. (1966) and 

found to be able to degrade aflatoxins. Other fungi that have shown to degrade mycotoxins include 

Penicillium raistrickii (Ciegler et al., 1966), Rhizopus oligosporus (Kusumaningtyas et al., 2006) 

and other Rhizopus species (Cole et al., 1972). 

2.5.4.3 Protozoa 

Degradation of about 75% of aflatoxin B1 to another bright-blue fluorescent product was achieved 

in 30 h using the protozoon Tetrahymena pyriformis (Teunisson & Robertson, 1967). It was later 

revealed that T. pyriformis reduced the carbonyl in the cyclopentane ring of aflatoxin B1 to a 

hydroxyl group (Robertson et al., 1970). 

2.5.4.4 Mycotoxins degradation by digestive tract microorganisms 

Rumen bacteria and protozoa have been reported to degrade mycotoxins. Kiessling et al. (1984) 

observed a slight decrease in the amount of aflatoxin B1 in the first 30 h after which no further 

decrease was observed, whereas ochratoxin A, zearalenone, and three trichothecenes were 

significantly reduced using rumen fluid, rumen bacteria and rumen protozoa. Two strains of lactic 

acid bacterium; Lactobacillus rhamnosus (strains GG and LC 705), were able to remove 80% of 

aflatoxin B1 from a contaminated growth culture media (El-Nezami et al., 1998). The same 

L. rhamnosus strains and Propionibacterium freudenreichii were demonstrated to bind Fusarium 

toxins including 3-acetyldeoxynivalenol, nivalenol, deoxynivalenol, fusarenon, T-2 toxin, 

diacetoxyscirpenol, and HT-2 toxin (El-Nezami et al., 2002). Lactobacillus plantarum and 

Lactobacillus fermentum which are lactic acid bacteria isolated from food sources were tested and 

found to bind >60% of aflatoxin B1 in a growth media solution (Shetty & Jespersen, 2006). 

2.5.4.5 Yeast fermentation 

Studies on what happens to mycotoxins during cereal fermentation in making beer and wine 

generally indicate that although the toxin concentrations in the drinks are reduced, most of the 

toxins are recovered in the solid remnants of the grains used in fermentation (Inoue et al., 2013, 

Scott et al., 1995). Isolates of yeast belonging to Saccharomyces cerevisiae and Candida krusei 

have been shown to bind >60% of mycotoxins in phosphate buffer solution (Shetty & Jespersen, 

2006). In the animal nutrition, the use of S. cerevisiae as growth promoter in chicken feeds has 

shown to have useful results against aflatoxin B1 exposure (Celyk et al., 2003). One study reported 



 

28 

 

significant reduction of toxicity when aflatoxin B1 was added along with dried yeast cells in rat 

ration (Baptista et al., 2004). 

2.5.5 Detoxification of mycotoxin contaminated foods and feeds by nonbiological 

interventions 

Nonbiological methods include the use of chemical or physical entities to degrade or bind the toxins 

in foods and feeds and render them non-toxic, less toxic or biologically unavailable when consumed 

(Bryden, 1999). Studied chemical methods include ozonation, ammoniation, nixtamalization and 

the use of food additives whereas physical methods include thermal treatment, irradiation, physical 

separation and the use of adsorbents.  

2.5.5.1 Ozonation 

Ozonation is an oxidation process that has been investigated extensively and found to be efficient in 

mycotoxin degradation. This decontamination treatment uses ozone to react with, and degrade, 

different types of mycotoxins. The process is used widely in sanitation, and being a strong oxidising 

agent, ozone destroys organic entities through direct or indirect oxidation (Hoigne & Bader, 1983, 

Jyoti & Pandit, 2004, McKenzie et al., 1997, Naito & Takahara, 2006, Tiwari et al., 2010, Young et 

al., 2006). 

Several studies have been conducted on the potential of ozone to decontaminate mycotoxins in both 

foods and feeds, but reservations about the safety of degradation products have limited the 

application to animal feeds rather than human foods. In different studies, the process has been 

demonstrated to detoxify a range of mycotoxins including aflatoxin, zearalenone, cyclopiazonic 

acid, ochratoxin A, patulin, secalonic acid D, and trichothecenes (He et al., 2010, McKenzie et al., 

1997, Young et al., 2006).The effectiveness of ozonation in degrading mycotoxins in pure 

preparations has been reported (McKenzie et al., 1997),and studies have gone further to investigate 

their detoxification in foodstuffs, including fruits, grains, vegetables, spices, processed products, pet 

foods, and livestock feeds (Diao et al., 2013, Freitas-Silva & Venancio, 2010, He & Zhou, 2010, 

Leung et al., 2006, Luo et al., 2014). 

Ozonation involves pumping in dry or moistened ozone gas or dipping the material being treated in 

ozonised water. Different rates and extents of detoxification are observed with each different 

method of ozonation, and the effectiveness also depends on other factors such as pH, temperature 

and physical state of the material on which detoxification is carried out. With moist ozone, a 90% 

reduction of deoxynivalenol (DON) in maize containing 1000 mg/kg of the toxin was observed as 

compared to a 70% reduction when dry ozone gas was used (Young, 1986b).Treating dry figs with 
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dry ozone gas had higher efficiency in degrading aflatoxin B1 than dipping them in ozonized water 

(Zorlugenc et al., 2008). Another factor that influences detoxification efficacy of ozone to 

mycotoxins is pH level, with higher efficiency in degradation of trichothecenes observed at lower 

pH than higher (Young et al., 2006).At pH 4-6,trichothecene mycotoxins were readily degraded by 

aqueous ozone, with notably reduced reactivity at more neutral pH, and at pH 9 there was negligible 

detoxification (Young et al., 2006). The efficacy of ozone in degrading mycotoxins is also 

influenced by the reaction temperature as reported in a study to assess the detoxification of 

aflatoxins B1 and G1 in peanuts using ozone (Proctor et al., 2004).In this study, ozonation efficiency 

was improved by increasing temperatures (from 25 to 75 °C) and treatment time (from 5 to 15 min), 

and in contaminated peanut whole kernels achieved maximal detoxifications of 77% for aflatoxin 

B1 and 80% for aflatoxin G1. 

The physical status of the substrate also affects the effectiveness of ozonation with lower efficacies 

achieved with peanut flour (up to 56% degradation for aflatoxin B1 and 61% for aflatoxin G1) as 

compared to intact kernels in which up to 76 and 81% degradations of the two respective aflatoxins 

were achieved under comparable conditions (Proctor et al., 2004). Similarly total aflatoxins and 

aflatoxin B1 were reduced by 24 and 23%, respectively, by treating pistachio kernels with 9 mg/kg 

ozone concentration for 7 h, whereas with ground kernels only 5% reduction for both aflatoxin B1 

and total aflatoxins could be achieved (Akbas & Ozdemir, 2006).This might be due to poor 

penetration of the gas into ground pistachios as studies suggest mycotoxins localise more on kernel 

surfaces (Castells et al., 2008). 

The reaction pathway of ozone with mycotoxins depends on the chemical structure of the given 

mycotoxin. The mechanism of reaction between ozone and the alkene double bond to form 

ozonides has been proposed by Criegee (1975),whereby the triatomic ozone molecule undergoes 

1,3-dipolar cycloaddition with a double bond forming 1,2,4-trioxolane (ozonides) from alkenes with 

aldehyde or ketone oxides formed as intermediates. Ozonides undergo oxidative disintegration into 

carbonyl compounds, carboxylic acids, or ketones, and six aflatoxin B1 ozonation degradation 

products have been identified (Cullen et al., 2009, Luo et al., 2013). The existence of double bonds 

between C8 and C9 of aflatoxins B1 and G1 explains their greater susceptibility to ozonation as 

compared to aflatoxin B2 and G2 where this double bond is absent (Figure 2.20). The primary 

mechanism for degradation by ozonation is oxidation of the C9-C10 double bond in trichothecenes 

(Young et al., 2006) and oxidation the aromatic ring of zearalenone (Lemke et al., 1999). It is 

expected that similar ozone-induced oxidation of alkene/aromatic structures occurs in cyclopiazonic 

acid, ochratoxin A, patulin and secalonic acid D.   



 

30 

 

 

Figure 2.20 Proposed mechanism of action of aflatoxins B1 and B2 ozonation (McKenzie et 

al., 1997). 

 

Under certain circumstances, ozonation results in undesirable nutritional and physical changes of 

the treated commodity (Guzel-Seydim et al., 2004, Mendez et al., 2003, Prudente Jr. & King, 2002, 

Tiwari et al., 2010). Ozone may also react with some mycotoxins (such as fumonisin) to form 

compounds toxic to humans and/or animals (McKenzie et al., 1997). Studies have indicated that in 

some crops, ozonation causes changes in organoleptic properties of the food, affecting mainly the 

colour, taste, smell, rancidity, texture and overall palatability. Inan et al. (2007) reported slight 

changes in all Hunter colour parameters (L, a and b) in ozone-treated as compared to untreated red 

pepper samples, although the changes did not significantly affect the colour and the pepper samples 

were still acceptable. In a study by Akbas and Ozdemir (2006) ozonation of whole kernels affected 

only rancidity of pistachio nuts, but when ground nuts were used, additional effects were observed 

in sweetness, flavour, appearance and palatability. Wang et al. (2008b) reported a reduction in 

whole protein levels in maize kernels treated with ozone gas (10-12%) for 96 h, and extensibility of 

the aleurone layer of wheat was reduced by ozonation (Desvignes et al., 2008).Extending the ozone 

exposure time  from 9 to 45 min and elevating the ozone levels from 200 to 1000 mg/kg on flour 

were reported to deteriorate the quality of bread (Sandhu et al., 2011). 

Other studies have reported a lack of serious side effects in ozone-treated products and, in some 

cases, positive outcomes in addition to mycotoxin degradation. For instance, baking properties of 

wheat flour as well as biochemical composition are not affected by ozonation and subsequent 

milling (Ibanoglu, 2002, Mendez et al., 2003). Furthermore, treatment with 50 mg/kg gaseous 

ozone for 30 days had no effect on the popping volume of popcorn (Mendez et al., 2003). This 

study also found no effects on fatty acid and amino acid composition of soybean, wheat, and maize 
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or the milling characteristics of wheat and maize as well as the baking characteristics of wheat and 

the stickiness of rice. Elsewhere, ozone treatment of moistened wheat eased dehulling; the required 

total energy for milling after ozonation of food grains was about 80-90% of that required for 

untreated grains (Desvignes et al., 2008). 

2.5.5.2 Ammoniation 

Treatment of contaminated food products and animal feeds with ammonia to reduce the toxicity of 

mycotoxins has been an area of intense research by scientists worldwide. The efficiency and safety 

of ammoniation have received remarkable support as a practical method for mycotoxin 

detoxification in foodstuffs and animal feeds. Ammoniation involves treating a food or feed 

material with either gaseous ammonia or aqueous ammonium hydroxide. Early studies investigating 

ammonia detoxification of aflatoxin-contaminated animal feeds showed considerable success 

(Norred et al., 1991, Park, 1993)and it was reported in several studies that treating feeds, especially 

peanut and maize meal with ammonia, reduces aflatoxicosis in animals (Frayssinet & Lafarge-

Frayssinet, 1990, Fremy & Quillardet, 1985, Manson & Neal, 1987, Norred & Morrissey, 1983). 

Ammoniation was thereafter shown to degrade ochratoxin A, citrinin and penicillic acid, and to a 

lesser extent, zearalenone in maize, wheat, and barley (Chelkowski et al., 1981).In later studies, the 

absorption, distribution and excretion of ammoniation products have been reported (Hoogenboom et 

al., 2001). 

The use of ammoniation in  selected agricultural commodities in various locales has been approved 

(Park, 1993). Ammoniation reduced aflatoxin B1 levels from 121 µg/kg to non-detectable levels in 

peanut meal, whereas in cottonseed meal the level was reduced from 350 to 4 μg/kg (Gardner Jr et 

al., 1971). Generally, it is widely agreed that the efficiency of ammoniation in detoxification of 

aflatoxins is positively correlated with the amount of ammonia applied, the duration of the reaction, 

and the temperature and pressure levels (Frayssinet & Lafarge-Frayssinet, 1990, Gomaa et al., 

1997).Studies on the reaction of aflatoxin B1 with ammonia have identified decomposition products, 

and demonstrated that the first step in ammoniation is the opening of the lactone ring to form the 

hydroxy amide (Figure 2.21). This reaction is reversible, and if carried out under mild temperature 

and pressure, the product will revert to aflatoxin B1.The relative proportion of reaction products 

depends on the temperature and pressure and whether ammonium hydroxide or ammonia gas is 

employed. The tricyclic product, which lacks the cyclopentenone ring, is formed in higher quantity 

under high temperature and pressure conditions and is not necessarily a decomposition product of 

the other major product, aflatoxin D1.  
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Figure 2.21 Proposed mechanism of aflatoxin B1degradation by ammoniation(Park, 1993). 

 

Despite the reported potential of ammoniation for detoxification of mycotoxins in feeds, the method 

has shown to be less than perfect and hence needs to be used in combination with other techniques. 

For instance, ammoniation of dairy cow feeds results in considerable reduction of aflatoxin B1, but 

that did not deliver the same reduction of aflatoxin M1levels in milk (Thiesen, 1977). The 

ammoniation process results in products that, under acidic conditions (as in the gastric fluids), 

revert back to aflatoxin B1 through recyclisation of the aflatoxin lactone (Fremy & Quillardet, 1985, 

Piva et al., 1995). The outcome is that an animal may, after gastric digestion, absorb a greater 

quantity of toxin than that analysed in the feed, hence more aflatoxin M1 in milk. However, the 

major aflatoxin-ammonia products are not easily extractable with highly reduced bioavailability 

(Hoogenboom et al., 2001, Martinez et al., 1994) and ammoniation remains a useful method to 

reduce aflatoxin exposure through animal feeds.  

The effectiveness of ammoniation for one mycotoxin does not necessarily imply efficacy against 

other mycotoxins. For example, an ammoniation process that lowered levels of aflatoxins in maize 

had no significant decontamination effect on zearalenone (Bennett et al., 1980). Similarly, another 

study on ammoniation reported a significant reduction in the level and toxicity of aflatoxins, but 

similar treatment of fumonisin-contaminated material decreased the level of the toxins but not the 

toxicity of the material (Norred et al., 1991). Ammonia treatment has been reported to substantially 
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reduce fumonisin B1 contamination (Norred et al., 1991, Park, 1993) but did not reduce toxicity in 

rats fed the ammoniated product (Norred et al., 1991). It is suggested that ammoniation of 

fumonisin produces aminopolyols, which still exert hepatotoxic and nephrotoxic effects (Soriano & 

Dragacci, 2004). 

In addition to degradation of mycotoxins, the ammoniation process has been applied to increase 

proteaceous nitrogen while reducing levels of nonreducing sugars, lysine and sulphur-containing 

amino acids in corn and cottonseed meal (Brekke et al., 1977, Mann et al., 1971, Park, 1993). 

However, studies indicated reduced nutritive values of maize (Brekke et al., 1977) and lowered 

acceptance by pigs of aflatoxin-contaminated maize meal treated with ammonia when the ammonia 

concentration was increased.  This side effect was avoided when the concentration of ammonia was 

reduced to ≤100 mg/kg in the maize dry matter but less detoxification was achieved (Jensen et al., 

1977). 

2.5.5.3 Nixtamalization 

The addition of alkaline media during food processing is a common practice in many developing 

countries, especially for flavour enhancement and tenderization. In Mexico, an ancient and 

traditional process used to make corncake (tortillas) using maize exposed to a lime and heat 

treatment is referred to as ―nixtamalización‖(Guzman-de-Pena et al., 1995). It is from this the word 

nixtamalization has been derived, which basically means the process of preparing maize or other 

grain by soaking in water, cooking in alkaline solution, and removing the pericarp.  

It has been demonstrated that during cooking in an alkaline solution, up to 90% reduction of 

aflatoxins may be achieved (Elias-Orozco et al., 2002, Guzman-de-Pena et al., 1995, Torres et al., 

2001). The effectiveness of the process is however dependent on cooking parameters with high pH 

required to effect modification and detoxification of aflatoxins (Torres et al., 2001). The 

nixtamalization process in making tortillas is also indicated to reduce total fumonisins by 50%, with 

hydrolysed fumonisins containing the aminopolyol backbone being the major product (De La 

Campa et al., 2004, Palencia et al., 2003). It has been reported that boiling maize in limewater 

reduced zearalenone by 59 to 100%, DONby 72 to 82% and 15-acetyl-DONby 100% (Abbas et al., 

1988). The recent introduction of the process in East Africa and prospects to be adapted highlight 

the potential of nixtamalization to play a role in mitigating mycotoxin exposure in wider societies 

especially in developing countries (Wawa, 2016). 

The mechanism of degradation of mycotoxins by nixtamalization has not been reported in depth but 

has been suggested to occur through alkaline hydrolysis (de Arriola et al., 1988, Sydenham et al., 

1995). With aflatoxins, alkaline hydrolysis involves base-induced lactone ring-opening, yielding a 
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water soluble salt followed by decarboxylation (Mendez-Albores et al., 2004). Just like in 

ammoniation, re-formation of the aflatoxin may occur in acidic conditions (Price & Jorgensen, 

1985) presenting a challenge in maintaining the reliability of the nixtamalization process for 

alleviating mycotoxin exposure from contaminated foods. Mendez-Albores et al. (2004) reported 

that despite the initial 93.2% reduction of aflatoxin B1 by nixtamalization, 34% of the original 

aflatoxins were re-formed in tortillas by acidification. However, modification of the process by 

cooking maize in a microwave oven greatly improves the outcomes with as low as 3% of the initial 

aflatoxins being re-formed by subsequent acidification (Perez-Flores et al., 2011). Additionally, 

despite the reported degradation of fumonisins by nixtamalization, the resulting aminopolyol 

products were purported to be as toxic as the parent compound (Soriano & Dragacci, 2004) a result 

analogous to the ammoniation process. 

2.5.5.4 Food additives 

A range of food additives and preservatives from sulphites to organic acids, chlorine-containing 

disinfectants and essential oils have also been demonstrated to have coincident activity in 

mycotoxin degradation. Sodium bisulphite (NaHSO3) is a preservative commonly used in foods and 

beverages to hinder the growth and multiplication of microorganisms and to prevent browning by 

acting as an antioxidant and reducing agent (King & Prudente, 2005). Bisulphite can also effect 

chemical changes by the addition to double bonds including those present in mycotoxins, with 

reported efficacy in the detoxification of aflatoxins (de Arriola et al., 1988) and DON(He et al., 

2010).  The action of sodium bisulphite on aflatoxin B1has been shown to yield a single major 

product, aflatoxin B1S, through the addition to the double bond of the terminal furan ring (Tabata et 

al., 1999, Yagen et al., 1989). Aflatoxin B1S product is more hydrophilic than aflatoxin and is quite 

stable in highly acidic conditions(Yagen et al., 1989).The less toxic aflatoxin B2 lacks this double 

bond and is not susceptible to bisulphite addition. The effectiveness of bisulphite treatment in 

reduction of aflatoxin levels has been demonstrated in figs (Altuğ et al., 1990) and peanut meal 

(Ghosh & Chhabra, 1995, Young, 1986a) among other products. Maize treatment with aqueous 

bisulphite produced aflatoxin B1S in the aqueous phase, and the authors concluded that similar 

aflatoxin B1S formation would occur in the production of commercial cornstarch (Tabata et al., 

1999). 

DON and other trichothecenes contain an α,β-enone which is also subject to bisulphite addition at 

the β-position of the 9,10 double bond forming 10-sulfonates such as DON-S and AcDON-S 

(Young, 1986a). The effectiveness of bisulphite treatment in the reduction of DON levels has been 

demonstrated in maize (Young, 1986b) and wheat (Young et al., 1986) with the extent of reduction 

dependent on concentration and contact time. However, when flour from milled bisulphite-treated 
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wheat was baked into some products, DON levels increased to 50-75% of that present in the 

untreated wheat due to alkaline hydrolysis of the DON-S intermediate (Young et al., 1986).This 

implies that alkaline treatment methods such as nixtamalization should be avoided in DON-

contaminated sulphite-treated products. Despite this drawback, bisulphite is still regarded as a 

promising reagent for reducing DON contamination. Addition of bisulphite to bread dough before 

baking resulted in 40% reduction in DON compared to control samples (Boyacioğlu et al., 1993). 

The use of sodium bisulphite has been demonstrated to affect DON degradation in noodles without 

reducing product quality (Moazami et al., 2013). Bisulphite treatment of animal feeds is also 

considered particularly promising. The performance of pigs fed bisulphite-treated DON-

contaminated maize was significantly improved compared to those fed with untreated contaminated 

maize, and was similar to pigs fed noncontaminated maize (Young et al., 1987). Fumonisins do not 

contain double bonds that would be susceptible to bisulphite addition and are seemingly unaffected 

by this treatment. Soaking maize naturally contaminated with fumonisins B1 and B2 in 0.3% 

solution of sodium bisulphite for up to 48 h did not appreciably alter the total concentration of 

fumonisin, although the presence of sulphite appeared to delay the extraction of the toxins into the 

liquid phase (Canela et al., 1996). 

The related food preservatives sodium hydrosulphite (Na2S2O4) and sodium metabisulphite 

(Na2S2O5) demonstrated mycotoxin-reducing activity similar to that of bisulphite. Aflatoxins and 

ochratoxin in black pepper were reduced 77-100% by treatment with 2% Na2S2O4 under high 

pressure(Jalili & Jinap, 2012) and 95% reduction of aflatoxin in butter bean being achieved by 

boiling with 0.5% Na2S2O4 (Tabata et al., 1994). Treatment of DON-contaminated wheat with 1% 

sodium metabisulphite for 15 min at 100 °C reduced DON contamination by >95% (Dänicke et al., 

2005) and the transformation product was considered to be the same as DON-S. In pig trials with 

DON-contaminated wheat, feed intake and weight gain of piglets fed Na2S2O5-treated contaminated 

wheat was significantly improved compared to those fed untreated contaminated wheat, and was 

similar to that with nontoxic diet. DON was not detected in serum, and the authors deduced DON-S 

was stable in the acid condition in the stomach and in neutral or weak alkaline conditions in the 

small intestine(Dänicke et al., 2005). Sodium metabisulphite treatment was concluded to be 

effective in reducing DON-induced depression of feed intake in pigs. 

In addition to its direct effect on mycotoxins, bisulphite is also known to inhibit growth of some 

toxigenic fungi. In an in vitro study, sodium bisulphite used as a preservative at 0.1% limited 

germination of Aspergillus sulphureus and Penicillium viridicatum by 46 and 90%, respectively, 

and ochratoxin A production by each fungus was reduced by 97 and 99%, respectively (Tong & 

Draughon, 1985). The salt was also tested along with other salts including ammonium carbonate 
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and sodium chloride, with concentrations of 2% inhibiting growth of Aspergillus parasiticus and 

subsequent production of aflatoxins by the fungus (Thanaboripat et al., 2010). Another study found 

treating Aspergillus flavus-inoculated groundnut cake with 1% sodium bisulphite at 10% moisture 

content achieved complete inhibition of both mould growth and aflatoxin production at room 

temperature (Ghosh et al., 1996). 

Organic acids have also been tested as mycotoxin-degrading agents. Lactic acid and citric acid have 

different degrees of action against some mycotoxins depending on experimental conditions (Reiss, 

1976, Safara et al., 2010, Shuklaa et al., 2002). Treating maize containing 29 µg/kg aflatoxin with 

aqueous citric acid resulted in complete degradation, and when the initial contamination was 

93 µg/kg, 97% degradation was observed (Mendez-Alborez et al., 2005). Ghosh et al. (1996) 

showed that treatment of Aspergillus parasiticus-inoculated groundnut cake with 0.5% propionic 

acid at 10% moisture completely inhibited mould growth and aflatoxin biosynthesis at room 

temperature.Pons Jr. et al. (1972) studied the mechanism of acid conversion of aflatoxins B1 and G1 

to aflatoxins B2a and G2a, respectively, and found strong acids convert the aflatoxins through 

hydration to their hemiacetal forms with the rate of reaction increasing with increase in temperature 

or decrease in pH. Hydrochloric acid (5 M) was shown to destroy aflatoxin B1 completely by 

hydrolysis in peanut flour sealed in culture tubes at 100 °C (Wattanapat et al., 1995). Despite the 

effective degradation of aflatoxin B1shown by strong acids, the produced aflatoxin B2ais still toxic 

although not as potent as aflatoxin B1 (Lillehoj & Ciegler, 1969). 

―Active chlorines‖ such as  hypochlorite, chlorine and chlorine dioxide as sanitizing agents in food 

processing have also demonstrated some potential in mycotoxin reduction. Sodium hypochlorite 

(NaOCl) degraded verrucarol (a trichothecene similar to T-2) into two products at room temperature 

and similarly DON into a single product(Figure 2.22 (Burrows & Szafraniec, 1986, Burrows & 

Szafraniec, 1987)).  It has been likewise shown that treatment with alkaline hypochlorite 

(0.25%NaOCl plus 0.025 M NaOH) for 4 h achieved a high degree of inactivation of T-2 toxin in 

maize (Faifer et al., 1994). Chlorine at concentrations>1% (v/v nitrogen) has been shown to 

significantly reduce DON levels in contaminated maize (Young, 1986b). Chlorine dioxide (ClO2) in 

solution form was shown to be effective in detoxification of trichothecenes verrucarin A and 

roridin A, the reaction being dependent on the concentration of the gas and exposure time (Wilson 

et al., 2005). 
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Figure 2.22 Proposed mechanism of verrucarol and deoxynivalenol degradation by sodium 

hypochlorite (Burrows & Szafraniec, 1987) 

Essential oils have generated increasing interest as agents for food preservation due to their 

antimicrobial properties, although there are concerns about their incorporation as food additives 

(Hyldgaard et al., 2012).The ability of essential oils from plants to also suppress mycotoxins has 

been tested showing varying effectiveness. The oils have been shown to achieve a combination of 

effects by inhibiting fungal growth, reducing production of mycotoxins and/or degrading the toxins 

(Kitic et al., 2013). Studies indicated activity of essential oils against fungal growth and mycotoxin 

production in A. flavus (El-Nagerabi et al., 2014, Rasooli et al., 2008),A. parasiticus (El-Nagerabi et 

al., 2014, Patil et al., 2010, Rasooli et al., 2008), Penicillium sp (Rao et al., 2015) and 

Fusarium graminearum (Marìn et al., 2004).Direct effects of essential oils on mycotoxins have 

been reported on the degradation of  fumonisin B1 (Xing et al., 2014) and the inhibition of cytotoxic 

effects of zearalenone (Salah-Abbès et al., 2010). 

The effectiveness of different food additives in degrading mycotoxins greatly depends on conditions 

of treatment, especially temperature and concentration of the additive (Méndez-Albores et al., 2013, 

Tabata et al., 1994). In some cases the required concentration of additive is high and can cause 

negative organoleptic effects. This can be particularly true for essential oils (Hyldgaard et al., 

2012), and further investigations are required to assess synergistic effects of these agents with other 

antimicrobial compounds. 

2.5.5.5 Irradiation 

Irradiation is considered a physical process in detoxification of mycotoxins even though the process 

gives energy to the reacting compounds and can also facilitate chemical changes. Irradiation can be 

effective by either modifying the chemical structure of mycotoxins or by inhibiting growth and 
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subsequent production of mycotoxins by fungi. The use of advanced photochemical degradation 

methods in agriculture for degrading and transforming the photosensitive materials is an emerging 

area showing commercial promise (Hu et al., 2009, Jabusch & Tjeerdema, 2006). 

Photodegradation of mycotoxins is generally found to be effective with light in the UV region. 

From the first isolation of aflatoxin, irradiation has been shown to be an effective method to destroy 

the toxin through its photosensitive property (van der Zijden et al., 1962). Aflatoxin B1 absorbs UV 

light at 222, 265, and 362 nm. Maximum absorption occurs at 362 nm, with irradiation of the toxin 

resulting in the formation of up to 12 degradation products (Rustom, 1997). Liu et al. (2011) 

demonstrated that exposing aflatoxin B1 to UV light greatly reduced the mutagenicity of the toxin 

when tested with HepG2 cells and by the Ames test. Irradiation of contaminated tree nuts resulted in 

detoxification of >95% of aflatoxins B1, B2, and G1 in almond and pistachio, whereas aflatoxin G2 

was degraded completely (Jebeen et al., 2012). A low dose of 0.5 kGy of γ-rays was adequate to 

achieve 99.7% degradation of fumonisin B1 in aqueous solution (D'Ovidio et al., 2007), but for 

complete degradation of the toxin in wheat and maize a dose as high as 7 kGy was required (Aziz et 

al., 2007). Photodegradation of trichothecenes in grains has been assessed, and the amount of 

energy required to degrade DON, 3-acetydeoxynivalenol, and T-2 toxin in dry grain was found to 

be higher than in moist grain (He et al., 2010). Unlike aflatoxin, most trichothecenes are not 

photosensitized by irradiation directly but rather, radiolysis of water produces radicals that react 

with the toxins (Hooshmand & Klopfenstein, 1995, Stepanik et al., 2007). Complete degradation of 

citrinin and degradation of ochratoxins A and B into products that do not contain phenylalanine was 

possible by using irradiation with blue light at wavelengths of 470 and 455 nm (Schmidt-Heydt et 

al., 2012). Deberghes et al. (1995) reported inactivation of ochratoxin A was possible by γ-

irradiation from 2 to 5 kGy in liquid medium. This was further confirmed by Refai et al. (1996) who 

reported complete inhibition of both A. ochraceus growth and ochratoxin secretion in chicken feeds 

with 4 kGy γ-irradiation. However maximum degradation of the already produced toxin in dry 

animal feeds was 21.9% using 15kGy γ-rays. 

Photodegradation of aflatoxin B1 follows first-order reaction kinetics (R
2
 ≥ 0.99). Three 

photodegradation products - P1 (C17H14O7), P2 (C16H14O6) and P3 (C16H12O7)  were detected and 

degradation pathway proposed (Figure 2.23 (Liu et al., 2010)). The structure of the three products 

are similar to Aflatoxin B1, with initial hydoxylation of the C9-10 double bond in the formation of 

P1 being largely responsible for the loss of toxicity. In general, the effectiveness of the method on 

mycotoxin degradation depends on the irradiation dose, physical state of the media treated and 

combination with other methods like heating (Calado et al., 2014). 
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Figure 2.23 Chemical reaction pathway for UV degradation of aflatoxin B1 (Liu et al., 2010). 

2.5.5.6 Thermal inactivation 

Heat treatment of foods and feeds is mostly carried out as processing or flavour-enhancing 

procedures, which in addition may have degradative effects to contaminating mycotoxins (Kabak, 

2009).With heat treatments, the stability and rate of degradation of individual mycotoxins differ 

according to structure (Shapira & Paster, 2004). Thermal degradation of mycotoxins is also 

influenced by the moisture content of the food product, toxin concentration, food type matrix, and 

additives present (Bullerman & Bianchini, 2007). In all types of cooking or heating processes, 

degradation of the mycotoxins in contaminated foods depends on the temperature and exposure 

time. Aflatoxins, for instance, are highly temperature resistant in their pure form and can 

bedenatured only at temperatures ≥250 °C (Shapira & Paster, 2004). However, when heating is 

done in situ, significant degradations are attained at lower temperatures, with heat treatment by 

roasting reported to have superior degradation effects as compared to boiling or steaming (Diedhiou 

et al., 2012, Méndez-Albores et al., 2004). For example roasting of coffee beans at 200 °C resulted 

in reduction of up to 100% of aflatoxins (Micco et al., 1992) whereas roasting pistachios at 150 °C 

for 120 min reduced up to 95% of aflatoxin B1 (Yazdanpanah et al., 2005). The efficacy of thermal 

degradation of aflatoxins by heating also depends on the moisture content of the food product. A 

reduction of 85% aflatoxin was recorded following 100 °C heat treatment of a cottonseed meal with 

30% moisture content. Only 50% aflatoxin degradation was attained with the same temperature-

time combination when the moisture content of the meal was 6.6% (Mann et al., 1967). It is logical 

to conclude that aflatoxin degradation by heating is enhanced at high moisture content. Hale and 

Wilson (1979) reduced aflatoxin levels from 383 to 60 μg/kg by heating maize grain (typically 

~15% moisture) at 160to 180 °C for 60 min.  
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Thermal decomposition of citrininalso depends on moisture content, withheating in water to 175 °C 

resulting in partial decomposition whereas heating in dry atmosphere to 160 °C resulted into 

complete decomposition (Kitabatake et al., 1991). Kirby et al. (1987)reported boiling contaminated 

maize for 8 min destroyed some citrinin activity but heating at 105 °C for 16 min completely 

destroyed the diuretic effect of the toxin. Although ochratoxin A is highly stable even at 200 °C 

(Trenk et al., 1971, Trivedi et al., 1992), heating the compound in the presence of aqueous NaOH 

(0.1 M) led to decomposition of the toxin and subsequent detoxification (Trivedi et al., 1992). The 

effect of heat on ochratoxin A contamination in coffee wastestedthrough a collaborative study with 

nine research groups that indicated a reduction of between 69% and 96% ochratoxin during coffee 

roasting under a range of conditons (van der Stegen et al., 2001). Additionally, other studies have 

reported that roasting time and temperature correlate with reduction of ochratoxin A (Blanc et al., 

1998, Suarez-Quiroz et al., 2005). It should however be noted that even under wet conditions and 

high temperatures, complete detoxification of ochratoxin A is not achieved, even at 250 °C (Boudra 

et al., 1995). It is also suggested that degradation products of ochratoxin A may be equally toxic 

(Suarez-Quiroz et al., 2005) and some beneficial compounds to human health may be destructed 

(Ferraz et al., 2010). 

Most of the Fusarium toxins are known to be thermal resistant. Temperatures as high as 150 °C for 

10 min were required for 50% denaturation of fumonisin B1 in dry maize grains (Dupuy et al., 

1993). A study to determine the thermal stability of fumonisins in processed maize products found a 

decrease of 11-15% of fumonisins in canned whole-kernel maize when heated (Castelo et al., 1998). 

Extrusion of fumonisin-contaminated maize grits with 10% added glucose resulted in a 75%-85% 

reduction in fumonisin B1 levels (Bullerman & Bianchini, 2007). Jackson et al. (1996) reported that, 

similar to fumonisin B1, fumonisin B2was also thermally stable, especially in moist conditions. 

Minimal effects on fumonisin content are observed under heat treatments such as retorting or 

boiling at temperatures around 125 °C (Jackson et al., 1996). DON, zearalenone, and nivalenol are 

reported to have similar thermal stability, and baking at 170 °C was found to have an insignificant 

effect on the toxins (Tanaka et al., 1986, Young et al., 1984). Despite the stability of DON on 

baking, a study has indicated that a modified product, deoxynivalenol-3-glucoside increases during 

bread baking using DON contaminated flour (Vidal et al., 2014) which might as a result increase 

the assimilated DON burden when ingested (Nagl et al., 2014). 

The use of microwave heating has also been investigated for control of mycotoxins. Aflatoxins are 

destroyed when exposed to microwaves at rates proportional to microwave power and exposure 

time (Farag et al., 1996). Luter et al. (1982) reported a 95% reduction of aflatoxin levels in peanuts 

after they had been in microwave at 3.2 kW for 5 min or at 1.6 kW for 16 min. 
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Despite the good outcomes that can be obtained, thermal decontamination of food and feeds 

sometimes results in undesired effects on food quality. For example, in the study that achieved a 

reduction of aflatoxin from 383 to 60 µg/kg by heating contaminated maize grains at 106-180 °C 

(Hale & Wilson, 1979) two important amino acids, methionine and lysine, were also significantly 

reduced. Additionally, the process resulted in reduced digestion and absorption of crude fibre and 

nitrogen in the treated food. It is therefore essential that heating to destroy mycotoxins should take 

into consideration potential side effects on food quality and nutrition.  

2.5.5.7 Adsorbents 

Adsorbents such as clay minerals are primarily used in animal feeds to act as anticaking and 

pelletizing agents, to regulate digestion, to control gastrointestinal disorders, and to provide trace 

elements to the animals (Trckova et al., 2004). The use of binding agents has also been shown to 

limit mycotoxin absorption in the gastrointestinal tract and uptake into the body, hence reducing 

observed adverse effects on the animals consuming contaminated feeds, especially in poultry and 

swine (CAST, 2003). Incorporation of clay minerals in contaminated animal feeds to reduce the 

bioavailability of fumonisins and aflatoxins has been tested and proven effective (de Mil et al., 

2015, Jaynes & Zartman, 2011). Whereas different types, forms and preparations of clay minerals 

are commercially available only for use with animal feeds, studies on human and laboratory animals 

have also indicated significant reduction in aflatoxins and fumonisins. For example, NovaSil
TM

 is 

an encapsulated clay preparation that is applied to enhance reduction of aflatoxins in humans 

exposed to naturally contaminated foods (Afriyie-Gyawu et al., 2008, Dixon et al., 2008, Phillips et 

al., 2008, Wang et al., 2008a). 

Activated charcoal, silicates, humic substances and plant and fungal extracts have shown potential 

in reducing mycotoxin toxicity as binders in foods and feeds (Kolosova & Stroka, 2012). In vitro 

studies to test the concept of mycotoxin adsorption have shown that activated charcoal and certain 

clay minerals can efficiently bind aflatoxins (Diaz et al., 2003, Jiang et al., 2014). Although 

activated charcoal was shown to be effective in absorbing ochratoxin A in growing chicken feeds, 

the alteration of the feed colour and reduced intake by the chicks made it difficult to adopt the 

technique(Rotter et al., 1989). Attempts to adsorb DON and zearalenone using metallic and 

mineral-adsorbing materials such as phyllosilicate minerals, activated charcoal or synthetic resins 

have been often less encouraging; however significant levels of zearalenone were adsorbed using 

smectite clay, humic substances, and yeast cell wall-derived materials (Sabater-Vilar et al., 2007). 

The use of some natural additives to facilitate adsorption of mycotoxins and their associated 

complexes has been shown to be effective in controlling exposure to the toxins. Addition of 
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chlorophyllin to the diet was shown experimentally to be a potent inhibitor of 

aflatoxin B1hepatocarcinogenesis in rainbow trout and rats (Breinholt et al., 1995, McQuistan et al., 

2012). In these studies, it was hypothesized the green plant pigment binds to aflatoxin and inhibits 

absorption and distribution to different body organs. When trialed with volunteer humans using a 

low dose of 30 ng of aflatoxin B1(equivalent to 1.5 g of peanut butter with the FDA allowable limit 

of 20 μg/kg) the pharmacokinetics of the toxins was shown to be influenced by chlorophyll a (Chl 

a) and chlorophyllin (Jubert et al., 2009). This result suggested co-consumption of the two green 

plant pigment extracts may limit the bioavailability of ingested aflatoxin in humans, as they do in 

animal models.  

2.5.5.8 Other physical methods 

Studies have demonstrated that sorting out physically damaged, distorted, and discoloured grains 

can substantially reduce mycotoxin levels in the remaining maize products (Afolabi et al., 2006, 

Fandohan et al., 2005c). Such sorting is often done manually, although the use of automated 

equipment has been successfully employed, especially with peanuts (De Mello & Scussel, 2007, De 

Mello & Scussel, 2009, Dorner, 2008). Pearson et al. (2004) achieved reductions of about 81%of 

aflatoxins (initially 53 µg/kg) and 85% of fumonisins (initially 17 mg/kg) in maize using a high-

speed dual-wavelength sorter. Effective sorting of contaminated food products is advantageous in 

that it can reduce mycotoxin concentrations to safe levels without producing toxin degradation 

products or negatively affecting the nutritional value of the food. The reliability of sorting and 

physical separation to minimize mycotoxins is, however, challenged by the fact that in most cases, 

contaminated products are not visually distinguishable from uncontaminated ones. In single-kernel 

analysis, it was observed that the distribution of aflatoxins in the kernel lots was extremely 

heterogeneous, in the range of 100-80,000 µg/kg and highly contaminated kernels on a cob were 

frequently adjacent to aflatoxins-free ones and could not be detected visually (Lee et al., 1980). The 

presence of visible fungal hyphae, physical damage, insect infestations, and discolouration does not 

always correlate with the levels of mycotoxins in food (Cucullu et al., 1977, Magg et al., 2002). 

Traditional maize sorting practiced by consumers in Kenya, which removes debris and damaged 

grains, was shown to significantly reduce fumonisin B1-contamination but do not sort out 

aflatoxin B1 contaminated (Mutiga et al., 2014). 

Mycotoxin reduction can also achieved during food processing and preparation, particularly in 

processes that include soaking and washing as has been observed in aflatoxin-reduction in maize 

(Fandohan et al., 2005c, Mutungi et al., 2008). The effectiveness of washing and soaking is 

maximized when done in combination with removal of debris, damaged grains, and surface parts, 

which often are more infested with fungi and mycotoxins (Hell & Mutegi, 2011). A significant 
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reduction of DON is achieved by cleaning and milling wheat with the resulting flour free of up to 

80% of the original concentration of the toxin in the grain (Scott et al., 1983, Seitz et al., 1986). 

Trenholm et al. (1992) reported that washing barley and maize contaminated with DON and 

zearalenone with sodium carbonate solution considerably reduced the contamination. In this study, 

the efficiency of decontamination was higher if the grains were stirred with the salts solution, with 

100% decontamination achieved after 4 h of stirring.  

In some foods removal of mycotoxins can also be achieved by solvent extraction. Steeping maize in 

water significantly reduced fumonisin concentration levels (Canela et al., 1996), although this 

outcome could not be achieved in rice (Lawrence et al., 2000). Because aflatoxins are not soluble in 

water the toxins are extracted using organic solvents or organic/water mixes. Several studies have 

reported significant reductions of aflatoxins from different food samples using organic/water 

extraction (Goldblatt, 1971, Rayner & Dollear, 1968, Whitaker et al., 1984). There are obvious 

disadvantages and limitations associated with solvent extraction, ranging from the removal of 

essential nutritional components to introduction of undesirable residues, as well as additional costs. 

In most cases, solvent extraction requires highly specialized equipment and incorporation of safe 

procedures to handle the mycotoxin extracts. 

In looking at detoxification methods with potential applicability, a variety of chemical and physical 

detoxification strategies have been investigated with varying success against different mycotoxins 

(Table 2.3 and 2.4). Some of these are more applicable to large scale industrial processing, but 

others such as  nixtamalization and other flavour enhancing methods, thermal and microwave 

heating, sorting, washing and dehulling of grains are for example applicable in different degrees and 

capacity at household levels. Some of these processes in more or less similar extent and scope play 

an integral part in traditional food preparations in developing countries, although not primarily for 

addressing mycotoxin decontamination. It can also be assumed that in the same communities 

different practices employed basically for cleaning, cooking and flavour enhancement may also 

have potential in mycotoxin detoxification 

Table 2.3 Chemical degradation methods and their application in the control of mycotoxins in 

foods and animal feeds 

Method Application, challenges and possible improvements 

Ozonation  Commonly used in food industry for sanitization. 

 Effective in degrading aflatoxins and trichothecenes.  

 Mainly applicable in animal feeds (grains).  
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 Limited use in human foods due to effect on organoleptic properties and 

uncertain health effects of degradation products.  

 Best applicable in large-scale industrial animal feed processing. 

 Can be combined with ammoniation and thermal treatment to improve 

efficacy. 

Ammoniation  Effective against aflatoxins, ochratoxin A, citrinin, penicillic acid.  

 Mainly applied in animal feeds (maize, wheat, barley) for controlling 

mycotoxins and nutritional enhancement.  

 Possible unpleasant chemical residue.  

 Best applicable in large-scale industrial cattle feed processing. 

 Application at farm-level limited by technical requirements. 

 Can be combined with ozonation and adsorptive clay additives to improve 

results.  

Nixtamalization  Effective in reducing aflatoxins, fumonisins, zearalenone and 

deoxynivalenol.  

 Applicable in reducing aflatoxins and fumonisins in maize meals at 

household level with traditional cooking methods.  

 Prior cleaning of the maize by sorting, steeping, and washing may increase 

efficacy  

Chemical 

additives 

 Primarily used as preservatives and artificial flavours.  

 Sulphites and organic acids are effective against DON in wheat and to lesser 

extent aflatoxins. Can be the best method of reducing DON in wheat both at 

household and industrial level. 

 Minor modifications in routine procedure of applying additives to attain 

maximum mycotoxin reduction.   

Table 2.4  Physical degradation methods and their application in the control of mycotoxins in foods 

and animal feeds 

Method Application, challenges and possible improvements 

Irradiation  Common in sanitization of food products and packaging, and readily 

adapted for mycotoxins control.  

 Applicable at industrial level to degrade aflatoxins and trichothecenes in 

packaged foods, juices and grains.  

 Challenged by consumer perception on food irradiation. 
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Thermal 

treatment 

 Best results are demonstrated in products processed by roasting.  

 Successful in controlling ochratoxin A in roasted coffee and aflatoxins in 

roasted nuts.  

 Microwave heating has shown promise in degrading aflatoxins. 

 Warrants investigation as household-level treatment due to widespread 

adoption of microwave cooking.  

Adsorbents  Proven to bind and reduce bioavailability of aflatoxins, fumonisins and 

zearalenone.  

 Clay minerals enhance nutrition and digestibility of animal feeds hence 

easy adoption for mycotoxins control applicable both at home and 

industrial feed compounding.  

 Clay capsules for humans are potential aflatoxin control remedy but 

face acceptability challenge for routine use. 

 Chlorophyll provides promising area for further investigation. 

Physical 

separation 

 Washing and removing spoiled food materials efficiently reduce majority 

of mycotoxins.  

 Easiest and best method applicable at household although doesn‘t 

provide 100% reduction.  

 An important preparatory method before applying other processing 

methods.  

 

 

2.5.6 Legislative control of mycotoxin contaminated products 

The capacity of humans and animals to detect by body sensory mechanisms mycotoxins and 

similarly other chemical contaminants such as pesticides and antibiotics in food and feeds is 

limited. In order to protect consumers, regulations for testing foods and feeds using established 

methods and acceptable levels are set. More than 200 countries in the world have set regulations for 

maximum levels of specific mycotoxins acceptable in foods and feeds (Wu & Guclu, 2012). Such 

levels differ between single or group of mycotoxins due to their toxicities and slight dereferences 

are also observed between countries. 

Whereas the mycotoxin control regulations are set, the effectiveness of their implementation is 

often challenged by low capacity of detection and quantification methods. This might not be a 

significant problem in developed countries with well-defined food chains from producers to 
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consumers (Williams, 2008) and adequate technology development. However in developing 

countries where the institutional capacity in the detection and quantification of mycotoxins is low 

and majority of foods are traded in informal market channels, the implementation of the regulations 

are far less achieved (Matumba et al., 2015).  

The rationale of implementing mycotoxin control regulations in developing countries is also 

challenged by food security concerns. Under circumstances where food is inadequate low quality 

products which have high chance of being contaminated with mycotoxin are often consumed. The 

fact that many families especially in rural areas consume what they produce makes it difficult for 

quality control systems that mostly target food trade channels to play required role (Milićević et al., 

2010). Production of most foods in tropical countries is seasonal and food lots have to be stored and 

consumed from one harvest season to another. In this case, even when food obtained at a particular 

point in the supply chain  was  free of dangerous levels of mycotoxins, chances are there that during 

storage fungi will multiply and mycotoxins accumulate to hazardous levels (Magan et al., 2003).  
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CHAPTER 3. Frequency and concentration of mycotoxins in harvested 

maize in Kenya and Tanzania 

3.1 Introduction 

Kenya and Tanzania, similar to many other tropical developing countries, are highly affected by 

mycotoxin contamination especially aflatoxins and fumonisins (Shephard, 2003). The toxins are a 

serious food safety concern, with several incidences of fatalities attributed to the intoxication with 

the fungal toxins (Ngindu et al., 1982, Probst et al., 2007). The problem of mycotoxin 

contamination is exacerbated, in the two East African countries, due to dietary intake, where maize 

and peanuts, which are known to be highly susceptible to mycotoxins, form major food components 

(Mutegi et al., 2013). Approximately, 132 million people across East Africa depend on maize as 

staple food, and studies have indicated that the extent of mycotoxin exposure, is positively 

correlated with daily maize intake (Shirima et al., 2013). The magnitude of mycotoxin 

contamination in the two countries is thought to be confounded by low input agronomic practices, 

improper grain storage, extreme weather conditions, and inadequate knowledge and action, in 

controlling and managing the problem (Shephard, 2005).  

Kenya and Tanzania experience similar tropical climatic conditions in general. The two countries 

are however characterised by varied topographical characteristics (Figure 3.1), producing climatic 

differences between geographical regions (Ogwang et al., 2014). Environmental factors are known 

to influence the occurrence of the moulds and mycotoxins including the weather, especially 

precipitation and temperature (Paterson & Lima, 2010). Other factors such as soil types and 

ecological competitors are also important (Bernhoft et al., 2012, Falade et al., 2016). 
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B 

 

Figure 3.1 Topographical map of Kenya (A) and Tanzania (B) indicating rising altitude from 

the seal level (NBS, 2013, Wikipedia, 2016) 

 

Weather and climatic conditions play important role, together with other agronomical factors, in 

influencing the fungal infection and formation of mycotoxins in crops (Paterson & Lima, 2010). 

Temperature and rainfall at harvest are also important factors, which greatly facilitate harvesting the 

crops when suitably dry. Maize consumption in East Africa is mostly through products prepared 

from maize flour, hence harvesting is ideally done when kernels are dry; i.e. <14% moisture content 

(Magan & Aldred, 2007). Different control strategies have been recommended, including good 

farming practices (Hell & Mutegi, 2001) and postharvest practices, and simple methods for fungal 

deactivation (Temba et al., 2015, Temba et al., 2016a), and detoxification of contaminated materials  

(Temba et al., 2016b) may be useful. Understanding the influence of weather variation is useful for 

designing short term mycotoxin control strategies. However, for more realistic risk estimation and 

strategic long term control measures, the effect of climates for each given locality have to be 

understood and taken into consideration. This study was therefore conducted to study how the 

occurrences of important mycotoxins in maize, at (or shortly after) harvest, from the selected areas 

of Kenya and Tanzania relate to the long term average temperatures and rainfalls of the areas, in 

order to learn if the two climatic factors influence aflatoxin contamination in the field. 

The study targeted samples from different parts of the two countries and ten mycotoxins were 

analysed by LC-MS/MS, including aflatoxin B1, B2, G1 and G2, fumonisin B1 and B2, ochratoxin A, 

T-2 toxin, HT-2 toxin, and DAS. The study targeted at providing information, more specified to in-
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field contamination magnitude covering wider part of the two countries, and included both the 

occurrence and co-occurrence of these important mycotoxins.  

3.2 Materials and Methods 

3.2.1 Study area and participants 

The study was conducted using a cross section design, whereby dry maize grain samples were 

collected, from pre-identified small holders farmers‘ stands and households, in different parts of 

Kenya and Tanzania, in the 2013 harvest seasons (January - February and June – July) by members 

of the CAAREA project team. Figure 3.2 shows a sketch-map of Kenya and Tanzania indicating 

counties and regions respectively from which samples were collected. Participants of the study were 

randomly selected, from list of maize farmers obtained from the local government, through 

appointed agricultural officers. Participants were briefly educated on the objectives and importance 

of the research, prior to sampling, after which they were asked to voluntarily consent to take part in 

the study. 

 



 

50 

 

 
 

 

Figure 3.2 Sketch-map of Kenya and Tanzania indicating respective counties and regions 

where samples were collected 

The numbers on the map present counties and regions from where samples were collected in 

Kenya and Tanzania respectively which are 

Kenya 

1. West pokot 
2. Trans-Nzoia 
3. Bungoma 
4. Busia 
5. Siaya 
6. Kakamega 
7. Vihiga 
8. Nandi 
9. Uasin Gishu 
10. Elgoyo-Marakwet 

11. Baringo 
12. Kisumu 
13. Kericho 
14. Homa-bay 
15. Kisii 
16. Nyamira 
17. Bomet 
18. Migori 
19. Narok 
20. Samburu 

21. Laikipia 
22. Nakuru 
23. Nyandarua 
24. Nyeri 
25. Isiolo 
26. Meru 
27. Tharaka-Nithi 
28. Kirinyaga 
29. Embu 
30. Murang’a 

31. Kiambu 
32. Nairobi 
33. Machakos 
34. Kitui 
35. Kajiado 
36. Makueni 
37. Kilifi 
38. Kwale 
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Tanzania 

1. Kagera 
2. Geita 
3. Mwanza 

 

4. Kigoma 
5. Tabora 
6. Mbeya 

7. Manyara 
8. Tanga 

 
 

9. Morogoro 
10. Coastal 

 

 

3.2.2 Collection of maize samples 

The maize sample collection was done during harvest, or a few weeks thereafter. Depending on the 

maize farming system in the given area (single or bi-season) the farms were visited either once for 

the single harvest or twice, if two harvesting seasons of one year. In Tanzania, a total 100 samples 

were collected from 88 maize stands across 10 regions, distributed over four agrological zones, 

whereas in Kenya, 478 samples were collected from 426 maize stands in 38 counties. On average, 

about 0.5 kg for each sample of maize kernels was collected from at least five cobs of maize, taken 

from different points of the maize stand. The dry maize kernel samples were put in paper bags that 

were sealed by stapling and wrapped with rubber bands. Samples were transported to the selected 

participating research institute centres, and then to the laboratory at the Biosciences eastern and 

central Africa - International Livestock Research Institute (BecA-ILRI) hub, Nairobi, Kenya for 

mycotoxin analysis by the candidate. 

3.2.3 Preparation of maize samples 

The preparation of the samples included milling and sub-portioning. Before milling each sample 

was spread on a clean tray and large contaminants, such as stones and pebbles, were removed by 

hand. Dusty samples were further cleaned by sieving using 2 mm laboratory sieve (VWR® Test 

Sieves), for approximately 20 seconds. Samples were then milled into flour using Romer Series II
®

 

mill. The mill was set to perform automatic sub-portioning of the output flour, into three sub-

samples, collected in clean, new zipped plastic bags. After milling of each single sample, the 

milling chamber was thoroughly cleaned, by vacuuming, for approximately 30 seconds. Thereafter, 

about 50 g (handful) of the next sample was milled and discarded to avoid cross-contamination. The 

sub-portions of each milled maize samples, in zipped plastic bags, were placed in one paper bag and 

stored at 4 °C, ready for mycotoxin analysis. 

3.2.4 Chemicals and reagents 

Methanol, acetonitrile, formic acid and ammonium formate (all HPLC grade) for this study were 

sourced from Sigma-Aldrich
®
. HPLC grade Milli-Q

®
 water (Biosciences east and central Africa, 



 

52 

 

Kenya), was used throughout. Mycotoxins were analysed by a multiple mycotoxin analysis method, 

with mixed mycotoxins standards (Sigma-Aldrich Chemie B.V., Zwijndrecht, Netherlands).Original 

solutions and diluted stock solutions for the mycotoxins standards are as presented in Table 3.1. All 

standards were stored at -20 °C and allowed to reach room temperature before use.  

Table 3.1 Composition and concentration of original mycotoxin standard solutions 

 

Standard 

 

Analytes 

 

Diluent 

Concentration (ngml
-1

) 

Original solution Stock solution 

Aflatoxins Aflatoxin B1 MeCN 20940 2115.15 

 Aflatoxins B2  20870 2108.08 

 Aflatoxin G1  20910 2112.12 

 Aflatoxin G2  20930 2114.14 

Fumonisins Fumonisin B1 MeCN/H20 (1:1) 50000 5050.51 

 Fumonisin B2  50000 5050.51 

Trichothecenes DAS 
MeCN 

 

10000 1010.10 

 HT-2 10100 1024.34 

 T-2 10100 1013.03 

Ochratoxin A OTA MeCN 49847 2517.53 

 

3.2.5 Mycotoxin extraction 

Extraction solution used was mixture of acetonitrile/Milli-Q
®
 water/formic acid at a ratio of 

790/200/10. Sample extraction method was done according to literature (Sulyok et al., 2006). In 

summary 5 g of milled maize grain were weighed into 50 ml new Falcon
®
 tube and 20 ml extraction 

fluid added. The mixture was shaken mechanically using a mechanical orbital shaker (New 

Bronswick Scientific, USA) for about 90 minutes. The tubes were then centrifuged at 3000 rcf for 

2 minutes and 20 ml from the supernatant was transferred into new 15 ml Falcon
®
 tubes. A 0.5 ml 

aliquot was transferred into 1.5 ml Eppendorf
®
 tube and mixed with 0.5 ml mobile phase A 

(water/formic acid; 99/1 in 10 mM ammonium formate). The mixture was gently shaken and 

filtered through 0.2 micron PVDF syringe filter into 2 ml glass vials for analysis by UPLC-MS/MS. 

Where analysis was not done immediately, the extracts (in vials) were stored in 4 °C and analysed 

within 24 hours.  

3.2.6 Mycotoxin detection and quantification by UPLC-MS/MS method 

The UPLC-MS/MS system consisted of Shimadzu ultra-high performance liquid chromatography 

(Shimadzu
®
 UHPLC Nexera), coupled to ultra-high sensitivity, ultra-fast triple quadrupole, tandem-
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mass spectrophotometer (Shimadzu
®
 8050), equipped with an electrospray interphase (ESI). A 

10 µl sample extract aliquot was injected into Synergi
®
 Hydro-RP (100 x 3 mm, 2.5 µm) column 

(Phenomenex
®
, The Netherlands), at 40 °C column temperature. Elution gradient composed of 

mobile phase A (Water/formic acid; 99/1 in 10 mM ammonium formate), and B 

(Methanol/water/formic acid; 97/2/1 in 10 mM ammonium formate), at a flow rate of 0.5 ml/min 

and a gradient as follows: 0 -2 min, 98-60% A; 2-4 min, 60% A; 4-6 min, 60-40% A; 6 - 10 min, 40 

% A; 10-12 min, 40 to 0% A; 12 -16 0% A; 16-18 min 0 to 98% A. 

The mass spectrophotometer was operated in a positive mode, at the heating block temperature of 

400 °C, the interface temperature of 300 °C, and the desolvation line temperature of 250 °C. The 

interface voltage was 4.0 kV, and the conversion dynode was 10.0 kV. The nebulizer gas (nitrogen) 

flow rate was 180 l h
-1

, the collision gas (argon) flow rate was 600 l h
-1

, and the heating gas (air), at 

a flow rate of 600 l h
-1

.For multiple reactions monitoring (MRM), the collision-induced dissociation 

(CID) gas (argon) pressure was 270 kPa. Individual mycotoxins were monitored in ESI positive 

mode using MRMs as listed in Table 3.2 
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Table 3.2 The precursor and product ions and retention time for the UPLC-MS/MS analysis of the 

individual mycotoxins 

Mycotoxin Precursor ions Product ions Polarity Retention time 

Aflatoxin B1 312.80 285.15; 241.15 + 6.64 

Aflatoxin B2 314.80 287.20; 259.15 + 6.45 

Aflatoxin G1 328.80 311.15; 243.15 + 6.18 

Aflatoxin G2 330.80 313.15; 245.10 + 5.99 

Fumonisin B1 722.20 352.40; 334.40 + 7.29 

Fumonisin B2 706.70 336.45; 354.45 + 7.93 

T-2 toxin 484.00 215.20; 185.15 + 7.67 

HT-2 toxin 446.90 345.25; 285.25 + 7.27 

DAS 384.40 307.25; 247.10 + 6.62 

Ochratoxin A 404.00 239.00; 358.05 + 8.02 

 

3.2.7 Climate data 

The climate data were retrieved from the weather database (Weatherbase), available at 

http://www.weatherbase.com/. The database provides climate data, including the parameters of 

precipitation, temperature, humidity, day length, dew point, and wind speed.  For the purpose of this 

study, data for the average annual precipitation and yearly average temperature (for 24 hours-days) 

were collected. The precipitation data in the database are the averages for 97 years from 127 

stations in Kenya, and the averages of 106 years from 289 stations in Tanzania, whereas 

temperature data are the averages for 90 years from 127 stations in Kenya, and the averages of 105 

years from 290 stations in Tanzania. All the counties and regions involved in this study had at least 

one weather station. Where more than one station is present, the average of the data retrievable from 

all stations was calculated, for the particular county/region.  

3.2.8 Data analysis 

The LC-MS/MS data analysis was conducted by LabSolutions LCMS Ver 5.6 computer program 

that was used to generate raw data for aflatoxin concentrations. The mycotoxins and climate data, 

were then transferred to Excel
®
 2010 for formatting and cleaning, then analysed for descriptive and 

inferential statistics, using Excel
®
 2010, IBM SPSS Statistic

®
 2.3, and R

®
 3.3.1 (2016) computer 

programs. Mycotoxins data parameters presented include incidence rates, concentration, proportions 

exceeding acceptable standard limits (aflatoxins and fumonisins), and maximum readings. 

Incidence rate is the percentage of all samples with detectable concentration of the given toxin. 

http://www.weatherbase.com/
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Average concentrations are either given as arithmetic mean (for general presentation), median and 

adjusted mean (for regional comparison).   

For the purpose of regional comparison, the incidence rate is only displayed for the counties and the 

regions with at least five samples analysed, in order to make the data more comparative and 

equitable. For similar reasons, the mean concentration is modified to adjusted mean in order to 

reduce effects of outlier and extreme readings often observed in some groups of data.  Adjusted 

mean was calculated as arithmetic mean of the mycotoxin levels in the samples of a given 

county/district after regulating outliers and extreme readings. In doing this, non-outlier range of 

aflatoxin levels for each cluster of samples from one region was calculated. The maximum point of 

the non-outlier range was used to replace outliers and extreme readings (which in all clusters fell 

above the range mean). 

 

3.3 Results 

3.3.1 General occurrence frequency and concentration of mycotoxins 

Incidence rate, average concentration (mean) and maximum reading for the ten mycotoxins 

analysed are presented in Table 3.3. Details for occurrence of the toxins are further explained in 

section 3.3.2 (aflatoxins), section 3.3.5 (fumonisins), section 3.3.9 (trichothecenes) and section 

3.3.10 (ochratoxin A).  
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Table 3.3  Incidence and levels of the analysed mycotoxins 

Mycotoxin 

Incidenc

e 

(%) 

Conc. (µg/kg) 

Mean 

Max. 

Aflatoxin B1 30.4 28.4 6075.2 

Aflatoxin B2 20.6 4.0 927.2 

Aflatoxin G1 22.5 3.0 966.9 

Aflatoxin G2 28.9 0.7 88.9 

Fumonisin 

B1 

46.6 169.4 6103.0 

Fumonisin 

B2 

31.5 46.7 3018.5 

Ochratoxin 

A 

4.7 0.8 309.6 

T-2 10 2.2 195.0 

HT-2 14.4 4.6 748.3 

DAS 3.5 0.9 311.9 

 

3.3.2 Incidence rates and concentrations of aflatoxins 

Incidence rates of aflatoxin B1 were 25.9% and 52% in Kenya and Tanzania respectively (Table 

3.4). Statistically the incidence rates were between the two countries when tested by Chi-square test 

(p< 0.0001). Samples with undetectable levels of the toxins (below LOD) are recorded as 0.0 µg/kg 

to enable statistical analysis). The average concentration of aflatoxin B1 in the samples from Kenya 

was10.1 µg/kg (0.0 -879.7 µg/kg) whereas in the samples from Tanzania was 116.4 µg/kg (0.0 -

6075.2 µg/kg). Statistically the average levels of occurrence of aflatoxin B1 in the two countries 

were significantly different (p= 0.00041). The proportion of samples from Kenya with aflatoxin 

B1concentration above maximum acceptable limit (5 µg/kg) was 11.5% whereas for samples from 

Tanzanian was 26%. In general aflatoxin B1 was the most occurring aflatoxin.  

Aflatoxin B2 was detected in 20.6% of all the samples with average concentration of 4.0 (0.0-927.5) 

µg/kg. Incidence rate of aflatoxin B2 was 20.6%; being 19% in samples from Kenya and 28% in 

samples from Tanzania. The frequency was statistically different between the two countries 

(p= 0.0438). Samples from two countries also had different average concentrations of the toxin; 

1.52 µg/kg for samples from Kenya and 15.6 µg/kg for samples Tanzania (p= 0.0002).  
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Aflatoxin G1 was detected in 22.5% of all the samples analysed; being in 17.8% in the samples 

from Kenya and 45% in the samples from Tanzania and the country occurrence frequency was 

significantly different (p< 0.0001). Similarly, difference was observed in the average levels of the 

toxin in the samples from the two countries; being 0.41 µg/kg for Kenya and 15.73 µg/kg for 

Tanzania (p< 0.0013).  

Whereas 28.9% of all the samples analysed had detectable levels of aflatoxin G2 nearly half of the 

ones from Tanzania (49%) where contaminated. This was significantly higher when compared with 

the group of samples from Kenya that had incidence of 24.7% (p< 0.05). Expectedly, the difference 

was also reflected by the average concentration being significantly lower in samples from Kenya 

(0.34 µg/kg) that the samples from Tanzania (2.52 µg/kg) (p< 0.0001).  

Total aflatoxins in the samples analysed reflect the findings of the individual aflatoxins. Of all the 

samples analysed, 54.3% where contaminated with at least one of the four aflatoxins (49.6% for 

samples from Kenya and 77% for samples from Tanzania). Aflatoxin B1 contributed to 75% of the 

total aflatoxins levels. In average the total aflatoxins concentration was 36.02 (0.0 – 7002.7)µg/kg 

in all samples. Samples from Kenya had significantly lower average concentration of total 

aflatoxins as compared with the ones from Tanzania (p= 0.0001) The proportion of samples 

exceeding the maximum acceptable standard for total aflatoxin (10 µg/kg) was 11.5%for samples 

from Kenya and28%) for samples from Tanzania (p< 0.0001).  

Table 3.4  Occurrence frequencies and levels for aflatoxins in Kenya and Tanzania 

Country Aflatoxin B1 Aflatoxin B2 Aflatoxin G1 Aflatoxin G2 

Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg) 

Mean Max. Mean Max. Mean Max. Mean Max. 

Kenya 30 10.1 879.7 19 1.5 94.5 18 0.4 23.3 25 0.3 29.1 

Tanzania 52 116.4 6075.2 28 15.6 927.2 45 15.7 966.9 49 5.2 88.9 

 

3.3.3 Regional comparison of occurrence of aflatoxins 

The incidence rates, average concentrations (median) and the range of aflatoxins were analysed, to 

view the pattern of occurrence across administrative areas of the two countries. Administrative 

regions considered are called counties in Kenya and regions in Tanzania.  

Table 3.5 indicates incidence, median, mean and maximum reading for aflatoxins B1 B2, G1 and G2 

for the samples from in Kenya counties and Tanzania regions respectively. As indicated in Table 

3.5 the incidence of aflatoxin B1 in Kenya ranged from 0-64% in counties with at least five samples 
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analysed. Aflatoxin B1 was not recorded in four counties (with total of 22 samples analysed) which 

are Kwale, Nyamira, Nyandarua and Samburu. Four counties (Uasin Gishu, Siaya, Bungoma and 

Kisii) had incidence of less than 10% for aflatoxin B1. Eight counties (Trans Nzoia, Nakuru, Nyeri, 

Homa Bay, Vihiga, Murang‘a, Kisumu and Narok) with total of 39 samples analysed had 

incidences between 10% 20%. Occurrence frequencies of 50% were recorded in Machakos, 

Kajiado, Makueni, Nairobi and Embu. Incidences for the other three aflatoxins ranged from 0-50% 

for aflatoxin B2, 0-57 aflatoxins G1 and 0-69% for aflatoxin G2 in counties with five or more 

samples analysed. The incidences were relatively lower than aflatoxin B1, with only two cases of 

above 50% observed; one for aflatoxin G1 in Kericho (57%) and another in aflatoxin G2 in Nandi 

(69%). 

Table 3.5 also indicates the concentration median and mean (adjusted) of aflatoxin B1 and total 

aflatoxins in each county. In more than half of the counties (23 out of 38) the average aflatoxin B1 

concentration was below 1 µg/kg. Medians in 29 out of 38 counties were below the LOQ (0.2 

µg/kg). The nine counties with median levels above the LOQ included Machakos, Makueni, Embu, 

Kajiado, Nairobi, Kirinyaga, Tharaka-Nithi, Isiolo and Kilifi. 

The concentrations of the three toxins were as well lower in relative to aflatoxin B1. In all counties 

aflatoxin G1 and G2 average concentrations were below 1 µg/kg, whereas in two counties only were 

they above 1 µg/kg for aflatoxin B2. 
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Table 3.5 The number of samples (n), incidence (Inc.) and concentration (median, adjusted mean and maximum) of aflatoxins B1, B2, G1, and G2 in 

maize from different counties in Kenya 

 

County  

 

n 

Aflatoxin B1  Aflatoxin B2 Aflatoxin G1 Aflatoxin G2 

Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  

Med. Mean Max. Med. Mean Max. Med. Mean Max. Med. Mean Max. 

Uasin Gishu  26 8 0.0 0.1 0.8 31 0.0 0.1 37.2 42 0.0 0.3 1.2 42 0.0 0.2 2.9 

Machakos  25 56 1.2 10.7 453.6 23 0.0 0.4 51.8 12 0.0 0.1 1.6 12 0.0 0.1 1.4 

Bungoma  23 9 0.0 5.1 106.9 9 0.0 0.1 6.7 17 0.0 0.1 23.3 13 0.0 0.1 3.1 

Laikipia  23 39 0.0 0.4 6.8 17 0.0 0.1 1.5 26 0.0 0.1 4.2 35 0.0 0.2 1.6 

Homa Bay  20 15 0.0 0.1 4.5 0 0.0 0.1 0.0 15 0.0 0.1 14.2 20 0.0 0.1 1.8 

Kakamega  20 20 0.0 0.1 12.9 0 0.0 0.1 0.0 5 0.0 0.1 0.3 15 0.0 0.1 0.7 

Narok  20 10 0.0 0.1 121.8 10 0.0 0.1 82.2 5 0.0 0.1 1.5 15 0.0 0.1 0.8 

Elgoyo-

Marakwet  19 26 

 

0.0 0.1 

 

18.6 

 

32 0.0 0.2 1.4 

 

32 0.0 0.2 1.1 

 

37 0.0 0.8 4.9 

Nakuru  19 11 0.0 0.1 0.5 16 0.0 0.1 59.6 26 0.0 0.2 0.8 26 0.0 0.2 0.8 

Trans Nzoia  19 11 0.0 0.1 0.4 16 0.0 0.1 1.3 26 0.0 0.1 0.4 47 0.1 0.2 0.7 

Bomet  18 44 0.0 0.4 327.4 39 0.0 0.5 32.9 44 0.0 0.2 11.6 39 0.0 0.2 3.8 

Kiambu 16 27 0.0 3.2 111.6 19 0.0 0.1 1.4 13 0.0 0.1 16.4 13 0.0 0.1 3.7 

Kisii  16 6 0.0 0.1 32.8 6 0.0 0.1 14.3 6 0.0 0.1 6.9 6 0.0 0.1 3.3 

Nandi  16 38 0.0 0.2 1.8 44 0.0 0.2 1.3 25 0.0 0.1 0.6 69 0.2 0.2 4.5 

Busia  15 27 0.0 0.2 51.5 0 0.0 0.1 0.0 7 0.0 0.1 1.3 7 0.0 0.1 0.4 

Siaya 15 7 0.0 0.1 12.5 0 0.0 0.1 0.0 13 0.0 0.1 12.9 20 0.0 0.1 29.1 

Makueni  14 64 2.5 6.9 543.7 50 0.3 0.6 84.2 7 0.0 0.1 0.9 7 0.0 0.1 0.8 
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County  

 

n 

Aflatoxin B1  Aflatoxin B2 Aflatoxin G1 Aflatoxin G2 

Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  

Med. Mean Max. Med. Mean Max. Med. Mean Max. Med. Mean Max. 

Baringo  13 30 0.0 0.3 5.3 15 0.0 0.1 0.8 46 0.0 0.3 1.1 23 0.0 0.1 1.1 

Murang‘a  13 15 0.0 0.1 1.6 31 0.0 0.1 0.5 15 0.0 0.1 1.0 0 0.0 0.1 0.0 

Migori  12 25 0.0 2.3 91.3 17 0.0 0.1 2.4 33 0.0 0.2 0.7 25 0.0 0.1 0.5 

Kitui  11 27 0.0 11.1 74.6 18 0.0 0.1 2.8 9 0.0 0.1 0.8 18 0.0 0.1 1.4 

Embu  10 60 1.1 22.2 879.7 40 0.0 0.7 90.7 10 0.0 0.1 1.7 30 0.0 0.1 4.7 

Meru  10 30 0.0 1.6 112.8 22 0.0 0.3 4.6 0 0.0 0.1 0.0 10 0.0 0.1 0.3 

Nyamira  9 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 11 0.0 0.0 0.5 

West Pokot  9 22 0.0 0.0 0.3 0 0.0 0.0 0.0 22 0.0 0.0 1.0 33 0.0 0.2 0.7 

Kajiado 8 63 6.1 15.4 231.8 50 0.4 0.8 94.5 0 0.0 0.0 0.0 13 0.0 0.0 2.2 

Kisumu  8 13 0.0 0.0 5.8 13 0.0 0.0 0.4 13 0.0 0.0 21.1 25 0.0 0.0 0.7 

Nyeri  8 13 0.0 0.0 1.0 0 0.0 0.0 0.0 13 0.0 0.0 0.4 38 0.0 0.4 1.6 

Kericho  7 29 0.0 0.2 0.8 14 0.0 0.0 3.0 57 0.1 0.2 0.4 43 0.0 0.2 0.6 

Kwale  6 0 0.0 0.7 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

Nairobi 6 50 0.4 1.5 231.6 17 0.0 0.0 21.5 17 0.0 0.0 10.7 33 0.0 0.6 5.4 

Samburu  6 0 0.0 0.0 0.0 17 0.0 0.0 0.5 0 0.0 0.0 0.0 6 0.0 0.0 0.3 

Vihiga  6 17 0.0 0.0 2.0 0 0.0 0.0 0.0 17 0.0 0.0 1.4 0 0.0 0.0 0.0 

Kirinyaga 4 50* 4.5 16.9 102.4 50* 0.3 1.6 5.4 25* 0.0 0.4 1.4 50* 0.2 1.0 3.6 

Tharaka-Nithi 4 50* 1.2 5.6 19.7 50* 0.1 0.2 0.7 25* 0.0 0.5 1.7 50* 0.1 0.2 0.6 

Isiolo  2 50* 0.7 0.7 1.3 0* 0.0 0.0 0.0 0* 0.0 0.0 0.0 50* 0.2 0.0 0.5 

Kilifi 1 100* 34.5 34.5 34.5 100* 0.7 0.7 0.7 0* 0.0 0.0 0.0 0* 0.0 0.0 0.0 
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County  

 

n 

Aflatoxin B1  Aflatoxin B2 Aflatoxin G1 Aflatoxin G2 

Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  Inc. 

(%) 

Conc. (µg/kg)  

Med. Mean Max. Med. Mean Max. Med. Mean Max. Med. Mean Max. 

Nyandarua  1 0* 0.0 0.0 0.0 0* 0.0 0.0 0.0 100* 0.5 0.0 0.5 100* 0.4 0.4 0.4 

* Sample size less than five 
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Occurrence of aflatoxins in samples from different regions in Tanzania is presented in Table 3.6. At 

least one of each of the four aflatoxins was detected in all regions except aflatoxin B2 which was not 

detected in any of the samples from Geita. In regions with more than five samples analysed, 

aflatoxin B1 occurred at incidence of 30-100% with highest rate being observed in Tanga region and 

lowest in Mbeya region. Incidence rates < 50% were observed in Mbeya, Kagera, Tabora, and 

Mwanza, whereas ≥50% incidence rates were observed in Tanga, Kigoma, Morogoro and Geita. 

The incidence rates of aflatoxin B2ranged from 0-80% in regions with more than five samples, 

smallest incidence rate being recorded in Geita and highest in Tanga. Samples from Tanga had also 

highest incidence rates (80%) for both aflatoxins G1 and G2 which occurred at lowest rates of 16% 

and 26% respectively in samples from Tabora. 

Table 3.6 indicates concentration of the four aflatoxins presented as median, adjusted mean and 

maximum readings for each of the regions studied in Tanzania. The median ranges were aflatoxin 

B1, 0.0-19.4 µg/kg; aflatoxin B2, 0.0-0.7 µg/kg; aflatoxin G1, 0.0-2.2 µg/kg, and aflatoxin G2, 0.0-

2.4 µg/kg.  

Four regions (Morogoro, Tanga, Kigoma and Pwani) had median concentration of aflatoxin B1> 5 

µg/kg. Lowest levels of the toxin (0.0 µg/kg) were observed in Kagera, Tabora, Mwanza, Mbeya, 

and Geita. In all regions, aflatoxin B2 had a median concentrations < 1.0 µg/kg whereas median 

concentrations >1.0 µg/kg for aflatoxin G1 were recorded in Tanga and Pwani, and for aflatoxin G2 

in Tanga.  
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Table 3.6 The number of samples (n), incidence (Inc.) and concentration (median, adjusted mean and maximum) of aflatoxins B1, B2, G1, and G2 in 

maize from different regions in Tanzania 

* Sample size less than five 

 

Region 

 

n 

Aflatoxin B1 Aflatoxin B2 Aflatoxin G1 Aflatoxin G2 

Inc.  

(%) 

Conc. (µg/kg) Inc.  

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Mean (µg/kg) 

  Med. Mean Max. Med. Mean Max. Med. Mean Max. Med. Mean Max. 

Kagera 24 42 0.0 0.3 98.7 12 0.0 0.0 1.5 50 0.1 0.5 45.3 50 0.1 0.3 4.3 

Tabora 19 32 0.0 0.9 98.7 11 0.0 0.0 7.1 16 0.0 0.0 3.1 26 0.0 0.2 1.3 

Mwanza 12 42 0.0 0.8 247.7 33 0.0 0.4 12.0 50 0.4 0.7 404.9 33 0.0 0.4 60.9 

Mbeya 10 30 0.0 0.1 189.7 20 0.0 0.0 13.2 50 0.0 0.5 1.8 60 0.3 0.3 0.7 

Tanga 10 100 6.4 75.5 2048.2 80 0.7 20.5 96.7 80 2.2 10.7 966.9 80 2.4 3.3 88.9 

Kigoma 7 71 6.0 85.8 325 43 0.0 9.3 84.9 57 0.4 2.2 9.5 43 0.0 0.5 6.3 

Morogoro 7 71 10.4 104.7 6075.2 57 0.5 70.6 927.2 43 0.0 0.3 7.5 71 0.3 0.9 3.0 

Geita 6 50 0.0 0.4 33.5 0 0.0 0.0 0.0 17 0.0 0.0 0.9 67 0.5 0.5 1.3 

Manyara 3 100* 1.0 40.4 119.8 33* 0.0 0.9 2.8 33* 0.0 4.2 12.5 33* 0.0 3.0 33.0 

Pwani 2 100* 19.4 19.4 26.7 100* 0.6 0.6 0.9 100* 1.6 1.6 1.8 50* 0.8 0.8 1.6 
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Illustration of concentration and incidence levels in different counties and regions is given in the 

Figure 3.3 and Figure 3.4.  

 

Figure 3.3 Sketch-map of Kenya and Tanzania indicating median concentration of aflatoxin 

B1 in the studied areas 
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Figure 3.4 Sketch-map of Kenya and Tanzania indicating incidence of aflatoxin B1 in the 

studies areas 

 

3.3.4 Relationship between aflatoxin B1 occurrence and regional climate 

The annual precipitation (rainfall) ranges from 696-1840 mm whereas yearly temperature ranges 

between 13.8 °C to 26.2 °C in the two countries (Table 3.7). Average annual rainfalls in the studied 

counties and regions in Kenya and Tanzania are 1208 and 1105 mm, respectively. The average 

temperature was 18.9 °C for the counties in Kenya, and 22.3 °C for the regions in Tanzania.  
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Table 3.7. Annual precipitation and temperature for the counties and regions studied 

Region/county Prec. (mm) Temp (°C) Region/county Prec. (mm) Temp (°C) 

Makueni 696 21.8 Trans Nzoia 1140 18 

Kilifi 721 26.1 Murang'a 1168 18.9 

Laikipia 744 15.9 Nakuru 1177 13.8 

Narok 753 15.9 Nyeri 1189 16.5 

Machakos 808 19.4 Uasin Gishu 1230 17 

Kajiado 836 22.4 Morogoro 1238 24.3 

Kitui 839 23.1 Kagera 1249 20.2 

Nyandarua 842 15.6 Kirinyaga 1337 18.9 

Nairobi 860 18.1 Vihiga 1350 23 

Embu 893 21.8 Busia 1373 22.6 

Tabora 947 23 Kakamega 1379 22.6 

Mwanza 958 22.4 Isiolo 1387 19.1 

Meru 967 24.6 Mbeya 1387 24.7 

Kiambu 976 17.1 Siaya 1468 22.4 

Pwani  988 25.6 Homa bay 1477 21.1 

Tanga 1024 24.7 Kisumu 1512 20.9 

Kwale 1032 26 Migori 1528 20.6 

Geita 1037 21.6 Bomet 1545 16 

Samburu 1068 16.4 Kericho 1569 16.2 

West Pokot 1086 17.6 Bungoma 1605 21.3 

Elgoyo-Marakwet 1107 15 Nandi 1689 18.8 

Baringo 1107 15 Tharaka-Nithi 1773 17 

Kigoma 1109 21.6 Nyamira 1818 17.7 

Manyara 1115 17.6 Kisii 1840 18.8 

 

The correlation coefficients between the temperature and rainfall amounts and the aflatoxin B1 

average concentrations, for each county/region were calculated. The ANOVA shown in Table 3.8, 

fits a linear mixed model in the log10 scale, to aflatoxin county/region median. Linear modals of the 

temperature and rainfall to the median aflatoxins levels are presented on Figure 3.5. Significant 

relationship is observed between rainfall (p=0.0419), and temperature (p=0.0021), and median 

aflatoxin B1 concentrations. The interaction between the variations of temperature and rainfall had a 
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significant effect on the variations of median aflatoxin concentrations (p=0.0076). The aflatoxin 

concentrations increase with increasing temperatures but this trend is lessened as rainfall increases 

(Figure 3.6). The effect of the temperature on aflatoxin B1 concentrations is less evident when 

annual rainfall is >1000 mm. Similarly, the aflatoxin B1 concentrations are high when annual 

rainfall is low, but the trend is less when temperature is below 20 °C. 

Table 3.8  ANOVA table for effects of mean temperature, mean annual rainfall and combine effects 

of temperature and annual rainfall on aflatoxin B1 concentrations 

 Df 

Sum of 

Squares 

Mean 

Square F value p-value 

Mean Temperature 1 5.11 5.11 10.74 0.0021 

Mean Rainfall 1 2.09 2.09 4.40 0.0419 

Mean Temp. vs  Mean Rainfall 1 3.73 3.73 7.85 0.0076 

Residuals 43 20.44 0.48   

 

A B 

 
 

Figure 3.5. Scatter diagrams and coefficients of determination of the climatic parameters; annual 

rainfall (A) and temperature (B) and county/region aflatoxin average levels 
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Figure 3.6. Predicted aflatoxin B1 level surface for varying temperature and rainfall 

 

3.3.5 Incidence and concentration of fumonisins 

Incidence of fumonisin B1in the survey was 40% in Kenya and 81% in Tanzania samples 

(Table 3.9). However the percentage of samples from Kenya with fumonisin B1 and fumonisin B2 

totalling above 2000 µg/kg was only 2.7% whereas for Tanzania was 8.0%. Average fumonisin B1 

level (Limit of quantitation (LOQ) 2 µg/kg) was 114.9 (0-3623.1) µg/kg for samples from Kenya 

and 429.9 µg/kg (0-6103 µg/kg) for samples from Tanzania (Table 3.9). Average total fumonisins 

were 153.5 µg/kg and 515.1 µg/kg for samples from Kenya and Tanzania respectively. Statistically, 

the average total fumonisins were higher in samples from Tanzania than Kenya (p< 0.05). Also, the 

proportions of samples positive for fumonisins B1 and B2 were higher in samples from Tanzania 

The proportions of samples exceeding maximum acceptable limit for fumonisins were not 

statistically different in the two countries.  
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Table 3.9 Average incidences and concentrations of fumonisins B1 and B2 and percentage of 

samples with total fumonisins exceeding acceptable standard limit (2000 µg/kg) 

Country Fumonisin B1 Fumonisin B2 Total fumonisins conc. (µg/kg) 

Inc. 

(%) 

Conc. (µg/kg) Inc. 

(%) 

Conc. (µg/kg) 

Mean Max. Mean Max. Mean Max. >2000 (%) 

Kenya 40 114.9 3623.1 25 39.0 3018.4 153.5 4781.4 2.7 

Tanzania 81 429.9 6103.0 74 85.2 1296.7 515.1 7119.3 8.0 

 

Co-occurrence of fumonisins B1 and B2 was commonly observed. Whereas 270 out of 578 samples 

analysed (46.7%) were positive for fumonisin B1and 182 (31.5%) samples positive for 

fumonisin B2, 178 samples (30.8%) had both toxins detected. Fumonisin B2 was present in 65.9% 

of the samples that were positive for fumonisin B1 whereas fumonisin B1 was detected in 97.8% of 

samples positive for fumonisin B2.  

3.3.6 Regional comparison of fumonisin B1and B2 incidences and concentrations 

Fumonisin B1 was recorded in at least one of the samples from each counties and regions in Kenya 

and Tanzania. Table3.10 presents the incidence rates and concentrations of fumonisins B1 and B2 

and proportion of samples with total fumonisins exceeding the acceptable standard limit of 2000 

µg/kg for samples from Kenya. Lowest incidence rate of 16% was observed in samples from 

Nakuru. Incidences of 60% and above were observed in Kwale (67%), Homa Bay (60%), Vihiga 

(67%), Kitui (73%), Kirinyaga (75%) and Makueni (64%). In Nyandarua and Kilifi only one 

samples was analysed in each county and both were positive for fumonisin B1 

The median concentrations of fumonisin B1 in the Kenyan counties between from 0.0-47.9 µg/kg in 

counties with at least five samples analysed. Seven counties had median concentrations above 

10 µg/kg including Homa bay (47.9µg/kg), Makueni (14.4µg/kg), Migori (12.2µg/kg), Kitui 

(32.8µg/kg) and Kirinyaga (195.0µg/kg).  
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Table 3.10 Incidences and concentrations of fumonisins B1and B2and proportion of samples 

exceeding 2000 µg/kg total fumonisins in maize from studied counties in Kenya 

 

County  

 

n  

Fumonisin B1  Fumonisin B2  Total fumonisins 

(µg/kg) Inc (%) Conc.(µg/kg) Inc (%) Conc. (µg/kg) 

Med. Mean  Max. Med. Mean  Max. >2000 (%) 

Uasin Gishu  26 27 0.0 1.0 501.9 16 0.0 0.0 131.7 0 

Machakos  25 52 5.2 41.9 2932.4 36 0.0 3.4 754.0 8 

Bungoma  23 22 0.0 0.0 291.8 13 0.0 0.0 63.6 0 

Laikipia  23 35 0.0 2.8 1901.6 17 0.0 0.0 1161.8 4 

Homa Bay  20 60 47.9 101.2 3223.6 60 6.5 39.0 975.3 10 

Kakamega  20 50 1.0 16.2 1756.5 13 0.0 1.6 366.7 5 

Narok  20 20 0.0 0.0 634.1 15 0.0 0.0 99.9 0 

El-Marakwet  19 32 0.0 1.5 1639.8 21 0.0 0.0 457.3 5 

Nakuru  19 16 0.0 0.0 2507.3 11 0.0 0.0 1980.4 5 

Trans Nzoia  19 21 0.0 0.0 764.9 16 0.0 0.0 89.7 0 

Bomet  18 28 0.0 3.0 362.9 17 0.0 0.0 150.1 0 

Kiambu 16 50 2.2 20.6 1463.7 25 0.0 3.0 387.2 0 

Kisii  16 50 1.2 10.7 838.2 25 0.0 1.4 105.9 0 

Nandi  16 38 0.0 22.6 2290.0 38 0.0 4.8 1558.3 6 

Busia  15 40 0.0 5.1 196.8 27 0.0 1.1 27.5 0 

Siaya 15 40 0.0 9.8 453.5 20 0.0 0.0 69.5 0 

Makueni  14 64 14.4 251.6 943.8 43 0.0 10.9 151.7 0 

Baringo  13 46 0.0 44.7 1699.0 38 0.0 10.9 430.7 8 

Murang‘a  13 46 0.0 15.3 103.5 23 0.0 0.0 29.8 0 

Migori  12 58 12.2 23.2 346.1 50 1.3 5.1 90.9 0 

Kitui  11 73 32.8 47.3 932.9 36 0.0 5.8 98.8 0 

Embu  10 30 0.0 2.9 2573.2 30 0.0 0.9 59.6 9 

Meru  10 33 0.0 2.0 67.7 0 0.0 0.0 0.0 0 

Nyamira  9 33 0.0 2.9 206.8 22 0.0 0.0 50.1 0 

W/Pokot  9 22 0.0 0.0 49.5 11 0.0 0.0 7.2 0 

Kajiado 8 38 0.0 24.8 233.3 13 0.0 0.0 42.3 0 

Kisumu  8 25 0.0 125.6 1123.5 25 0.0 9.8 182.7 0 

Nyeri  8 38 0.0 4.2 12.8 13 0.0 0.0 2.3 0 

Kericho  7 57 1.2 9.3 3623.1 43 0.0 13.8 1158.3 14 

Kwale  6 67 7.1 29.6 84.4 50 7.4 153.3 3018.5 17 

Nairobi 6 33 0.0 2.0 1736.0 17 0.0 0.0 210.8 0 

Samburu  6 17 0.0 0.0 4.2 0 0.0 0.0 0.0 0 

Vihiga  6 67 6.0 22.1 76.0 17 0.0 0.0 5.6 0 

Kirinyaga 4 75* 195.0 232.4 539.0 50 38.1 279.6 112.6 0 

T/Nithi 4 50* 0.8 3.4 10.9 0* 0.0 0.0 0.0 0 

Isiolo  2 50* 2.0 2.3 4.0 0* 0.0 0.0 0.0 0 

Kilifi 1 100* 3.1 3.1 3.1 0* 0.0 0.0 0.0 0 

Nyandarua  1 100* 12.5 12.5 12.5 0* 0.0 0.0 0.0 0 

*Less than 5 samples analysed 
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Incidence rates of fumonisin B1 in the samples for different regions in Tanzania ranged between 

57–100%. Median concentration ranged between 8.4-304.3 µg/kg. The lowest incidence rate (57%) 

was observed in samples from Kigoma whereas the lowest median concentration (8.4 µg/kg) was 

observed in samples from Mbeya (Table 3.11). 

Table 3.11 Incidences and concentrations of fumonisins B1and B2and proportion of samples 

exceeding 2000 µg/kg total fumonisins in maize from studied regions in Tanzania 

 

 

Region 

 

 

n  

Fumonisin B1  Fumonisin B2  Total 

fumonisins 

(µg/kg) 

 

Inc. (%) 

Conc.(µg/kg)  

Inc. (%) 

Conc. (µg/kg) 

Med. Mean  Max. Med. Mean  Max. >2000 (%) 

Kagera 24 83 57.4 320.3 2923.9 71 2.5 45.1 1296.6 8 

Tabora 19 63 23.5 343.7 6103.0 42 0.0 52.4 1016.3 5 

Mwanza 12 92 37.7 51.4 150.9 67 5.2 7.4 39.2 0 

Mbeya 10 70 8.4 29.4 263.2 50 1.0 7.3 28.4 0 

Tanga 10 90 255.9 438.5 3243.3 80 33.6 71.4 241.6 10 

Kigoma 7 57 304.3 445.2 1689.3 57 45.8 99.9 338.8 14 

Morogoro 7 100 83.2 361.2 1399.4 86 14.7 75.9 334.4 0 

Geita 6 100 199.0 578.5 1737.3 100 69.6 119.1 298.8 17 

Manyara 3 100* 81.8 419.1 2353.4 100* 14.5 87.4 983.0 33 

Pwani 2 100* 24.2 24.2 32.0 100* 6.6 6.6 7.9 0 

*Less than 5 samples analysed 

 

The distribution of fumonisin B1 intensity in different counties and districts is further illustrated in 

Figure 3.7.  
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Figure 3.7 Sketch-map showing distribution of median concentration levels of fumonisin B1 

in samples from Kenya counties and Tanzania districts 

 

3.3.7 Relationship between fumonisins occurrence and climatic conditions; rainfall 

and temperature 

The regional variation in fumonisin B1 occurrence was related to the variation in rainfall and 

temperature of the given regions for any correlation. Pearson‘s correlation coefficient between 

fumonisin B1 and temperature was as low as 33% giving an R
2
 of 0.1062 which is relatively low. 

Similarly, weak correlation and regression coefficients (18%, R
2
= 0.0309) was observed between 

the toxin averages and rainfall averages (Figure 3.8).  
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Figure 3.8 Scatter diagrams and coefficients of determination of climatic parameters and 

county/district fumonisin B1 average levels 

3.3.8 Co-occurrence of aflatoxins and fumonisins and presence of samples exceeding 

limits 

Of the 578 samples analysed, 54% and 47% had detectable levels of aflatoxins and fumonisins 

respectively. Aflatoxins and fumonisins co-occurred in 27% of the 578 samples analysed. Of all the 

samples 25% were free of both aflatoxins and fumonisins. In regard to regulatory limits, 16% had 

levels of aflatoxin exceeding limits whereas 4% exceeded fumonisin limit, and 1% exceeded limits 

of both toxins (Figure 3.9). 
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Figure 3.9 Co-occurrence of aflatoxins and fumonisins and samples with exceeding limits 

across all samples (both Kenya and Tanzania) 

 

3.3.9 Incidence and level of trichothecenes 

The incidences and average concentrations for the three trichothecenes analysed for the two 

countries are presented in Table 3.12. The incidences of T-2, HT-2 and DAS were 8%, 13% and 

3.5% respectively for samples from Kenya. Incidences of the three toxins for samples from 

Tanzania were 16%, 18% and 3% respectively. The average concentrations of T-2, HT-2 and DAS 

in samples from Kenya were 2.1 µg/kg, 12.4 µg/kg and 1.1 µg/kg respectively whereas for samples 

from Tanzania were 2.6 µg/kg, 1.2 µg/kg and 0 µg/kg respectively. The maximum concentrations 

recorded for T-2, HT-2 and DAS for samples from Kenya were 194.9 µg/kg, 748.3 µg/kg and 

311.9 µg/kg respectively. The respective maximum concentrations for samples from Tanzania were 

108.1 µg/kg, 119.5 µg/kg and 2.8 µg/kg. Trichothecenes are not regulated either in Kenya or 

Tanzania. However in reference to European Union (EU) T-2 and its metabolite HT-2 are regulated 

together with maximum acceptable total concentration of 200 µg/kg in unprocessed maize 

(European-Union, 2006). In regard to EU standards 23% and 47% of samples from Kenya and 

Tanzania had either one of the two toxins respectively. Five samples (0.01%) of the samples from 

Kenya exceeded the 200 µg/kg standard and none of the sample from Tanzania had total 

concentration above the limit.  
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Table 3.12 Incidence and concentrations of T-2, HT-2 and DAS 

 T-2 HT-2 T-2+HT-2 (µg/kg) DAS 

 Inc. Mean (µg/kg) Inc. Mean (µg/kg) Mean  >200(%) Inc. Mean 

Kenya 8 2.1 13 12.4 14.5 1.3 3.5 1.1 

Tanzania 16 2.6 18 1.2 3.8 0 3 0.0 

 

3.3.10 Incidence and level of ochratoxin A 

The ochratoxin A levels in the samples from the two countries was analysed to compare incidences 

and concentrations of occurrence. The incidence of detectable ochratoxin A in all samples was 

4.7%, samples from Kenya was 5.2% whereas for samples from Tanzania was 2%. The mean level 

recorded from samples from Kenya was 0.7 µg/kg and 3.7 µg/kg for samples from Tanzania. The 

maximum levels recorded were 18.8 µg/kg for samples from Kenya whereas for samples from 

Tanzania was 309.6 µg/kg (Table 3.13). The occurrence of the toxin was not statistically different 

between two countries. Ochratoxin A is not regulated in Kenya and Tanzania but EU has a limit of 

5 µg/kg for unprocessed cereals (European-Union, 2006). In regard to EU standards 3 samples (two 

from Kenya and one from Tanzania) had levels above 2 µg/kg.  

Table 3.13 Incidence and concentration of ochratoxin A 

 Incidence Mean Conc. >5 µg/kg (%) 

Kenya 5.2 0.7 0.0 

Tanzania 2 3.7 1.0 

 

3.4 Discussion 

This study has recorded varied incidence rate and concentration for the occurrence of the analysed 

mycotoxins, especially aflatoxins and fumonisins in the collected maize. Fumonisins are indicated 

to be the most prevalent followed by aflatoxins. However, in the samples from both countries, 

aflatoxin B1 was considered to have a higher incidence of dangerous levels in reference to regional 

and international set standards. Incidence and concentration of the analysed trichothecenes (T-2 

toxin, HT-2 and DAS) are observed to be relatively low, being lowest in DAS. Similarly occurrence 

of ochratoxin A is relatively low for both incidence and concentration. A number of previous survey 

studies conducted in the two countries especially for aflatoxins and fumonisins recorded high 

occurrence of the two groups of toxins in maize and related products (Kajuna et al., 2013, Kimanya 

et al., 2008, Manjula et al., 2009, Mutegi et al., 2013, Mutiga et al., 2015, Ndung‘u et al., 2013). 
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Incidence and concentration of aflatoxins in maize in the East Africa region have been a central 

focus in research on mycotoxin contaminations in foods due to the potential and observed health 

impacts of the toxin and nutritional importance of maize. Health effects associated with aflatoxins 

were recorded in Kenya in early 1980s (Ngindu et al., 1982), although most published survey 

studies were conducted more than two decades later. In Tanzania, sporadic and epidemic cases of 

aflatoxicosis have been common, and in a recent cases, 14 people were left dead among 54 acute 

aflatoxicosis victims in Dodoma (Daily-News, 2016). Previous documented country survey reports 

on mycotoxins occurrence in Kenya and Tanzania could not be located, but following the 

aflatoxicosis outbreak in eastern Kenya in 2004, a cross-sectional survey study was conducted 

around the affected areas, finding that 55% of maize in markets were contaminated with aflatoxins 

above 20 µg/kg (Lewis et al., 2005). In Tanzania, health effects associated with aflatoxins exposure 

were proposed since 1970s (Hiza, 1979), and in 2008, occurrence of aflatoxins in maize was 

reported in a study that also reported presence of fumonisins in the samples (Kimanya et al., 2008). 

The two countries have been taking different control strategies including setting standards for 

acceptable levels for different mycotoxins, most recently being the adoption of the EAC mycotoxins 

standards (EAC, 2011). On top of government actions, efforts from different research and 

development organs have been employed from different angles in the region. 

Whereas control strategies are being implemented at different magnitudes, small coverage survey 

studies have been conducted in some areas. In 2009 Mutegi et al. (2009) reported a survey study in 

which more than 87% of peanut samples from two districts in western Kenya were found to be 

contaminated with ≥4 µg/kg. In the same year, another study conducted between 2006 and 2007 in 

Nairobi Kenya reported that 86% of animal feeds were contaminated with aflatoxin B1. Another 

study conducted around the same time in Kenya indicated samples of maize collected around 

harvest time had contamination incidence of around 35% (Muthomi et al., 2009). The high 

prevalence of aflatoxins in maize and other crops is still imminent. Majority of recent studies 

indicate incidences of aflatoxin contamination above 25%, with a significant proportion of them 

having concentrations above regional acceptable standard limits (Kajuna et al., 2013, Mutegi et al., 

2013, Mutiga et al., 2015, Mutiga et al., 2014). 

Understanding general contamination load in terms of incidence and concentration of mycotoxins is 

a first step in dealing with the mycotoxin problem. However, further epidemiological studies to 

characterize occurrence patterns are important because mycotoxins contamination is influenced by 

multiple factors (Diao et al., 2015). The current study indicates characteristic variation in 

occurrence load of aflatoxins between regions. The observation on regional variation is not clearly 

pictured in previous survey studies because most of them were conducted in separate settings from 
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different parts of the two countries. However, one study conducted during the acute aflatoxicosis 

outbreak in 2004 found that incidence and levels of aflatoxins in maize collected from markets in 

Makueni were higher than one collected around Thika area (Lewis et al., 2005). Makueni is located 

in eastern part of Kenya, and is among the areas affected by the acute aflatoxicosis whereas Thika is 

located in the central highland regions of the country. The findings by Yard et al. (2013) that people 

in Nyanza and Rift valley regions are less exposed to aflatoxins  (by testing the blood indicators) 

wrap-up the suggestion that despite high levels of contamination observed in peanuts (Mutegi et al., 

2009, Mutegi et al., 2013) the community in western Kenya might be under lower risk of 

contamination as compared to eastern and coastal regions. This can be partially explained by the 

fact that maize is more consumed compared to other crops vulnerable to mycotoxin contamination, 

and therefore plays an important role in aflatoxin exposure.  

The regional variation observed in this study also corroborates with the findings that high 

incidences and levels of aflatoxin occurrence are associated with low annual rainfall and high 

average temperatures. Among the positive tested samples for aflatoxin B1, the chance that 

concentration of the toxin is high (5 µg/kg and above) is twice in low rainfall areas (below 900 mm 

per annum) as compared to high rainfall areas (1300 mm and above), and in high temperature (24°C 

and above) areas as compared to low temperature areas (below 20 °C). Low rainfall and high 

temperatures are characteristics of most of the areas in eastern Kenya and eastern and central 

Tanzania, as indicated in the climate data presented. Several studies demonstrate relationship 

between aflatoxins occurrence and environmental conditions, by indicating that short-term increase 

in temperature or reduced soil moisture, may lead to increased levels of the contamination(Kos et 

al., 2013). The increase might be contributed by fungi response by increasing expression of the 

aflatoxin synthesis genes (Medina et al., 2014). Effects of short-term and long-term variation in 

weather conditions of aflatoxins production are not clearly separated in literature. It is understood 

that, under laboratory conditions, the load of A. flavus infection correlates strongly with aflatoxins 

levels (Mideros et al., 2009) but as will be demonstrated in Chapter 4 of this thesis, variation in the 

level of fungal infections in the field explains less than half the variation of aflatoxin levels. This 

might imply that among other factors, the long-term climatic conditions may influence the nature of 

fungal population, hence facilitating aflatoxin producing strains in hot, dry areas than in cold, wet 

regions. For instance a study by Okoth et al. (2012), indicated that A. flavus isolated from maize 

from Makueni (average temperature  22 °C, rainfall 696 mm) had more S-type strain and ones from 

Nandi (average temperature 19 °C, rainfall 1689 mm) had more L-type strain. The S-type were 

stronger in production of B-type aflatoxins than L-type. 
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This study reports that nearly half (47%) of the tested samples are contaminated by fumonisins at 

≥2 µg/kg, and 4% of all the samples are contaminated above the regional set maximum acceptable 

level which is 2000 µg/kg. From literature, occurrence of fumonisins in maize, in 1996, in a study 

conducted in western Kenya found that 47% and 5% of the samples were contaminated above 100 

µg/kg and 1000µg/kg respectively (Kedera et al., 1999). Around the same years, in a survey study 

that covered several eastern and southern Africa countries, a limited number of samples were 

analysed from Tanzania and found that 89% of them were contaminated with fumonisins above 

20 µg/kg (Doko et al., 1996). More recent studies have indicated, despite different actions taken to 

control fumonisins, the occurrence of the toxins, especially in stored maize and maize products is 

still high (Kamala et al., 2015, Kimanya et al., 2008, Mbugua & Gathumbi, 2004). 

Unlike aflatoxins, no relationship was observed between fumonisin contamination levels and 

regional temperature or rainfall levels. Previous studies in the region observed spread occurrence of 

the toxins in maize from different agrological zones although high altitude areas (often associated 

with lower temperature and high rainfall levels) are more affected (Atukwase et al., 2009, Kimanya 

et al., 2008). However, the suggested relationship between fumonisins and weather conditions are 

very uncertain because production of the toxin has also been associated with higher temperatures 

and dry conditions (Miller et al., 1995). Hot dry weather is known to be an important condition for 

growth and proliferation of Fusarium species producing fumonisins in cereals (Doohan et al., 

2003). However, it is worth noting that species differences may result in different pictures in terms 

of relationship between fumonisins and climate conditions. Among the three main fumonisin 

producers in maize; Fusarium verticillioides can tolerate water stress, and prefer hotter weathers 

than Fusarium graminearium and Fusarium proliferatum (Marin et al., 2010, Miller, 2001). Storage 

conditions also play important roles in fumonisins contamination in maize.  

Appropriate storage conditions are needed to avoid fumonisins accumulation, and studies have 

indicated that under proper conditions, reduction of toxin levels can occur during storage (Atukwase 

et al., 2012, Fandohan et al., 2005b). However, like many other mycotoxins, improper storage may 

predispose the grains to toxin accumulation (Fandohan et al., 2005a). Timely harvesting of 

well-dried maize and storage under reasonably dry conditions, are among the recommended 

strategies to reduce contamination during storage (Chulze, 2010). This might explain the observed 

higher levels of fumonisins in stored maize in highland regions in Tanzania, which are often 

characterized with cold wet weather (Kimanya et al., 2008).The characteristic weather for the places 

might lead to harvest and storing maize with moisture levels high enough to facilitate fungal growth 

and fumonisin accumulation. Significant decrease in moisture, especially in hot dry areas can 

happen during storage but this is less likely to happen in cold wet weathers (Atukwase et al., 2009).  
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Health impacts associated with mycotoxins in humans and animals can be exacerbated due to 

natural co-occurrence of different types of the mycotoxins in foods (Kimanya et al., 2008, Smith et 

al., 2016). Presence of multiple mycotoxin types produced by different fungi indicates multiple 

risks, and makes it important to consider integrated approaches in dealing with the problem.  Our 

study reports a lower co-occurrence between aflatoxin B1 and fumonisin B1 when compared to 

another study conducted in the region (Kamala et al., 2015, Kimanya et al., 2008). This may in part 

be explained by the timing of sample collection with our samples being collected within the early 

weeks of harvesting and covering wider area of study which might have allowed cutting across area 

with different extent of infections. Continued production of mycotoxins in stored food contaminated 

with the fungi is known to occur (Magan et al., 2003). 

In this study occurrences of the tested trichothecenes; T-2 toxin and its metabolite HT-2 and DAS 

are also reported. This is the first reported survey of T-2 and DAS in farmers‘ maize in Kenya and 

Tanzania. Although there is also no previous investigation  on occurrence of HT-2 in maize in 

Kenya,  our recorded incidence of this toxin in samples from Tanzania (23%) closely resembles 

results reported in a recent study (Kamala et al., 2015). In this recent study, an average incidence of 

25% was observed for HT-2, but they didn‘t find any sample positive for T-2. Occurrence of T-2 is 

more common in wheat and oats (EFSA, 2011) and a study conducted in Kenya found 100% 

incidence for the toxin in wheat (Muthomi et al., 2012). Although there are no standards specified 

for maximum acceptable levels of the three trichothecenes analysed in the two countries, the 

incidences and average levels for T-2 toxin and HT-2 raise a concern of possible higher exposure to 

humans and animals when other grains like wheats and their products are considered.  

In this study, an incidence of 4.7% for ochratoxin A in the maize samples tested was recorded. 

Ochratoxin A was reported to be among frequent contaminant of maize around Nairobi, Kenya 

(Muriuki & Siboe, 1995). A study conducted in Rungwe Tanzania reported an incidence of 76% for 

ochratoxin A (detected by ELISA) in stored maize but in our study all samples from the area (and 

nearby districts) had no detectable levels of the toxin. In tropical climate occurrence of ochratoxin 

A in maize under natural conditions is minimal because the main producer fungus; 

Aspergillus ochraceus, is often outgrown by other natural contaminating fungi (Lee & Magan, 

2000). The toxin is however a common and serious contaminant of coffee beans, and studies 

conducted in Kenya and Tanzania indicated low to medium contamination of coffee (Duris et al., 

2010, Nakajima et al., 1997).  

The study has reported significantly higher incidences and concentrations of aflatoxins and 

fumonisins in samples from Tanzania when compared to the ones from Kenya. In additional to the 
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possible effect of small samples collected in Tanzania, this can be explained by number of factors, 

notably difference in average temperature between areas covered by the study in the two countries. 

The average temperature for the 38 counties in Kenya was 18.9 °C, whereas the one for the 21 

districts in Tanzania was 22.3 °C. Although this is only for the study areas, it might reflect the 

situations for the two countries in general, as the climate data from Weatherbase 

(http://www.weatherbase.com/) indicate that average temperature in 127 stations all over Kenya, 

and 289 stations all over Tanzania, are 20.7 °C and 22.3 °C respectively. In this study, it is indicated 

that climate temperatures are significantly related to aflatoxin B1 incidence and concentration. 

Additionally, it was reviewed in the literature at section 2.3.3 of this thesis that good farming 

practices are associated with less mycotoxin contamination in the field, and literature further 

indicates possibility that maize farmers in Kenya practice better farming in average than in 

Tanzania. For instance, according to Fischer et al. (2014) Kenyan farmers utilize more fertilisers 

than Tanzanian ones. It has also been indicated that in Kenya, the ratio of extension workers to 

farmers is 2.5 higher than Tanzania (Kassie et al., 2015), and maize productivity per unit area in 

Kenya is higher than Tanzania (Fischer et al., 2014). 

Regulatory standards for mycotoxins are set for aflatoxin B1, total aflatoxins and fumonisin in 

Kenya and Tanzania. Our study reports moderate rate of occurrence of aflatoxin B1 and total 

aflatoxins above the set limits of 5 µg/kg and 10 µg/kg respectively permissible in maize for human 

and animal consumption. Fewer samples were recorded to have levels higher than the maximum 

limit for fumonisin. Overall 18% of all the samples exceeded at least one of the three mycotoxin 

criteria, of which aflatoxin B1 contributed 14% and fumonisin 3.6%. Although it has not been 

clearly demonstrated in human beings, co-exposure of aflatoxin B1 and fumonisin B1 has been 

indicated to exert a synergistic effect on development of liver cancer and other associated health 

impacts (Wu et al., 2014). Therefore, there is a need to define regulatory levels of the toxins 

permissible for human and animals consumption when they co-occur. 

3.5 Conclusion 

The present study demonstrated that occurrence and co-occurrence of aflatoxins and fumonisins in 

harvested maize in Tanzania and Kenya is alarming. The study also records presence of T-2, HT-2, 

DAS and ochratoxin A in the maize although not at high rates. The study also indicates a 

relationship between occurrence of aflatoxins and climatic conditions of specific area which is not 

observed in fumonisins. The observed extent of aflatoxin and fumonisin occurrences in the maize 

samples collected around harvesting indicates that pre-harvest measures are highly important to be 

included in planning control strategies. The study gives a comparative view of aflatoxin and 

fumonisin occurrences in different locations of the two countries where the eastern parts of the 
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countries appear to have higher risk on aflatoxins than many other parts. The relationship observed 

between the aflatoxin contamination and the climate conditions greatly provide an answer of which 

areas might be in higher risk of contamination. It also to some extent, explains scenarios observed, 

where some parts of the two countries such as Makueni in Kenya and Dodoma in Tanzania, where 

sporadic outbreaks of acute aflatoxicosis have frequently been reported. The study adds to what is 

known on health risk, and likely economic losses associated mycotoxins contamination in maize in 

the two countries. It further suggests further studies are necessary to understand how occurrence 

and exposure to mycotoxins are related to pre-harvest activities such as traditional farming 

activities, maize varieties, and local weathers, but also post-harvest activities such as storage and 

food preparations.  
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CHAPTER 4. Incidence and biomass of Aspergillus flavus infection in 

harvested maize in Kenya and Tanzania 

4.1 Introduction 

In Chapter 3 of this thesis, a significant occurrence of aflatoxins and other mycotoxins in maize 

samples collected around harvesting which indicate importance of in-field infections and toxins 

production was reported. A useful strategy in dealing with mycotoxins contamination is by 

controlling infection and growth of producer fungi (Kabak et al., 2006). Aflatoxins are primarily 

produced by Aspergillus flavus and A. parasiticus, which under natural environment can co-occur in 

mixed infections (Giorni et al., 2007).Understanding the dynamics of occurrence of fungi 

responsible for aflatoxin production is an important step in achieving strategic plan for the control 

of the toxins. Despite the few other species known to produce aflatoxins, A. flavus is the most 

responsible and the key producer (Varga et al., 2011), and should be specifically targeted, in the 

efforts to control aflatoxin production.  

A. flavus is a soil-borne, saprophytic fungus, often growing and multiplying in plants and other 

organic products, including food and feed products (Klich, 2007). The ubiquitous fungus occurs 

worldwide but is most prevalent in tropical regions due to presence of warm and humid 

environments. Similar to many other fungi, under favourable conditions, A. flavus converts some of 

its primary metabolites into toxic products known as mycotoxins including the carcinogenic 

aflatoxins (Fox & Howlett, 2008, Hedayati et al., 2007). Aflatoxins are the most toxic among the 

mycotoxins (Razzaghi-Abyaneh et al., 2014). Maize is prone to infection with aflatoxin producing 

A. flavus in the field and during storage. In the field, A. flavus conidia from the soil infect maize 

through the maize silk, propagate and enter the maize cob to colonize the kernel (Amer, 2005). At 

the kernels, the fungi colonize the point of entry in the endosperm, and into the germ (Dolezal et al., 

2013). The colonization of the infected maize kernels is facilitated by, among other factors the heat 

or water stresses to the plant which reduce the ability of the plant to fight the pathogen (Guo et al., 

2008). Controlling aflatoxin contamination of maize should therefore primarily target reducing 

infection and growth of the fungi in-field, but also during storage. The level of mycotoxigenic fungi 

occurrence in the field acts as an indicator of the risk of occurrence of the toxins (Reddy et al., 

2007, Samsudin & Abdullah, 2013). Specialized methods for detection and quantification of fungi 

in infected crops are important because maize kernels infected with A. flavus may appear physically 

healthy to the naked eye (Pearson & Wicklow, 2006).  

Detection and identification of fungal infection of maize kernels is best conducted by laboratory 

methods including growing the fungi and phenotypically characterizing their appearance, near-
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infrared radiation, and PCR-based molecular identification (De Kuppler et al., 2011, Paterson, 

2006). No single method has shown exclusive capacity in identification of fungal species. 

Therefore, polyphasic methods combining morphological, physiological, and molecular 

characteristics are proposed (Samson & Varga, 2009). Some strains of A. flavus are known to 

produce aflatoxins (aflatoxigenic) and some do not produce the toxins (Hong et al., 2013). 

Molecular methods are thought to enable differentiating toxin producers from non-producers 

(Degola et al., 2007, Fakruddin et al., 2015, Varga et al., 2004). However, mycotoxins are complex 

compounds that need a series of structural genes to encode their biological synthesis. For instance, 

biosynthesis pathway for aflatoxins involves at least 25 reactions catalysed by different enzymes 

encoded by different genes all regulated differently. At least 15 intermediates have been identified 

in the aflatoxin biosynthesis pathway (Bennett & Klich, 2003, Yu, 2012). A. flavus exists in several 

strains, having varying degrees of difference at molecular level (Singh et al., 2015). Molecular 

characterization of aflatoxigenic and non-aflatoxigenic strains of the fungus has therefore been 

inconclusive, due to the complex gene clusters and combinations that result in a given strain 

producing or not producing the toxins (de Oliveira Rocha et al., 2012, Degola et al., 2007, 

Fakruddin et al., 2015). However, aflatoxigenic strains of A. flavus are the most common in 

occurrence in maize especially in Africa, and the fungus produces other toxins as well (de Oliveira 

Rocha et al., 2012, Okoth et al., 2012). This evidence justifies the usefulness of collective approach 

towards A. flavus, regardless of toxigenic nature of individual strains when studying dynamics of 

the fungal occurrence in relation to aflatoxins. Polymerase chain reaction (PCR) based molecular 

methods are known to be most accurate and sensitive, in comparison to morphological and 

physiological methods. 

In PCR-based fungal identification, amplification of the internal transcribed spacer 1(ITS1) region 

has proved to be comparatively superior in specificity across different fungal species (Schoch et al., 

2012). The region is known to contain highly conserved ribosomal ribonucleic acid (rRNA) genes 

with high specificities for different fungal species. Detection methods for identification of A. flavus 

have been developed based on the ITS1 region and found to effectively identify the fungus from 

other species (Sugita et al., 2004). When conducted as a quantitative PCR (qPCR), the method 

allows both detection and quantification of the fungal material in the sample under study. Presence 

and quantity of A. flavus are known to be related to aflatoxins production (Chauhan et al., 2016). 

Many studies have reported natural infection of moulds, and presence of mycotoxins in grains, 

without relating the quantities of the two parameters. Laboratory experiments have however been 

conducted and showed correlation between fungal biomass and toxin levels (Mideros et al., 2009, 

Mylroie et al., 2016). However, studies indicate that environmental factors can lead to varied 
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interaction between fungal colonization and toxins production in a given grain substrate (Fountain 

et al., 2014). 

This study therefore investigated variation in occurrence and levels of A. flavus in naturally infected 

harvested maize in different agrological zones in Kenya and Tanzania. The study also related the 

dynamics of the fungal occurrence to the variation in presence and level of aflatoxin contamination.  

4.2 Methodology 

4.2.1 Study design 

Farm survey maize samples collected as described in CHAPTER 3 across Kenya and Tanzania 

were utilised in this study. 

4.2.2 Sample preparation 

Details on sample milling and sub-portioning are given in CHAPTER 3. 

4.2.3 Detection and quantification of A. flavus 

Detection and quantification of A. flavus was done by PCR method, using primers specific for the 

fungi. The method used is quantitative (qPCR) and was developed and validated by Mideros et al. 

(2009) for both detection and quantification of A. flavus infection in maize. In this method both 

fungal (pathogen) and maize (host) DNAs in each sample are quantified and fungal biomass is 

estimated from host/pathogen DNA ratio. By estimating fungal biomass from host/pathogen ratio, 

the method allows host DNA to be used as internal standard, hence achieving more accuracy in 

comparing fungal quantities between samples.  

4.2.4 Detection and quantification of aflatoxins 

Details on methods for detection and quantification of aflatoxins are given in CHAPTER 3.  

4.2.5 Chemicals and reagents 

DNA extraction chemicals were ordered and supplied by the Beca-ILRI hub. The CTAB buffer 

(500 µl 2% CTAB, 1.4 M NaCl, 100 nMTris at pH 8, 20 nM EDTA at pH 8, and 0.1% 

Dithiothreitol (DTT)) was prepared in the laboratory. DNA standards for qPCR were locally 

prepared from maize and fungal materials grown in the laboratory.  

4.2.6 Preparation of DNA standards 

Maize DNA standard was extracted from maize leaves and A. flavus DNA standard extracted from 

fungal mycelia. Certified maize seeds were sown in screen house for 10 days to allow maize 

seedlings grow three leaves from which genomic DNA was extracted. Fungal mycelia were grown 
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in nutrient broth (0.015% agar, 0.03% meat extract in 0.05% peptone water) at 35 °C, from spores 

of identified A. flavus previously isolated from naturally infected maize.  The mycelia were 

harvested after two days and genomic DNA was extracted. The genomic DNAs extracted from 

maize leaves and fungal mycelia were quantified and used to form standard curves during qPCR for 

respective quantification of host and pathogen DNAs in maize samples. 

4.2.7 DNA extraction 

Genomic DNA was extracted according to the established CTAB-based method (Gontia-Mishra et 

al., 2014) and Porebski et al. (1997) with slight modifications. For maize standard DNA, about 

200 mg, dry ground maize leaves in 1.5 ml tubes were used as starting material. Similarly 200 mg 

dry ground mycelia were used as starting material for extraction of fungal standard DNA. 

Extractions of maize standard DNA and A. flavus standard DNA from the starting material were 

conducted separately, but using a similar method. CTAB extraction buffer (500 µl) was added to the 

starting material and the mixture was shaken vigorously using vortex for 5 minutes and incubated at 

65 °C for 30 min in water bath. The tubes were removed and centrifuged at 10,000 rcf for 5 min. 

About 300 µl of supernatant was transferred into new sterile tubes and 300 µl chloroform-

isoamylalcohol (24:1,) added. The mixture was shaken for 2 min, and then centrifuged at 10,000 rcf 

for 10 min. The upper aqueous supernatant was transferred by pipetting into new tubes and 300 µl 

ice-cold 100% isopropanol added. The resulting mixture was further mixed by shaking gently to 

precipitate the nucleic acid and incubated at -20 °C for 1 h. The tubes were then centrifuged at 

10,000 rcf for 20 min to form a pellet at the bottom. The supernatant was discarded and 1 ml of 

70% ice-cold ethanol was added. The pellet was washed by gently turning the tubes up-down for 

2 min and centrifuged at 10,000 rcf for 10 min. The supernatant was discarded by decantation and 

ethanol washing was repeated. The pellet was air-dried by placing the open tubes up-side-down on a 

clean soft paper for about 20 min then up-right (but covered with clean soft paper) for 10 min. The 

pellet was resuspended into30 µl TE buffer and5 µl RNase A added, and incubated at 4 °C 

overnight. The next day, the tube (with partially dissolved DNA pellets) was incubated at 37 °C for 

1 hour then at 65 °C for 15 min and then the tubes were cooled to room temperature. DNA quality 

was checked by electrophoresis with 0.8% agarose gel, stained with GelRed
TM

 and quantification 

was done using Qubit
TM

 3.0 fluorometer. Dilution was done using DNase free water to make DNA 

stocks 50 ng/µl and 40 ng/µl, for maize and A. flavus respectively.  

Extraction of sample DNA employed similar CTAB-based extraction technique, with difference in 

the amount of the starting material and volumes of solvents used. About 1.5 g starting material for 

each sample was mixed with 5 ml CTAB buffer in a 15 ml tube, shaken vigorously using vortex for 
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5 minutes and incubated at 65 °C for 30 min in water bath. From the supernatant 500 µl was taken 

and transferred into new 2 ml Eppendorf tube where 500 µl chloroform/isoamylalcohol was added. 

The mixture was shaken for 2 minutes and then centrifuged at 10,000 rcf for 10 minutes. From the 

upper aqueous supernatant 300 µl was transferred by pipetting into new tubes and 300 µl ice-cold 

100% isopropanol added. All the subsequent steps were similar to the ones followed in extraction of 

standard DNAs explained previously. Estimation of DNA quantity in the sample extracts was done 

using NanoDrop
TM

 2000 spectrophotometer. Harmonization was done by diluting with DNase free 

water to make DNA stock for each sample with ca. 20 ng/µl nucleic acid materials.  

4.2.8 Primers 

Specific primers for amplification of maize and A. flavus specific primers were adopted 

fromMideros et al. (2009). The primers were supplied by BecA Sequencing, Genotyping, 

OligoSynthesis and Proteomics (SegoliP) unit. For maize DNA detection and quantification, primer 

pair Zmt3 (forward primer: 5′-TCCTGCTCGACAATGAGGC-3′; reverse primer: 

5′-TTGGGCGCTCAATGTCAA-3′) was used to amplify a product of 63 base pairs. The amplified 

region is a gene segment responsible for alpha-tubulin. For A. flavus DNA detection and 

quantification, primer pair Af2 (forward primer: 5′-ATCATTACCGAGTGTAGGGTTCCT-3′ and 

reverse primer: 5′-CCGAAGCAACTAAGGTACAGTAAA-3′) was used to amplify product of 73 

base pair in the internal transcriber II region in the fungal DNA.Both amplifications used SYBR 

green as indicating dye. 

4.2.9 PCR conditions 

Amplification for host (maize) DNA and A. flavus (pathogen) DNA were conducted in separate 

reactions. Optimal PCR conditions for each set of primers were determined by gradient PCR using 

AccuPower
®
Taq PCR premix in Techne TC-Plus

®
 (UK) thermocycler. Gradient PCR conditions 

were 94.5 °C for 5 min, 94 °C for 10 s, then range of 52-64 °C for 20 s, 72 °C for 1 min and 72 °C 

for 30 s. For each primer pair,5 pg of forward and reverse primer were added for each primer pair.  

Annealing temperatures for Af2 and Zmt3 primers were found to be 57 °C and 60 °C respectively. 

With Af2 primers, conditions for the qPCR were two holding stages of 50 °C for 2 min and 95 °C 

for 10 min followed by 40 cycles of 95 °C for 30 s and 57 °C for 1 min. A dissociation stage of 

95 °C for 15 s, 60 °C for 1 min and 95 °C for 30 s was added. Conditions for Zmt3 qPCR were two 

holding stages of 50 °C for 2 min and 95 °C for 10 min followed by 40 cycles of 95 °C for 20 s and 

60 °C for 1 min. A final dissociation stage of 95 °C for 15 s, 60 °C for 1 min and 95 °C for 30 s was 

included. Reactions with each set of primers were prepared in 20 μl with 10 µl of SYBR
®
 Green 

Master mix, 1 µl forward primer (5 pg), 1 µl reverse primer (5 pg) and 3 μl of template DNA.  
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4.2.10 Standard curves 

For each reaction to amplify host DNA, duplicates of maize DNA standard diluents at 

concentrations of 50 ng/μl, 5 ng/μl, 0.5 ng/μl, 0.05 ng/μl, 0.005 ng/μl and 0.0005 ng/μl were 

included to make the standard curve. Similarly, for each reaction to amplify pathogen DNA, 

duplicates A. flavus DNA standard diluents at concentrations of 40 ng/μl, 4 ng/μl, 0.4 ng/μl, 0.04 

ng/μl, 0.004 ng/μl, and 0.0004 ng/μl were included to make standard curve. PCR was conducted 

using Applied Biosystems
®
 7500 Real-Time PCR Systems.  

4.3 Results 

4.3.1 DNA extracts 

The qualities of DNA standards extracts (from the maize leaves and A. Flavus mycelia), and sample 

DNA extracts (from maize grain samples), were assessed using NanoDrop
®

 2000 UV-Vis 

spectrophotometer. Further quantification of the DNA standards extracts was done using Qubit
TM

 

3.0 fluorometer.The range and average concentrations and 260/280 ratio for each of the extract 

types are given in Table 4.1. For the DNAs to be used as standards (from maize leaves and fungal 

hyphae), only extracts with 260/280 ratio of 1.6-1.8 were qualified to ensure as less contamination 

as possible. Presence of DNA in the extracts was further indicated by gel electrophoresis of few 

selected extracts as shown in Figure 4.1. 

Table 4.1The average qualities of DNA extracts as determined by NanoDrop
®
 2000 UV-Vis 

spectrophotometer 

 Concentration (ngµl
-1

) 260/280 ratio 

Maize kernels DNA extract 2431 (542-4003) 1.72 (1.27-1.84) 

Maize leaves DNA extract 890 (29-2682) 1.64 (1.45-1.84) 

Fungal hyphae DNA extract 666 (353-1071) 1.72 (1.57-1.84) 
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Figure 4.1 Genomic DNA standard gel electrophoresis for maize kernels, maize leaves and 

fungal hyphae DNA extracts 

 

4.3.2 Standard curves 

Amplification plot and standard curve generated by qPCR from maize standard DNA extracted 

from maize leaves with known concentrations are shown in Figure 4.2. The Ct-values generated 

from the different initial DNA concentration gave a linear relationship with R
2 

of 0.98, slope of -

2.355, and efficiency of 166%, between the concentrations of 0.0005-50 ng/µl. 

 

Figure 4.2 The standard curve and amplification plot for maize standard DNA 
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Standard curve and amplification plot generated from the qPCR of the fungal DNA are presented in 

Figure 4.3. The standard curve had a linear regression coefficient (R
2
) of 0.99, slope of -3.061and 

efficiency of 112%.  

 

Figure 4.3 The standard curve and amplification plot for A. flavus standard DNA 

 

4.3.3 Incidence and quantity of A. flavus 

A. flavus DNA was detected in 87.2% of the 486 samples tested (LOD, 1.0 x 10
-7

). The average 

quantity of pathogen (fungal) DNA in the maize samples was 0.015 ng/µl (0-1.038 ng/µl) whereas 

the average host (maize) DNA was 35.18 ng/µl. The amount of fungal DNA was considered as 

equivalent to fungal biomass. In order to have internally controlled fungal quantification, the 

relative fungal load was determined by dividing maize DNA quantity to fungal DNA quantity to get 

the host/parasite ratio for each given maize sample. The higher the fungal load in a given sample, 

the lower the ratio and vice versa. The average fungal load for the samples (log host/pathogen ratio) 

was 5.53.  

4.3.4 Relationship between fungal and aflatoxin contamination 

The presence and level of fungal contamination is related with aflatoxin contamination. All samples 

analysed for A. flavus contamination were also analysed for aflatoxins contamination as detailed in 
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section 3.3.2.Comparison was only done between fungal contamination and contamination of 

aflatoxins B1 and B2.  

Table 4.2 gives a summary of the relationship between fungal presence and aflatoxins presence. 

The odds of aflatoxin B1 contamination in A. flavus positive was 3.1 higher compared to samples 

without A. flavus infection. The difference between the two groups was statistically significant 

when compared by Chi-square test (p= 0.003). However, the odds of aflatoxin B2 contamination 

was 1.4 higher in samples positive for A. flavus compared to uninfected samples and the difference 

was not statistically significant (p= 0.403).  

Table 4.2 Comparison of aflatoxins B1 and B2 between A. flavus positive and negative samples 

 Toxin positive Toxin negative 

Aflatoxin B1   

 A. flavus positive (n) 147 283 

 A. flavus negative (n) 8 48 

 Odd ratio (O.R) 3.1 

 p-value (Pearson‘s p-value) 0.003 

Aflatoxin B2   

 A. flavus positive (n) 98 332 

 A. flavus negative (n) 10 46 

 Odd ratio (O.R) 1.4 

 p-value (Pearson‘s p-value) 0.403 

 

4.3.5 Relationship between level of fungal infection to aflatoxin levels 

The relationship between maize/fungal DNA ratio to levels of aflatoxin B1, aflatoxin B2 and total 

aflatoxins indicated an inverse correlation with R
2
 of 0.497 for aflatoxin B1, 0.211 for aflatoxin B2 

and 0.401 total aflatoxins (Figure 4.4). This can be translated as a positive correlation between 

fungal biomass and the aflatoxins levels, being stronger in aflatoxin B1 and weaker with 

aflatoxin B2.  
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Figure 4.4  Linear correlation and regression 

coefficient between fungal biomass and 

aflatoxin B1 (A), aflatoxin B2 (B) and total 

aflatoxins (C) 

C 

 

 

4.3.6 Relationship between fungal contamination and climate 

The intensity of A. flavus infection in maize samples from different counties and regions in Kenya 

and Tanzania was tested against average rainfall and temperature levels of different locations. 

Details on the collection of climate data are given in section 3.2.7 and presented in Table 3.7.  

Correlation between host/pathogen DNA ratio and both temperature and rainfall was low (Table 

4.3). Significant correlation was determined between temperature and fungal infection level 

(p= 0.006). However no significant correlation was observed with rainfall level (p= 0.067). Despite 

the significant correlation, only 13% variation of host/pathogen DNA ratio could be explained by 

variation in average temperature of the given locality (Figure 4.5).  

Table 4.3 Correlation between climate parameters and host/pathogen DNA ratio 

 Pearson‘s correlation  R
2
 Significance (p-

value)  

Temperature -0.353 0.127 0.006 

Annual rainfall  0.244 0.059 0.067 
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Figure 4.5 Scatter diagrams and coefficients of determination of climatic parameters and 

county/region average host/pathogen DNA ratio 

 

The intensity of fungal infection was higher in high temperature counties and regions than low 

temperature counties (p= 0.016) when temperature levels were classified below and above the 

median (20.67 °C). Although higher average of fungal infection was associated with low rainfall 

upon similar classification of the rainfall level below and above median (1107.5 mm), the difference 

was not statistically significant at 95% confidence interval (p= 0.079).  

4.4 Discussion 

This study has reported a relatively high incidence of A. flavus occurrence in the collected survey 

maize samples (87%). Presence of the fungus in the given samples is also related to presence of 

aflatoxins, especially aflatoxin B1. The variations in fungal biomass were found to explain nearly 

50% variation in aflatoxin B1 and total aflatoxins. Differences in incidences and levels of the fungus 

were observed between samples from different administrative areas located in different agrological 

zones. However, a weak link was derived between fungal infections and average temperatures and 

rainfall of the given locations.  

The high incidence of A. flavus occurrence in the maize samples corroborates with previous studies 

in different localities of the two countries where high levels of contamination have been reported 

(Manjula et al., 2009, Muriuki & Siboe, 1995, Okoth et al., 2012). Sources of infection of the 

fungus to maize are mostly soil-borne fungal spores and studies have indicated its wide-spread 

presence in soils (Karanja, 2013). Wide-spread occurrence of the fungus has also been reported in 

other crops, including cassava and groundnuts in Kenya and Tanzania, as well as nearby countries 

(Chacha, 2014, Guchi et al., 2014, Mutegi et al., 2012, Wagacha et al., 2013). Unlike most of the 

previous studies in the region which focused on stored food products, the present study has 

specifically targeted maize collected around harvesting. This means the results, to a great extent, 
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reflect status of fungal infection in the field. The fungus is a saprophyte which can easily survive in 

soils and organic debris and under favourable environmental conditions infect suitable crops 

(Fountain et al., 2014). The common scenario of most farmers in Kenya and Tanzania is that they 

practice mixed cropping, in which different crops are grown on same plot at a time. The effect of 

this on A. flavus infection to crops is both positive and negative. When the crops with sorts of 

resistance to pests or fungal infection are mixed with the maize, the chance that a reduced infection 

to the maize is high (Kipkoech et al., 2006). However, other crops may serve as alternative hosts of 

the fungi, and facilitate transfer of infection to maize from one season to another (Abbas et al., 

2009). Insect damage to maize kernels, both in the field and in storage, has also been indicated to 

accelerate infection and growth of the fungus in maize (Windham et al., 1999).  

The incidence and levels of A. flavus infection were found related to the levels of aflatoxins 

especially aflatoxin B1. Although some samples positive to aflatoxin B1 contamination were 

negative for the fungus, the odds of aflatoxin B1 contamination in A. flavus positive was 3.1 higher 

than in samples without the fungus. This was significantly higher than the case for aflatoxin B2 

where odds of contamination was 1.4 higher in samples infected with A. flavus, compared to 

uninfected samples. This implies that, although A. flavus produces both the toxins, aflatoxin B1 is 

more related to the species than is the aflatoxin B2. A. flavus has been shown to have more potential 

in production of aflatoxin B1 than aflatoxin B2 in rice (Lai et al., 2015). The results cannot confirm 

how much of the toxin are specifically produced by the A. flavus. However, given several other 

species of the Aspergillus section Flavi are known to produce the toxin, the observed relationship 

association portray how much A. flavus is important in aflatoxin B1 contamination in harvested 

maize in the two countries. 

It was also found that A. flavus infection is positively correlated to aflatoxins B1, aflatoxin B2 and 

total aflatoxins levels. However, the variation in the level of fungal infection explained 50% of the 

variation in aflatoxin B1 as compared to 20% in aflatoxin B2. The variation was also 40% related to 

the variation in the levels of total aflatoxins, but this was probably because aflatoxin B1 constituted 

75% of total aflatoxins as indicated in section 3.3.2. This further confirms the strong relationship 

between A. flavus and aflatoxin B1. However the fact that only 50% of the variation in aflatoxin B1 

level could be explained by infection level of A. flavus gives an alarm that many other factors might 

be playing role in the dynamics of aflatoxins infection than fungal biomass levels alone. Laboratory 

studies demonstrated strong relationship between level of fungal infection and amount of aflatoxin 

B1 produced in grains (Mideros et al., 2009), but it has also been indicated that environmental 

interactions play an important role in the amount of toxins produced under natural conditions 

(Fountain et al., 2014). 
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4.5 Conclusion 

This study has recorded high prevalence of A. flavus in harvested maize in Kenya and Tanzania. 

The presence and level of A. flavus from harvested maize is related to presence and level of 

aflatoxin B1. Some samples still tested positive for presence of aflatoxins B1 and B2 even when A. 

flavus is not detectable. The variation in the level of fungal infections explains half the variation of 

aflatoxin B1and total aflatoxins levels and about 20% of aflatoxin B2 in harvested maize infected 

with A. flavus. This shows the importance of aflatoxin control strategies that target reducing fungal 

proliferation in the field, but insists importance of considering other environmental and agronomical 

factors that may have important role in influencing mycotoxins production. It is therefore 

recommendable for further studies, to elucidate how different factors interact, with presence and 

level of A. flavus infection in influencing levels of aflatoxins formed in maize, and probably other 

susceptible crops. This will add important information on how to strategize fungal targeting 

aflatoxin control measures.  
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CHAPTER 5. The potential of fungal photoinactivation technique as a 

method for preventing aflatoxin contamination of food 

5.1 Introduction 

The farm survey conducted in Kenya and Tanzania demonstrated the almost uniform presence of 

A. flavus in maize at harvest (Chapter 4), even though a considerable proportion of these A. flavus 

positive samples did not contain aflatoxin. Storing such maize samples provides the opportunity for 

aflatoxin production under storage conditions, and interventions that could kill the A. flavus would 

therefore be useful in controlling postharvest aflatoxin production. Photosensitisation with plant 

dyes offers a possible intervention that could have applications in these circumstances.  

Photosensitisation involves exciting photoactive molecules, by shining light of specific wavelength 

on them. The activated molecules may be useful in killing microbes by reacting with their 

biomolecules directly, or by passing their energy to molecular oxygen to form reactive oxygen 

species.  Photosensitisation decontamination works by killing microbial cells through 

photosensitiser/light-induced cytotoxic reactions. This happens when nontoxic photosensitisers 

(normally aromatic compound) are delivered, selectively taken up by the pathogens, and localize in 

different parts of a microbial cell depending on physical and photochemical properties of the 

substance (Demidova & Hamblin, 2005). Subsequent  illumination with light of an appropriate and 

specific wavelength ,with presence of molecular oxygen, leads to production of highly reactive 

molecules, including oxygen species (e.g. singlet oxygen), which induce damaging oxidative 

reactions to microbial cell biomolecules, leading ultimately to the elimination of the pathogens or 

contaminants (Yow et al., 2012). 

Application of photosensitisation in microbial decontamination cuts across different fields from 

treating infectious diseases in animals and human beings, to microbial decontamination of food 

products and sanitisation (Luksienė & Zukauskas, 2009). Studies indicated possible use of 

photosensitisation in sterilising surfaces of food packaging materials. A number of studies have 

reported on the potential use of photosensitisation in food technology. Examples of photosensitisers 

that have been reported to work on food and related products include, hematoporphyrin dimethyl 

ether (Luksiene et al., 2005), polymer bound anthraquinone derivatives (Zerdin et al., 2009), and 

sodium-chlorophyllin (Luksiene et al., 2010, Luksiene & Paskeviciute, 2011a, Luksiene & 

Paskeviciute, 2011b). Most of these photosensitisers are synthetic or semi-synthetic dyes, and their 

use in foods would not meet consumer preferences for ―chemical-free‖ foods (Yiridoe et al., 2005). 

When applying photosensitisation in food and feed products, ideally the photosensitiser (photo dye) 

material has to be safe for human or animal consumption, cost effective, and biochemically stable 
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and easy to activate using light of appropriate wavelength (Allison et al., 2004). The fact that 

photosensitisation can be effectively mediated by some natural plant extracts (Downum et al., 1989) 

has triggered increased attention on the applicability of the technique in microbial decontamination 

in food and feed products. One of the widely studied plant photosensitisers is Curcuma longa 

extract (curcumin) (Dovigo et al., 2013, Verwanger et al., 2011).  

Curcumin is a polyphenol compound obtained as a yellow extract from the tubers of 

Curcuma longa (turmeric) plant (Verghese, 1993). The plant is a famous spice and cultivated in 

many warm parts of the world, particularly India. In addition to the common use of the plant as a 

food colouring and flavouring spice, it is also known to have a range of medicinal properties 

(Araújo & Leon, 2001, McClatchey, 1993). Curcumin-mediated photosensitisation has been studied 

and characterized in a number of microbes including yeasts and bacteria, such as Candida albicans 

(Dovigo et al., 2011a), Staphylococcus epidermidis (Hegge et al., 2012), Streptococcus mutans 

(Paschoal et al., 2013), Escherichia coli, Enterococcus faecalis, and Streptococcus intermedius 

(Haukvik et al., 2009). Application of curcumin as a natural dye in microbial photoinactivation fits 

the ―clean green technology concept‖, and is one of the promising methods for invention of a new 

technique for the inactivation of mycotoxin producing fungi in food and feed. 

Among the microbes that contaminate, grow, and multiply in food crops and food products are 

fungi, some of them producing mycotoxins. The highly toxic mycotoxins are commonly produced 

by many strains of fungi belonging to the few groups especially Aspergillus, Penicillium and 

Fusarium. Additionally, other groups of fungi are known to contaminate food and produce toxins of 

significant importance. These include Stachybotris, Altenaria, Rhizopus and Mucor species.  

Understanding the potential of applying photoinactivation technique to control food contaminating 

microbes, this study was conducted to develop and validate methods that can be applied to further 

studies. We used industrially produced chemical and plant products as dyes in order to have a 

comparison and used a light machine with adjustable wavelength selection in order to test each 

compound at its optimum wavelength where it exerts maximum effect.  

 

5.2 Materials and Methods 

5.2.1 Fungal materials 

The study was conducted using reference fungal strains of aflatoxin producing Aspergillus flavus 

(ATCC 28862) and Aspergillus parasiticus (ATCC 26691).From the spore stock, fungal colonies 

were grown on malt extract agar (MEA)at 26 °C, from which spores were harvested. Microscopic 
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examination of 3 day old colony smears revealed mycelial propagation and sporulation (Figure 

5.1). Spore harvesting was done from colonies that were grown for 5 days, by flooding the culture 

with 10 ml 0.1% Tween 80 solution, and gently swirling to bring the spores into suspension. To 

avoid significant contamination of the spores with hyphae, the resulting suspension was decanted 

and centrifuged at 1,000 rcf for one minute and supernatant discarded. Washing with 0.1% 

Tween 80 was repeated two times. The spore pellet was resuspended in sterile distilled water, and 

concentration was determined from Colony Forming Units (CFU) count conducted using a Colony 

Counter (Stuart Scientific, United Kingdom) after growing culture in MEA for 48 h. Final dilution 

was done to a concentration of approximately 10
13

 CFU ml
-1

working spore suspension which was 

stored in 4 °C and used for up to 4 weeks.  

 

Figure 5.1Micrograph of 3 days old A. flavus colony smear showing mycelia and 

spores 

 

Growing and harvesting fungal hyphae was carried out by inoculating 0.5 x 10
13

 fungal spores in 

nutrient broth in Eppendorf tubes and incubating at 37 °C. After ca. 48 h, the spores germinated and 

formed a wooly mass of hyphae in the broth. The hyphae were harvested with a sterile wire loop 

and re-suspended in 1.5 mL sterile distilled water in a new Eppendorf tube, and vigorously shaken 

for one minute to ensure a uniform hyphae suspension was obtained. Washing of the hyphae was 

first done by centrifugation of the suspension at 1,000 rcf to allow sedimentation of relatively heavy 

materials and spore remnants. The supernatant (500 µL) was transferred into a new Eppendorf tube 

and 500 µL sterile distilled water was added followed by centrifugation at 10,000 rcf for 

two minutes. The supernatant was pipetted and discarded. The resulting hyphae pellet was re-
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suspended in sterile distilled waterand hyphae concentration was determined from Colony Forming 

Units (CFU) count conducted using a Colony Counter (Stuart Scientific, United Kingdom) after 

culture growth in MEA for 48 h.  Hyphae suspension was stored at 4 °C and used for up to four 

weeks.  

5.2.2 Photosensitisers 

Reference photosensitiser used for optimization of photosensitisation methods in this study was 

New Methylene Blue N (NMBN), purchased from SIGMA-Aldrich
® 

Australia, with purity of 70%. 

NMBN is an industrially produced chemical known to have photosensitisation properties. The 

compound is blue in colour, a modified form of methylene blue, and has a molecular weight of 

347.91.The compound is soluble in water, and 10 mg was dissolved in 50 mL PBS to make a stock 

solution of 400 µM. The stock solution was put in a Falcon
®
 tube wrapped in aluminium foil to 

reduce light exposure and stored at cool temperatures (4 ºC). 

5.2.3 Light 

Photosensitisation was conducted under light of specific wavelength, provided by and xenon arc 

lamp machine (Polilight
®
 Roffin Pty, Australia). The machine provide light of adjustable 

wavelength across the visible light range (390-650 nm) and at UV (350 nm) output. A light 

impermeable box was made to accommodate the light generated and protect personnel from rays 

with high intensity (Figure 5.2).  

 

Figure 5.2  Xenon arc lamp, Polilight
®
 PL 500 and light impermeable cabinet 

 

Selection of light wavelength was done parallel with regulating light dose which is the light 

intensity calculated from output power, area of illumination and time of exposure. Each light 
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wavelength point has a specific light power as given in Table 5.1. The formula for calculation of 

light dose as provided by Polilight
®
 Roffin Pty, Australia is given in the equation; 

Equation 5.1 

Power density (J/cm2) = Light power (Watts) x Illumination time (seconds)/Area covered (cm2) 

 

Table 5.1 Light power for different light wavelength bands in the Polilight® PL 500 lamp 

Band (nm) UV 415 450 490 505 530 555 590 620 650 White 

Power (watts) 1.3 1.9 5.4 2.7 2.4 2.4 2 2.2 1.6 1.6 20 

 

5.2.4 Studying appropriate wavelength for photoinactivation 

Appropriate light wavelength for photosensitisation is the wavelength region at which a given 

photosensitiser exerts most efficient photoinactivation effect to a particular microorganism. For this 

study and for subsequent studies, determining appropriate light wavelength for the selected 

photosensitisers was done in three steps. The first step was referring literature on previous studies 

which indicated wavelength of maximum photoinactivation for the assessed photosensitiser against 

the studied microorganisms. The second step was reading the light absorption spectrum of the given 

photosensitiser using a spectrophotometer to determine wavelength at which highest light 

absorption is expressed. Last step was running screening photosensitisation tests with the 

photosensitiser, to determine a wavelength point with maximum photoinactivation.  

TECAN spectrophotometer plate reader (Figure 5.3) was used to determine the absorption spectra 

of NMBN across the visible light range (400 - 700 nm). Duplicates 100 µL of the dye solution in 

PBS at concentrations of 5 µM, 12.5 µM and 25 µM were used to draw the absorption spectra of the 

solution.  

Screening photosensitisation test was conducted to determine wavelength point at which maximum 

photoinactivation was achieved. Four replicates of A. flavus spores in 50 µM NMBN solution were 

illuminated with light dose of 84 J/cm
2
 at wavelengths through 400 - 640 nm (at 20 nm difference 

between one point and the next) and 100 µL were inoculated on MEA. After 48 hours of incubation 

at 26 ºC, fungal colonies were counted to determine CFU per milliliter. Basic procedure on the 

photosensitisation screening experiment is as given in section 5.2.5.  
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Figure 5.3: TECAN
®
 spectrophotometer plate reader used for determining absorption spectra 

 

5.2.5 Photosensitisation study design 

Studies were conducted under controlled experimental conditions. In vitro studies involved 

experiments to test efficiency of photosensitisation in inactivation of fungal spores suspended in 

water of PBS. In vivo studies were experiments conducted to investigate efficiency of 

photosensitisation to deactivate fungal spores inoculated on the surface of dry maize kernels. The in 

vivo study also investigated the effect of photosensitisation on aflatoxin production in maize 

kernels.   

General design for in vitro photosensitisation studies is presented in Figure 5.4. Two groups of 

spore suspension replicates of known concentration were prepared. The replicates in one group 

were mixed with equal volume of photosensitiser solution of known concentration (P
+
) whereas the 

rest were mixed with equal volume of PBS (P
0
). Each of the groups was further divided into two 

groups. Predetermined light dose at specific wavelength was illuminated on one group of the 

spore/photosensitiser, and this was referred to as photosensitisation treatment (P
+
/L

+
), and on the 

spore/PBS group, and this was referred to as light treatment (P
0
/L

+
). The remaining groups of 

fungal spores with and without photosensitiser were not illuminated to make the photosensitiser 

treatment (P
+
/L

0
) and negative control, respectively P

0
/L

0
).  
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Figure 5.4 General experimental set-up for in vitro studies of fungal spore photosensitisation 

 

5.2.6 Studying photosensitisation light dose 

Four levels of light dose (69 J/cm
2
, 137 J/cm

2
, 206 J/cm

2
, 274 J/cm

2
and a control (0 J/cm

2
) were 

tested in an experiment to determine effect of light dose on photosensitisation. Illumination was 

conducted using 590 nm light wavelength and dye concentration used was 100 µM, with starting 

spore concentration of 8 x 10
4
 spores per millilitre. 

5.2.7 Studying appropriate photosensitiser concentration 

The effect of photosensitiser concentration on the effectiveness of NMBN mediated 

photoinactivation of A. flavus and A. parasiticus spores was tested. Photosensitisation was 

conducted using NMBN concentrations of 0 µM (control), 25 µM, 50 µM, 100 µM and 200 µM 

with light dose of 137 J/cm
2
. The knock-down effect of photosensitisation on spores was 

determined by determining CFU from treated spores in comparison to control.  

5.2.8 Studying exposure duration between photosensitiser and fungal material 

The effect of varying duration of exposure of the fungal materials to the dye on the effectiveness of 

NMBN mediated photosensitisation was tested. Spores of A. flavus and A. parasiticus, suspended in 

PBS at approximate concentration of 4 x 10
4
, were incubated with 50 µM for up to 6 h, where 

aliquots (four replicates) were drawn after 0 (control), 1, 2 and 6 h for illumination using light dose 

of 137 J/cm
2
.After light illumination of each, 100 µL were inoculated in MEA and effectiveness of 

photosensitisation was determined by CFU per millilitre from the treated spores.  
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5.2.9 Developing laboratory conditions for aflatoxin production by A. flavus in maize 

kernels 

A study was done to determine optimal temperature, moisture, and incubation time, that facilitate 

aflatoxin B1 production in maize kernels, experimentally inoculated with aflatoxigenic A. flavus. 

The effects of milling the kernels and aeration on toxin production were also tested. 

5.2.10 Maize grains 

The in vivo study was done on a white kernel variety of maize (Hybrid 33V62, Pioneer
®
 Australia). 

The maize were bought and stored at room temperature (about 22 °C) in the laboratory and used for 

up to 3 years. The aflatoxin contamination status of the maize was carried out whenever an 

experiment was conducted by including a negative control.  

Sterilized maize kernels were incubated overnight under PBS with A. flavus spores suspended at a 

concentration of approximately 4 x 10
3
. The fluid were then decanted and kernels dried at 40 ºC for 

varied duration to achieve moisture contents of 25%, 22%, 18%, 15% and 12%. Half of the kernels 

were milled and the other half was left intact.  

The kernels and flour were then incubated at 25 ºC, 30 ºC and 37 ºC for up to 20 days where 

aflatoxin B1 levels were tested after 0 (control), 5, 10, and 20 days. In the incubators, the maize 

kernels and flour were kept in petri dishes of 3 cm diameter. In controlling the moisture levels of 

the maize kernels and flour, some of the dishes were placed inside bigger petri dishes (6 cm 

diameter),that were half filled with water and refilling was done regularly to compensate the drying 

due to evaporation. Four replicates, each for intact maize kernels and flour, were placed in airtight 

petri dishes to study the effect of limiting air to aflatoxin B1 production. Aflatoxins levels were 

quantified by LC-MS/MS method as described in CHAPTER 3.  

5.3 Results 

5.3.1 Appropriate wavelength for photosensitisation 

From the literature review NMBN has been indicated to exert maximum photoinactivation activities 

against fungi when illuminated with red light (400-700 nm) (de Menezes et al., 2014, Rodrigues et 

al., 2013). Absorption spectra of NMBN in PBS indicated that maximum absorption is achieved in 

the region between 580-600 nm light wavelengths with peak at 590 nm (Figure 5.5).  
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Figure 5.5Absorption spectra of New Methylene Blue N dye 

The photoinactivation efficiency at different wavelengths of visible light was indicated by 

magnitude of viable A. flavus spore reduction as a result of photosensitisation. It was found that, 

compared to negative control, photosensitisation with light of different wavelength resulted in 

reduction of up to 4.6 logs of fungal spore concentration (Figure 5.6). Maximum reduction was 

observed when photosensitisation was conducted at 580 nm wavelength.  

 

Figure 5.6 Average colony forming unit counts (CFU) after treatment of A. flavus spores 

with light at different wavelength points 
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5.3.2 Optimal light dose for photosensitisation 

Reduction of up to 3.8 logs of fungal spore count was observed as a result of increasing light dose 

from 0 J/cm
2
 to 274 J/cm

2
 for both A. flavus and A. parasiticus spores (Figure 5.7). The pattern of 

change in fungal spore count as a result of treating with increasing doses of light was similar 

between A. flavus and A. parasiticus.  

 

Figure 5.7 Colony forming units in response to in vitro NMBN mediated photosensitisation of 

A. flavus and A. parasiticus spores using different light doses 

5.3.3 Optimal photosensitiser concentration for photosensitisation 

It was found that, the higher the dye concentration the more effective was photoinactivation of the 

spores. A. flavus and A. parasiticus spore count was reduced for up to 3 logs when dye 

concentration was applied between 25-200 µM with light dose of 84 J/cm
2
.At 0 µM (P

0
/L

+
) dye the 

fungal spore had CFU of 3.8 and 3.6 logs for A. flavus and A. parasiticus respectively. The 

concentrations of the spores were subsequently reduced as a result of photosensitisation with 

increasing concentration of NMBN and at 200 µM the CFU per millilitre of A. flavus and 

A. parasiticus spores were 0.5 and 0.6 logs respectively (Figure 5.8).  
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Figure 5.8: Colony forming units in response to in vitro NMBN mediated photosensitisationof 

A. flavus and A. parasiticus spores using different dye concentrations 

5.3.4 Optimal exposure time of fungal materials to photosensitiser 

It was found that pre-exposing the fungal spores prior to photosensitisation did not result in 

significant change on effectiveness of NMBN mediated photosensitisation. On average the 

reduction of fungal concentration upon photosensitisation after different dye pre exposure duration 

as determined by CFU per millilitre was approximately 3 logs, regardless of the duration the spores 

were pre-exposed to dye prior to photosensitisation 

 
 

Figure 5.9 Colony forming units in response to in vitro NMBN mediated photosensitisation of A. 

flavus and A. parasiticus spores after different spore-dye contact duration 
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5.3.5 Optimal laboratory conditions for aflatoxins production by A. flavus in maize 

kernels 

Incubation conditions and resulting characteristics for fungal growth and aflatoxin B1 production 

are presented in Table 5.2, and further illustrated in Figure 5.10. Samples kept under dry air-open 

dry conditions (at all the three temperatures) had moisture levels as low as 10% or below after 10 

days and none of them had detectable level of aflatoxin B1. The samples also did not have any 

external signs of fungal growth observable by naked eyes.  

The set of samples incubated under moist conditions both in air-open or airtight petri dishes had 

almost maintained their initial moisture levels of 25% after 10 days. Except for the airtight samples, 

samples incubated under moist conditions at the three sets of temperatures expressed varied degrees 

of aflatoxin B1 formation. There was no toxin formation in samples incubated in airtight petri 

dishes. In the same group of samples kept under moist conditions, fungal growth was visible and 

higher in flour as compared to intact kernels. The grown fungi appeared powdery green as sign of 

sporulation, which was comparatively more obvious in lower temperatures of 25 ºC and 30 ºC as 

compared to 37 ºC.  

Despite massive fungal growth appearing in flour samples, more aflatoxin B1 was produced in 

intact kernel samples incubated in moist air-open conditions than in flour samples incubated in the 

same moist conditions. All intact kernel samples (100%) had detectable levels of aflatoxin B1 at an 

average level of 173 µg/kg at 25 ºC, and 228 µg/kg at 30 ºC. However, at the two respective 

temperatures it was 33% and 67% of the flour samples in which detectable aflatoxins were formed, 

and at lower average levels of 0.45 µg/kg and 6.14 µg/kg respectively. Statistically the differences 

were significant for both occurrence frequency (p= 0.0002) and average toxin levels (p= 0.012) 

between intact kernels and flour.  

Fungal growth was less affected by incubation temperature from visual observation, although at 

37 ºC, the fungal mass appeared white woolly as compared to the green powdery observed at 25 ºC 

and 30 ºC. In addition, aflatoxin production was lower at 37 ºC than at 25 ºC and 30 ºC. Whereas all 

intact kernel samples (100%) incubated under moist air-open conditions at 25 ºC and 30 ºC had 

detectable levels of aflatoxin B1 (average173.7 and 228 µg/kg respectively), 67% (average 35.4 

µg/kg) of the corresponding samples incubated at 37 ºC had aflatoxin B1. None of the flour samples 

(including the ones incubated under air-open moist condition), had detectable level of the toxin at 

37ºC, whereas at 25 ºC and 30 ºC, 33% and 67% respectively the flour samples had the toxin 

detected.  
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Table 5.2 Moisture content (M.C), observable fungal growth, sporulation and aflatoxin B1 

production characteristics of maize kernels and flour samples incubated for 10 days under different 

conditions with initial moisture of 25%. 

Incubation conditions Sample characteristics after 10 days 

Kernel 

status 

Temp  Aeration Moisture 

condition 

M.C 

(%) 

Observable 

fungal 

growth  

Observable 

sporulation  

Aflatoxin 

positive 

(%) 

Aflatoxin 

B1conc. 

(µg/kg) 

Intact 

kernel 

25 ºC Air-open Dry 9 None  - 0 0 

  Moist 25 Medium  High 100 173.7 

30 ºC Airtight - 24 Medium High 0 0 

Air-open Dry 8 None - 0 0 

 Moist 25 Medium High 100 228 

37 ºC Air-open Dry 7 None - 0 0 

  Moist 24 Massive Low 67 35.4 

Flour 25 ºC Air-open Dry 10 None - 0 0 

  Moist 26 Massive High 33 0.45 

30 ºC Airtight - 25 Massive High 0 0 

Air-open Dry 8 None - 0 0 

 Moist 24 Massive High 67 6.14 

37 ºC Air-open Dry 6 None - 0 0 

  Moist 25 Massive Low 0 0 
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Figure 5.10 photographic images of maize kernel and flour samples incubated under 

different moisture and aeration at 30°C for 10 days 

 

The results on the effects of starting sample moisture level and duration of incubation on aflatoxin 

B1 production are given in Figure 5.11. In general, within the tested range, the higher starting 

moistures of 22% and 27% had higher aflatoxin B1 production. Medium levels were produced with 

15% and 18% starting moistures and lowest levels were recorded at 12% moisture level. Whereas 

detectable levels of aflatoxin B1 could be detected in some samples after 5 days, maximum levels of 
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the toxins were recorded at day 10, after which no further increase was seen when samples were 

analysed at days 15 and 20.  

 

Figure 5.11Aflatoxin B1 levels at different starting sample moisture and duration of 

incubation 

 

5.4 Discussion 

In the present study, different experimental methods for photosensitisation of fungal spores using 

NMBN as a candidate photosensitiser, against the spores of mycotoxigenic fungi A. flavus and 

A. parasiticus suspended in solution have been tested. We have also tested different conditions at 

which maize kernels can be inoculated with fungal spores and triggered for aflatoxin B1 production.  

We found that photoinactivation efficiency of the tested fungal spores, at specific light wavelength, 

is influenced primarily by dye concentration and light dose. With the tested NMBN dye, the point 

with maximum light absorption (590 nm) was also observed to have maximum photoinactivation 

effect against A. flavus spore. Survival of A. flavus and A. parasiticus spores was reduced by 2-3 log 

cfu when treated with light of appropriate wavelength and New Methylene Blue N dye. It was 

observed that photoinactivation activity increased steadily with increasing light dose from 0J/cm
2
 to 

274 J/cm
2
. Dye concentration had effect of photoinactivation efficiency, but increasing the 

concentration from 100 µM to 200 µM did not result in significant change in the efficiency. 

Presence of the dye facilitated the photosensitisation and its efficiency increased as the 

concentration of the dye was increased. However, a point was reached when no more further effect 

was observed by increasing the concentration of the dye. NMBN has previously been tested with 

number of microorganisms, and reported to have significant photodynamic activities (Ragàs et al., 
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2013, Rodrigues et al., 2012). Most studies on photodynamic therapy observed similar light and dye 

dose dependent effects and Dai et al. (2011) concluded that the efficacy of photodynamic therapy 

was related to the ratio of photosensitiser concentration to fungal cell density. However, with 

coloured dyes high concentration means more turbid solution and this might limit penetration of 

light into deeper parts of the solution. This might explain the scenario observed with NMBN 

photoinactivation efficiency not increasing by increased concentration from 100 µM to 200 µM.  

The mechanism of action of the dye in photosensitisation reactions has not been well documented 

so far, but most cationic photosensitisers are known to bind negatively charged biomolecules, and 

exert both type I and II photosensitisation as has been thoroughly reviewed with methylene blue by 

Tardivo et al. (2005). In the current study, photosensitisation with NMBN was effective in killing 

both A. flavus and A. parasiticus spores suspended in PBS solution. Different studies have however 

reported on the effectiveness of phenothiazine dyes in photoactive chemotherapy on different 

pathogenic microorganisms, including bacteria and fungi (Rodrigues et al., 2012).  

The study has also reported results on fungal growth and aflatoxin B1 production after handling 

maize inoculated with A. flavus under different conditions. In the findings, maintaining the kernels 

and flour under dry petri dishes led them to dry out and after 10 days moisture content was below 

10% with no visually observed fungal growth and without detectable aflatoxin production. Limiting 

air flow to kernels and flour didn‘t affect fungal growth, but no aflatoxin B1 was formed in samples 

incubated under airtight condition despite maintaining moisture condition at around 25%. In 

general, fungal growth was favoured by moist condition and grinding maize into flour whereas 

aflatoxin B1 production was favoured by moist condition, air-open environment and temperatures of 

25 ºC and 30ºC. Poor fungal growth was associated with dry condition whereas poor aflatoxin B1 

production was associated with dry condition, airtight environment and high temperature (37ºC). 

Fungal growth and mycotoxins production in grains under natural or laboratory conditions are 

functions of multiple factors. Maize contaminated with A. flavus were prone to more fungal growth 

and aflatoxin production when maintained under moisture conditions above 17.5% (Trenk & 

Hartman, 1970). Although the effects of milling maize kernels on aflatoxins production have not 

been reported, studies indicate that dehulling and milling reduce the level of aflatoxins already 

formed in maize kernels as larger portion of the toxin is transferred to the bran (Matumba et al., 

2009). 

5.5 Conclusion 

This study provides insight on how dye concentration and light dose affect the efficiency of fungal 

spore photoinactivation. It also indicates how moisture, temperature, air and physical status of the 
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substrate effect aflatoxin production by A. flavus in maize. photosensitisation The results of this 

study provides basis for testing photoinactivation of the aflatoxigenic fungi using natural plant 

products both in vitro and in vivo, the details of which are presented in Chapters 6 and 7.  
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CHAPTER 6. Photoinactivation of Aspergillus flavus spores and mycelia 

using curcumin and its effect on aflatoxin production in maize kernels 

Note: Part of this chapter have been published in Food Control journal 

 

6.1 Introduction 

Some fungi that colonize agricultural commodities and foodstuffs may produce toxic secondary 

metabolites known as mycotoxins (Sweeney & Dobson, 1998). Mycotoxin contamination in food 

and feed is a global problem (Rodrigues & Chin, 2012, Rodrigues et al., 2011, Rodrigues & 

Naehrer, 2012a, Rodrigues & Naehrer, 2012b) and is estimated to affect 25% of all foods 

worldwide (CAST, 2003).  These fungal toxins pose serious health problems to humans and 

animals including instant death in acute cases, and cancers; and studies also suggest that they cause 

immunosuppression, retard growth, and reproductive disorders with chronic exposures(IARC, 1993, 

Probst et al., 2007, Varga et al., 2009, Wannop, 1961, Williams et al., 2004). In addition to health 

impacts, significant economic losses result from lowered animal production, decreased market 

values, irregular production and secondary effects on agricultural production and agricultural 

communities (Cardwell et al., 2001). Due to these impacts, a worldwide concerted effort has been 

applied to control and regulate the occurrence of these toxins in food and animal feed. 

Methods to control mycotoxin occurrence in food and animal feed focus on either preventing fungal 

colonization and mycotoxin production, or where this fails, removal of the toxins in the food and 

feed by detoxification (Leslie & Logrieco, 2014).  Fungal contamination of crops and their 

subsequent toxin production can occur in the field before harvest, or during post-harvest storage and 

processing. Control methods range from the application of fungicides and pesticides that kill the 

fungi directly or reduce contamination by insect vectors, to fungal inactivation by thermal, chemical 

or photo-irradiation procedures (Begum et al., 2009, Luksiene et al., 2005, Nemţanu et al., 2014) 

However, no single method has been successful in combating the mycotoxin problem entirely and it 

is advocated to deal with the problem by integrating various intervention measures depending on 

circumstances. Photosensitisation is an evolving strategy employed in inactivating food microbes 

(Luksiene, 2005, Luksiene et al., 2005) and has the potential to play an important role in reducing 

mycotoxigenic fungal contamination in food and animal feed.  

As indicated in section 5.1 photosensitisation kills microbial cells through cytotoxic reactions 

induced by energy derived from photosensitiser molecules that have been excited by light of 

specific wavelength. Examples of photosensitisers that have been reported to work on food and 
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related products include hematoporphyrin dimethyl ether (Luksiene et al., 2005), polymer bound 

anthraquinone derivatives (Zerdin et al., 2009) and sodium-chlorophyllin(Luksiene et al., 2010, 

Luksiene & Paskeviciute, 2011a, Luksiene & Paskeviciute, 2011b). Most of these photosensitisers 

are synthetic or semi-synthetic dyes, and their use in foods would not meet consumer preferences 

for ―chemical-free‖ foods (Yiridoe et al., 2005).  

In using photosensitisation as a treatment to control fungal contamination, ideally the 

photosensitiser (photo dye) should be safe for human consumption, cost effective and biochemically 

stable and easy to activate using light of appropriate wavelength (Allison et al., 2004). The findings 

that some natural plant extracts can be effectively used as photosensitisers (Downum et al., 1989) 

has focused increased attention on the applicability of photosensitisation in microbial 

decontamination in food products. Among the reported studies is the potential of using turmeric 

extract (curcumin) for photosensitisation in microbial decontamination (Dovigo et al., 2013, Hegge 

et al., 2012, Paschoal et al., 2013, Verwanger et al., 2011).  

Curcumin is a polyphenol compound which is obtained as a yellow extract from the tubers of 

Curcuma longa (turmeric) plant (Verghese, 1993). The compound is a diarylheptanoid, with a 

molecular weight of 368.38 and chemically named as (E,E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-

1,6-heptadiene-3,5-dione.Turmeric plant is a native and traditional spice in India and is cultivated 

throughout the warmer parts of the world, and has been reported to have a range of medicinal 

properties (Araújo & Leon, 2001, McClatchey, 1993). Curcumin-mediated photosensitisation has 

been studied and characterized in a number of microbes including yeasts and bacteria such as 

Candida albicans (Dovigo et al., 2011a), Staphylococcus epidermidis (Hegge et al., 2012), 

Streptococcus mutans (Paschoal et al., 2013), Escherichia coli, Enterococcus faecalis, and 

Streptococcus intermedius (Haukvik et al., 2009). The use of curcumin as a natural dye in 

photosensitisation fits the ―clean green technology concept‖ and is an attractive intervention method 

for the inactivation of mycotoxin producing fungi in food and feed. To the best of our knowledge, 

there are no reported studies in the literature on the suitability of using the turmeric extract (or 

indeed any plant extract) in photosensitisation-mediated inactivation of mycotoxin producing fungi. 

Given that aflatoxin contamination affects the crops of many resource-poor farmers throughout the 

tropics and sub-tropics, use of extracts from a plant they could potentially grow and use on farm is 

particularly promising as a sustainable and adoptable intervention. 

This study investigates curcumin-mediated photo-inactivation of Aspergillus flavus spores in vitro 

in aqueous suspension and in vivo when inoculated on maize kernels. The fungus is a common food 



 

114 

 

contaminant producing a number of mycotoxins including aflatoxins, one of the important 

mycotoxin groups due to its detrimental effects on health and the economy (Varga et al., 2009).  

6.2 Materials and methods 

6.2.1 Study design 

Two experiments were conducted: an in vitro study to test photodegradation of A. flavus spores in 

suspension and an in vivo kernel study to investigate photodegradation of spores inoculated on the 

surface of maize kernels both before and after milling. The second experiment was carried further to 

test the effect of the photodegradation to aflatoxin production in the kernels. The study was 

conducted in a completely randomized block design. 

6.2.2 Photosensitiser 

Stock solution (200 µM) of natural curcumin (Sigma Aldrich
®
, Australia) was prepared by first 

dissolving 5.3 mg curcumin in 6 ml absolute ethanol and then diluted with phosphate buffer saline 

solution (PBS; pH 7.4) to 50 ml and further diluted to different working concentrations with same 

saline. For the in vitro study, the dye concentrations used were 5 µM, 10 µM, 20 µM, 50 µM and 

100 µM whereas the dye concentrations for the in vivo study were 25 µM and 45 µM. The two 

concentrations used for in vivo study were selected from the working range of concentrations as 

found in the in vitro experiment.  

6.2.3 Light 

An exon arc lamp machine (Polilight 500®, Rofin Australia Pty Ltd) with adjustable wavelength 

selection was used a source of light for photosensitisation in a light impenetrable cabinet. The 

output light dose (J/cm
2
) was dependent on illumination time and light power and as indicated on 

the device user manual it could be expressed as a multiple of light power (W) and illumination time 

(s) divided by area of illumination (cm
2
) (Equation 5.1). Light intensities used were 0, 12, 24, 60 

and 84 J/cm
2
 for the in vitro and 60 J/cm

2
 for the in vivo. 

6.2.4 Appropriate wavelength for photosensitisation 

Literature review was conducted to determine the wavelength employed in previous studies with 

curcumin on fungi and other organisms. Then absorption spectrum of curcumin dye/spore mixture 

was determined across the visible light wavelength range (400-700 nm), using a spectrophotometric 

plate reader (Tecan® 2000 Tecan Australia Pty Ltd) (Figure 5.3). The absorption spectrum was 

generated using two concentrations of curcumin (5 µM and 10 µM) mixed with 1 x 10
3 

A. flavus 

spores in 8% ethanol in PBS. Finally a pilot study was conducted by screening the effectiveness of 

photoinactivation of A. flavus spores performed using several wavelength points between 400 nm 
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and 640 nm (at an interval of 20 nm between points) in order to randomly detect the region of 

highest action. The screening experiment was conducted using 50 µM curcumin concentration in 

combination with 60 J/cm
2 

on ca. 1.5 x 10
6
 spores per millilitre.  

6.2.5 Fungal materials 

An aflatoxigenic reference strain of A. flavus (ATCC 28893) was used in the experiment. The 

experiment was conducted on spores and hyphae of the fungi. Methodologies for growth, harvesting 

and storage of the fungal materials are given in section 5.2.1. 

6.2.6 Effect of photosensitiser concentration and light dose on in vitro spore 

photoinactivation 

In testing the efficiency of curcumin mediated photoinactivation of A. flavus spores two variables 

were tested in one set of in vitro experiments, photosensitiser concentration and light dose. The 

experiment included: control (P
0
/L

0
), light treatment (P

0
/L

+
), dye treatment (P

+
/L

0
) and 

photosensitisation treatment (P
+
/L

+
). Basic details on experiment set-up were similar to the ones 

given in section 5.2.5 and illustrated in Figure 5.4. Six levels of photosensitiser concentration 

(5 µM, 10 µM, 15 µM, 25 µM, 50 µM and 100 µM were used in combination with four levels of 

light intensity (12 J/cm
2
, 24 J/cm

2
, 60 J/cm

2
and 84 J/cm

2
). To test the repeatability, three sets of 

experiments were conducted for each specific study.  

Illumination of the spore-dye suspension was conducted in a 35 mm x 10 mm petri dish where two 

millilitres of spore suspension at initial concentration of ca. 1.5 x 10
5
 CFU ml

-1
 were mixed with 

2 ml photosensitiser solution of appropriate concentration to make a total volume of 4 ml. In the 

control (P
0
/L

0
) and light treatment (P

0
/L

+
), 2 ml of PBS was added instead of photosensitiser 

solution. Lidded petri dish with the spore/photosensitiser mixture was positioned about 1 cm below 

the light beam and illuminated with light of 420 nm wavelength. Constant stirring of the solution 

was done using a magnetic stirrer during illumination. Each treatment was replicated four times. 

The suspension temperature was measured with a digital thermometer (Comark C26
®
, Comark 

USA) before and immediately after each light treatment.  

In determining the spore or hyphae concentration duplicate aliquots of 100 µl from the treatment 

petri dish were inoculated on MEA and incubated at 26 °C for 48 hours. The controls (including 

light and photosensitiser treatments) were diluted at a ratio of 1:100 before plating on the growth 

media to enable counting of the colonies in expectation of a high CFU concentration.  
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6.2.7 The effect of temperature and pH on in vitro photoinactivation of A. flavus 

spores and hyphae 

The efficiency of in vivo photoinactivation of A. flavus spores and hyphae in different temperature 

and pH conditions was tested. In studying the effect of pH on photoinactivation experiment was 

designed with varying the pH of the spore and hyphae suspensions. The spore and hyphae were 

suspended in distilled water and the experiment was conducted under constant Photosensitiser 

concentration (50 µM) and light dose (60 J/cm
2
). A set of spores and hyphae untreated with light 

(P
+
/L

0
) was included as control. PH-meter (PHM210

®
, France) was used to read pH of the 

suspensions before and after photosensitisation. The initial pH of the distilled water (with or 

without spores/hyphae and Photosensitiser) was 5.5.The spore and hyphae suspensions were added 

with acidic and alkaline media to get lower and higher working pH levels respectively. The acidic 

medium used was hydrochloric acid (HCl) (LabServ, Thermofisher Scientific Vic. Australia) and 

alkaline medium was sodium hydroxide (NaOH) (LabChem Thermofisher Scientific, NSW 

Australia). Photosensitisation was conducted at pH 1.5, 3.0, 5.5, 7.0, 9.0 and 12.5 with four 

replicates were at each pH. Determination of spore/hyphae concentration was performed as 

described in section 6.2.6. 

In studying the effect of temperature on photoinactivation an experiment was designed with varying 

temperature of spore and hyphae suspensions. Photosensitisation was conducted to spore and 

hyphae suspension in 50 µM curcumin concentration and 60 J/cm
2
 at initial temperatures of 15 °C, 

25 °C, 35 °C and 45 °C and at room temperature (22 °C). Spore and hyphae suspended in 50 µM 

curcumin solution were initially kept in the refrigerator (4 °C) in replicates of 4 ml aliquots (in petri 

dishes). After 30 minutes the petri dishes (one by one) were taken out to the room temperature and 

while monitoring the fluid temperature each was taken for photosensitisation when appropriate 

temperature was attained. Monitoring of the temperature was undertaken by using a digital 

thermometer (Comark C26
®
, ComarkUSA) and petri dishes were immediately taken for 

illumination when temperatures of 15 °C and 22 °C were attained. For treatments at 25 °C, and 

35 °C the respective mixtures were heated on a heating block (TDB-1 Thermoline Scientific NSW, 

Australia) to attain respective temperature then immediately taken for illumination. Determination 

of resultant spore and hyphae concentration was performed as explained in the section 6.2.6. 

6.2.8 In vivo study – experiment on spores inoculated on maize kernels 

The in vivo experiment was designed into a set of two blocks (whole kernel and milled kernel 

blocks) and each was divided into three units which were randomly allocated to different dye 

concentrations (including one ―no photosensitiser‖ control). Before allocating the kernel samples 
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into respective treatment blocks, a negative control (before spore inoculation) and positive control 

(after spore inoculation) were drawn to test sterility of the kernels and viability of spores on kernel 

surfaces respectively. Each experimental set was repeated three times to assess repeatability. The 

general experiment set-up is illustrated in Figure 6.1.  

The first step of the in vivo study was inoculating the maize kernels with A. flavus spores. Dry 

maize kernels (200 g, 7% moisture content) were sterilized by autoclaving (121 °C, 15 psi) for 15 

minutes, and stored in a sealed container at room temperature. Four replicates of five kernels (about 

1.5 g) were randomly picked from the sterilized maize kernels (negative control), submerged in 

5 ml sterile PBS and vortexed at 1400 rpm for 30 seconds. From the resulting suspension a 

duplicate of 100 µL was pipetted and plated on MEA. The remaining maize kernels were inoculated 

with A. flavus spores by immersing in 400 ml spore suspension (10
6
 spore ml

-1
) for 30 seconds then 

the liquid was decanted and kernels dried in petri dishes at 26 °C overnight. Four replicates of five 

kernels each (approximately 1.5 g) were taken from the dried kernels (positive control), immersed 

in 5 ml sterile PBS, vortexed and 100 µL of the fluid plated on MEA. The remaining kernel sample 

(about 186 g) was divided into two equal sample blocks and allocated to whole kernel experiment 

(block 1) and milled kernel experiment (block 2), where the milling is carried out post curcumin 

treatment as shown in Figure 6.1.  

Block 1 kernel sample was divided to three equal units and respectively immersed in 0 µM, 25 µM 

and 45 µM solutions of curcumin in 8% ethanol in PBS for five minutes. Four replicates of five 

kernels from each unit were separately illuminated (while submerged in the dye solution) with 

60 J/cm
2
 using 420 nm wavelengths light. A set of four replicates was also not illuminated to act as 

photosensitiser (P
+
/L

0
) and control (P

0
/L

0
). The kernels were removed from the dye solution and 

dried in petri dishes at 26 °C overnight. The moisture content after immersing in dye was 11.1% 

and then dropped to 9.4% after the overnight drying. Dried kernels were immersed in sterile PBS, 

vortexed and plated on MEA to determine CFU count.  

Block 2 kernel sample was divided to three equal units and respectively immersed in 0 µM, 25 µM 

and 45 µM solutions of curcumin in 8% ethanol in PBS for five minutes. The dye solution was 

decanted and the kernels dried at 30°C overnight and milled using a Retsch ball mill (Mixer Mill 

MM 301, MEP Instruments Australia). Moisture content determined and found to be 11.2% and 

8.7% before drying and after drying (and milling), respectively. Four replicates of 1.5 g of the 

resulting flour from each unit were separately illuminated with 60 J/cm
2
 using 420 nm wavelengths 

light. A set of four replicates was also not illuminated to act as photosensitiser (P
+
/L

0
) and control 

(P
0
/L

0
). The illuminated flour was then suspended in 2 ml sterile PBS in Eppendorf tube. The tubes 
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were vortexed at 1400 rpm for 30 seconds and placed on standstill for one minute then duplicate of 

100 µL aliquots were pipetted and plated on MEA for CFU determination.  

 

Figure 6.1 Experiment design for in vivo treatment of A. flavus spore in experimentally 

inoculated maize kernels 

6.2.9 The effects of in vivo photoinactivation of A. flavus spores on aflatoxin 

production 

The subsequent effect of in vivo photoinactivation on production of aflatoxin B1 in the treated 

maize kernels was studied. Inoculation of maize kernels with A. flavus spores and light illumination 

was conducted as explained in section 6.2.7 where for this experiment light dose used was 60 J/cm
2 

in combination with curcumin concentration of 50 µM.  

The treated kernels were incubated at 30 °C in moist (with initial moisture content of about 20%) 

open condition (as explained at section 5.2.9) for 10 days. Treatment included 10 replicates each for 

photosensitisation (P
+
/L

+
), light treatment (P

0
/L

+
), photosensitiser treatment (P

+
/L

0
) and negative 

control (P
0
/L

0
). The experiment was conducted to intact maize kernels only in a design similar as 
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the one illustrated in Figure 6.1. After incubation the kernels were dried at 80 °C overnight and 

aflatoxin B1 level was analysed by LC-MS/MS method.  

6.3 Results 

6.3.1 Appropriate wavelength for curcumin photosensitisation 

Form the literature review it was found that curcumin exert photoinactivation activity against fungi 

and bacteria when excited with blue light between 440-460 nm (Araujo et al., 2012, Dovigo et al., 

2011b). The absorption spectrum of curcumin dye/spore mixture as determined across the visible 

light wavelength range (400-640 nm) indicated maximum absorption between 418-450 nm (Figure 

6.2). The screening experiment on the photoinactivation activity of the product indicated higher 

potency at 400 nm, 420 nm and 440 nm. A wavelength of 420 nm was thus selected as the 

wavelength for illumination for both in vitro and in vivo photosensitisation studies. The light dose 

in photosensitisation studies was varied by adjusting the illumination time depending on the 

required light dose (J/cm
2
) calculated as a multiple of light power (W) and illumination time(s) 

divided by area of illumination (cm
2
). The temperature of the fluid under illumination before and 

after each light treatment showed an average increase of 0.32 °C (0.31-0.35 °C) with the light dose 

of 60 J/cm
2
. 

 

Figure 6.2 Visible light absorption of curcumin solution at concentrations 25 µM and 

100 µM 

 

The inactivation of fungal spores in both in vitro suspension and kernel experiments was 

determined by comparing reduction in viable spore count before and after treatment in controlled 

experiments, by assessing CFU for all groups of treated and control samples. In all cases, the 
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control experiment (P
0
/L

0
) demonstrated the viability of the spores under the experimental 

conditions.  

6.3.2 Efficiency of curcumin mediated in vitro photoinactivation of A. flavus spores 

Complete knockdown of spores of up to 1.5 x 10
5 

spores per millilitre was observed in several 

plates treated by photosensitisation (P
+
/L

+
). The extent of fungal reduction was proportional to 

photosensitiser concentration and light dose. The control treatment (P
0
/L

0
) for the in vitro 

inoculated kernel study had an average spore concentration of log 3.26.  Reduction in the number of 

viable spores was observed when the spores were treated with a combination of light and dye, but 

not with either light (P
0
/L

+
) or dye (P

+
/L

0
) alone (Figure 6.3). The decrease in spore viability was 

directly proportionate to the intensity of light and dye concentrations of 15-50 µM. With curcumin 

concentrations above this level (i.e. 100 µM) the effectiveness of photosensitisation was reduced. 

Reduction of viable spore count greater than 3 logs (including 0 count units) was achieved when 84 

J/cm
2
 light intensity and 15, 25 and 50 µM curcumin dye concentrations were used (Figure 6.3).  

 

 

Figure 6.3 Reduction in the number of viable spores as result of photosensitisation treatment 

with different combination of light dose and curcumin concentration. Significant difference 

between a given light dose and zero light for each dye concentration are indicated by asterisk 

where (*); p < .05 tested by t-test. 
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6.3.3 Efficiency of curcumin mediated in vitro photoinactivation of A. flavus spores 

and hyphae under varied pH and temperature 

Varying the solution pH under in the spore and hyphae were treated affected the efficiency of 

photoinactivation as indicated in Figure 6.4. The spore control group (P
0
/L

+
) illuminated at the pH 

subgroups of 1.5, 3.0, 5.5, 7.0 and 9.0 had an average CFU of 21,260 (4.3 logs) per millilitre. The 

difference between the pH subgroups was not significant when tested by ANOVA (p= 0.529). 

However spore illuminated in solution of pH 12.0 in the same control group (without 

photosensitiser) had a CFU average of 1 (log 0) and when compared to the other subgroups the 

difference was significant (p< 0.00001). The average CFU from the spore photosensitisation treated 

group (P
+
/L

+
) and which were treated in pH subgroups of 1.5, 3.0, 5.5, 7.0 and 9.0 was 117 (2.1 

logs) and the difference among the pH subgroups in the treated spores was not significant as tested 

by ANOVA (p= 0.529). However, in a similar observation to the untreated group, when spores were 

photosensitized in a solution with pH of 12, the resulted CFU average was 1 (0 log). The difference 

between this subgroup and the ones treated at lower pH values was also significant as tested by 

ANOVA (p< 0.00001). The general difference between treated and control spore samples was again 

significant when tested by t-test (p< 0.00001).  

An average CFU difference of 1 log was observed between treated (P
+
/L

+
) and control hyphae 

(P
0
/L

+
) illuminated at pH 1.5, 3.0, 5.5, 7.0 and 9.0. The average CFU in the treated group was 1757 

(3.2 logs) and control group was 118 (2.1 logs). The difference was statistically significant as tested 

by t-test (p= 0.0008). Illumination of photosensitiser treated and untreated hyphae at pH of 12 

resulted to remarkable reduction of average CFU to almost zero and the reduction was significant 

when compared (using t-test) to hyphae treated with in lower pH levels (p< 0.00001) 

 

 



 

122 

 

  

Figure 6.4 Photoinactivation of A. flavus spores (A) and hyphae (B) mediated by curcumin at 

different pH levels. 

The resulting effects of varying the fluid temperature during photosensitisation are presented in 

Figure 6.5. In the untreated spores, (P
0
/L

+
) the average CFU was about 10,000 (4 logs) per millilitre 

and there was no difference between subsets illuminated at temperatures of 15 °C, 22 °C, 25 °C, 35 

°C and 45 °C (p= 0.77) tested by ANOVA. The average CFU in the photosensitisation treated spore 

group was 1.7 logs and when compared to untreated group using t-test, the difference was 

statistically significant (p< 0.0001). Unlike the control group the photosensitisation group indicated 

an increased efficiency at 45 °C. The average CFU of the samples illuminated at this temperature 

was recorded to be 1 log as compared to 1.8, 1.6, 2.0 and 1.8 logs for the one illuminated at 15 °C, 

22 °C, 25 °C and 35 °C respectively and the difference was statistically significant when tested by 

ANOVA (p= 0.04). The difference among the other groups (exempting the 45 °C group) was not 

significant (p= 0.77).  

The effect of varying temperature at which photoinactivation of hyphae was done is also indicated 

in Figure 6.5. Average CFU from hyphae untreated with the photosensitiser (P
0
/L

+
) was 1576 (3.2 

logs) and there was no statistical difference between individual groups treated at temperatures of 15 

°C, 22 °C, 25 °C, 35 °C and 45 °C (p= 0.726), tested by ANOVA. However, the average CFU from 

the treated hyphae group was 63.8 (1.7 log) and when compared using t-test, the difference to the 

untreated group was significant (p< 0.00001). Average CFU in the hyphae photosensitized at 45 °C 

was 6 (log 0.7) and when tested using ANOVA, it was found to be significantly different from the 

rest of the subgroups treated at lower temperature (p= 0.004).  
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Figure 6.5 Photoinactivation of A. flavus spores (A) and hyphae (B) mediated by curcumin at 

different temperature levels. 

6.3.4 In vivo photoinactivation of A. flavus spores 

The negative control (not inoculated) maize kernels did not have colony growth. The inoculated 

control samples (P
0
/L

0
) had a CFU of about 76,250 (4.9 logs) for whole kernel and 4.5 logs for 

milled kernels (Figure 6.6). Light treated samples had average CFU of 4.9 and 4.5 logs for whole 

kernels and milled kernels respectively. The resulting average CFU for negative control samples 

(P
0
/L

0
) and light treatment (P

0
/L

+
) were not significantly different for both whole kernels (p= 0.089) 

and milled kernels (p= 0.169). The differences were also not significant for photosensitiser 

treatment when compared to negative control samples for both whole kernels (p= 0.096) and milled 

kernels (p= 0.753).   

Reduction of up to 1.8 logs of fungal spore concentration as determined by CFU was observed 

when the infected maize kernels were treated with photosensitisation (P
+
/L

+
). The average CFU for 

samples treated with 45 µM of curcumin and light was 3.1 logs in whole kernels and 2.8 logs in 

milled kernels. The two values were significantly lower than the respective infected control samples 

for whole and milled kernels (p< 0.00001). Significant differences were also observed when the 

average CFU of the photosensitisation treatment samples were compared to the average CFU of 

light treatment and photosensitiser treatment kernels. However the average CFU of the samples 

treated with 25 and 45 µM curcumin concentration were not significantly different for both whole 

kernels (p= 0.347) and milled kernels (p= 0.849). All the comparisons in the in vivo experiment 

were carried using t-test.  
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Figure 6.6 Reduction in fungal spore count due to photosensitisation to whole kernels (A) 

and milled kernels (B) 

6.3.5 The effects of in vivo photoinactivation of A. flavus spores on aflatoxin 

production 

Treating A. flavus contaminated maize kernels by curcumin mediated photosensitisation, using light 

dose of 60 Jcm
-2

 and curcumin concentration of 50 µM resulted in reduced production of aflatoxin 

B1 after 10 days of incubation (Figure 6.7). The average aflatoxin B1 in negative control, 
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photosensitiser treatment and light treatment were 305.9 µg/kg, 317.4 µg/kg and 260.9 µg/kg 

respectively and there was no significant difference between the three groups (p= 0.927) when 

tested by ANOVA. However the average level of the toxin in photosensitisation treatment was 84.2 

µg/kg which was significantly lower than the negative control group (p= 0.041) when compared 

using t-test.  

 

Figure 6.7 Effect of curcumin mediated photosensitisation of A. flavus inoculated maize 

kernels in comparison to light, photosensitiser and negative control 

 

6.4 Discussion 

The soil-borne filamentous fungi, A. flavus; a source of the potent carcinogen aflatoxin, is of serious 

concern to food and feed safety globally. Despite the interventions of good agricultural practices, 

A. flavus infection continues to occur in a range of crops and commodities hence a need for 

effective and safe decontamination procedures particularly in developing countries where 

agricultural practices are not as well controlled. Interventions that can be produced and applied on 

smallholder farms in developing countries are particularly good candidate sustainable, adoptable 

interventions. In recent years, the application of photosensitisation using natural plant products as a 

photodye for controlling microbial contamination in foods has evolved as a clean green yet highly 

effective technology (Luksiene, 2005, Luksiene et al., 2010, Zerdin et al., 2009). This present study 

investigates the novel application of such a plant photodye to the control of A. flavus in maize. 

Curcumin is a yellow extract from the root tuber spice turmeric from the Curcuma longa plant. 

Studies have indicated that curcumin possesses different direct antimicrobial activities (De et al., 



 

126 

 

2009, Mun et al., 2013) including phototoxic properties to fungi and other microorganisms both 

in vivo and in vitro (Dovigo et al., 2013, Dovigo et al., 2011a, Dovigo et al., 2011b). The compound 

has been indicated to have inhibitory effects against A. parasiticus by reducing its growth, 

production of aflatoxin B1 and expression of aflatoxin pathway genes (Jahanshiri et al., 2012). 

Curcumin is also reported to have clinical activities against various inflammatory and pro-

inflammatory conditions (including cancer), protection against hepatic conditions as a result of 

arsenic and alcohol intoxication and other clinical conditions including acquired immunodeficiency 

(Gupta et al., 2013).  

The application of a photodegradation technique using curcumin as a natural dye against 

mycotoxigenic fungi, particularly A. flavus, has not previously been established. This study 

investigated the efficiency of curcumin mediated photodegradation of A. flavus spores and hyphae. 

In the first part of the study in vivo and in vitro photosensitisation of fungal spores was studied. 

Following the results that the technique works on spore (Temba et al., 2016a), further studies 

followed to investigate effectiveness of the method on hyphae of the same fungus and how varying 

temperature and pH affects the outcomes of the experiment. Investigation was also done on the 

effects of in vivo photoinactivation of spores on subsequent production of aflatoxin B1 in 

experimentally inoculated maize kernels. The results indicated curcumin mediated 

photosensitisation had a significant effect on viability of A. flavus spores both in suspension and 

when inoculated in maize kernel surface. Both in vitro and in vivo treatments had significant 

reduction of fungal spores when appropriate light intensities and dye concentrations were combined 

in photosensitisation. Whereas best results in solution were observed with 15, 25 or 50 µM dye 

concentration combined with light of 24, 60 or 84 J/cm
2
 intensity, less (but still significant) 

reduction in spore viability was observed with 100 µM, and no reduction effect was observed with 

light alone. Curcumin is only sparingly soluble in solution and the reduced activity at 100 µM may 

be due to high fluid turbidity inhibiting light penetration and transmission. Reductions of viable 

spore counts for spores inoculated in maize kernel surface were observed in both intact kernel and 

milled kernels treatments. The reductions achieved using 25 µM and 45 µM dye concentrations in 

maize kernels illuminated with 60 Jcm
-2

 did not differ significantly but each differed significantly 

when compared to using no dye.  

Depending on different settings variation in pH might be a common experience in 

photosensitisation applications. Previous studies have indicated that pH may be an influencing 

factor upon efficiency of microbial photoinactivation. For instance efficiency of Escherichia 

coliK12 photocatalytic inactivation by titanium oxide was found to be favoured by reducing the pH 

from 7.0 to 4.0 (Rincón & Pulgarin, 2004). However in the current study the observed behaviour of 
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photosensitisation efficiency across the tested pH range indicates that pH level does not influence 

the efficiency of photosensitisation. This means that if the technique is adopted at home or small 

scale maize processing pH variation which might result from different factors such as using treated 

water or applying food additives will not likely affect the efficiency of photosensitisation. The 

current study also reports a significant increase of photoinactivation efficiency to both A. flavus 

hyphae and spores by increasing temperature from 35 °C and 45 °C. The efficiency was not 

changed when temperature was tested between 15 °C and 35 °C.  Temperature has been indicated to 

be an important parameter in different microbial photoinactivation studies (Alves et al., 2011) 

possibly by affecting the kinetics of singlet oxygen generation and activities (Ehrenberg et al., 

1998). In this study range of ideally practical temperature and at which food products such as maize 

and peanuts kernels are not ―cooked‖ was tested. The fact that spore and hyphae inactivation 

efficiency was not affected between 15 °C and 35 °C and increases at 45 °C means wide range 

application of the technique across tropical regions where aflatoxins problem is prominent is 

possible.  

Following the effective reduction of fungal spores on maize kernels the current study reports further 

that aflatoxin B1 production in treated kernels is reduced to about half the amount formed in 

untreated kernels. This would probably be due to reduced number of viable fungal units which in 

turn lead to reduced fungal biomass. Mideros et al. (2009) reported that amount of aflatoxins 

formed in maize kernels correlates with amount of A. flavus biomass.  

This study represents the first application of curcumin for photodynamic degradation of A. flavus 

and reduction of aflatoxin B1 formed and parallels previous studies that have demonstrated similar 

effect of the dye with other fungal species and some bacteria. For example Dovigo et al. (2013) 

reported a significant phototoxic effect on the use of curcumin against pathogenic species of 

Candida. Haukvik et al. (2009) reported on the use of curcumin for photodegradation as having a 

significant inhibitory effect against gram negative (Escherichia coli) and gram positive bacteria 

(Enterococcus faecalis and Streptococcus intermedius) that were strongly influenced by changes in 

pre-irradiation incubation time, curcumin concentration and irradiation dose. The specific 

mechanism underlying photodynamic degradation of A. flavus spores has not been reported but the 

phototoxicity of curcumin seems to be oriented through reactive oxygen species that form as a 

result of the reaction between excited states of the dye molecules and oxygen molecules 

(Priyadarsini et al., 2003). Tonnesen et al. (1986) found that curcumin undergoes 

photodecomposition when exposed to UV or visible light both in solution and solid state forming 

different products, but mainly a cyclization product formed by losing two hydrogen atoms. It acts as 

a photosensitiser of singlet oxygen and undergoes a self-sensitized decomposition but the fading of 
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curcumin also involves other mechanisms independent of oxygen. In the present study yellow 

colour disappeared during the photo treatment process that was also correlated with reduced light 

absorption as determined by absorption spectrum (Figure 6.8). Similar results have also been 

reported, where UV radiation accelerated fading of curcumin colour detected at 405 nm (Lee et al., 

2013).  

 

Figure 6.8 Change in curcumin solution colour and absorption intensity as result of exposing 

to visible light at 430 nm 

 

The use of curcumin as a food additive is controlled by regulations such as European parliament 

directive 94/36/EC with maximum levels set for a range of foodstuffs (European-Union, 1994).  

Although there are no reported cases of toxicity from dietary use of turmeric or curcumin, possible 

effects that may occur as a result of excessive dose that could be associated with clinical use of the 

product should not be underestimated. Lack of significant toxicological effects has however been 

confirmed in animal studies when it was reported that a dose of up to 5 g curcumin/kg body weight 

were administered orally to Sprague–Dawley rats without observable effects(Wahlstrom & 

Blennow, 1978). Another study that tested doses of up to 3.5 g/kg body weight of curcumin for up 

to three months (orally) to rats, dogs and monkeys did not have adverse effects (National-Cancer-

Institute, 1996). A single independent study (in a dose of 100 mg/kg administered orally for six 

consecutive days) reported ulcerative effects of the compound to albino rats (Gupta et al., 1980) but 

this has never been confirmed in other studies. Curcumin has been previously evaluated by the Joint 

FAO/WHO Expert Committee on Food Additives (JECFA) and the EU Scientific Committee on 
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Food (SCF) that concluded that curcumin is not carcinogenic and allocated an acceptable daily 

intake level (ADI) of 0-3 mg/kg bw (JECFA, 2004). The European Food Safety Authority (EFSA) 

Panel on Food Additives and Nutrient Sources added to Food have conducted a re-evaluation of the 

JECFA report and considered a number of reports of positive results for curcumin in in vitro and 

in vivo tests for genotoxicity, especially those detecting chromosomal aberrations and DNA adducts 

(EFSA, 2010).  Based on available scientific data EFSA agreed that the compound is not 

carcinogenic, but also allocated an ADI of 3 mg/kg bw based on the no-observable-adverse-effect-

level (NOAEL) of 25-320 mg/kg bw/day. EFSA noted that intake of curcumin from the normal diet 

amounts to less than 7% of the 3 mg/kg bw ADI (EFSA, 2010).  

Curcumin can be produced by chemical synthesis, but only natural curcumin extracted from plant 

sources is used as a food additive. The Curcuma longa (turmeric) plant is grown widely in the 

tropical world including Africa (Damalas, 2011) mainly as a spice. It is therefore expected that 

application of the photoinactivation technique will be facilitated by its ready availability in African 

developing countries where food-originated mycotoxins exposure is a significant and persistent 

problem. Given that so much of the food supply in developing countries is estimated to be 

contaminated, further studies should focus on adapting this potential intervention for use on farm, 

with kernels naturally colonized by the fungus. 

6.5 Conclusion 

This is the first study reporting significant reduction of A. flavus spores and hyphae using natural 

dye mediated photosensitisation. Our study indicates a combination of appropriate curcumin dye 

concentration and light intensity significantly reduced viability of the A. flavus spores and hyphae. 

The study has revealed that across ranges of workable pH and temperature the efficiency of fungal 

spore and hyphae photoinactivation is not affected. Warm temperature of about 45 °C has been 

indicated to favour more photoinactivation of spores and hyphae. The study also reports reduced 

aflatoxin B1 produced in maize kernels experimentally inoculated with spores of A. flavus and 

treated with curcumin mediated photosensitisation. These findings provide a promising technique 

for reducing potential aflatoxin contamination in food and feed which are often proportional to the 

level of fungal infestations. At harvest, most smallholder farmers harvest cobs onto the soil, and 

then sun-dry on tarpaulin sheets; on farm cultivation of Curcuma longa and production of extracts, 

for treating cobs just before sun drying could help eliminate A. flavus spores at a critical point of 

grain exposure to fungal inoculum, while the spores are still largely on the surface of the grains. 

The technique can be applied in food processing such as mills to reduce fungal load and ensure a 

longer storage time for the resulting products without succumbing to high levels of mycotoxins. In 
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typically wet-milling operations grains are steeped in water prior to milling and this would represent 

an ideal intervention point for the described technology.  
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CHAPTER 7. Photoinactivation of Aspergillus flavus spores and mycelia 

mediated by Bidens pilosa water extract 

 

Note: This chapter has been published as a journal paper in Tanzania Veterinary Journal 

7.1 Introduction 

Fungal and mycotoxin contamination in food and feeds is a global problem that is challenging the 

food safety sector (Rodrigues & Chin, 2012, Rodrigues & Naehrer, 2012a, Rodrigues & Naehrer, 

2012b, Sweeney & Dobson, 1998). Serious health impacts to humans and animals are associated 

with exposure to the fungal toxins (IARC, 1993, Probst et al., 2007, Varga et al., 2009, Wannop, 

1961) which are estimated to affect 25% of all foods worldwide (Adams & Motarjemi, 1999). In 

addition to health consequences, the toxins are responsible for remarkable economic losses resulting 

from lowered animal production, decreased market value and reduced farm manpower (Cardwell et 

al., 2001). Strategies for managing mycotoxin are therefore highly sought and it has been shown 

that greatest control is achieved through employing locally relevant control measures. 

Reduced mycotoxin contamination in food and animal feed is achieved by a combination of 

agronomic, physical, chemical and biological methods both in the field and during storage (Kabak 

et al., 2006, Leslie & Logrieco, 2014). One of the methods that have been investigated for reducing 

microbial contamination in food and feeds is photosensitisation (described in section 5.1). This is a 

method in which microbial cells are killed by cytotoxic reactions induced by energy derived from 

Photosensitiser molecules excited by light of specific wavelength. Various synthetic and 

semisynthetic compounds referred in section 6.1 have been demonstrated to have Photosensitiser 

properties against food-contaminating microbes. However, due to consumers preference of 

chemical-free products (Yiridoe et al., 2005) investigations on natural photosensitisers, particularly 

of plant origin that can be used in food have been important. Differerent plant derived 

Photosensitisers were reviewed in CHAPTER 6 where also curcumin was indicated to be be an 

effective phototoxic compund against A. flavus spores and hyphae (Temba et al., 2015). Bidens 

pilosa is one of the plants known to have a polyacetylene compound 7-phenylhepta-2,4,6-tryine 

(PHT), capable of exerting photodynamic cell death of microorganisms including bacteria such as 

Escherichia Coli and Saccharomyces cerevisiae (Anarson et al., 1980) and fungi such as Fusarium 

culmorum (Bourque et al., 1985). 

B. pilosa is a perennial herb, globally distributed across temperate and tropical regions which has 

been traditionally used in food, animal fodder and medicine with no reported adverse effects 
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(Bartolome et al., 2013). In some places the plant is eaten as cooked green (Morton, 1962) and is 

favoured herb because it is easy to grow, palatable and safe (Yang, 2014). The plant is also 

commonly used to feed animals and its nutritional quality has been investigated for this purpose 

(Adedapo et al., 2011, Chang et al., 2016). 

Despite prolonged intervention efforts the occurrence and impacts of mycotoxins are still pervasive 

especially in the developing world where the problem is frequently compounded by issues of food 

insecurity with their emphasis on sufficiency of supply (Shephard, 2005). Most of the health 

problems associated with mycotoxins occur in communities prone to food shortage. Small scale 

farmers depend on the crops they produce for their food supply. This necessitates that they store 

their harvest all year round, a practice that in most cases puts them in higher risk of mycotoxins 

exposure due to poor storage facilities (Hell et al., 2000, Miller et al., 1995). Therefore innovation 

of methods to reduce mycotoxin and/or fungal contamination, that will be applicable and adoptable 

at small scale food and feed processing facilities,  will  benefit and protect people and animals in 

subsistence farming communities.  

 

Figure 7.1 Bidens pilosa 

This study is aimed at exploring the photoinactivation potential of B. pilosa to facilitate cost-

effective control of mycotoxins. It is anticipated that the findings from the study will provide a low 

resource technique that can be used to control occurrence of fungal mycotoxins contaminations in 

foods and feeds.  
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7.2 Materials and Methods 

7.2.1 Study design 

The study was divided into two parts. First was determination of optimal Photosensitiser 

concentration and light intensity to inactivate spores and hyphae of the A. flavus. Another 

component of the study was testing effects of both pH and temperature on the efficiency of 

photoinactivation.  

7.2.2 Preparation of the plant materials and extraction 

Fresh matured B. pilosa plants (with flowers and matured seeds) were harvested by cutting whole 

plants from suburban Brisbane, Australia (27°33'49.2"S 153°03'01.5"E) and the plant identity 

confirmed with a voucher specimen lodged with the Queensland herbarium AQ876642. The plants 

were thoroughly washed within 30 minutes after harvesting in running distilled water and leaves 

were picked. The leaves were kept at room temperature for 30 minutes to drain and then weighed 

and crushed thoroughly with mortar and pestle. The resulting product was collected and a portion 

(12 g) was transferred (1 g per extraction cell) into an accelerated solvent extractor 

(Thermo Scientific™ Dionex™ ASE™ 350) and extracted with distilled water. The combined 

extracts were dried in a vacuum evaporator and the dried weight of the material determined. The 

solid residue was re-dissolved using absolute ethanol, then diluted to 8% in distilled water, to make 

a stock solution of 20 mg/ml.  

7.2.3 Light source 

Light for photosensitisation was provided by an exon arc lamp machine (Polilight 500
®
, Rofin 

Australia Pty Ltd) with adjustable wavelength selection in a light impenetrable cabinet. The output 

light dose (J/cm
2
) was dependent on illumination time and light power and was expressed in J/cm

2 

obtained as a multiple of light power (W) and illumination time (s) divided by area of illumination 

(cm
2
). Light dose used was 60 J/cm

2
 for both hyphae and spore photosensitisation experiments.   

7.2.4 Absorption spectrum 

The absorption spectrum of the plant extract/spore mixture was determined across the visible light 

wavelength range (390-650 nm), using a plate reader (Tecan
®
 2000 Tecan Australia Pty Ltd) with 

two concentrations of B. pilosa extract (0.25 and 0.5 mg/ml) mixed with 10
3 

CFU ml
-1 

A. flavus 

spores in distilled water. The absorption curve indicated maximal absorption decreasing from the 

390 nm to 490 nm points with a further peak between 610-630 nm (Figure 7.2). A screening 

experiment was conducted to determine a wavelength point with highest fungal spore 

photoinactivation efficiency and it was found that 420 nm was the most potent wavelength and was 
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therefore selected as the wavelength for illumination for both spore and hyphae photoinactivation 

experiments. The light dose (intensity) was calculated as a multiple of light power (W) and 

illumination time (s) divided by area of illumination (cm
2
) and was expressed as J/cm

2
. 

 

Figure 7.2 Light absorption spectrum of B. pilosa extract 

 

7.2.5 Fungal spores, hyphae and culture conditions 

Spores of an aflatoxin-producing reference strain of A. flavus (ATCC 26944) were multiplied by 

culturing on malt extract agar (MEA).  

7.2.6 Testing spore and hyphae photoinactivation efficiency 

Photoinactivation efficiency was investigated by using two Photosensitiser (P) concentrations 

(0.25 mg/ml and 0.5 mg/ml) illuminated with 60 J/cm
2 

light dose. Two milliliters of spore and 

hyphae suspension at initial concentration equivalent to ca. 8 x 10
4
 CFU ml

-1
 were mixed with 2 ml 

B. pilosa (Bp) solution of appropriate concentration to make a total volume of 4 ml spore-Bp or 

hyphae-Bp suspension in a 35 mm x 10 mm petri dish. In the control (L
0
/P

0
) and light alone 

treatment (L
+
/P

0
), 2 ml of PBS was added instead of B. pilosa solution. Lidded petri dish with the 

spore/hyphae/Bp mixture was positioned 1 cm below the light beam and illuminated with light of 

420 nm wavelength for 5 minutes. Constant gentle stirring of the solution was done using a 

magnetic stirrer during illumination. Each treatment was replicated four times. The suspension 

temperature was measured with a digital thermometer (Comark C26
®
, ComarkUSA) before and 

immediately after each light treatment. Duplicate aliquots of 100 µl from the treatment petri dish 

were inoculated on MEA and incubated at 35 °C for 48 hours. The control was diluted at a ratio of 
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1:100 before plating on the growth media to enable counting of the colonies in expectation of a high 

CFU concentration. 

7.2.7 Effect of pH 

An experiment was designed to determine the effect of varying the pH of the suspension on 

efficiency of spore and hyphae photoinactivation. The pH of the spore-Bp or hyphae-Bp suspension 

was measured using a pH-meter (PHM210
®
, France) before and after photosensitisation. 

Photosensitisation was conducted at different pH of 1.5, 3.0, 5.5, 7.0, 9.0 and 12.5. The experiment 

was controlled by having a set of spore-Bp or hyphae-Bp mixture that was not treated with light. 

Normally the pH of the distilled water (with or without spores/hyphae and Photosensitiser) was 5.5.  

A lower and higher pH was obtained by adding hydrochloric acid (HCl) (LabServ, Thermofisher 

Scientific Vic. Australia) and sodium hydroxide (NaOH) (LabChemThermofisher Scientific, NSW 

Australia), respectively. Determination of spore/hyphae concentration was performed as explained 

at the previous section for testing spore/hyphae photoinactivation efficiency.  

7.2.8 Effect of temperature 

The effect of temperature was determined by conducting the photosensitisation at different 

temperatures of 15 °C, 25 °C, 35 °C and 45 °C and at room temperature (22 °C). In changing the 

temperature the spore-Bp or hyphae-Bp in petri dishes were kept in the refrigerator (4 °C) for 

30 min then removed. Constant monitoring of the temperature was undertaken by using a digital 

thermometer (Comark C26
®
, ComarkUSA) and petri dishes were immediately taken for 

illumination when temperatures of 15 °C and 22 °C were attained. For treatments at 25 °C, and 

35 °C the mixtures were heated on a heating block (TDB-1 Thermoline Scientific NSW, Australia) 

to attain respective temperature then immediately taken for illumination. Determination of resultant 

spore and hyphae concentration was performed as explained in the section for testing spore and 

hyphae photoinactivation efficiency.  

7.3 Results 

7.3.1 Photoinactivation efficiency to fungal spores 

Reduction of spore viability by 3 log and 3.5 log was observed when treatment involved light 

(60 J/cm
2
) combined with the 0.25 mg/ml and 0.5 mg/ml photosensitiser respectively (Figure 7.3). 

Both reductions levels when compared to the negative control by a single-factor ANOVA revealed 

significant differences (p< 0.05). The results for the two Photosensitiser concentrations; 0.25 mg/ml 

and 0.5 mg/ml also had significant differences when compared (p< 0.05).  Similar to the spores, 

significant reductions of hyphae viability (by 2 log  and 2.5 log ) were observed when treated with 
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0.25 mg/ml and 0.5 mg/ml photosensitiser respectively combined with 60 J/cm
2
 light (Figure 7.3). 

Photosensitiser alone and light alone treatments to the hyphae had results not statistically different 

to the negative control (p> 0.05). 

A 

 

B 

 

Figure 7.3 The effect of treating spores (A) and hyphae (B) with 0.25 and 0.5 mg/ml B. pilosa 

water extract-mediated photosensitisation 

7.3.2 Effect of pH on photoinactivation of fungal spores and hyphae 

Figure 7.4 shows the effect of varying pH on efficiency of spore and hyphae photoinactivation. The 

pH of distilled water was 5.5 and remained the same upon adding 0.25 and 0.5 mg/ml 

Photosensitiser and when the mixture was illuminated with 60 J/cm
2
. Adjusting the pH in the range 

1.5-9.0 did not kill the spores and hyphae nor did it affect photoinactivation significantly (p> 0.05). 

However raising the pH to 12.5 reduced the viability of untreated spores and hyphae remarkably 

and led to their total disappearance when coupled with photosensitisation.  
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Figure 7.4 The effect of pH variation on efficiency of photoinactivation and spore (A) and 

hyphae (B) viability. 

7.3.3 Effect of temperature on photoinactivation of fungal spores and hyphae 

The effect of temperature was tested and the results are summarized in Figure 7.5. At 15 °C 

reduction of 1 log was achieved with photosensitisation, and the efficiency increased with 

temperature, reducing 1.5 log at room temperature (22 °C) and the highest spore concentration 

reduction of 3 log was obtained at 45 °C. Photosensitisation efficiency was not affected by tested 

temperatures between 15 °C and 45 °C for the control (P
0
/L

0
), Photosensitiser alone (P

+
/L

0
) or light 

alone (P
0
/L

+
). With fungal hyphae, a similar trend was observed as efficiency of photoinactivation 

increased with temperature from 1.8 log reduction at 15 °C to 3.2 log reduction at 45 °C. 
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Figure 7.5 The effect of temperature variation on efficiency of photoinactivation and spore 

(A) and hyphae (B) viability 

 

7.4 Discussion 

The findings of this study provide in vitro evidence of the potential of B. pilosa extracts to 

inactivate A. flavus spores and hyphae through photosensitisation. At a concentration of 0.5 mg/ml a 

significant reduction of both spores and hyphae was achieved (p< 0.05). Our results indicate that 

from 12 g of fresh plant leaves 400 mg of dry water extract could be obtained (results not shown) 

which can make up to 800 ml working solution. This is equivalent to 1.5% w/v of fresh plant leaves 

in the working solution. The efficiency of the photoinactivation was also influenced by reaction 

temperature and increased between 15 °C and 45 °C. Although the mechanism of action for 

photosensitisation reactions mediated by this plant is not reported, studies have indicated the roles 
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of temperature in photosensitisation reactions, especially ones mediated through singlet-oxygen that 

coincide with our findings (Gottfried & Kimel, 1991, Gruss et al., 1998). 

The application of the B. pilosa plant for photodynamic therapy has been tested using its 

photoactive extract phenylheptatriyne (PHT) (Wat et al., 1979). The compound is a type of 

naturally occurring acetylene compounds that have been shown to have photoinactivation properties 

against different microorganisms (Dodge & Knox, 1986, Hudson & Towers, 1988). Few studies 

have been done to investigate B. pilosa extracts-mediated photodynamic inactivation of 

microorganisms and these have found to be effective against fungi (Bourque et al., 1985) and 

bacteria (Anarson et al., 1980).  The studies reported on the photoinactivation mediated by B. pilosa 

using purified PHT extracted using organic solvents and tested with ultraviolet light. The findings 

provide a way of applying the technique to control mycotoxin producing A. flavus using a more 

practical way of preparation and concentration. Hundreds of phytochemicals have been isolated 

from the plant (Bartolome et al., 2013) and it is difficult to conclude with certainty the nature of the 

component(s) responsible for the observed photodynamic action of the crude water extract.  

B. pilosa have been reported to possess medicinal properties including antitumor, anti-

inflammatory, antidiabetic and antihyperglycemic, antioxidant, immunomodulatory, antimalarial, 

antibacterial, antifungal, antihypertensive, vasodilatory and antiulcerative activities (Bartolome et 

al., 2013). In additional to medicinal properties, the plant is known to be edible as wild or cultivated 

vegetable in various parts of the world (Morton, 1962, Yang, 2014)and its nutritive values have 

been evaluated (Adedapo et al., 2011).  

Green plant additives have always been advocated as important components in animal feeds 

compounding for vitamins, minerals and fiber supplementation (Lindberg, 2014, Turner & Lupton, 

2011),and the endemic herb B. pilosa is commonly employed for this purpose (Alikwe et al., 2014, 

Tabuti, 2009). Incorporating the described Bidens-mediated photosensitisation technique in 

preparation of animal feeds has thus the potential to not only achieve cost-effective reductions in 

mycotoxigenic fungi during storage but also provide nutritive advantages to animals. 

7.5 Conclusion 

Reducing fungal contamination after harvest is an important step to reduce mycotoxins 

contamination during post-harvest handling of crops and storage. Fungal decontamination in foods 

has been challenging, especially the spores, and using chemical fungicides often contrast consumer 

preferences. Fungal decontamination by photosensitisation to reduce mycotoxins can be applied at 

grain processing, for example during washing stage of making maize flour or mixed grain flour for 
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infant meal (especially in developing countries). Further investigation of the possibility of using 

sunlight will make the technique more useful in small scale applications. 
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CHAPTER 8. General conclusion and recommendations 

 

After multiple cases of aflatoxicosis got confirmed in the early 1980s, Kenya and Tanzania have set 

regulatory standards for maximum acceptable limits for aflatoxins and fumonisins. The regulations 

were aimed at protecting consumers in the two countries from unacceptably contaminated products.  

Review to the regulations for improvement has been carried time after time, and the two countries 

are currently operating under the standards set for The East Africa Community (EAC). Maximum 

acceptable limits for aflatoxin B1, total aflatoxins, and fumonisins, are set at 5 µg/kg, 10 µg/kg and 

2000 µg/kg respectively in all products. Other actions including having mycotoxins control steering 

committees and facilitating research on the problem have been undertaken in the two countries. 

Outcomes from research including resistant varieties and biological control of A. flavus infection 

are currently under investigation at different points in the region. Together with the ongoing efforts, 

more robust control measures are needed to reduce the food safety problem. To achieve this, more 

information is required on the characteristics of occurrence of the toxins.  

The present study have revealed high occurrence of multiple mycotoxins especially aflatoxins and 

fumonisins in harvested maize in Kenya and Tanzania characterized with regional differences. 

Aflatoxins, especially aflatoxin B1 and total aflatoxins have surpassed fumonisins on proportions of 

samples contaminated above maximum acceptable levels. Of concern is also the co-occurrence of 

the two groups of the toxins making 75% of the sampled maize having at least one type of the 

aflatoxins or fumonisins and 19% of the samples not meeting the regional mycotoxins standard 

levels. Presence of the trichothecenes T-2, HT-2 and DAS and ochratoxin A was noted at low rates. 

In additional to other studies previously conducted in the region. These findings provide important 

information due to the nature of the study; specifying sampling at or around harvesting time, 

covering wider parts of the regions and getting samples right from the farmers (family) level. The 

study has indicated not only the percentage of the samples contaminated by key mycotoxins at 

unacceptable levels, but also the proportions of families at high risk of prolonged exposure. It 

should be considered that most farmers and their families store and consume what they produce 

from one season to another. Regional variation in frequency and concentration of occurrence of 

aflatoxins is reported in this study. 

The indicated regional variation in aflatoxin contamination which is also statistically related to 

rainfall and temperature conditions of climate explains the observed higher incidence rates of 

aflatoxicosis in some regions of the two countries. The information will help in prioritization of 

resources towards controlling the magnitude of aflatoxins in foods and feeds. It will also show the 
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importance of strategizing mycotoxin control to include family levels. Co-occurrence of mycotoxins 

is not uncommon finding in most of the studies conducted in the region. However this study 

provides the magnitude of the scenario in samples collected at and around harvesting giving a closer 

estimate of the formation of multiple mycotoxins in the field. This again is important at this time 

when various actions including resistant varieties are advocated as a way of targeting mycotoxins 

control at field stage. Better actions should have combined effects against multiple mycotoxins.  

The study has reported a high incidence rate of Aspergillus flavus in the maize with wide variation 

between difference regions of the two countries. Presence and biomass level of A. flavus was 

statistically related to presence and level of aflatoxin B1 and total aflatoxins, more than it was 

related to other aflatoxins tested. These findings add to the available information of how the 

occurrence dynamics of the fungi relate to occurrence of aflatoxins. This is an important 

information component as a good proportion of mycotoxin control programs target controlling the 

fungi, either in field or in storage. It should however be noted that variation in A. flavus biomass 

level in the maize explained about half the variation of aflatoxin B1 and total aflatoxins in the 

samples. This indicates that in addition to factors that facilitate fungal multiplication there are more 

factors influencing the rate of aflatoxins formed. Therefore controlling aflatoxins through 

suppressing growth and multiplication should be integrated with strategies targeting other 

parameters. The high incidence rate of A. flavus in the harvested maize indicates the importance of 

having actions for reducing the opportunities for aflatoxin formation during storage. 

This study has demonstrated the possibility of using photosensitisation mediated with natural plant 

products to reduce spores and hyphae of A. flavus. The study is the first of its kind to indicate the 

possibility of inactivating spores and hyphae of A. flavus by photosensitisation mediated by 

curcumin and B. pilosa. The study indicates that at appropriate concentrations of the extracts using 

enough dose of light at wavelengths specific to each extract the method can be useful in reducing 

post-harvest aflatoxins production in maize and probably other food products. 

Farmers in developing countries harvest their maize and further dry them before storage. Grain 

milling plants and individual farmers perform milling of maize in a procedure that involves soaking 

and washing of the kernels as part of the preparation. This means that if the photosensitisation 

technique becomes practical, farmers and grain millers at one point of handling maize can apply the 

extracts and allow light treatment and hence reduce viable fungal materials that go to storage. As 

demonstrated in this study, under favourable conditions significant amounts of aflatoxins can form 

in maize kernels in five days. This rapid infection and contamination highlights the importance of 

reducing fungal materials after harvest to reduce the risks of aflatoxin contamination. In this study 
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efficiency of photosensitisation mediated with natural plant products using tools which could 

facilitate customization of light wavelengths was tested. To realize practical usage of the technique 

by farmers, further studies are required to find more applicable source of light including sunlight.  

From the findings of this study the following are recommended; 

i. More campaigns should be carried in the two countries to educate and sensitize farmers, 

traders and consumers on mycotoxins and assist them to apply the already proven 

control and where applicable decontamination techniques. 

ii. Further investigations should be conducted on occurrence of the toxins, to find out how 

different social and agronomic practices specific to local areas, potentially influence 

occurrence and exposure to mycotoxins. The studies should also investigate any 

potential traditional practices that can be useful in reducing contamination and exposure 

to mycotoxins. 

iii. Practical application of curcumin and Bidens pilosa mediated photoinactivation of 

mycotoxin producing fungi in contaminated crops should be pilot-studied in the two 

countries. Applicability of sunlight to mediate photoinactivation of fungi in crops should 

also be studied.  

The scope of the present study has been confined to maize but the promising findings from the 

photosensitisation study could be equally applied to other crops similarly affected by 

mycotoxins, such as peanuts, cashew nuts, sunflower, sesame, cassava, sorghum, banana (green 

dried), dried fish and other seafood, dried edible insects, spices and fruits.   
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