20

The control of aflatoxins in maize in Africa: The current strategies, challenges and opportunities for improvement 
Background 
Maize (Zea mays), the most important food staple in Sub-Saharan Africa (SSA) accounts for up to 70 percent of the total human caloric intake (Byerlee and Hiesey,1996; Martin et al., 2000). In southern Africa, per capita annual consumption of maize hovers far above 100 kg with countries such as Malawi and South Africa going up as high as 181 kg and 195 kg, respectively (CIMMYT 1999). Trends indicate that the production and consumption of maize in Africa shall continue to grow in the next couple of decades (Wu et al., 2011). Unfortunately, maize, just like many other cereals, is subjected to pre- and post-harvest contamination with aflatoxins, which are acutely toxic, immunosuppressive, mutagenic, teratogenic and carcinogenic compounds (Williams et al., 2004).Chronic exposure to aflatoxins has been reported to contribute to malnutrition and stunted growth in children and a number of disabilities and death (Gong et al, 2004; Khlangwiset et al., 2011). There is increasing evidence that aflatoxins increase the rate of progression from HIV infection to AIDS (Jolly et al., 2013; Jolly, 2014).Considering the heavy dietary reliance on maize in Africa, the associated exposure is likely. The best approach to prevent the effect of aflatoxins is prevention both in the field and during storage and strategies for control have been discussed earlier (Bruns, 2003; Chulze, 2010). However the environmental conditions and the socio-economics in Africa is so complex requiring tailored strategy. This chapter discusses options and interventions for aflatoxin control and management in maize in Africa, the associated challenges and opportunities for improvement. 
Aflatoxin contamination in Maize
Maize is one of the most susceptible crops to aflatoxin contamination. Contamination of maize with high levels of aflatoxin has been reported across Africa. Notably, 55% of 350 maize samples that were collected from across Kenya in 2004 had aflatoxin levels greater than 20 μg/kg with 7% of the samples registering aflatoxin levels greater than 1,000 μg/kg (Lewis et al., 2004). In Nigeria, 51% of 70  maize grain samples that were collected across the country in 2013 had aflatoxin concentrations above the 10 μg/kg (Adutenji et al., 2014). Comparable results were recorded in  survey that was  conducted in Malawi in year 2014 involving 90 maize smples obtained across the country where aflatoxin was detected in 34% of them with a mean aflatoxin content of 164±45 (max 878 μg/kg) (Matumba et al.2014). Considering that aflatoxin monitoring/surveys are intermittent in the Africa due to resource constraints, much higher and wide aflatoxin contamination in maize is likely to have been skipped especially during end-of-season drought and prolonged-rain years.     

Toxigenic fungi may infect maize and produce aflatoxin during development of maize grain in the field and in mature grains (pre harvest), during harvest, or during storage and processing. 
Aflatoxin biosynthetic pathway in A. flavus has been studied extensively and is now quite well understood (Bhatnagar et al., 2006; Yu, 2012).  However, the signaling processes that turn on aflatoxin biosynthesis during fungal contamination of crops are still not well understood. Nonetheless the role of humidity, temperature, plant nutrition, disease and pest damage has been extensively studied. 
Water activity is one of the most important determining factors for fungal colonization of maize grain. A minimum water activity of 0.82-0.83 and 0.87 has been reported for growth and aflatoxin production by A. flavus growth and A. parasiticus (Pitt and Miscamble, 1995). Effect of temperature on the growth of A. flavus and aflatoxin development has also been widely studied. Growth of A. flavus has been reported to occur from as low as 8 °C (Diener & Davis, 1970) to 43 °C (Rambo et al., 1975; Sorenson et al., 1967) with aflatoxin production optimum temperature range of 24-35 °C (Northolt et al., 1976; Northolt et al., 1977; Schindler, 1967). Under favourable conditions, A. flavus is capable of producing aflatoxin within 24 hours after infestation (Gwinner et al., 1996). 
Current control strategies for aflatoxins control and their challenges 
It is not practical to totally preclude aflatoxin contamination in maize because most critical factors for aflatoxin production are extrinsic to human control especially in the tropical Africa where high ambient humidity makes the control of commodity moisture difficult (Chulze, 2010). In addition, in many parts of Africa there are additional compounding social factors such as theft of the maize while still standing in the fields (McCall, 1985) which compels farmers to harvest and store the maize before adequate drying thus increasing the risk of aflatoxin contamination. Nonetheless, it is possible to keep the aflatoxin levels down. The best way to achieve this is simply to follow good agricultural practices (GAP) during the seed management and field production stages, and good manufacturing practices (GMP) during the handling, storage, processing, and distribution of maize for human food and animal feed. A complementary management system is the Hazard Analysis Critical Control Point (HACCP) which had been successfully applied in Southern Africa in commercially produced peanut butter (FAO, 2003). The subsequent sections elaborate how some practices and actions could assist in mitigating aflatoxin cotamination of maize. Further, the practical challenges of the interventions are highlighed. 
Pre-harvest cropping system

Pre-harvest aflatoxin contamination is a very complex problem affected by a multitude of biotic and abiotic factors. Therefore, a multi-pronged approach is necessary to control aflatoxin contamination (Cary et al., 2011). Pre-harvest aflatoxin prevention strategies can be broadly classified into three: 1) enhancement of host (crop) fungal resistance; 2) escaping of fungal contamination; and 3) reduction of toxigenic fungi population. Specifically, this include crop rotation, tillage, timely planting of agro-ecologically adapted varieties or disease resistant varieties, proper crop densities, management of irrigation and fertilization, weed control, proper disease and pest management including use of bio-control agents.

Crop rotation 
The continuous cultivation of maize on the same land may contribute to the built-up of toxigenic fungal population in the soil and consequently increase the risk fungal infection and aflatoxin contamination of maize crop. Conversely, crop rotation potentially reduces the population of aflatoxin-producing fungal communities (Abbas et al., 2004; Griffin et al, 1981; Jaime-Garcia and Cotty, 2004,2006, 2010; McGee et al., 1996). Infact, studies have shown that fields previously cropped to maize have significantly greater quantities of A. flavus than fields previously cropped to either cotton or sorghum with the later having the lowest populations (Jaime-Garcia and Cotty, 2010). This due to the fact that maize cobs and residues which are naturally good substrate for fungal proliferetion are left in the field after harvest are subsequently colonized by toxigenic fungi (Abbas et al., 2008; Jaime-Garcia and Cotty, 2004; Zummo, 1991; Zummo and Scott, 1990) and thus increase their population during subsequent cropping season. The same explaination holds for the high toxigenic fungal poulation in fields previously cropped to groundnuts (Ortiz et al., 2011). It is for this reason that a crop rotation involving maize and groundnuts does not help to bringdown toxigenic fungal population (Griffin et al., 1981). An aflatoxin sensitive crop rotation pattern should involve crops such as soya, sorghum, millet, cassava, yams which are not good substate for the fungi growth. Unfortunately, in  most parts of Africa  the implementation of an such effective crop  rotation  is greatly constrained by socio-economic factors including the shrinking size smallholder farms due to rural population growth and rising land scarcity (Hazell, 2005; Jayne et al., 2012; Thierfelder et al., 2013), and over reliance on maize by the populations (Byerlee and Hiesey, 1996; Martin et al., 2000). 
Tillage
No-tillage production systems have been shown to provide important benefits to long-term soil sustainability, in part by eliminating soil and carbon losses caused by tillage operations (Teasdale et al. 2007). However, there is sufficient evidence that no till production systems encourage the  build-up of aflatoxin producing fungi (Zablotowicz et al., 2007) and other mycotoxigenic fungi and mycotoxin contamination of crops (Bernhoft et al., 2010; Blandino et al., 2010; Champeil et al.,  2004; Koch et al., 2006; Maiorano et al 2008; Xu, 2003). No-tillage practices generally increases soil organic matter in the surface soil (Reeves 1997; Locke et al., 2005) which consequently support the multiplication of the fungi. Moreover, residues act as source of fungal inoculum. Interestingly, there also exist extensive data that suggest that comparable soil conservation benefits could be realized if residues are incorporated during tillage (Bagg et al., 2000; Bakht et al., 2009; Witt et al., 2000). However in areas that are vulnerable to erosion, the no-till practice  might be the only option to safeguard the soil and in that case a crop other than maize  which is less susceptible to aflatoxin contamination would be ideal. 
Host plant resistance 

Efforts to reduce aflatoxin accumulation in maize have for long been focused on identifying and selecting germplasm with natural host resistance factors (Brown et al., 1999; Widstrom et al 1984; Brown et al., 2001, Warburton et al., 2011). However, native resistance to aflatoxin contamination in maize is polygenic and complex and thus advances in the area have been sluggish (Cary et al., 2011). Nevertheless, much work has been accomplished on the identification of maize genotypes demonstrating increased resistance to aflatoxin contamination. The primary focus of resistance has been on the kernel both at the pericarp and at the sub-pericarp level (Brown et al., 1993). A number of studies have demonstrated the protective role of pericarp waxes in kernel resistance (Gembeh et al., 2001; Guo et al., 1996; Rajasekaran et al., 2013). Indeed breeding lines and populations with high resistance under varying environments have been released (Williams and Windham, 2001, 2006, 2012; Williams et al., 2005; Mayfield et al., 2012). However; these lines are not available to farmers in Africa. And even if there were commercially available in Africa the majority of farmers cannot easily afford these hybrid cultivars and they often use open pollinated varieties which are comparably cheaper and easy to maintain the seed for planting in the next season.
Recently, researchers observed lowest level of aflatoxin contamination in an aflatoxin resistant genotype that was most drought stressed and concluded the aflatoxin resistance in this genotype  involved complex mechanisms such as inhibition of fungal infection and growth or inhibition of aflatoxin biosynthesis after infection (Kebede et al., 2012). Physical traits such as husk openness’/tightness and ear orientation after maturity for maize may also influence pre-harvest aflatoxin contamination. It is established that kernels of loose-husked maize are more prone to mold infection and aflatoxin contamination than tight-husked (Widstrom et al., 1981). Barry et al., 1986; Betran and Isakeit, 2004). On the other hand, ears that remain upright are likely to be infected by mould especially when rainfall prolongs (Munkvold, 2003).Unfortunately, some of these traits are not preferred by farmers. For instance, tight husks are not favoured by most US farmers (Warburton and Williams, 2014).  
Timely planting of agro ecologically adapted varieties   
. Literature indicate that early planting may shift the period between anthesis and dough-development in maize to a time frame in the growing season where drought and heat stress are less likely to be encountered, as compared to later plantings (Bruns, 2003). But this is not always true, as in some cases early planting increase the risk of pre-harvest contamination. For instance, early planted of maize in Georgia, USA, is at higher risk because the critical grain filling period, beginning 20 days after silking, falls when the seasonal maximum and minimum temperature are highest and when net evaporation is at its peak (Widstrom et al., 1990). Most importantly, varieties need to be well adapted to the local conditions. Matching the variety to the agro-ecology allows the crop to mature before moisture stress occurs. On the other hand the maize crop should also not mature too early during the  rainfall season as dying may present drying challenge in most parts of Africa since alternative drying techniques e.g. forced air dying are not practically achievable. Unfortunately, in the in most parts of the continent very little work has been done to elucidate these trends. Worse still, due to climate change, rainfall patterns have become so irregular making the ‘variety-agroecology-time of planting’ matching virtually impossible.  
Water stress management 

Drought stress is a major contributing factor toward pre-harvest aflatoxin contamination. Maize plants exposed to drought stress are more susceptible to infection by toxigenic fungi than unstressed plants (Kebede et al., 2012). Studies have demonstrated that the decrease in kernel water activity (aw) reduces phytoalexin production in crops (Dorner et al., 1989; Wotton and Strange, 1985). Phytoalexins are antimicrobial substances synthesized by plants that accumulates rapidly at areas of pathogen infection. . For growing groundnut kernels for instance sufficient phytoalexins are produced at high aw (＞0.97) to inhibit growth of A.flavus and subsequent aflatoxin contamination. Moisture loss in pre-harvest kennels lowers capacity of phytoalexin production and is eventually lost at aw＜0.95.It has been established that in immature groundnuts, aflatoxin does not form until phytoalexin production ceases due drought stressed plants (Dorner et al., 1989). Although, there are no data relating phytoalexin and aflatoxin contamination in pre-harvest maize similar pattern is likely. Further, drought stress during grain filling results in cracks that might enhance A. flavus infection and subsequent aflatoxin development (Smart et al., 1990). Periodic drought stress aggravates aflatoxin contamination by eliminating microbial competitors for the toxigenic fungi, resulting into high population of the aflatoxin producers (Diener, et al., 1987; Sorenson et al., 1984). It is worth stressing here that although drought intensity may increase aflatoxin contamination in crops, drought tolerance does not necessarily lead to less aflatoxin contamination (Hamidou et al., 2014). 

In sub-Saharan Africa, maize if principally grown under rain fed system and unfortunately in the recent years the region has plagued by both recurrent and severe droughts (Jones and Thornton 2003). As a mitigation and adaptation measure for the climate change, conservation agriculture involving surface residue cover has extensively been encouraged (Fowler and Rockstrom, 2001). However, as highlighted in the earlier section, this strategy mainly aims at managing soil nutrients and moisture is to a great extant insensitive to mycotoxin control and management as it increases the fungal spore load. In this context, alternative water harvesting and management techniques such as tied-ridging (Motsi et al., 2004) and residue incorporation into the soil (Bagg et al., 2000; Bakht et al., 2009; Witt et al., 2000) and use of live mulch (Sharma et al., 2010), might be ideal. Soils with high organic matter have a greater moisture-holding capacity than soils with a lower organic matter content and consequently reduce the risk of moisture stress and susceptibility to aflatoxin contamination. Equally important is the need to maintain optimal plant density. Distantly spaced maize plants may exacerbate moisture loss through evaporation during drought stress periods. On the other hand, highly dense planting leads to competition for nutrient and moisture and result compromised plant vigour (pest and disease prone, lodging and mycotoxin risk...) (Zhang, et al., 2014). Similarly, high crop densities and excessive weed growth may deplete available soil moisture.
Adequate soil nutrient supply 

Adequate soil nutrient promotes plant vigour, which helps plants to withstand pest disease pressure. Nitrogen stress can significantly increase aflatoxin contamination in maize especially during drought stress and high temperature during pollination and seed maturation (Jones 1987; Jones et al., 1981; Payne et al., 1989). It has also known that nitrogen stress may result from drought stress due to insufficient uptake of the nutrients (Jones, 1987). However studies conducted in Benin demonstrated higher aflatoxin concentration when the N-fertilizer source was urea with NH4+ than when NPK-fertilizer were used (Cotty and Cardwell, 1999; Hell et al., 2003). Contrary effects of urea on aflatoxin contamination were observed in experiments that was carried out in Italy and in USA where a negative correlation was found between the N rate and aflatoxin B1 contamination (Tubajika et al., 1999; Blandino et al., 2008). It is logical that application of NPK-fertilizer lowered aflatoxins as phosphorus is necessary for the development of root system which is necessary for nutrient and water uptake. Similarly, calcium has an important role in root growth and development in addition to neutralization of low pH which has deleterious effects on growing crop. Potassium regulates cellular hydration and stomatal activity. High zinc concentration in soils is associated with germ aflatoxin contamination; however the presence of high levels of phosphate makes zinc unavailable to the A. flavus (Lacey and Magan, 1991). Therefore, adequate application of these fertilizers is likely to counteract drought stress and subsequently deter fungal attack and aflatoxin contamination. Unfortunately, fertilizers are beyond reach of African smallholder farmers (Vanlauwe et al., 2014), in spite of substantial increase in fertilizer usage in sub-Saharan Africa due to subsidy programs in the recent years (Jayne et al., 2013). On the other hand, some cultural practices thought to substitute fertilizers e.g. alley cropping systems, integration of herbaceous legumes, improved legume tree fallows and biomass transfer systems (Carsky et al., 2001; Kang et al., 1981; Sanchez et al., 1997) have also been proven to be impractical due to ineffectiveness (poor crop response), high labour intensity and the lack of immediate benefits to farmers (Dvorak, 1996; Hauser et al., 2006; Sidibé, 2005).  


Seed vigour, pest and deseases 

Related to aflatoxin resistance in seeds is the issues of seed vigour. Most Aspergillus species are opportunistic pathogens and therefore their ability to invade a host chiefly depend on plant’s loss of natural protection e.g. prevailance of wounds, deformities and deasease (Leger etal., 2000). Literature isreplete with data that indicate that  high drying and storage temperature compromise seed vigour (Dickie et al. 1990; Ellis et al., 1991; Ortiz et al., 2016). Poor seeds with low seed vigour would probably grow into weaker plants that are more vulnerable to mould and other pest attack and aflatoxin contamination.Pest attack and diseases can produce plant stress and facilitate the infection of maize grain by mycotoxinproducing fungi (Hell et al., 2000; Mukanga et al., 2010; Ni et al, 2014; Windham et al., 1999). Of particular importance are stem-borer whichis one of the the most injurius preharvest pest of maize Africa (Khan et al, 2000). Fortunately management strategies for this pest exist todate and these include: Utilization of syntheticsex pheromones, cultural control, intercropping and habitat management, management of crop residues,  manipulation of sowing dates and densities, fertilizer host plant resistance breeding for resistance and biological control. Kfir et al., (2002) providesan excellent review ofthese management options. 
Biological control 

Biological control is the purposeful utilization of introduced or resident living organisms, other than disease resistant host plants, to suppress the activities and/or populations of one or more plant pathogens (Pal and Gardener, 2006). Successful biological control of aflatoxin contamination requires that potentials of populations of aflatoxin-producing members of Aspergillus section Flavi, causal agents of crop contamination with aflatoxins, are reduced sufficiently to lower the aflatoxin content of treated crops. Several fungi and bacteria have been evaluated as agents for the prevention of aflatoxin contamination during pre-harvest stages of crop production. 

Bacteria frequently have excellent activity at inhibiting Aspergillus species and aflatoxin biosynthesis in environments with relatively high water activity.  This resulted in early industrial interest in bacteria (e.g., Bacillus subtilis) and/or bacterial products (e.g., Iturins, a group of cyclic lipopeptides) as a source of biocontrol products for preventing aflatoxin formation in crops (Kimura and Hirano, 1988; Ono and Kimura, 1991). In more recent work, bacteria including members of the genera  Bacillus, Pseudomonas, Ralstonia, and Burkholderia isolated from pistachios in California were able to completely inhibit the growth of A. flavus under in vitro conditions (Palumbo et al., 2006). Similarly, interest in various genotypes of Bacillus subtilis and P. solanacearum to inhibit aflatoxin accumulation has also continued including with bacteria collected from  Argentine soil (Nesci et al., 2005). Indeed, in India, Bacillus subtilis Strain G1 suppressed A. flavus populations in the soil, A. flavus infection and aflatoxin B1 biosynthesis in groundnut kernels and increased the pod yield in greenhouse and field experiments (Shifa et al., 2016). Similar inhibitory effects of selected antagonistic strains of fluorescent Pseudomonas, rhizobacteria and Bacillus strains have been also demonstrated in greenhouse and field experiments using groundnut as the test crop (Anjaiah et al., 2006; Navya et al., 2015).  There may be human health concerns for some bacteria (Govan and Deretic, 1996; Parke and Gurian-Sherman, 2001) with potential as biocontrol agents especially those that are active at the high temperatures in which aflatoxin-producing fungi thrive (i.e. 37 C, human body temperature).  Furthermore, most bacteria with potential as active ingredients, when applied at economically feasible rates for the management of aflatoxins, are not adequately competitive in hot, dry field conditions under which the fungi that produce aflatoxins dominate crop environments and as a result, conditions under which biocontrol activity is most required. 

Production of massive amounts of conidia (spores produced by mitosis) and the mycelial habit allow some of the filamentous fungi to be effective biocontrol agents even under the dry conditions under which the aflatoxin producing fungi are very competitive.  Of the many fungal genera of interest as biocontrol agents, Trichoderma is perhaps the most frequently studied for the management of plant diseases (Howell, 2003; Mukherjee et. al., 2013).  Many genotypes of Trichoderma have significant potential as active ingredients for biocontrol products resulting in the genus Trichoderma having  commercial application for controlling a large number of plant diseases (Lorito and Woo, 2015). Inoculation with Trichoderma spp on groundnut resulted in significant reduction of seed infection by A. flavus, and it also reduced >50% of the A. flavus populations in the geocarposphere of groundnut (Anjaiah et al., 2006). Trichoderma harzianum Strain 77, the active ingredient of the registered biopesticide Eco-77® in South Africa, has been evaluated for aflatoxin reduction in sweet corn (Sivparsad and Laing, 2016). This strain is a mycoparasite and causes hyphal lysis of A. flavus. When sprayed on silk 10-12 days post-mid silk stage, Strain 77 lowered aflatoxins in sweet corn, but spraying silk before or after this stage had little effect on aflatoxin reduction. Therefore, the window of application for effective control of aflatoxin using Strain 77 is extremely short. There are practical challenges associated with the short window of application since silking is rarely uniform across  a maize field.  In general, because sweet corn is harvested with high moisture content and consumed fresh, aflatoxin contamination is usually not of commercial concern.  The studies mentioned above were primarily carried out under laboratory and greenhouse conditions but rarely were these “proof-of-concept” extended to on-farm field conditions or progressed further to the registration stage necessary for commercial use of microbial biopesticides.  

The species of Aspergillus that produce aflatoxins possess tremendous genetic, morphological and chemical diversity. Some genotypes of the fungus produce large quantities of aflatoxins having the potential to produces over a million µg/kg of aflatoxins in a single corn kernel.  Other genotypes produce no aflatoxins and are known as atoxigenic strains. The two major morphotypes of A. flavus are the L and S strains named for the size of sclerotia produced (S – small, L – large).  Genotypes belonging to the S-strain morphotype produce on average more aflatoxins than genotypes belonging to the L-strain.  Aflatoxin production within the L-strain is highly variable and nearly all atoxigenic genotypes found naturally within A. flavus belong to the L-morphotype. Properly timed introduction of endemic atoxigenic (non-toxic) vegetative compatibility groups (VCGs) of A. flavus into agricultural fields alters the composition of fungal communities increasing frequencies of the applied atoxigenic A. flavus and decreasing  both the frequencies of aflatoxin producers and the quantities of aflatoxins in crops (Cotty, 1994; Probst et al., 2011). These changes to the average aflatoxin producing potential of fungal communities can be induced without increasing the overall quantity of A. flavus in the environment (Atehnkeng et al., 2014).  Competitive exclusion of aflatoxin-producing fungi by endemic atoxigenic VCGs is a proven non-toxic biological control technology that reduces aflatoxins during both crop development and post-harvest storage, and throughout the value chain (Atehnkeng et al., 2014; Bandyopadhyay et al., 2016; Cotty et al., 2007). Two biocontrol products that contain atoxigenic strain active ingredients —Aspergillus flavus AF36 and Afla-Guard®—are registered for use in the United States where large acreages of cottonseed, maize, groundnut and pistachios are treated with the biocontrol products annually (Cotty et al., 2008; Dorner, 2009; Weaver et al., 2015). 

The atoxigenic strain based biocontrol technology using the competitive displacement principle has been successfully adapted for use on maize and groundnut in several African nations. Native widely distributed and locally-adapted atoxigenic VCGs have been identified from several African countries and genotypes belonging to these VCGs have been incorporated as active ingredients in biocontrol products bearing the trademark Aflasafe (Bandyopadhyay et al., 2016). Each of the three currently registered Aflasafe products (Aflasafe for Nigeria, Aflasafe KE01 for Kenya, and Aflasafe SN01 for Senegal) contains a different mixture of four atoxigenic A. flavus genotypes highly adapted to the target nation’s agroecosystem.  Consistently high levels of efficacy in reducing aflatoxin contamination in maize and groundnut by country-specific Aflasafe products have been obtained for several years in Burkina Faso, Kenya, Nigeria, Senegal, The Gambia and Zambia. The biocontrol program currently includes countries in East (Burundi, Rwanda, Tanzania and Uganda), West (Ghana) and Southern (Malawi, Mozambique and Zambia) Africa due to widespread need for relief from aflatoxin exposure and the excellent efficacy of the biocontrol approach. The active ingredient genotypes used in the biocontrol products carry over both between seasons and through the value chain, reducing contamination in storage and transport even when conditions favor fungal growth. Year to year carry-over of influences of atoxigenic strain applications result in additive benefits when treatments are made in multiple seasons and widespread benefits due to reduced aflatoxins throughout the environment including reduced exposure to aflatoxins in crop fragments during harvest or processing and in conidia produced by high aflatoxin producers .  Multi-year influences mean  a single application of an atoxigenic strain biocontrol product  may benefit not only the treated crop but also rotation crops and second season crops that miss a treatment (Cotty et al., 2007). Additionally, because fungi can spread, as the safety of fungal communities within treated fields improves, so does the safety of fungal communities in areas neighboring treated fields (Cotty et al., 2008). 

In spite of the high efficacy of atoxigenic strain based biocontrol approach, several concerns have been raised about the technology. Apprehensions include: use of sorghum as carrier in the formulated product, potentially high distribution costs due to bulky nature of the formulated product, lack of aflatoxin-conscious markets that are willing to pay a premium for low aflatoxin maize, efficacy of the product during drought, potential risk of allergies and/or aspergillosis, influence of biocontrol products on other mycotoxins and on the soil microenvironment, and recombination between atoxigenic and toxigenic genotypes under natural conditions. All these concerns have been addressed by Bandyopadhyay et al. (2016) and Adhikari et al. (2017) and both the risks and costs appear minimal compared to both the health benefits for the African population and the potential gain of high value export markets. 

Atoxigenic strain based biological control has advanced through the stages of development of products, registration by regulators, commercialization and is on path towards widespread adoption by farmers for aflatoxin mitigation. To make the biocontrol product available to farmers and other end-users, a manufacturing plant has begun to produce Aflasafe in Nigeria and a small-scale modular manufacturing plant is under construction in Kenya. A model for creating sustainable market demand for Aflasafe in the maize value chain is being piloted under the AgResults Aflasafe Initiative (in Nigeria http://agresults.org/en/283/NigeriaAflasafePilot)  where farmers have purchased (cost of product: $12-20/ha depending on exchange rate from Naira to US Dollar) Aflasafe to treat about 30,000 ha (application rate: 10 kg/ha). The Kenyan government has procured the Aflasafe product and enabled smallholder farmers to treat almost 23,000 ha with the biocontrol product in aflatoxin-prone areas in as a public good in public health interest and to improve marketability of maize grains. A Senegalese agribusiness firm provided 40 tons of Aflasafe to its contract growers in 2016 to improve the safety and marketability of groundnuts procured from the farmers (Bandyopadhyay et al., 2016). In all instances of scaling up mentioned above, biocontrol is used as a component of integrated management in which several other practices such as rapid drying and good storage are also promoted. In order to encourage Aflasafe use and commercialization, licensing mechanisms for manufacturing / marketing / distribution are required. USAID and the Bill & Melinda Gates Foundation have recently funded a technology transfer and commercialization initiative to scale-up use of Aflasafe on 500,000 ha in 11 African nations through private, public, or public-private partnerships.

Post-harvest management 

· 
· 
· 
· 
· 
· 
· 
· 
Preventing contamination

Adverse weather at harvest results in slow and inadequate drying of maize which results in fungal growth and possible aflatoxin formation. Thus, timing of harvest can have a major influence on the ultimate aflatoxin contamination in the maize. Whereas early harvest followed by proper drying at home can prevent pre-harvest fungal growth and toxin production, late harvest can be preventive because it  allows field drying to proceed to desirable moisture content, particularly if there is little possibility for pre-harvest infection (Munkvold, 2003).
Importantly, it is necessary to ensure that timely harvested maize, is properly handled to prevent contamination. Immediately, after harvest, maize should be dried as quickly as posible to moisture content below 15.5% in order to stop or prevent fungal growth. Unfortunately, in Africa drying relies on solar, thus takes longer to reach a safe mositure level. If maize is not properly dried, aflatoxin contamination can increase ten-fold in three days after harvest (Tanboon-ek, 1989).This is especially so in some regions where humidity and rainfall remain high at harvesting delaying the harvest and constraining actual drying. It is also a challenge in regions where the next season starts early when the crops are still in the field (Kaaya and Kyamuhangire. 2005). 
For proper drying, farmers are advised to dry maize outside the field and avoid drying on bare ground. Practical approach for Africa is to dry off the ground (raised plafform); a practice achievable using a crib for unsheeld maize and tarpaulins for shelled maize.  There is need to also promote use of other apropriate technologies for quick drying of maize and other crops to appropriate moisture. The use of solar or hot air drying and monitoring of moisture content during drying are recommended practices.

After drying maize should be stored under conditions that do not favour contamination. When good storage practices are observed, aflatoxin level in maize is not believed to increase (Munkvold and Desjardins, 1997). In Africa, aflatoxin contamination during storage is common because storage conditions are favourable for aflatoxin contamination. The storage structures are characterized by excessive heat, high humidity, lack of aeration in the storage area and insect and storage damage.  Generally, maize cobs should be stored in a well aerated drying bin. The Codex Alimentarius Commission (CAC) recommend use of dry and well-constructed structures that provide protection from rain, drainage and ground water, and protection from the entry of rodents and birds, ideally with minimum temperature fluctuations (CAC, 2002). In addition to possession of good storage facilities, farmers are required to clear the facilities of remains of the previous harvests and destroying infested crop residues (Hell et al., 2008; Munkvold, 2003). Apart from proper sanitation of storage facilities, time to time monitoring of quality and insect infestation status is necessary. When infestation is observed, application of chemicals to prevent further infestation and fungal growth are recommended (Munkvold, 2003). Juglal et al. (2002) evaluated the effect of nine different oils on the growth of Aspergillus parasiticus and Fusarium verticillioides in stored food. Their results clearly suggest that commonly occurring mycotoxigenic fungi can be controlled with clove oil (containing eugenol). The researchers attributed the inhibitory effects of spices and herbs at least in part to phenolic compounds such as coumarins and flavonoides. However, the use of plant products in control of mycotoxins is still at experimental stages. Udoh et al. (2000) cautioned that care must be taken in using plant materials to prevent mycotoxins because some of these materials are natural media for Aspergillus flavus growth. Ammonium bicarbonate provides an inexpensive, safe, easy to apply and highly effective antimycotic agent that can be used to prevent mycotoxin formation in bulky grain systems in store, especially in resource poor developing countries. The compound completely inhibited both growth and mycotoxin production of Aspergillus isolates investigated at levels (up to 1%) that still rendered the grains sensorially acceptable (Samapundo et al., 2007). If in monitoring, high levels of insect infestation are found, maize cobs should be shelled and the grains stored in jute bags. It should, however, be noted that storing maize as grains increases the likelihood of contamination. Researchers found higher levels of aflatoxin producing fungi in maize that had been shelled immediately after harvest compared to that stored in cob form (Mora end Lacey, 1997).  Furthermore, storing maize in polypropylene bags (a common practice in Africa), should be discouraged because it enhances fungal growth and aflatoxin contamination due to poor aeration, especially for improperly dried maize (Udoh et al. 2000). 

Removing contamination

Sorting 

Freshly harvested maize may be contaminated with aflatoxins. The extent of contamination may increase when post harvest operations such as drying, storage, distribution and processing are not well controlled. One of the means  to ensure that maize found contaminated, either pre-harvest or postharvest, is rendered safe for human consumption is removing the contaminated portion of the kernels or cobs. Removal of whole contaminated kennels can be achieved by sorting or floatation. Johansson et al. (2000) found that about 60% of aflatoxins was found  in damaged kernels, broken kernels and foreign material of maize. In a more recent experiment, Pearson et all (2010) was able to reduce aflatoxin content of up 82% in samples of yellow maize with initial aflatoxin level higher than 10 μg/kg, and 38% in samples contaminated with less than 10 μg/kg, in sorting. The same approach was applied in white maize, reducing 46% of the aflatoxin content in the first sorting and 88% after a re-sorting. For maize, the sorting is based on the visible appearance of the kernel to the naked eye. The change in the appearance of the kernel could be a result of direct fungal infection and growth or a result of fungi-induced biochemical changes (da Gloria 2011). In these instances, obvious discoloration is used as surrogates for aflatoxin contamination. Size and density have also been employed to separate aflatoxin-contaminated kernels from sound ones. Size sorting (Piedade et al.2002) is often achieved through the use of sieves, whereas winnowing and floatation rely on the weight of the kernels or their components when subjected to a stream of air or placed in a liquid, respectively. For instance, removal of small and shriveled (lighter) peanut kernels has been shown to substantially reduce the mean aflatoxin content of the remaining larger sound kernels (Whitaker et al. 2005; Dorner 2008). Huff (1980), recorded a 60% reduction in aflatoxin in maize through floatation. It should be noted, however, that sorting and floatation yield two products: a “clean” or low aflatoxin fraction and a “dirty” or high aflatoxin content fraction. For instance, Piedade et al. (2002) found that the aflatoxin concentration of particulates segregated on the basis of size was approximately three times that of the original maize. If the high aflatoxin fraction is not discarded, consumption of this fraction poses a greater danger than the original material. The efficiency of hand sorting and density segregation as aflatoxin-reduction tools depends on the product type, product size (quantity), and the way the technique is applied. Hand sorting is labor intensive and is therefore unlikely to be adopted by mid-level traders and commercial storage facilities, unless demanded by law or the benefits justify its use. However, this method can be useful and effective at the rural household level where quantities in the range of 10 -15 kg are processed for grinding maize into flour for home consumption. 
Dry  milling

Dry milling is widely used in the processing of maize. The ability of the process to yield aflatoxin acceptable products is highly dependent on the initial level of toxin in the original material. Studies have shown that during the process of dry milling, aflatoxin is primarily segregated in the bran and fines fraction (Njapau et al. 1998; Mutungi et al.2008), and less than 12% of the aflatoxin in the original material remains in the main product (endosperm/grits and low fat flour) (Scott 1984). Siwela et al. (2005) showed that aflatoxin concentration in maize meal was reduced by approximately 92% after dehulling of maize grains. The distribution of aflatoxins in dry-milled maize fractions was also evaluated by Castells et al. (2008). The authors found higher levels of aflatoxins in the outer layers of the kernels, while processed products from the inner parts of grain, such as maize meal and flaking grits, had decreased mycotoxin levels. Pietri et al. (2009) found reductions of 8.0% (from a 5 μg/kg contaminated maize lot) and 57.0% (from a 120 μg/kg lot) of aflatoxin levels after cleaning steps. The subsequent removal of bran and germ led to a further decrease in contamination levels in the products destined for human consumption. In both papers, the most contaminated parts were those usually intended for animal feed production. Relying on this method for aflatoxin managment in Africa is a challenge because most people are poor and many not afford drying operations that separate bran and germ from the grains. Infact producers are not able to comply with requiremnets/guidances that may lead to food insecurity. Methods or technologies that prevent contamination, pre and post-harvest, such application of the biocontrol technologies,  are thus more practical and recommended. 
Wet Milling

Just liked dry milling, wet milling  is widely used in the processing of maize.  In the wet milling process, aflatoxin is segregated primarily (40%)  in the steep water and fiber and germ (30–42%) (Njapau et al.1998). This is because aflatoxins have relatively high solubility in the water fraction. When the wet milling process is used for the production of starch, 1% or less of the original quantity of aflatoxin ends up in the starch (Yahl et al.1971). This implies that highly contaminated starting material could yield products that may still contain unacceptable levels of aflatoxin. For example, where a 95% reduction is expected, the original material should be at 200 ppb or less in order for the final edible product to contain 10 or less ppb aflatoxin. 
Despite its potential for reduction of aflatoxin contamination in food, wet milling is impractical for Africa. Most people in Africa rely on home grown maize which is dry milled and often consumed as whole meal.
Solvent extraction

Solvent extraction relies on the solubility of aflatoxin in various organic solvents such as ethanol, isopropanol, and methanol, and can be an effective means of removing aflatoxin from a food matrix. Aflatoxin extraction from meals using organic solvents is routine and is the basis for most laboratory analysis methods. However, the process could also remove vital nutrients and alter or diminish desirable sensory characteristics of the remaining food material. It is not practical in a rural setting due to the potential hazard of handling the solvents and the associated costs (Shapira 2004). 

Detoxification

There are food processing technologies that have been demonstrated to reduce aflatoxin levels in contaminated food, but to a low extent. These include heating and certain chemical process such as nixitamilization (de Arriola 1987), and ammoniation (Park 1988). Nixitamilization is applied to human food whereas ammoniation is used on commodities destined for animal feed. 

Heating 

Heating operations such as baking, cooking, frying, and roasting can reduce aflatoxin contamination. Effectiveness of heating is low because aflatoxins can only decompose at temperatures as high as 269°C (Quadri et al. 2010) and is dependent on the matrix and its moisture content (Njapau et al.1998; Shapira 2004). In general, boiling in water destroys less than 50% of the aflatoxin content of a commodity (Njapau et al.1998). Researchers (Njapau et al.1998; Mutungi et al.2008) have reported that in the stiff porridge cooking which is widely practiced in Africa, the aflatoxin content of the flour is minimally reduced by about 10–18%. Similar reductions were observed for extrusion cooking whereby aflatoxin B1 reduction in maize flour ranged from 10.0% to 25.0% (Cazzaniga et al. 2001). Generally, heating cannot be promotted as a technology to prevent exposure to aflatoxins in Africa.
Nixitamalization 

Nixtamalization is the technique for preparing staple foods such as tortillas and masa from maize which involves cooking and steeping of maize kernels in alkaline water (NaOH or Ca(OH)2) (de Arriola et al.1987). According to several studies (de Arriola et al. 1987; Perez-Flores et al. 2011), it is a simple and low cost aflatoxin decontamination process that is reported to eliminate 68–90% of aflatoxin in maize. Effectiveness of nixtamalization may be increased by modifications such as the use of calcium sulphate (Maya-Cortes et al. 2010), and microwave heating (Perez-Flores 2011).  Pérez-Flores et al. (2011) showed that microwave heating/modification of the tortilla-making process caused a decrease of 68.0 - 84.0% in aflatoxin content and, after an extract acidification (as occurs during digestion) there was an increase of up to 3.0% as compared to the 33% reported by Mendez-Albores (2003) when using the traditional method of tortilla production. It is important to state that reduction of aflatoxin levels resulting from food processing does not necessarily mean decreased toxicity of the compounds, since they may not have been destroyed ; may be bound to the food matrix or may have been changed to an unknown degradation product (Park and Kim, 2006). Thus, it is essential to perform tests to determine the toxicity and the biological activity of the remaining compounds as well as to develop analytical methodologies capable of detecting those bound and changed products. Vazquez-Duran et al.(2014) reported cytotoxic and genotoxic activity of tortilla extracts supporting the observations that there is acid-induced reversions of the altered aflatoxin molecule to the original toxic chemical structure. Generally, nixtamalization is a simple and effective aflatoxin decontamination tool that can be applied to maize for human consumption. However, consideration should be given to determination of the lowest strength of the alkali solution, duration of exposure to the alkali and the process temperature during the alkali exposure. 

Ammoniation 

Ammoniation, like nixtamalization, is an alkali-based decontamination process that can be applied to maize, groundnuts, and cottonseed using gaseous or liquid ammonia. The process uses ammonium hydroxide or gaseous ammonia in detoxification of mycotoxins in maize, cotton and groundnut meals (Kabak et al., 2006). The ammonia can be applied to whole kernels or meals using two processes that differ by the operating pressure, temperature, and duration. One process uses high pressure (45–55 psi) or high temperature (80-120oC) for a short period (20-60 minutes),   while the other employs ambient pressure or ambient temperature and requires 14-28 days. Ammoniation of grains is considered to be the most acceptable and practical method of an industrial scale (Moss, 1998) for detoxification of mycotoxins in food. It is, however, important to note that, the kernel discoloration and strong ammonia odor that occur after ammoniation are major limitations to the adoption of the processing technique (Samapundo et al., 2007). 
Role of policy in Aflatoxin control in maize
Governments have wide sphere if influence 

PACA and governments of six pilot countries in Africa (Gambia, Malawi, Nigeria, Senegal, Tanzania and Uganda) generated empirical evidence on the nature and impact of aflatoxin contamination, and developed comprehensive yet feasible Aflatoxin Control National Plans. These plans take the multi-sectoral approach and aim at empowering and protecting consumers from devastating effects of aflatoxins both within Africa and beyond, resulting in economic gains, smallholder incomes, enhanced agribusiness and reduced poverty. PACA has launched a unique one stop portal known as Africa Aflatoxin Information Management System (AfricaAIMS) to provide comprehensive information ranging from aflatoxin levels in keys crops in different countries to testing methods and data on trade volumes, losses and rejections, and aflatoxin related health impacts. This unique resource will support policy and interventions towards more effective aflatoxin control in agriculture and food systems in Africa. Testing and scaling of pre-harvest (biocontrol) and postharvest (storage and drying technologies) is underway by PACA partners in Africa. Like most food safety burdens, aflatoxin contamination, though complex, is preventable and manageable.

Conclusion and Future Perspectives 

Maize is probably the important source of dietary aflatoxin exposure in Sub-Saharan Africa. However, as discussed above, aflatoxin contamination in the maize is potentially preventable or reducible with the implementation of good agricultural practices including crop rotation, timely planting, use of agro-ecologically adapted varieties, proper nutrient management, proper disease and pest management including the use of bio-control agents, timely harvesting, proper moisture control, proper cleaning and sorting, improved storage and processing. As highlighted in the current review, performing only one or a few of these steps in the production chain may not adequately lower the aflatoxin contamination. A meaningful reduction of aflatoxin contamination in maize can only be achieved by the integrating  a collection of the good agricultural practices listed above. 

Notwithstanding the fact that the majority of the smallholders in the continent struggle with the implementation of good agricultural practices due to ignorance and lack of resources, governments should strive to change the landscape. Good agricultural practices are key to increased agricultural production and reduced postharvest losses both which are a necessity for achieving agricultural sustainability  in continent . Owing to the success of biocontrol technology highlighted above, its application ‘must’ become an integral part of pest and disease management in maize production system. 

Most importantly, the implementation of aflatoxin control and management interventions demand increased public awareness on the health risk associated with consuming aflatoxin contaminated food, so that inconsequence intermediate and end-users would be ready to pay a higher price for better quality. In this regard, governments and development partners should prioritize public awareness raising on the subject. Further, governments should support research and development on aflatoxin control, taking into account the traditional/indigenous knowledge. More strategic information on the control and management of aflatoxin abound on the website of the Partnership for Aflatoxin Control in Africa (PACA) on the following http://www.aflatoxinpartnership.org/
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For the topic on future trends in research (#3 in the above list), the initial idea was to touch advances and potential applications in areas such as RNAi silencing, DNA editing technologies such as CRISPR, and mobile and affordable diagnostics, among others. However, we can now look at perspectives regarding how the challenges described for the major strategies can be (need to be) addressed for effective aflatoxin mitigation - 








