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Abstract: Aflatoxin contamination of important food and feed crops occurs frequently in warm tropical
and subtropical regions. The contamination is caused mainly by Aspergillus flavus and A. parasiticus.
Aflatoxin contamination negatively affects health and trade sectors and causes economic losses to
agricultural industries. Many pre- and post-harvest technologies can limit aflatoxin contamination
but may not always reduce aflatoxin concentrations below tolerance thresholds. However, the use of
atoxigenic (non-toxin producing) isolates of A. flavus to competitively displace aflatoxin producers
is a practical strategy that effectively limits aflatoxin contamination in crops from field to plate.
Biocontrol products formulated with atoxigenic isolates as active ingredients have been registered for
use in the US, several African nations, and one such product is in final stages of registration in Italy.
Many other nations are seeking to develop biocontrol products to protect their crops. In this review
article we present an overview of the biocontrol technology, explain the basis to select atoxigenic
isolates as active ingredients, describe how formulations are developed and tested, and describe
how a biocontrol product is used commercially. Future perspectives on formulations of aflatoxin
biocontrol products, along with other important topics related to the aflatoxin biocontrol technology
are also discussed.
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1. Introduction

1.1. The Aflatoxin Problem

Aflatoxin contamination of economically important food and feed crops occurs frequently in
tropical and subtropical regions [1,2]. Susceptible crops include maize, groundnut, cottonseed, tree nuts,
figs, and chilies, among others [3-5]. Aflatoxins are synthetized alone or with other mycotoxins by
several Aspergillus species, most of them belonging to section Flavi (Table 1) [6]. However, A. flavus and
A. parasiticus are the species most commonly associated with aflatoxin contamination of crops [4,7].
In general, toxigenic members of A. flavus produce aflatoxins B; and B, (blue fluorescent), while
toxigenic members of A. parasiticus produce aflatoxins G; and G, (green fluorescent) in addition to By
and By [7]. The most potent of the four aflatoxins is By. The four types of aflatoxins are associated with
a myriad of health threats including stunting, impaired food conversion, immunosuppression, liver
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cancer, and, under acute exposure, death [8]. Similar negative impacts and low productivity occur in
livestock when their feeds contain unsafe aflatoxin levels [9,10]. Most mycotoxin alerts reported in the

European Union by the Rapid Alert System for Food and Feed [11] are raised by crop lots contaminated
with aflatoxins, followed by ochratoxins (Figure 1).
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Figure 1. Number and relative percentage of mycotoxin alerts reported during the last five years
(2014-2018) by the Rapid Alert System for Food and Feed (RASFF, 2019).

The magnitude of the aflatoxin contamination problem differs between developed and developing
nations. Regulations and strict limits (tolerance levels) are enforced in developed nations to protect
consumers from contaminated foods and feeds [12-15]. In contrast, regulations in emerging and
developing nations, if they exist, are poorly enforced with few exceptions. Examples of exceptions
include cases when the contamination levels reach a national health emergency, such as maize
destruction in areas of Kenya, and the banning of several brands of maize flour and peanut
butter in Kenya, Rwanda, and Uganda [16-19]. Therefore, in emerging and developing nations,
most contaminated crops enter the food and feed chains, regardless of their aflatoxin content [3,20-25].
The absence of mechanisms to enforce aflatoxin tolerance levels results in chronic aflatoxin exposure
with subsequent lack of access to markets, poverty, low well-being, poor economic growth, being
among other constraints in the affected populations [2,26,27]. For all these reasons, in the developing
world, contamination of food and feeds with aflatoxins has a profound negative impact on personal,
social, and national development opportunities.
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Table 1. Toxigenic profile of aflatoxin-producing species within Aspergillus section Flavi. 1.

Species Aﬂag:’l’;‘z“ B1 Aﬂag:”(‘;‘:‘ G Aflatrem CPA?  3-Nit-Acid ® Te“::iz;mc
A. aflatoxiformans + + + + - -
A. arachidicola + + - - - -
A. austwickii + + + + - _
A. cerealis + + + + - -
A. flavus + +4 + + + R
A. luteovirescens + + - - - +
A. minisclerotigenes + + + + - -
A. mottae + + - + - -
A. nomius + + - - - +
A. novoparasiticus + + - - - -
A. parasiticus + + - - - -
A. pipericola + + + + - -
A. pseudocaelatus + + - + - +
A. pseudonomius + + - - - +
A. pseudotamarii + - - + - +
A. sergii + + + + _ _
A. togoensis + - - - - -
A. transmontanensis + + - - - -

1 In each species, there are members that may not produce one or several toxins listed in the table. 2 Cyclopiazonic

iq 3 ; ionic acid. 4 ; ins:
acid. ° 3-Nitropropionic acid. * Only a few isolates have been reported to produce G-type aflatoxins; data
from [6,7,28].

1.2. Technologies to Limit Aflatoxin Crop Contamination

The notion that aflatoxin contamination is a problem restricted to post-harvest stages still
incorrectly permeates in certain regions and sectors across the globe. Aflatoxin contamination usually
starts in the field and, if post-harvest handling is deficient, aflatoxin concentrations can dramatically
increase during storage [22,24,26,29,30]. Several cultural practices and technologies that prevent or
limit the contamination process in the field are available for both highly mechanized and small-scale
agricultural systems. Among the pre-harvest technologies are the use of atoxigenic isolates of A. flavus
as biocontrol agents, insect control, timely harvesting, and use of less susceptible cultivars, including,
in the case of maize and cotton, Bt-cultivars [31,32].

Regarding post-harvest technologies, sorting has been described as a successful practice to reduce
aflatoxin contamination in grain (i.e., maize) and nut lots (i.e., groundnut, pistachio, almond). Removal
of nuts and grains showing morphological characteristics associated with aflatoxin contamination
(e.g., shriveled, discolored, early split, worm galleries) considerably reduces aflatoxin content in a
sorted batch [33-35]. Chemical detoxification is mostly limited to human food, but some compounds
(e.g., ammonium, hydrated bentonite, magnetic carbon) can reduce aflatoxin concentration in the final
product [36]. Finally, other practices such as crop drying, improved sanitation, controlled processing
and storage conditions, significantly contribute to reduce aflatoxin accumulation [22,24,26,30,37-40].

Due to the complexity and the multitude of factors affecting the aflatoxin contamination process,
none of those technologies used individually provides complete protection. Rather than using a single
or few somehow effective technologies, it is necessary to integrate aflatoxin management strategies
addressing the entire crop production and distribution chain [14,41].
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1.3. Biocontrol as a Tool to Decrease Crop Aflatoxin Contamination

Genetic diversity is large and aflatoxin production potential is highly variable within and among
aflatoxin-producing species [7,42]. For example, populations of A. flavus are composed of aflatoxin
producers and non-toxin-producing isolates (syn.: atoxigenic) (see 2.2). A. flavus is divided into two
morphotypes, L and S, according to the size of sclerotia. The L morphotype produces few, large sclerotia
(>400 pm) while the S morphotype produces large numbers of small sclerotia (<400 pum) [43]. Isolates
of the L morphotype are highly variable in aflatoxin-producing potential with some of them being
atoxigenic, while S morphotype isolates consistently produce high aflatoxin concentrations [44]. As with
several fungal species, A. flavus populations can be classified in different vegetative compatibility
groups (VCGs). Isolates belonging to the same VCG are genetically more closely related than isolates
belonging to other VCGs. There are certain VCGs composed solely of atoxigenic isolates and those
genetic groups are good candidates for biocontrol products that, when applied in the field at the right
stage, can result in decreased aflatoxin content in the crop [45,46].

Using atoxigenic A. flavus isolates as an active ingredient in biocontrol formulations is a safe,
low-cost, easy-to-use, and effective technology to protect crops from aflatoxin contamination. Although
it is highly effective, the use of biocontrol products must be combined with key aflatoxin management
strategies available to farmers in any given region (e.g., technologies to reduce plant stress, to promote
rapid drying, and optimal storage of the crop) to minimize the risk of contamination. The process
of selecting atoxigenic isolates of A. flavus to use as biocontrol agents should follow a series of
well-established steps ranging from selecting native and well-adapted isolates, determining the reasons
for their inability to produce toxins (e.g., aflatoxins, cyclopiazonic acid [CPA]), and assessing their
ability to out-compete aflatoxin producers under controlled and field conditions (Figure 2). Another
criterion for selecting the most competitive isolates in field conditions is to evaluate their abilities to
spread from soil to crops [47].
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Figure 2. Illustration of the process to select atoxigenic isolates of Aspergillus flavus to develop aflatoxin
biocontrol products.

When applied in the field, at the right crop phenological stage, atoxigenic biocontrol isolates
displace aflatoxin-producers resulting in lowering infection rates by the native toxigenic isolates.
Biocontrol treatment allows the production of crops with little to no aflatoxin, even in areas where
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both the environment and the pathogen population (density and toxigenicity) are conducive to
crop infection and contamination. Frequently, treated crops contain undetectable aflatoxin content.
Treatment allows producing crops that meet national and international premium market aflatoxin
standards (below tolerance levels) that would be very difficult to achieve in the absence of the biocontrol
treatment [48-53].

1.4. From Single to Multiple Isolates

The United States Department of Agriculture—Agricultural Research Service (USDA-ARS)
developed the first biocontrol product, Aspergillus flavus AF36, which contains as the active ingredient
an atoxigenic isolate native to Yuma, Arizona, US [54-56]. The biocontrol product AF36 was initially
registered with the United States Environmental Protection Agency (USEPA) for use in cotton fields in
Arizona and California, and subsequently the registration label was expanded to treat maize in Arizona
and Texas [57]. AF36 is produced and distributed by the Arizona Cotton Research and Protection
Council [48]. During a 10-year research effort, it was found both that VCG YV36, to which AF36 belongs,
was the atoxigenic VCG most commonly encountered in California and that AF36 was successful in
limiting aflatoxin content in commercially produced pistachio. Therefore, USEPA granted registration
of AF36 for use in pistachio grown in California and Arizona (2012), and eventually (2017) in almond
and fig in California [15,51]. The biocontrol product AF36 is now used in several states across the US,
which makes it the most widely used aflatoxin biocontrol product in the world. A second biocontrol
product, Afla-guard®, containing a different atoxigenic A. flavus isolate (NRRL21882) as an active
ingredient, was registered with USEPA for use in maize and groundnut in the US [58]. The product
Afla-guard® is commercialized by Syngenta Crop Protection, Inc. (Greensboro, NC, USA) and has
been used in experimental groundnut fields in Turkey [59].

The International Institute of Tropical Agriculture (IITA) and USDA-ARS, in collaboration with
national and international institutions, adapted and improved the aflatoxin biocontrol technology for
use in sub-Saharan Africa (SSA). Several aflatoxin biocontrol products that effectively reduce crop
aflatoxin content have been developed under the trade name Aflasafe® [26,53], and several of those
are currently commercialized in different nations in Africa [60]. Each Aflasafe® product contains, as
active ingredient fungi, four atoxigenic isolates belonging to distinct VCGs native to the target nation.
A shift from a single to a multiple-isolate product was made to exploit the repertoire of qualities
that diverse atoxigenic isolates have in relationship to competitiveness and adaptation to diverse
crops, environments, and agricultural practices [26,49,61]. Using isolates belonging to atoxigenic
VCGs widely distributed and successful across environments and crops has proven to be effective in
producing crops with low aflatoxin content [46,47,53]. In natural conditions, it has been noted that the
dominance of single A. flavus VCGs over single and multiple areas, over multiple years, is transient [62].
Thus, use of multiple isolates may increase the chances to promote diverse atoxigenic communities
over a longer-term.

USDA-ARS has developed a multi-isolate biocontrol product for use in maize grown in Texas,
FourSure™, which contain, as active ingredients, four atoxigenic isolates native to Texas [63]. The US
Texas Corn Producers Board is seeking the registration of FourSure [64]. In California, several atoxigenic
VCGs have been identified by the University of California—Davis (UC Davis) in collaboration with
USDA-ARS and different tree-nut growing organizations, and isolates in those VCGs are valuable
resources as constituents of multi-isolate products to treat tree nut crops [15,65,66]. In North Carolina,
combinations of atoxigenic strains have been tested in a field of a research station [67]. Research
programs at UC Davis and collaborating universities in Argentina and Spain have identified through
laboratory tests, atoxigenic A. flavus isolates with potential as biocontrol agents for use on those nations,
but the efficacy of those isolates has not been tested under field conditions [68-70]. Similarly, studies
for identifying potential A. flavus biocontrol isolates are being conducted in other countries including,
China [71], India [72], Thailand [73,74], and Serbia [75].
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2. Basis for Selection of Atoxigenic Isolates as Biocontrol Agents

2.1. Use of Native Fungi

Biocontrol formulations containing atoxigenic fungi native to target regions should have a greater
chance to be more effective because of their adaptation to the environment, cropping system, and
climatic and soil conditions [46,49]. Native atoxigenic isolates generally possess superior abilities
to compete against other native microorganisms for local resources. Also, native fungi as active
ingredients of products allow faster regulatory approval compared to exotic fungi [26,49]. As there
are many atoxigenic A. flavus isolates in all nations where aflatoxin-producers thrive, there is no need
to introduce exotic organisms. Moreover, native fungi are beneficial germplasm that governments
can use/license in a manner considered the most appropriate to reduce aflatoxin contamination and
aflatoxin exposure [49,61].

2.2. Membership in VCGs That Are Completely Atoxigenic

An important criterion when selecting atoxigenic fungi to develop a biocontrol product is
that each candidate isolate must belong to a widely distributed VCG composed only of atoxigenic
members [46,76,77]. Microbiological, chemical, and molecular tools are employed to find atoxigenic
VCGs. Evaluation of aflatoxin-production abilities of a large number of A. flavus isolates from a given
region is required; thousands of vegetative compatibility tests must be performed, and molecular
analyses using simple sequence repeat (SSR) markers must be done to reveal whether a VCG has
only atoxigenic members. These activities are both resource intensive and time-consuming but allow
detecting VCGs composed exclusively of atoxigenic members.

2.3. Lesions in the Aflatoxin Biosynthesis Gene Cluster

About 30 clustered genes, and more than 20 enzymatic reactions, are needed for aflatoxin
production [78,79]. In all aflatoxin-producing species, the aflatoxin biosynthesis cluster is located
within a 75-kb region of chromosome 3 [78]. Genes in the cluster may be affected by different types of
mutations, including substitutions, insertions, deletions, and frameshifts that can result in atoxigenicity.
Deletions can be divided into specific deletions, affecting one gene, or large deletions affecting multiple
or all aflatoxin biosynthesis genes [80,81]. For example, the aflatoxin and CPA biosynthesis gene
clusters are entirely deleted in NRRL21882 [81] and one of the isolates, A. flavus Og0222, in the Aflasafe
product used in Nigeria, [45]. Sometimes a single nucleotide polymorphism (SNP) is sufficient to
confer atoxigenicity. A nonsense mutation (substitution: G-A) in the polyketide synthase gene is
enough to confer atoxigenicity to the biocontrol isolate AF36, although there are many other mutations
and deletions in the aflatoxin gene cluster of AF36 [45,82]. Finally, the aflatoxin gene cluster of A. oryzae,
considered a domesticated species of A. flavus, shows several substitutions and frameshift mutations
that result in lack of aflatoxin production [83].

2.4. Area-Wide Adaptation

Paramount is selection of atoxigenic fungi with known adaptation to target agroecosystems
and their cropping systems [26]. There is large variability among VCGs in abilities to compete for
crop substrates [84-86]. Numerous studies report isolates with potential as candidate atoxigenic
biocontrol agents that were selected from small sets of isolates, and usually from relatively small areas.
This can result in selection of isolates that may not be the most appropriate and widely adapted to
limit aflatoxin contamination. Area-wide adaptation of atoxigenic VCGs can be revealed by examining
several thousand A. flavus isolates associated with multiple crops collected in several hundred locations
across a target country/region [15,26,47]. Such studies require intensive microbiological, chemical, and
molecular tests.
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2.5. Superior Competitiveness

In controlled conditions, atoxigenic isolates with superior ability to limit aflatoxin contamination
are identified by challenging the candidate atoxigenic isolates with high aflatoxin producers in
co-inoculation assays. Typically, these assays are conducted by co-inoculating mature maize grains
with both atoxigenic and aflatoxin-producing isolates. Subsequently, production of aflatoxin is
quantified, and reduction of aflatoxin contamination is calculated with respect to grains inoculated
only with an aflatoxin producing isolate [61,77]. Competition experiments have also been conducted
using almond and pistachio kernels because those were the target crops [15].

Field testing allows evaluating aflatoxin reduction abilities of candidate fungi under field
conditions [50-52,54,58]. When selecting atoxigenic fungi for multi-isolate products, field evaluations
are done by applying atoxigenic isolates individually (typically 12 isolates are tested) and then, as part
of a candidate multi-isolate products [26,47,50]. An evaluation of this type allows detecting those
isolates with the greatest ability to create a founding population in the soil and then to successfully
move to the grains or other harvested crop product in the treated fields [47]. In Nigeria, field evaluation
of a candidate product prior to large-scale efficacy trials revealed that one of the tested isolates was
a poor competitor across all tested environments and therefore was replaced with an isolate with
superior potential as biocontrol agent [50].

2.6. Efficacy Trials

The true value of a biocontrol product composed of single or multiple isolates as active ingredient
is revealed when the product is applied in crops managed by the farmers themselves, in multiple
fields (usually 300 to 500) in multiple agro-ecological zones, and during multiple years [51,87,88].
Evaluating a product under controlled conditions, in a limited number of locations can result in
incorrect interpretation regarding the benefits of biocontrol and its efficacy across environments [89].

Usually, researchers conduct evaluation trials using paired fields, treated vs. untreated. When
paired fields are not sufficiently separated (e.g., by a distance of >500 m), untreated fields may be
affected by cross-contamination with spores of the biocontrol isolate(s) dispersed from the adjoining
treated fields. This effect is much higher in a traditional block design [90]. Aflatoxin contamination
data of the paired fields often does not meet the requirements (normality and outliers) for applying
a statistical paired T-test. In such cases, transforming the data or using a non-parametric Wilcoxon
Signed Rank Test may provide some usable results.

3. Registration of Products

Many aflatoxin biocontrol products are currently registered with national biopesticide regulators
for use in various crops (Table 2). In the US, AF36 is registered for use in several crops [15,49,51],
while Afla-guard® is registered for use in maize and groundnut [91]. In Africa, there are 14 atoxigenic
biocontrol products registered under the tradename Aflasafe for use in maize; 13 of those products
are also registered for use in groundnut, and two of those are registered for use in sorghum [53,60].
The African countries where Aflasafe products are registered are Nigeria, Kenya, Senegal, The Gambia,
Burkina Faso, Ghana, Tanzania, Zambia, Mozambique, and Malawi. The atoxigenic biocontrol
product AF-X1® is in the final stages of registration for unrestricted use in maize in Italy (http:
//www.agronomico.com/AFX1.aspx; [52]).
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Table 2. List of aflatoxin biocontrol products registered for commercial use !.
Atoxigenic Aspergillus flavus Responsible
Product Isolate(s) Organization or Entity Target Country Crops for Use Reference
Aspergillus flavus AF36 Arizona Cotton Research Cotton, maize, pistachio, a
Prevail® AF36 and Protection Council Us almond, and figs [5,48,49,51]
Aﬂa—guard® NRRL21882 Syngenta® USs Maize and groundnut [91]
Aflasafe™ Kal6127, La3279, La3304, Og0222 ITA 3 Nigeria Maize and groundnut [87]
Aflasafe KEO1™ C6-E, C8-F, E63-1, R7-H IITA Kenya Maize [45]
Aflasafe SNO1 M2-7, M21-11, Ms14-19, Ss19-14 IITA Senegal and The Gambia Maize and groundnut [45,88]
Aflasafe BFO1 M011-8, G018-2, M109-2, M110-7 IITA Burkina Faso Maize and groundnut [45]
GHGO079-4, GHG083-4, GHG321-2, Maize, groundnut, and
Aflasafe GHO1 GHMI174-1 ITA Ghana sorghum [47]
GHM511-3, GHM109-4, GHMO001-5, Maize, groundnut, and .,
Aflasafe GH02 CHM287-10 ITA Ghana sorghum [47]
Aflasafe TZ01 TMS199-3, TMH104-9, TGS364-2, ITA Tanzania Maize and groundnut Unpublished registration
TMH 30-8 document
TMS64-1, TGS55-6, TMS205-5, . . Unpublished registration
Aflasafe TZ02 TMS137-3 ITA Tanzania Maize and groundnut document
GP5G-8, GP1H-12, MZM594-1 Unpublished registration
2 , , , . ; P g
Aflasafe MWMZ01 MZMO029-7 NITA Mozambique Maize and groundnut document
Aflasafe MWMZ01 2 MW199-1, MW097-8, MW246-2, IITA Malawi Maize and groundnut Unpublished registration
MW238-2 document
GP5G-8, MZG071-6, MZMO028-5, . . Unpublished registration
Aflasafe MZ02 MZM250-8 IITA Mozambique Maize and groundnut document
Aflasafe MW02 MW258-6, MW332-10, MW248-11, ITA Malawi Maize and groundnut Unpublished registration
MW204-7 document
Aflasafe ZMO1 110MS-05, 38MS-03, 46MS-02, ITA Zambia Maize and groundnut Unpublished registration
03MS-10 document
Aflasafe ZMO02 31MS-12, 12MS-10, 47MS-12, ITA Zambia Maize and groundnut Unpublished registration
64MS-03 document
AF-X1® MUCL54911 Pioneer® Int. Italy Maize [52]

1Al products contain sorghum as the carrier grain, except Aﬂa—guard®, which contains barley as the carrier [91]. 2 Aflasafe MWMZ01 is a regional product developed for both Malawi
and Mozambique; one native atoxigenic isolate from each of four vegetative compatibility groups co-distributed in both Mozambique and Malawi was selected. 3 IITA, along with several
partners, develops Aflasafe products for use in each nation; after registration, IITA licenses biocontrol manufacturing and commercialization responsibilities to private companies or the

public sector [60].
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4. Delivery Methods

4.1. Grains as Carriers and Nutritional Sources.

All commercially available biocontrol products are formulated using sterile grains that serve as
carriers and as a nutritive source for the atoxigenic strains. Several formulations were tested at the
earlier stages of biocontrol development, including inoculated rice and wheat grains, pasta granules
(containing semolina, kaolin, and xanthan gum), maize flour-based granules, and alginate pellets
containing several nutrients [43,92]. Spraying spore suspensions of the biocontrol agent directly to the
canopy of the crop or applied as soil drenches were also tested [43,93]. However, the use of grains as
carriers was found to be the best option [43,92]. Originally the formulations comprised sterilized grains
colonized by the atoxigenic isolates [48,50,91,94]. Although this methodology was effective to deliver
the biocontrol agent to the crop, it was expensive and slow to produce. Therefore, formulations using
roasted or dehulled grains (to avoid germination) coated with a spore suspension of the biocontrol
isolate(s) were developed [26,58,95]. Coated formulations lower the costs and increase the rate of
product manufacture, making it more affordable for farmers.

Grain-based formulations were developed for applications in field crops (cotton, groundnut,
maize) with small and closed canopies which provide good conditions for the biocontrol fungus to
sporulate, but they might not be adequate for tree nut orchards with more open canopies which do not
provide optimal conditions for a fungus to sporulate. Therefore, there is a need to develop alternative
formulations and application methods that will deliver the biocontrol isolate(s) more efficiently in
these less favorable environments.

4.2. Use of Bioplastics

To date, all commercial aflatoxin biocontrol products are formulated using grains of either barley,
wheat, or sorghum as carrier of the spores of the atoxigenic isolates. Other alternatives have been sought
in order to limit the use of food and feed grains. Recent studies have investigated whether coating
seeds with a bioplastic containing an atoxigenic isolate may be a useful technology for delivering
the biocontrol isolate in maize crops [96,97]. Before planting, maize seeds are film-coated using a
starch-based bioplastic previously combined with spores of a biocontrol isolate. Moreover, chemical
pesticides (insecticide or fungicides) might be added to the coating slurry for additional protection
of seeds in soil. Application of the bioplastic seed-coating with spores favors initial growth of this
starch-utilizing fungus, resulting in a decreased frequency of aflatoxin producers in soil. Subsequently,
aflatoxin contamination of maize kernels during pre-harvest stages was reported to be reduced [97].
More studies describing key factors that may affect the effectiveness of this technology are needed to
improve the performance of this formulation.

4.3. Alternative Substrates

The delivery method (i.e., barley, sorghum, or wheat grains) is the most expensive component
of atoxigenic biocontrol products. In addition to bioplastics (see previous section), other substrates
could be employed to reduce the production costs of the biocontrol products. This is particularly
important for many smallholder resource-poor farmers, for which the cost to treat 1 ha of a crop may
be prohibitive (12-18 USD, depending on the country) if they do not have access to markets paying
a premium for safe crops. However, the major drawback of using grains as carriers is that they are
frequently predated by ants, birds, and insects. Finding other substrates could reduce the cost of the
product, have increased sporulation, and lower vulnerability to predation. The use of cassava peel
pellets has been investigated to replace sorghum as a carrier and nutritive source for biocontrol isolates
in West Africa, where large quantities of cassava peels are discarded daily [98]. However, spore yield
on cassava peel substrate is low compared to sorghum, meaning a reduction in the effectiveness of the
biocontrol product. More research is needed to determine which substrates could provide desirable
features of increased sporulation under broader environmental conditions and that would be less
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prone to predation. Finally, two application methods without carrier have been studied. These are
application of aqueous spore suspensions directly to the crop canopy or delivering the active ingredient
through the irrigation system but evaluations in commercial orchards remain to be done [99].

5. Effectiveness in Crops Treated with Biocontrol Products

5.1. Effectiveness of Aflatoxin Biocontrol Agents in Different Crops

The efficacy of aflatoxin reduction by atoxigenic isolates of A. flavus has been demonstrated in
various crops including maize, groundnut, cottonseed, and pistachio in the US, and maize, groundnut,
and chili peppers in Africa [48,51,91,100] (Table 2). Recently, efficacy trials have been conducted
in sorghum in Ghana and sunflower in Tanzania and substantial reductions in aflatoxin have been
achieved (unpublished results). Results of both field experiments and commercial treatments in cotton,
maize, and groundnut fields show reduction in aflatoxin contamination ranging from 70% to 100%
compared to adjacent non-treated fields [48,52,87,88,101,102]. In the commodities in which aflatoxin
contamination is more frequent (i.e., the proportion of grains/seeds/fruits that can be contaminated by
aflatoxin is higher), the impact of biocontrol isolates on aflatoxin reduction is higher too. Conversely,
when the percentage of potential points of infection is meager, which occurs in the case of tree nut
crops (i.e., from 1/5000 to 1/20,000 in pistachio kernels), the aflatoxin contamination on untreated fields
is highly variable (measured as the variation coefficient) and, subsequently, the impact of the biocontrol
agents in reducing aflatoxin contamination is frequently low but highly variable. Figure 3 shows
the relationship between reduction of aflatoxin contamination as a result of application of atoxigenic
A. flavus isolates in different commodities and the variation coefficient of aflatoxin contamination in
untreated fields of these crops [29,47,51,52,87,88,92,101,102].
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Figure 3. Relationship between aflatoxin reduction (%) as a result of application of atoxigenic Aspergillus
flavus isolates to different commodities and the variation coefficient of aflatoxin contamination found in
untreated fields of these crops.

5.2. Area-Wide Treatment for Increased Efficacy

The overall goal of aflatoxin management with atoxigenic isolates is to change the population
structure, typically dominated by aflatoxin producers, by increasing the frequencies of the applied
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atoxigenic isolates in the target ecosystem. Once the population is composed mainly of atoxigenic
isolates, the aflatoxin production potential is greatly reduced.

A single application of an aflatoxin biocontrol product, at the right phenological stage, substantially
reduces aflatoxin contamination in treated crops [48,51,53]. However, sometimes the biocontrol product
does not completely protect the crop from aflatoxin contamination. Several factors affect the efficacy
of treatment, including poor sporulation and product loss, which restrict the full potential of the
competitive exclusion and founder effect principles of the technology [95,99]. Benefits of aflatoxin
biocontrol applications go beyond reducing aflatoxin in the treated crop in a single season. Thus,
biocontrol applications also increase the density of atoxigenic isolates in the soil, even in neighboring
fields, and the carry-over effect has the potential to displace aflatoxin producers for subsequent seasons.
On the other hand, toxigenic fungi residing in soils nearby treated fields can also contaminate the
treated crops in subsequent seasons. Studies of the population structure of A. flavus at the area-wide
scale began in the 1990s [103,104] raising the idea that changing the population structure of the fungus
at the regional scale will also reduce the aflatoxin-producing potential in the area. Implementing
area-wide, long-term biocontrol programs might be the best strategy to reduce the population of
aflatoxin-producing isolates for the medium- to long-term [29,48]. An area-wide and long-term
aflatoxin management program will require treating most aflatoxin susceptible crops growing in the
same area. However, effective aflatoxin control might be achieved with partial, booster treatments
after initial application for a few years. With area-wide treatment, biocontrol products would need to
be reapplied perhaps at a lower dose to maintain a population with low aflatoxin production potential
in an area-wide long-term management program. However, the application frequency depends on
the characteristics of each area, since areas differ in the time that the biocontrol will persist in the
soil [102,104].

6. Biocontrol Performance in Future Scenarios

An understanding of the epidemiology of, and the interaction between biocontrol agents and
aflatoxin producers under field conditions is essential for successful simulation modelling in future
scenarios, particularly under climate change. Simulation models to predict future toxigenic and
atoxigenic population scenarios to assist farmers and pest control advisers through Decision Support
Systems (DSS) will be important tools. Climate changes that accompany projected increments
in atmospheric CO; can lead to a reduction in water availability in agricultural areas. Thus,
by 2100, predictions indicate a rise in global temperature between 1 and 5 °C, which will affect
development of crops and their capacity to adapt along with changes in the current distribution and
densities of aflatoxin-producing fungi [105]. Areas affected by severe water stress (criticality ratio:
withdrawals/availability of water > 0.4) will expand and the stress will intensify [106]. Changes in
global precipitation, ecological, and crop system patterns may alter the compositions of Aspergillus
populations and their fitness, since they are primarily influenced by temperature and soil moisture.
Jaime-Garcia and Cotty [107] observed spatial and temporal variations in aflatoxin contamination
depending primarily on those environmental factors. For example, soil surface temperature influences
fungal communities with propagule density decreasing when daily average soil temperature is either
below 18 °C or above 30 °C [108]. A. flavus S morphotype fungi are more likely to occur at a higher
proportion during warmer, drier years, and consequently, increased aflatoxin concentrations in crops
occur because of their high aflatoxin-producing potential [44]. Monitoring climatic parameters and
crop aflatoxin accumulation across countries will contribute to a better understanding of the influences
of climate change on aflatoxin contamination risks [26]. Information on the interaction between the
environment and the fungal population size and structure will allow the implementation of aflatoxin
management strategies based on weather events, which may include a requirement for selection of
atoxigenic VCGs adapted to both hotter, drier climates and changes in cropping cycles [44].
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7. Losses to Bird, Insect, or Rodent Predation

Using grains as carriers for biocontrol isolates consistently reduces aflatoxin contamination in
field crops (maize, cotton, groundnut, chili peppers), where closed canopies create conditions of
humidity for good sporulation of the biocontrol product when applied at the right time. However,
when conditions are not conducive for rapid sporulation, the product is exposed to predation by birds,
insects, ants, and rodents [29]. Under conditions found in tree nut orchards, predation of the biocontrol
product is even greater since the ground is frequently bare of vegetation, leaving the product exposed
to animal and insect predation. Preliminary studies conducted in California, at Kearney Agricultural
Research and Extension Center, indicate that besides ants, other arthropods (mainly Oniscidea spp.)
are implicated in the rapid loss of formulated grain carriers [99]. Dissimilar agricultural management
practices (e.g., crop densities, irrigation strategies, tillage, and maintenance of vegetative cover) are
essential factors affecting the fauna found in the orchard. Furthermore, grain carriers could spoil when
exposed to excessive moisture in the soil, a condition that favors rapid colonization by other fungi
(e.g., Fusarium spp.), thus impeding the sporulation of the biocontrol agent(s). Biocontrol efficacy can
be further enhanced with innovations in formulations that improve the efficiency of sporulation and
reduce the proportion of grains lost due to predation.

8. Concerns Posed for Using Biocontrol Products

Isolates used in biocontrol formulations belong to ancient, highly stable atoxigenic VCGs selected
through carefully designed and elaborate microbiological, chemical, molecular, and field studies [47,
50,53,76,77]. Well-planned studies have demonstrated that members of an atoxigenic VCG do not
exchange genetic material with members of other VCGs (either toxigenic or atoxigenic) despite plenty
of opportunities for exchange of genetic material in both treated and non-treated areas [42,76,109,110].
Clonality is the predominant mode of A. flavus reproduction. Recombination events between members
of toxigenic and atoxigenic VCGs have been reported only in laboratory and field studies under specific
conditions [111-115] and is rare in nature. Therefore, the risk for recombination and generation of
toxigenic variants when applying atoxigenic isolates in the field is minimal.

No major health problems have been reported due to the use and application of biocontrol agents
by field workers, but it can cause allergic reaction in some individuals. In general, workers should
avoid a prolonged contact with the product through the skin and eyes, avoiding those periods in which
a high concentration of spores is expected.

9. Conclusions

Whereas some researchers have critical opinion regarding biocontrol of aflatoxins [116-120],
substantial research conducted with field and tree crops has shown that using atoxigenic isolates
of A. flavus as biocontrol agents is one of the most effective pre-harvest management strategies for
reducing aflatoxin contamination (Figure 3). The extensive research demonstrating the efficacy, safety,
and benefits of the technology have allowed registration of several aflatoxin biocontrol products with
regulatory authorities. Following registration, large-scale use is possible after developing infrastructure
to produce the biocontrol product on a large-scale, developing sound commercialization strategies,
transferring the technology to appropriate industries, and implementing innovative marketing and
distribution channels [48,60,87]. It is worth mentioning that this management strategy is especially
useful in food-insecure regions with rapidly growing populations in Africa, which also suffer major
losses in agriculture due to pests and diseases [121], and where farmers” access to other control methods
is much more restricted. Hundreds of thousands of farmers and diverse crop industries benefiting
from the technology consider biocontrol products as vital tools to produce crops with reduced aflatoxin
contamination. The use of biocontrol and other aflatoxin management strategies allow farmers to
produce safe crops for their own consumption and/or to sell to premium markets.
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Aflatoxin biocontrol products have been developed for use in a fraction of the crops susceptible
to aflatoxin contamination. Adapting, testing, and validating the biocontrol technology for use in
other susceptible crops (e.g., sesame seed, hazelnut, millet) would provide health, trade, and economic
benefits for producers, consumers, and processors of these crops.
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