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Abstract Despite massive expansion of human and livestock
populations, fuelled by agricultural innovations, nearly one
billion people are hungry and 2 billion are sickened each year
from the food they eat. Agricultural and food systems are
intimately connected to health outcomes, but health policy
and programs often stop at the clinic door. A consensus is
growing that the disconnection between agriculture, health
and nutrition is at least partly responsible for the disease bur-
den associated with food and farming. Mycotoxins produced
by fungi are one of the most serious food safety problems
affecting staple crops (especially maize and groundnuts).
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Aflatoxins, the best studied of these mycotoxins, cause around
90,000 cases of liver cancer each year and are strongly asso-
ciated with stunting and immune suppression in children.
Mycotoxins also cause major economic disruptions through
their impacts on trade and livestock production. In this paper
we use the case of fungal toxins to explore how agricultural
research can produce innovations, understand incentives and
enable institutions to improve, simultaneously, food safety,
food accessibility for poor consumers and access to markets
for smallholder farmers, thus making the case for research
investors to support research into agricultural approaches for
enhancing food safety in value chains. We first discuss the
evolution of food safety research within the CGIAR. Then
we show how taking an epidemiological and economic per-
spective on aflatoxin research connects health and nutrition
outcomes. Finally, we present three case studies illustrating
the traditional strengths of CGIAR research: breeding better
varieties and developing new technologies.

Keywords Aflatoxins - Food safety - Health impacts - Market
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Introduction

Agricultural innovation has allowed massive expansion of
human and livestock populations. Yet, as the world population
passed 7 billion in October 2011, more than one billion people
remain malnourished and more than 2 billion are sickened
each year from the food they eat. Millions more die from
diseases that emerge from, or persist in agricultural ecosys-
tems: zoonoses (diseases transmissible between animals and
man) and diseases recently emerged from animals make up
25 % of the infectious disease burden in least developed
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countries and kill one in ten people who live there (Grace et al.
2012).

Other urgent health problems related to agriculture include
fungal toxins (mycotoxins) in crops and animal source foods;
plant toxins; use of wastewater for agriculture; misuse of ag-
ricultural chemicals and antibiotics; occupational hazards of
working in food value chains; contribution of agriculture to
climate change and impacts of this on disease; and health
impacts of agricultural alteration of ecosystems (such as irri-
gation practices that promote malaria).

Agriculture thus has important effects on human health, but
health policy and programs often stop at the clinic door while
agriculture rarely has ‘enhancing health’ as an articulated ob-
jective. A consensus is growing that the disconnection be-
tween agriculture, health and nutrition is at least partly respon-
sible for the disease burden associated with food and farming.
The new CGIAR Research Program on Agriculture for
Nutrition and Health (CRP A4NH) is attempting to bridge this
disconnect.

This paper, based on a panel at the Independent Science
and Partnership Council (ISPC) meeting in Bonn in 2013,
uses risk mitigation and market access case studies around
aflatoxins to explore how agricultural research can reduce
the health risks from aflatoxin exposure for poor consumers
while increasing the opportunities for poor farmers. We start
with summarizing the evolution of food safety research within
the CGIAR and then present case studies summarizing
CGIAR research on aflatoxins. These case studies were cho-
sen to show how risk based approaches, market based ap-
proaches and new risk mitigating technologies can help pro-
vide justification and add value to future CGIAR research on
aflatoxins.

CGIAR agricultural research on food safety
and aflatoxins

In 1971, due to serious concerns about global hunger, the
CGIAR was formed and has had great success in carrying
out agricultural research for developing countries. A landmark
study in 2003 found that without CGIAR research, developing
countries would be producing 7-8 % less food and 15 million
more children would be malnourished. For every $1 invested
in CGIAR research, $9 worth of additional food is produced in
developing countries (McClintock & Griffith 2010). As of
2010, around 40 % of the total area planted for the world’s
10 most important crops is planted with varieties resulting
from CGIAR research (Renkow & Byerlee 2010).

Food safety was not an initial focus of CGIAR research,
with the first official mention in 2000 (Technical Advisory
Committee 2000). However, 8 CGIAR centers had already
started small-scale research related to food safety in the fol-
lowing areas: staple crops that resist pests (so farmers can
reduce expensive, environmentally unfriendly and potentially
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food contaminating pesticides) (CIMMYT, IRRI, ICARDA,
ICRISAT); aflatoxin resistant staples (CIMMYT, ICRISAT);
biocontrol for aflatoxins (ICRISAT, IITA); ergot resistant sor-
ghum (ICRISAT); reducing cyanide in cassava (CIAT) and
milk quality and safety (ILRI)) (Kassam & Barat 2003). In
2011, another survey of CGIAR food safety was conducted
with more centers reporting food safety research. Aflatoxin
research dominated but there was an expansion of risk assess-
ment and prioritisation activities and substantial programs on
the safety of perishables (animal source foods and vegetables),
zoonotic diseases, occupational hazards and water associated
diseases (A4NH 2011).

CRP A4NH conducted a series of prioritization exercises to
help strategize its role in improving human health. The prob-
lems with the greatest impact on human health and livelihoods
were diseases emerging from agro-ecosystems and foodborne
disease due to microbial hazards. These agricultural associ-
ated diseases are responsible for almost 10 % of the bur-
den of human infections and non-infectious disease in
least developed countries. The same prioritisation took
into account the importance of agriculture-based solutions
to agriculture associated human diseases and the track
record of the CGIAR in delivering this research.
Aflatoxins were identified as the most important human
health concern associated with staple crops. Aflatoxins are
toxic secondary metabolites produced by some species of
the Aspergillus fungus. Not all species are toxigenic and
when they are, the amount of toxin produced also varies.
Aflatoxins are widespread in crops in tropical and sub-
tropical regions, affecting more than 40 susceptible crops,
especially maize and groundnuts, and are also found in
dairy products and traditionally fermented foods.
Ingestion of large amounts of toxin can cause death, and
chronic exposure to aflatoxins leads to liver cancer and
may contribute to enteropathy, maladsorption of nutrients,
immune suppression and stunting.

Case study: risk based approaches to aflatoxin control

Risk analysis A risk-based approach to food safety focuses
on the severity and likelihood of human health impacts. Risk
analysis had already emerged as the internationally accepted
approach for assessing food safety and trade issues
(Lammerding and Fazil 2000; Vose 1998). It offers a system-
atic, science-based process for organizing and integrating
quantitative and qualitative information about risks that incor-
porates steps of hazard identification and risk assessment, risk
management and risk communication. ILRI has been devel-
oping methodologies for applying risk assessment to the data
and resource scarce informal value chains in developing coun-
tries, conducting over 30 risk assessment and risk manage-
ment studies (Grace et al. 2010).
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Risk ranking What cannot be measured cannot be managed
and assessing the negative impacts (or burdens) of disease is
an important step in determining how to allocate scarce re-
sources to disease management. Risk ranking is the process
of identifying and prioritizing the problems which may be
present. The Global Burden of Disease, listing more than
100 major diseases in terms of their mortality and morbidity,
is an example of risk ranking and a major advance in assessing
the human health burden (Murray et al. 2001) that has led to
more research investments being directed to high burden dis-
eases. In the early 2000s, ILRI undertook a prioritisation of
zoonotic diseases from the perspective of poverty (Perry et al.
2002) and subsequently prioritised diseases by their health
burden on poor people (Grace et al. 2012). In terms of global
disease burden, acute aflatoxicosis causes hundreds of deaths
per year and chronic aflatoxicosis causes around 90,000 deaths
a year from liver cancer. In comparison, the top ten causes of
death (all preventable) cause on average 2.8 million deaths a
year. Thus aflatoxin health impacts while not negligible, do
not justify aflatoxins being a top public health priority. Better
understanding and quantification of the health impacts of af-
latoxin exposure can create a more convincing case for prior-
itizing the reduction of aflatoxin exposure, particularly in de-
veloping countries where uncontrolled exposure is highest.

Risk assessment The objective of risk assessment is to pro-
vide an estimate of the health impacts of a hazard with likeli-
hood of their occurrence. This requires an assessment of the
likely intakes (exposure assessment) and an evaluation of the
known or potential health effects from human exposure (haz-
ard characterisation) along with a dose response assessment.

Exposure assessment Chronic exposure to aflatoxins in
many developing countries is well documented. From 85 to
100 % of children in African countries have either detectable
levels of serum AF-alb or urinary aflatoxins (Gong et al. 2002;
Gong et al. 2003; Gong et al. 2004; Polychronaki et al. 2008;
Turner et al. 2000; Turner et al. 2003; Turner et al. 2007; Wild
et al. 1990; Wild et al. 1993). Several studies have also found
AFB; and AFM; in excreted breast milk samples (Afshar et al.
2013; El-Tras et al. 2011; Giirbay et al. 2010; Jonsyn et al.
1995b; Polychronaki et al. 2006; Polychronaki et al. 2007;
Sadeghi et al. 2009; Tchana et al. 2010).

Hazard characterisation The strongest association between
chronic aflatoxin consumption and health impacts is the de-
velopment of liver cancer. Each year 550,000-600,000 new
liver cancer cases are recorded worldwide and approximately
25,200-155,000 of these cases are attributable to aflatoxin
exposure (Liu and Wu 2010). Hepatitis B virus (HBV) infec-
tion and chronic aflatoxin exposure places a person at 30 times
greater risk for developing liver cancer than people who are
HBYV negative.

Aflatoxins are clearly associated with stunting and wasting.
Children who are stunted often develop long-term development
and cognitive problems and are more vulnerable to infectious
diseases (Ricci et al. 2006). An estimated 170 million children
under 5 years of age are stunted making this a major public
health problem. A study in Benin and Togo found that stunted
and/or underweight children had an average of 30 to 40 %
higher levels of aflatoxin adducts in their blood than children
with a normal body weight (Gong et al. 2002). However, anoth-
er study done in Benin and Togo found high levels were corre-
lated with high prevalence of 4. flavus and aflatoxin in ground-
nut, but this was not significant after adjustment for weaning
status, agro-ecological zone and maternal socio-economic status
(Egal et al. 2005). Other studies in the Gambia (Turner et al.
2007) and Kenya found significant association between aflatox-
in exposure and wasting (Okoth and Ohingo 2004). Four studies
(Abdulrazzaq et al. 2002; Abdulrazzaq et al. 2004; Abulu et al.
1998; Turner et al. 2007) reported a negative correlation be-
tween birth weight and aflatoxin levels; two studies found this
relationship only when the sex of the infant was female (Jonsyn
et al. 1995a; Vries et al. 1989).

Other studies show associations between aflatoxins and
stillbirths (Lamplugh et al. 1988; Vries et al. 1989), liver cir-
rhosis (Kuniholm et al. 2008), jaundice in newborns
(Abdulrazzaq et al. 2004; Abulu et al. 1998; Ahmed et al.
1995; Sodeinde et al. 1995) and immunosuppression (Jiang
et al. 2005; Turner et al. 2003).

Attributing causation These known, probable and possible
health impacts of aflatoxins illustrate the challenges in attrib-
uting causation. In epidemiology, if two factors are consistently
and strongly associated (for example, aflatoxins in food and
stunting) it can be because (1) one factor causes the other or (2)
a third (or confounding factor) causes both. Correlation does
not imply causation and epidemiology provides a set of tools to
help understand whether association is causal or due to con-
founding. In the case of aflatoxins, epidemiologists look for:

* A temporal relationship in which the exposure precedes
the disease development. Most studies on aflatoxin and
stunting have been cross-sectional, but two studies have
shown a temporal relationship (Gong et al. 2003; Gong
et al. 2004).

* Biological plausibility as suggested by laboratory and an-
imal studies. These show that aflatoxins have pathological
effects on cells (including human cells) and metabolism.
However, it is not known if the amounts consumed by
children are enough to result in the proposed growth im-
pairment effects.

* Animal studies showing health impacts. A large number
of experimental studies have shown that aflatoxins lead to
reduced weight gain in animals (Khlangwiset et al. 2011).
However, in these studies aflatoxins were administered

@ Springer



572

D. Grace et al.

consistently at high to very high doses over short periods
of time. Moreover, there is a very wide species variation in
susceptibility to aflatoxins.

» Exposure that exceed thresholds necessary for effect.
Most animal studies show a threshold below which effects
are not seen but this is not constant across different studies
(Khlangwiset et al. 2011). Species, strain, sex, age, diet,
exercise and length of exposure all influence the threshold
at which no effects are seen and the tolerance to higher
doses. We do not know if the amount of aflatoxins con-
sumed by children is over or under a threshold necessary
to cause growth impairment.

* A dose response relation. Animal studies have shown a
clear dose-response effect on weight gain, but only over a
relatively high range of doses (Khlangwiset et al. 2011).

* Replication over studies. Some studies show associations
between aflatoxins and growth outcomes but others do not
(Leroy 2013).

Overall there is a strong case that aflatoxins cause stunting
but the possibility of confounding has not been eliminated
(Leroy 2013). There have been many examples in health
where associations turned out to be non-causal. For example,
billions of dollars were spent on unnecessary treatments and
surgery for peptic ulcers because it was thought to be caused
by stress and diet. However, most ulcers are due to an infec-
tious agent (Centers for Disease Control and Prevention
2006). Because of these past mistakes, establishing causality
requires high levels of evidence. The best way to demonstrate
causality is by multiple, independent randomized controlled
trials. There are many challenges to conducting these for afla-
toxin exposure, but generating this evidence would lead to
much greater engagement by the health community and in-
vestment by donors in aflatoxin management. IFPRI is ad-
dressing this research question.

Multiple burdens Agricultural-associated diseases often im-
pose burdens across multiple sectors and assessing these fa-
cilitates understanding the full impact of the disease as well as
in allocating the costs of control. ILRI has developed One
Health and Ecohealth frameworks that provide ways to sum
burdens of disease across the human, animal and agricultural
environments and hence build a more convincing case for
investment (Grace 2014).

Aflatoxins impose burdens on human health, animal health
and productivity, the agriculture sector and the wider econo-
my. Annual economic costs of mycotoxins to the U.S. agri-
cultural economy were estimated to average $1.4 billion and
the annual cost of regulatory enforcement, testing and other
quality control measures was $466 million USD annually
(Council for Agricultural Science and Technology 2003). In
2001, a study estimated that African food exporters lost $670
million per year by not meeting EU safety standards alone
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(Otsuki et al. 2001). However, Xiong and Beghin (2010)
showed that the standards set by the EU had no significant
trade impact on groundnut exports from Africa across various
methods of estimation. Their findings concluded that the trade
potential of African groundnut exporters is more constrained
by domestic supply issues — such as quality, consistency and
delivered cost - than by limited market access. African exports
were already declining and African exporters would likely not
have met the earlier less restrictive standards either (Roy
2013).

Conclusion

A better understanding of health impacts of aflatoxins, the risk
posed from different products in different contexts and the
economic costs of aflatoxins across human health, the live-
stock industry, the agricultural industry and trade would mo-
tivate greater investment in aflatoxin assessment and control.

Case study: market based approaches to aflatoxin control

A major incentive for farmers to invest in aflatoxin risk miti-
gating technologies and practices is provided when maize,
groundnuts or other crops with low levels of aflatoxin can
be sold for a higher price than the same crops with high or
unknown levels of aflatoxin. These differentiated markets are
rare in developing country domestic markets but common for
exports or international food aid programs such as the World
Food Program (WFP) (Méaux et al. 2013). A second type of
differentiated market is where grains are used as inputs into
other production processes, for example, as animal feed in the
production of meat or milk, where there is a perceptible eco-
nomic benefit associated with use of low-aflatoxin maize or
groundnuts.

Food systems in poor countries are typically dominated by
the informal sector (Grace et al. 2010), consisting of many
small firms that operate outside of government control. The
presence of a large informal sector presents several challenges
to the provision of safe food in such countries. First, the op-
eration of a large part of the market outside of any regulatory
strictures implies that regulatory measures have no impact on
much of the food supply. Second, informal competitors put
pressure on formal sector firms, who must comply with regu-
lations — to the extent these are enforced — while remaining
price-competitive. Third, the small scale of these informal
firms, many of which supply the formal sector, implies that
ensuring food safety at each transaction is prohibitively costly.
Finally, the anonymity of informal market actors beyond their
immediate customers implies that food safety incidents have
little impact on reputation and thus firms have little incentive
to invest in improving food safety. At the same time, the in-
formal sector provides a livelihood for most small-scale
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producers and food for most poor consumers; informal sector
food is typically cheaper and more accessible than formal
sector alternatives and often is no worse in meeting food safe-
ty standards (Grace et al. 2010).

Market chains The Kenyan maize market serves as an ex-
ample. Each link in this market chain, from farmer to retailer,
is characterized by a mix of both formal and informal firms.
The formal and informal sectors are not isolated: a formal
maize miller may obtain inputs from an informal trader or
from a formal trader who obtains the maize from informal
farmers. Multiple traders may be involved in moving grain
from farm to mill, first aggregating grain from many small
farmers in the region of origin, then moving it across country
to the miller either to a large scale mill, or to disaggregators in
the destination market, who supply informal retailers (Kirimi
et al. 2011). The large number of small-scale transactions,
particularly at the farm gate, where the majority of grain is
supplied by farmers operating five acres of land or less
(Guantai and Seward 2010) makes testing for food safety at
each point of transaction prohibitively costly.

High rates of aflatoxin contamination have been found to
exist in both informally sold and commercially milled maize
in Kenya. Lewis et al. (2005) found that 55 % of maize flour
and kernels purchased in districts affected by a recent
aflatoxicosis outbreak were contaminated above the allowable
limit at that time, with 35 % containing over five times
the regulatory limit, and 7 % containing over 20 times
the limit. There was no significant difference in contam-
ination rates between maize obtained from informal,
open-air markets versus formal sector retailers, or maize
that had been milled versus sold in kernel form. More
recently, reports indicated that samples from 65 % of 20
major formal sector mills were contaminated beyond the
regulatory limit (Gathura 2011).

According to interviews conducted by [FPRI with the man-
agers of medium and large scale maize mills in Kenya, several
of these mills now expend significant resources to test incom-
ing grain for aflatoxin (Moser et al. 2014). These efforts were,
according to the managers interviewed, partially inspired by
the negative publicity suffered by the industry as a whole after
the 2011 report. Data collected in 2013 show that more ex-
pensive brands of maize flour are less likely to exceed the
regulatory limit for aflatoxin (Moser et al. 2014). This could
be due to the fact that firms with a strong brand reputation,
which are thus able to charge a higher price, are more careful
in their selection of grain, as they have more to lose if it is
discovered that their flour is contaminated, or if their product
is implicated in a food safety incident.

Willingness to pay While food safety is not an attribute cur-
rently used in the marketing of maize flour, credible assurance
of product safety could potentially be a profitable strategy. A

small-scale experiment found that Kenyan maize consumers
in eight rural villages were willing to pay an average of 7 %
more for aflatoxin tested maize (Hoffmann and Gatobu 2014).
An on-going IFPRI study seeks to measure consumer re-
sponse to the introduction of an aflatoxin tested, third party
verified maize flour, and the impact of marketing messages on
demand for such flour over time, under more natural market
conditions in a larger sample.

Challenges The danger, however, of relying exclusively on
market-based approaches to food safety is that the poorest,
most price-sensitive consumers will not be able to afford safe
food. At worst, these consumers could be made worse-off, if
the safety of particular products is achieved simply by firms
rejecting inputs that do not meet safety standards. The food
rejected by these firms will then be concentrated in lower-
value segments of the market, increasing the level of contam-
ination in the lowest-cost food.

This worst-case scenario can be avoided if food safety
standards are achieved through a reduction in aflatoxin con-
tamination, whether during cultivation, storage, transport or
processing, rather than through a sorting strategy alone.
Technologies for reducing contamination levels at each of
these stages are either available or in development (Wu and
Khlangwiset 2010b). Inducing farmers, traders, and proces-
sors to adopt these technologies requires that these actors re-
ceive some benefit from doing so. If consumers are indeed
willing to pay more for safer food, then processors have an
incentive to pay a premium for safer inputs. This can in turn
induce traders to take greater care to preserve the quality of
maize they handle, and to seek out farmers who use recom-
mended practices, including resistant seeds, biocontrol, good
agricultural practices (GAP), careful drying and improved
storage structures. Finally, farmers will adopt these technolo-
gies if the cost of using them is justified by the price premium
they receive from selling safe maize.

The transmission of the food safety premium paid by the
final consumer to that received by the farmer relies on the
observability of aflatoxin contamination at each stage in the
market chain. Low-cost, field-ready detection methods are not
currently available. The large number of market actors typi-
cally involved from farm to plate in such contexts is an added
challenge. Shortening market chains, so that farmers or farmer
organizations sell directly to processors, could potentially re-
duce the number of tests required and thus the cost of ensuring
safety.

Enabling traders Another approach, currently being devel-
oped through USAID’s Feed the Future program in Uganda, is
to give traders both the incentives and tools to help small
farmers improve the safety of the maize they sell. Under this
approach, village-level traders are trained on the best agro-
nomic practices to both increase yields and prevent aflatoxin.
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These traders are linked to agricultural input suppliers, and
offer farmers advice, inputs and services such as application
of pesticides during cultivation, and drying of maize at har-
vest. Traders are then able to sell maize meeting USAID’s
standards at a premium price. While this approach is promis-
ing, food aid will always constitute a small portion of the
maize market. Private sector involvement is crucial to achiev-
ing results at any significant scale.

Building awareness In a weak regulatory environment such
as the Kenyan maize flour sector, the introduction of credible
food safety information, for example by independent third
party testing, could be catalytic. Consumer awareness of afla-
toxin in Kenya is relatively high, due to periodic media reports
of deaths due to aflatoxicosis, and contamination in the com-
mercial maize supply. Once one firm adopts a marketing strat-
egy based on the assurance of food safety, others may follow
suit to remain competitive. This could in turn induce more
effective regulatory enforcement, as local capacity for testing
and monitoring is built. However, at least in developed coun-
tries, commercial firms have been reluctant to use food safety
as a marketing strategy.

Conclusion

Market-based approaches have shown promise in providing a
funding mechanism for aflatoxin control. However, as noted
above, in the presence of a large informal sector, which will
continue to be unregulated, there is a danger that a reduction in
aflatoxin contamination at the high end of the market would
come at the cost of increased contamination at the low end.
For this reason, identifying and promoting ways for firms to
cost-effectively reduce aflatoxin in the fields and storehouses
of their suppliers, rather than simply rejecting contaminated
grain at the mill gate, is key to achieving the public health
goals associated with improvements to food safety.

Case study: biocontrol, an effective and environmentally
safe technology for reducing aflatoxins

Contamination of crops with aflatoxins is a complex process
resulting from environmental and biological factors such as
crop host, insects and microbial population. Biological control
is a proven method of controlling several plant diseases.
Narrowly defined, “biological control refers to the purposeful
utilization of introduced or resident living organisms, other
than disease resistant host plants, to suppress the activities
and populations of one or more plant pathogens” (Pal and
McSpadden-Gardener, 2006). Several biological control
agents such as bacteria and Trichoderma species have been
evaluated for the reduction of aflatoxins in groundnut during
the pre-harvest stages (Anjaiah et al. 2006). The “competitive
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exclusion” based biological control approach (Cotty and
Bayman 1993) is widely used by farmers in the US (Cotty
et al. 2008) and has more recently been used in Africa
(Bandyopadhyay and Cotty 2013).

In the natural environment, some strains of Aspergillus
species produce toxins while others do not (atoxigenic strains)
(Atehnkeng et al. 2008a). Competitive exclusion entails intro-
ducing native atoxigenic strains in the fields before the in-
crease of normal Aspergillus populations (Cotty 1994). The
population of introduced atoxigenic strains preferentially oc-
cupies the food substrates in the field first, thereby out-
competing other resident strains, including toxigenic strains,
resulting in products with reduced aflatoxin. The atoxigenic
strains survive from year to year and are effective on several
crops thus providing multi-year and multi-crop benefit.
Application of atoxigenic strains does not increase the total
Aspergillus population (Atehnkeng et al. 2014).

Strain identification method Atoxigenic biocontrol strains
are selected using microbiological, DNA and field-based re-
search to ensure that the strains are safe and persistent and
provide effective and long-lasting reduction in aflatoxins
(Atehnkeng et al. 2013). First, approximately 500 geo-
referenced crop samples are collected from the target country
or region for which the biocontrol product is to be developed.
From these samples, several thousand isolates of Aspergillus
are obtained. Using a series of lab- and field-based selection
protocols, biocontrol strains are selected that: 1) cannot pro-
duce the toxin on any substrate; 2) have defects in genes
governing the aflatoxin biosynthetic pathway; 3) belong to
genetic groups solely consisting of atoxigenic strains, 4) are
able to reduce aflatoxin by >90 % when co-inoculated with
high toxin producers on maize grains; 5) have wide distribu-
tion and adaptation; 6) have superior capacity to colonize,
multiply and survive in soil and crop debris; 7) are frequently
found in grains; and 8) have superior capacity to reduce afla-
toxin in the field. The best strains are finally selected to con-
stitute the biocontrol product.

Development of aflatoxin biocontrol in Nigeria IITA
started biocontrol research in Africa in the Republic of
Benin in late 1990s with funding from the German govern-
ment. In 2003, the biocontrol effort moved to Nigeria with
continued funding from the German government and in col-
laboration with USDA-ARS and University of Ibadan.
Initially, more than 4200 Aspergillus strains collected from
maize and soil samples in Nigeria were tested and approxi-
mately 20 atoxigenic genetic groups were selected (Donner
et al. 2010). The atoxigenic groups were evaluated for growth
rate, sporulation, and competitiveness in vitro and in vivo
(Atehnkeng et al. 2008b). Information generated from strain
characterization work led to the identification of several can-
didate atoxigenic strains for field evaluation.
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Field efficacy of an experimental formulation
consisting of four native atoxigenic strains was evaluat-
ed on maize in 2007 and 2008 in four agro-ecological
zones in Nigeria. Grains from treated and untreated
fields were analyzed for aflatoxins at harvest and after
storage. Frequency of occurrence of the four atoxigenic
strains in grains at harvest was quantified using vegeta-
tive compatibility analyses. Application of the strain
mixture resulted in reduced aflatoxin content and signif-
icantly increased the combined frequencies of the ap-
plied strains recovered from the soil and grain
(Atehnkeng et al. 2014). Aflatoxin reductions of 67—
95 % were associated with a 74-80 % combined inci-
dence of the four atoxigenic strains on the treated crops.
The results suggest that the evaluated multi-strain for-
mulated product has potential to contribute to reduced
aflatoxin contamination in Nigeria. This was the first
report of a field evaluation of an endemic strain mixture
effective at reducing aflatoxin contamination during crop
development (Atehnkeng et al. 2014).

The product, trademarked Aflasafe™, is registered with
Nigeria’s National Food and Drug Administration and
Control (NAFDAC). The optimum rate of application of the
product is 10 kg/ha 2-3 weeks before plant flowering.
Aflasafe™ works equally well in reducing aflatoxin in both
maize and groundnut. Field testing of Aflasafe™ in Nigeria
by about 3000 farmers between 2009 and 2013 consistently
showed a decrease in contamination in maize and groundnut
by 80-90 % or more. The Bill & Melinda Gates Foundation
funded the construction of a demonstration-scale manufactur-
ing plant with a capacity to produce 5 t of Aflasafe™ per hour
in Nigeria.

Cost-effectiveness Wu and Khlangwiset (2010a) conclud-
ed that bicontrol of aflatoxin is one of the most cost-
effective aflatoxin control methods, with the potential to
offer a long-term solution to aflatoxin contamination in
Africa. Currently, Aflasafe™ costs US$18.75/ha (dosage:
10 kg/ha) and provides protection from aflatoxin in the
field and during storage.

Scaling up in Nigeria In 2012, G20 leaders launched a new
initiative—AgResults—which included Aflasafe™ in Nigeria
as one of the first three pilot projects to encourage the scaling
up of agricultural technologies by smallholder farmers. The
goal of the AgResults Aflasafe™ pilot project is to incentivize
adoption of Aflasafe™ and jumpstart the availability of 260,
000 t of low-aflatoxin maize by 2017, equivalent to around
3 % of current maize production in Nigeria, of which 60,000 t
are estimated to be consumed on-farm and 200,000 would be
sold in markets. However, whether a more significant share of
total maize production than 3 % can be achieved even in
Nigeria where the initiative began in Africa, and whether

large-scale introduction and adoption can be stimulated and
replicated all across the continent, remains to be seen at the
time of writing.

AgResults Aflasafe™ pilot works with private or
public sector enterprises (also called implementers) that
can organize smallholder farmers into groups and take
advantage of economies of scale from collective action.
The project provides training on production of low-
aflatoxin maize and health information for farmers as
well as information to buyers of maize. The implemen-
ters provide inputs and farm services to their constituent
farmers at cost. Farmers use high-yielding seeds and
fertilizers to boost productivity, Aflasafe™ to improve
quality and are trained in GAPs. The implementers pur-
chase and aggregate maize from their constituent
farmers and develop market linkages with buyers seek-
ing aflatoxin-safe maize (e.g., the poultry industry and
premium food sector) and negotiate a premium over the
market price. Aflatoxin concentration in the aggregated
maize is quantified to assure quality. Maize from aggre-
gation points are sampled and tested microbiologically
(Atehnkeng et al. 2014) for the presence of high fre-
quency of Aflasafe™ strains to verify if the maize was
harvested from aflasafe-treated fields. The implementers
receive an incentive of $18.75 for every ton of aggre-
gated maize containing high frequency of Aflasafe™
strains. Therefore, the implementers, and farmers
through them, receive incentives from the market and
also from the AgResults project. In 2013, the implementers
sold their low-aflatoxin maize at 2.8 to 13.5 % premium over
the prevalent market price and realized up to 510 % return on
investment. Aflasafe™ incentives from the AgResults project
were a bonus. In addition, farmers kept about 40 % of their
harvest for home consumption thereby improving safety of
home-grown food. The example above demonstrates that in
principle it should be possible to profitably scale up adoption
of Aflasafe™ by smallholder farmers through a mix of tech-
nical (aflasafe and other management practices), institutional
(famer groups and premium markets) and policy
(incentivization) innovations (A4NH 2014).

Scaling out in other countries The excellent efficacy of bio-
control in reducing aflatoxin in Nigeria has led to the expan-
sion of biocontrol research in Burkina Faso, Ghana, Kenya,
Mozambique, Senegal, Tanzania, and Zambia. In 2014, test-
ing of the Senegalese product Aflasafe SNO1 was extended to
The Gambia. The biocontrol product Aflasafe SNO1 can po-
tentially reinstate groundnut exports to the European Union
lost by Senegal and The Gambia due to aflatoxin contamina-
tion. Country-specific products are currently under develop-
ment for Rwanda, Burundi and Uganda. Maize and groundnut
are the target crops in all countries except Kenya where the
emphasis is solely on maize. Most of the scaling out efforts are
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funded by the US and Austrian governments and the Bill &
Melinda Gates Foundation.

Conclusion

Biocontrol for aflatoxins is an environmentally friendly and ef-
fective technology. Adapting the biocontrol technology initially
developed by USDA-ARS, the CGIAR has conducted laborato-
ry work on strain identification and has continued to pilot test in
farmers’ fields, as well as investigating large-scale manufacturing
and product use by thousands of farmers. As with other agricul-
tural inputs such as hybrids, fertilizers and pesticides, farmers
need to purchase biocontrol products. There are challenges for
adoption of biocontrol as biocontrol products do not increase
yield but improve food quality and public health which are not
easily perceived. Bundling biocontrol with GAPs, to improve
crop yield, is one way to increase adoption. Going to scale will
require overcoming the logistic and adoption barriers and devel-
oping premium markets to incentivize farmers to use biocontrol
or subsidizing biocontrol use on public health grounds. From the
present experience, it appears that it is possible to overcome
constraints to adoption through innovative approaches.

Case study: breeding for aflatoxin resistance in tropical
maize

Maize is the most important cereal crop in sub-Saharan Africa
and an important staple food for more than 1.2 billion people
in sub-Saharan African and Latin America. Several manage-
ment strategies may reduce aflatoxin contamination of maize.
However, a promising innovation for elimination of aflatoxin
is to breed for host resistance to aflatoxin accumulation. Host
resistance is generally considered an important, safe and pre-
ventative strategy that is economical, easy to disseminate, re-
quires no additional production or management resources,
leaves no harmful residues and is compatible with other con-
trol measures, including biological control.

Understanding resistance The Aspergillus fungi that pro-
duce aflatoxins occur with higher incidence when maize is
grown under stressed conditions. Late-season drought and
high temperatures during kernel filling (Cairns et al. 2013;
Lisker and Lillehoj 1991; Widstrom et al. 2003) and insect or
mechanical damage to kemels (McMillian et al. 1985) can
increase infection rates. Development of aflatoxin resistant va-
rieties may include direct selection for resistance to the fungus
and aflatoxin accumulation, indirect selection for resistance or
tolerance to abiotic and biotic stresses, or selection for mor-
phological traits such as ear, kernel, and husk characteristics
that impede or delay fungal infection or growth (Warfield and
Davis 1996; Widstrom 1987). Sources of resistance to many of
these factors have been identified and are now being
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combined to develop aflatoxin resistant maize germplasm
adapted to various agro-ecologies.

Tools to identify resistant germplasm Selection of genetic
factors influencing resistance to 4. flavus and aflatoxin accu-
mulation relies on the ability to create adequate and uniform
disease pressure, high throughput phenotypic screening ca-
pacity, and inexpensive, robust methodologies for aflatoxin
analysis. The development of the laboratory kernel-
screening assay (Brown et al. 1999) method has enhanced
identification of maize germplasm with resistance to
A. flavus and aflatoxin accumulation and is used to comple-
ment field evaluations (Menkir et al. 20006).

Aflatoxin detection Because aflatoxins are toxic at very low
levels, detection methods must be very sensitive and accurate.
Although different methods can be used to detect and quantify
aflatoxin levels (Krska et al. 2008), an inexpensive, robust and
high throughput method is needed for large scale breeding
programs. The bright green yellow fluorescent light technique
can quickly detect maize lines supporting high fungal growth
levels (Shotwell and Hesseltine 1981). A cost-efficient, in-
house ELISA technique developed by ICRISAT has been
adapted at CIMMYT for routine detection and quantification
of aflatoxins in breeding programs. This assay costs approxi-
mately US$2-3 per sample and has allowed large scale
screening of segregating populations, a vital component of
breeding for reduced aflatoxin accumulation.

Generation of resistant germplasm Breeders must combine
multiple sources of resistance into adapted germplasm, a task
made more difficult by the large number of genes controlling
A. flavus and aflatoxin resistance and the large genotype by
environment interaction generally associated with aflatoxin
resistance (Campbell and White 1995; Widstrom et al.
2003). Resistance to A4. flavus and aflatoxin accumulation
may be achieved via: (i) prevention of fungal infection of
maize; (ii) prevention of subsequent growth of the fungus
once infection has occurred; (iii) inhibition of the formation
of aflatoxin, following infection; and, (iv) degradation of af-
latoxin by the plant or the fungus. Germplasm with promising
levels of resistance to both 4. flavus and aflatoxin accumula-
tion has been identified and quantitative trait loci (QTL) for
both traits have been mapped (Brooks et al. 2005; Busboom
and White 2004;Warburton et al. 2011; Willcox et al. 2013).
Marker assisted selection using markers linked to genes or
QTL associated with aflatoxin resistance may enhance breed-
ing progress and enable rapid selection gains during resistance
breeding (Brooks et al. 2005; Paul et al. 2003). Doubled hap-
loid (DH) technology (Geiger 2009), can also be used to rap-
idly develop inbred lines combining aflatoxin resistance with
other important agronomic traits. The DH technology allows
development of inbred lines in 2 to 3 seasons, compared to the
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6 to 8 seasons required using conventional breeding tech-
niques. This technique has allowed the rapid introgression of
A. flavus and aflatoxin resistance into adapted germplasm and
has expedited the development of lines with acceptable levels
of aflatoxin resistance. To date, CIMMYT has generated 4000
doubled haploid maize lines from sources of ear rot resistance,
drought, and heat tolerance. These doubled haploids are being
evaluated by breeding programs to identify new superior lines
combining aflatoxin resistance and good agronomic perfor-
mance under drought and heat stresses.

Conclusion

Accumulation of aflatoxins in maize occurs following a complex
series of interactions between maize genotype, environment,
pathogen genotype, and crop management practices. Selection
must be simultaneous for multiple stresses to combine drought
and heat tolerance, resistance to insects (especially ear feeding
insects), pathogen resistance including A. flavus and aflatoxin
accumulation, plus any other diseases endemic to each growing
area. All of these biotic and abiotic stress tolerances must be
combined with improved agronomic performance in hybrids in
order to stimulate adoption of aflatoxin resistant materials.
Farmers will not grow low yielding hybrids regardless of aflatox-
in resistance, as the toxin itself is invisible to the naked eye and
only a few selected end-uses (such as animal feeds, baby foods,
confectionery and high-end millers) regularly test for it and pro-
vide incentives or penalties that would induce higher production
of low alflatoxin maize by farmers. With regard to home use, the
negative impact of aflatoxin consumption is generally slow and
difficult to recognize, whereas hunger due to insufficient food is
immediate and pressing. The challenge is to systematically iden-
tify and introduce the best sources of resistance into adapted
maize germplasm available in areas where aflatoxin contamina-
tion is a problem. Established procedures for field inoculation,
measurement of aflatoxin levels, and generation of doubled hap-
loids, have resulted in the development of an array of resilient
maize germplasm and may lead to more opportunities for effi-
cient development of aflatoxin resistant elite hybrids. Currently,
promising new germplasm is being tested in different hybrid
combinations and in different environments of Africa, especially
Kenya, where aflatoxin contamination has been a problem.

Case study: breeding to reduce aflatoxin contamination
in groundnuts

Millions of smallholder farmers in sub-Saharan Africa grow
groundnuts as an important source of protein and as a cash crop.
Groundnuts are prone to aflatoxin contamination and because
they form a large part of the diet in many parts of Africa,
represent a significant source of aflatoxin exposure. The use
of resistant cultivars is one strategy to reduce aflatoxin

contamination in the field. To provide incentive for better farm-
er adoption of resistant cultivars, ICRISAT has developed va-
rieties with other superior agronomic traits - higher pod yield,
drought resistance, and short duration — that increase farmer’s
yields while also lowering aflatoxin contamination risk.

Screening methods for aflatoxin resistance Pod wall, seed
coat, and cotyledons influence the seed infection and aflatoxin
contamination in groundnut. Resistance of the pod wall is at-
tributed to pod shell structure, while resistance of the seed coat
is due to thickness and density of palisade layers, presence of
wax layers, and absence of fissures and cavities. In vitro seed
colonization (IVSC), pre-harvest seed infection, and aflatoxin
contamination are important ways to identify aflatoxin resis-
tance in germplasm. Field screening can be done either in sick
plots or in a location where aflatoxin contamination events are
more common (hot spot location). Pods at harvest are separated
manually, dried and shelled to collect a representative sample
for estimating aflatoxin using indirect competitive ELISA
(Waliyar et al. 2005) or other approved methods.
Identification of resistance to IVSC is a commonly used labo-
ratory screening method wherein a toxigenic isolate of A. flavus
or a mixture of toxigenic isolates is used (Thakur et al. 2000).

Sources, mechanism (barriers) and genetics of resistance
to aflatoxin contamination Both additive and/or non-
additive genetic variance control resistance to A. flavus and/or
aflatoxin production in groundnut (Ozimati et al. 2014; Xue
et al. 2004). Sources of all the three types of resistance (pre-
harvest seed infection, in vitro seed colonization, and aflatoxin
production) have been reported (Nigam et al. 2009; Waliyar
et al. 1994), and in spite of high genotype by environment
interaction, a number of germplasms with high levels of resis-
tance across environments have been identified (Nigam et al.
2009). More importantly, some of the germplasm lines
contained very low aflatoxin (0.4—1.0 ppb) in comparison to
high levels (171-305 ppb) in susceptible controls. Clearly, more
and precise studies are needed to determine the inheritance of
resistance mechanisms to determine allelic relationship among
resistance components for developing knowledge-based breed-
ing strategies to breed cultivars with higher levels of resistance.

Progress in breeding for resistance to aflatoxin Researchers
at ICRISAT and elsewhere were able to combine resistance to
pre-harvest seed infection and/or aflatoxin production into im-
proved genetic backgrounds (Rao et al. 1995; Upadhyaya et al.
2001; Upadhyaya et al. 2003; Waliyar et al. 1994; Zhou et al.
2002). A number of breeding lines showed much less pre-
harvest aflatoxin contamination levels (0.2—4.1 ppb seed) than
susceptible control under ambient conditions.

Current breeding research at ICRISAT is focused on devel-
opment of breeding lines combining early maturity, tolerance
to terminal drought and resistance to seed infection and
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aflatoxin contamination. A number of breeding lines combin-
ing short duration and aflatoxin resistance were identified for
further evaluation. Some of these varieties in advanced trials
were significantly superior (2.8-4.8 t ha™' pod yield) over the
control J 11 (2.1 t ha ' pod yield). ICGV 10038 (4.5 t ha ',
5 ppb aflatoxin content and 5 % A. flavus infestation), and
ICGV 10043 (4.0 t ha ', 15 ppb aflatoxin content and 2 %
A. flavus infestation) were the best performing entries for pod
yield and aflatoxin contamination. Furthermore, ICGVs
13124, 13125, and 13127 combined short duration and resis-
tance to aflatoxin contamination into improved genetic back-
ground (ICRISAT 2012/2013).

Genomic resources in groundnut Recent developments at
ICRISAT and elsewhere have changed the status of groundnut
as a genomic resources rich crop (Pandey et al. 2014) and this
knowledge is being applied to identify molecular markers as-
sociated with resistance to aflatoxin in groundnut.

Performance of aflatoxin resistant varieties in farmers’
fields In a period from 2003 to 2007, advanced varieties
with aflatoxin resistance, were evaluated for seed infection/
pre-harvest aflatoxin contamination and for agronomic per-
formance in farmer participatory, multi-location on-farm
trials in India and also for 2 years (2008 and 2009) in
farmers’ fields in Mali, West Africa. The aflatoxin contam-
ination for 2 years (2003 and 2004) evaluation in India
ranged from O to 7 ppb across locations compared with 0
to >150 ppb in a susceptible control. 1n 2005, the resistant
varieties produced 16-61 % higher pod and haulm yields
coupled with 36-73 % reduction in aflatoxin contamina-
tion over the control. Further field evaluations indicated a
reduction in pre-harvest aflatoxin contamination by 57—
71 % and 60-75 % over the control during 2006 and
2007, respectively. Importantly, a number of these varieties
were also found adapted to West African (Mali) conditions
and had low levels of pre-harvest aflatoxin contamination,
with four varieties having <5 % seed infection. Seed infec-
tion by 4. flavus varied from 2.2 % (55-437, resistant con-
trol) to 94.81 % (JL 24, susceptible control), while aflatox-
in contamination varied from 2.9 ppb (ICGV 94379) to
957 ppb (JL 24).

Conclusion

Resistance to pre-harvest seed infection and aflatoxin contam-
ination has been successfully introgressed into improved ge-
netic backgrounds, and such varieties performed exceedingly
well in India and Mali. However, these are not completely free
from aflatoxin contamination. Use of resistant varieties to-
gether with integrated crop management and postharvest
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technologies could greatly minimize the risk of aflatoxin con-
tamination in groundnut.

Overall conclusions

The CGIAR has been highly successful in conducting agricul-
tural research, especially in the development of crop varieties
that enhance productivity and reduce hunger. However, the
challenges of the 21st century are different from those of the
20th. There have been enormous improvements in reducing
the proportion of people suffering hunger and in improving
education, health and life expectancy. But because of popula-
tion growth, absolute numbers of people suffering hunger and
micronutrient deficiencies remain high. Moreover, as agricul-
ture intensifies and expands to feed more people, the negative
impact of agriculture on ecosystems and health are accentuat-
ed. In addition, some places, primarily in Africa, have yet to
see the benefits of CGIAR research at scale. The persistence of
old and emergence of new challenges has led to re-assessment
of the role of the CGIAR. A far-reaching reform process was
set in motion, leading to complete reorganization and a new
set of programs, the CGIAR research programs, was initiated
in 2012. These new programs plan to add value by building on
the traditional strengths of CGIAR research by improving co-
ordination and filling gaps and developing impact pathways
from research to development outcomes.

This paper details some CGIAR successes in areas of tra-
ditional strengths: risk based approaches, market based ap-
proaches, crop genetic improvement and biocontrol to control
aflatoxins. At the same time, the paper suggests that in the
relatively complex problem of aflatoxins, supply side solu-
tions are not enough. By incorporating perspectives from eco-
nomics and epidemiology, evidence can be generated to drive
farmer adoption, distribution models and market development
and incentives, important steps in the impact pathways iden-
tified to ensure CGIAR research goes to scale.

Priority research activities include:

1. Generating evidence on the human and animal health im-
pacts of aflatoxins

2. Understanding the potential of improved technologies and
good agricultural practices to reduce aflatoxin exposure in
farm households and communities

3. Assessing the costs and benefits of proposed strategies on
aflatoxin reduction as well as other goals such as income
and food security

4. Assessing how costs and benefits are distributed across
men and women in households and across different types
of households in communities

5. Understanding factors that facilitate and constrain adop-
tion of aflatoxin control strategies would also be assessed,
with particular emphasis on gender issues, incentives and
on the role of health information and communication.
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