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Aflatoxins, produced by several Aspergillus section Flavi species in various
crops, are a significant public health risk and a barrier to trade and development.
In sub-Saharan Africa, maize and groundnut are particularly vulnerable to
aflatoxin contamination. Aflasafe, a registered aflatoxin biocontrol product,
utilizes atoxigenic A. flavus genotypes native to Nigeria to displace aflatoxin
producers and mitigate aflatoxin contamination. Aflasafe was evaluated in
farmers’ fields for 3 years, under various regimens, to quantify carry-over of the
biocontrol active ingredient genotypes. Nine maize fields were each treated
either continuously for 3 years, the first two successive years, in year 1 and
year 3, or once during the first year. For each treated field, a nearby untreated
field was monitored. Aflatoxins were quantified in grain at harvest and after
simulated poor storage. Biocontrol efficacy and frequencies of the active
ingredient genotypes decreased in the absence of annual treatment. Maize
treated consecutively for 2 or 3 years had significantly (p<0.05) less aflatoxin
(92% less) in grain at harvest than untreated maize. Maize grain from treated
fields subjected to simulated poor storage had significantly less (p<0.05)
aflatoxin than grain from untreated fields, regardless of application regimen.
Active ingredients occurred at higher frequencies in soil and grain from treated
fields than from untreated fields. The incidence of active ingredients recovered
in soil was significantly correlated (r=0.898; p<0.001) with the incidence of
active ingredients in grain, which in turn was also significantly correlated
(r=—0.621, p=0.02) with aflatoxin concentration. Although there were carry-
over effects, caution should be taken when drawing recommendations
about discontinuing biocontrol use. Cost—benefit analyses of single season
and carry-over influences are needed to optimize use by communities of
smallholder farmers in sub-Saharan Africa.
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Introduction

Aflatoxins are highly toxic metabolites produced by some
members of Aspergillus section Flavi before, during, and after
harvest (Cotty et al., 1994) when plants are infected in the field.
High temperature, soil moisture stress, and insect injury influence
the quantities of aflatoxins accumulated in susceptible crops
(Amaike and Keller, 2011). Aflatoxins can cause cancer, liver
disease, and death. These toxins are also associated with growth
faltering and immune system suppression (JECFA, 2018; Ismail
et al, 2021). In sub-Saharan Africa (SSA), including Nigeria,
human exposure to aflatoxin is high (JECFA, 2018). Aflatoxins
commonly contaminate several staple cereals, root crops, and
groundnut, which form the agricultural, economic and food
security backbone of the region (Gnonlonfin et al, 2013;
Udomkun et al., 2017a). Productivity of livestock is also impacted
through consumption of contaminated feed (da Rocha et al., 2014;
Monson et al., 2015). Many nations impose regulations to prevent
consumption of contaminated commodities and by doing so, may
reduce human and animal exposure to aflatoxins (Wu, 2015;
Sirma et al., 2018). However, in the developing world, enforcement
of such regulations is inadequate to prevent ingestion of dangerous
concentrations of aflatoxins (Matumba et al., 2017).

Aflatoxin-producing fungi are diverse. The most common
aflatoxin producer, A. flavus, can be subdivided into two broad
groups with either S- or L-morphology (or morphotype), both
producing only the B aflatoxins (Cotty, 1989; Singh et al., 2020).
S-morphotype fungi produce numerous small sclerotia (avg.
diameter <400 pm) and high aflatoxin levels. On the other hand,
L-morphotype fungi produce fewer, larger sclerotia (diameter
>=400 um) and, on average, lower aflatoxin concentrations. The
most prevalent aflatoxin-producing species in Nigeria is A. flavus
(Bandyopadhyay et al., 2016), with isolates primarily belonging to
the L-morphotype. Within the L-morphotype of A. flavus, there
are isolates that do not produce aflatoxins (i.e., atoxigenic; Mehl
et al,, 2012). Each morphotype is further subdivided into many
vegetative compatibility groups (VCGs) delineated by a
heterokaryon incompatibility system (Leslie, 1993; Atehnkeng
etal., 2016). Some VCGs contain only atoxigenic members and
these atoxigenic VCGs can be used as biocontrol agents to
outcompete aflatoxin-producers and reduce aflatoxin in crops
(Mehl et al., 2012). Atoxigenic isolates used as biocontrol agents
cannot produce aflatoxins due to defects in the aflatoxins
biosynthesis gene cluster (Chang et al., 2005; Donner et al., 2010;
Adhikari et al., 2016).

The A. flavus S-morphotype is an important aflatoxin
producer in several regions but has not been reported in West
Africa (Probst et al., 2014; Frisvad et al., 2019). On the other hand,
a group of the S-morphotype fungi, initially identified as unnamed
taxon Sgg, produce both B and G aflatoxins and are associated with
several crops in West Africa (Cotty and Cardwell, 1999; Atehnkeng
et al,, 2008a; Diedhiou et al., 2011; Agbetiameh et al., 2018; Ezekiel
etal,, 2019). This unnamed taxon Sy is an important causal agent
of contamination even if occurring at low frequencies. Recently,
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isolates of this unnamed taxon Sy isolates were delineated into
A. aflatoxiformans, A. austwickii, A. cerealis, A. minisclerotigenes,
and unknown taxa based on both DNA and extrolite profiles
(Probst et al., 2014; Frisvad et al., 2019; Singh and Cotty, 2019;
Singh et al.,, 2020). In the current paper, as in other papers not
utilizing DNA-based phylogenetics (Ezekiel et al., 2019), we use
the term Sgg species for all S-morphotype fungi that produce both
B and G aflatoxins.

Production of aflatoxins typically begins in the field during
crop development and continues during harvest and post-harvest
stages (Cotty et al., 1994; Waliyar et al., 2014; Seetha et al., 2017;
Mahuku et al., 2019). Therefore, management programs to prevent
aflatoxin contamination must be effective in the field, and include
technologies that provide protection until crop utilization (Mehl
et al, 2012). Several cultural, biological, mechanical, and
processing strategies can aid in the management of aflatoxins at
pre- and post-harvest stages (Matumba et al., 2015; Ayalew et al.,
2017; Udomkun et al., 2017b; Ojiambo et al., 2018; Walker et al.,
2018). Stress-tolerant varieties, good agronomic practices, use of
biocontrol products, adequate grain drying, proper hermetic
storage, sorting, among others, are methods that can reduce
aflatoxin contamination and these options are more effectice when
used in combination.

Aflatoxin biocontrol products have been used in the US for
over 20years because of large reductions in aflatoxins following
treatment (Cotty, 2006; Mehl et al., 2012; Doster et al., 2014;
Weaver et al., 2015; Ortega-Beltran and Bandyopadhyay, 2019).
Two aflatoxin biocontrol products are registered with the US
Environmental Protection Agency (USEPA), one for use in cotton,
maize, pistachio, almond, and fig, and another for use in maize
and groundnut (USEPA, 2003, 2016, 2017). The International
Institute of Tropical Agriculture (IITA) in collaboration with the
US Department of Agriculture — Agricultural Research Service
(USDA-ARS; the developer of the original technology) and
partners, optimized the aflatoxin biocontrol technology for use in
SSA (Bandyopadhyay et al., 2016). Several biocontrol products
under the tradename Aflasafe have been developed for use in
various SSA countries. Each Aflasafe product contains four active
ingredient atoxigenic A. flavus isolates each belonging to distinct
atoxigenic African A. flavus VCGs (AAVs) native to, and widely
distributed in the target nation (Moral et al., 2020; Bandyopadhyay
et al., 2022). The first aflatoxin biocontrol product in Africa was
developed for use in Nigeria and registered in 2014 with the
National Agency for Food and Drug Administration and Control
(NAFDAC) of Nigeria for use on maize and groundnut. A 10-year
study showed that the original Aflasafe product is highly effective
at limiting aflatoxin contamination in farmers’ fields at harvest
and during post-harvest period when used on a commercial scale
(Bandyopadhyay et al., 2019).

Country specific Aflasafe products have been very effective at
limiting aflatoxin contamination of chili peppers (Ezekiel et al.,
2019), maize and groundnut (Bandyopadhyay et al., 2019; Narayan
etal, 2019; Schreurs et al., 2019). This includes experience in the
countries Ghana, Senegal, The Gambia, Burkina Faso, and Nigeria
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in West Africa (Bandyopadhyay et al., 2019; Agbetiameh et al,,
2020Senghor et al,, 2020, 2021), Tanzania and Kenya in East
Africa (Bandyopadhyay et al., 2016; Mahuku et al., 2022) and
Malawi, Zambia, and Mozambique in Southern Africa (Moral
etal., 2020; Bandyopadhyay et al., 2022). However, several aspects
of the technology remain unknown, including how often fields
have to be treated. The current recommendation is to treat crops
with an aflatoxin biocontrol product once every cropping cycle.
Farmers and authorities in Nigeria and elsewhere question if
it is necessary to apply aflatoxin biocontrol products on a yearly
basis. The same question has been raised by several researchers
(Ehrlich et al., 2015; Gressel and Polturak, 2018; Njoroge, 2018;
Kagot et al., 2019; Molo et al., 2019; Pitt, 2019; Andrews et al,,
2020). Continuous treatment may result in unnecesasry expenses
for farmers who use biocontrol products in Africa and elsewhere.
Although carry-over between cropping seasons has been
quantified in large-scale mechanized agriculture (Cotty, 2000,
2006; Jaime et al., 2017), carry-over of active ingredients between
cropping seasons in smallholder fields in Africa has not been
carefully quantified. Therefore, the main objective of the current
study was to determine how frequently an aflatoxin biocontrol
product should be applied to farmers’ fields in Nigeria by assessing
(i) carry-over of biocontrol active ingredients after single season
or multiple seasons applications, and (ii) influences of biocontrol
product applications on aflatoxin content of maize during the year
of application and during subsequent years. Results from the
current three-year study provide information that may be valuable
for the development of cost-effective aflatoxin management
strategies utilizing atoxigenic strain-based biocontrol products in
smallholder agriculture across Nigeria and elsewhere.

Materials and methods
Biocontrol product and its formulation

The biocontrol product Aflasafe contains as active ingredients
four atoxigenic genotypes of the A. flavus L-morphotype native to
Nigeria: La3279, La3304, Kal6127, and Og0222. Each isolate
belongs to an AAV containing only atoxigenic genotypes. The
active ingredients were originally isolated from maize grain in
Nigeria between 2003 and 2005 (Atehnkeng et al., 2016). Aflasafe
is currently manufactured commercially using an industrial
process (Bandyopadhyay et al., 2016, 2022). However, for the
current study, the product was prepared with a previously
described laboratory-scale process (Atehnkeng et al., 2014).

Study locations and biocontrol treatment
combinations

Impacts of biocontrol applications were investigated in maize

fields of smallholder farmers who agreed to participate in the
experiments. Farmers followed agronomic practices typical of
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their area. Experiments were conducted in Lere, Maigana, and
Birnin Gwari in the state of Kaduna, Nigeria, during the rainy
season when temperature during the maize growing period
ranged from 22 to 31°C. These three localities fall within a
200-km* radius of each other. Treatments were: (i) a single
application in 2009, (ii) applications in 2009 and 2010, (iii)
applications in 2009 and 2011, and (iv) applications in 2009, 2010,
and 2011. For each treatment, a total of nine maize fields and nine
paired untreated fields were used. The maize fields were typical
smallholder farmers’ fields in Kaduna State. Field size ranged from
0.25 to 2 ha. The Aflasafe product was broadcast manually by hand
at 10kg/ha, 2-to-3 weeks before flowering. Untreated fields were
separated by at least a 500-m buffer from treated fields.

Sampling and processing of soil and
maize

At harvest, maize plants were cut at the base, as is typical in
this region, and stalks with ears were stacked upright in the field
in the form of a cone containing approximately 30 plants as per
farmers’ practice. Twenty-five maize ears were randomly collected
from cones 2-3weeks after harvest. The collected ears were
transported to the IITA Pathology and Mycotoxin Laboratory and
subdivided into two sets: one set with 20 ears and a second with 5
ears. Ears in the first set were de-husked, shelled, and grains were
stored at 4°C before processing for analyses. For each sample in
the first set, 250 g of grain was ground using a blender (Waring
Commercial, Stamford, CT) to <20pum-sized particles. The
blender cup was washed with 80% ethanol between samples to
prevent any cross contamination.

The set of 5 ears was subjected to conditions that accelerate
maize spoilage. Briefly, the ears were soaked in water for 3h in
polythene bags. After draining, the ears were left to dry on a flat,
dry, clean surface inside a screenhouse. Maxima and minima
temperatures ranged from 35 to 42°C and 22 to 28°C, respectively.
After 7 days, maize ears were de-husked, shelled, and processed
for analyses as described above.

Each year, soil samples were also collected from all fields at
harvest to determine the proportion of A. flavus belonging to the
applied AAVs. Soil (about 150 g) was collected along a transect by
taking 40 to 50 subsamples from three random locations to a
depth of 2-cm (Cotty, 1997). Upon arrival in the laboratory,
samples were dried in a forced air oven (2 days, 50°C) and
transferred to into polythene bags in a biosafety cabinet where
clods eliminated with a hammer and

were samples

were homogenized.

Aflatoxin analyses
Aflatoxins were extracted by blending a 20-g ground maize

sample with 50ml 70% methanol for 3min (Atehnkeng et al.,
2008b). The mixture was filtered with Whatman No. 1 filter paper
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(Whatman Intl. Ltd., Maidstone, England) and the filtrate
collected in a 250-ml separation funnel. The solution was
combined with 25ml methylene chloride and thoroughly mixed.
The methylene chloride partition was filtered through 40g
anhydrous sodium sulfate to remove residual water. The extraction
was performed twice, and extracts were pooled and evaporated to
dryness in a fume hood in the dark. The residue was dissolved in
1 ml methylene chloride and either diluted or concentrated to
allow for accurate densitometry following separation of aflatoxins
alongside aflatoxin standards (B,, B,, G;, and Gy Supelco,
Bellefonte, PA) on thin-layer chromatography (TLC) plates (Silica
gel 60, EMD, Darmstadt, Germany). Aflatoxins were quantified
using a fluorescence scanning densitometer, CAMAG TLC
Scanner 3 with WinCATS 1.4.2 software (Camag AG, Muttenz,
Switzerland). Concentrations of aflatoxin B, and aflatoxin B, were
summed and presented in this paper. Aflatoxin G, and aflatoxin
G, were generally below the limit of detection and were not
included in the calculations. The limit of detection was 1 part per
billion (ppb). All chemicals used in this study were of Analytical
Grade with more than 99% purity.

Mycoflora analysis in soil and maize grain

Members of Aspergillus section Flavi were isolated from soil
and grain with dilution plate technique on modified rose Bengal
agar (MRBA; Atehnkeng et al., 2008a). Briefly, 1 g of sample was
suspended in 10ml sterile distilled water in a 40ml glass vial,
vortexed for 2min, and appropriate dilutions were plated on
MRBA. Plates were incubated in the dark (31°C, 3 days). Colony-
forming units (CFU) per g were determined. Colonies from plates
containing less than 10 Aspergillus section Flavi colonies were
transferred to 5-2 agar [(5% V-8 juice (Campbell Soup Company,
Camden, NJ), 2% Bacto-agar (Difco Laboratories Inc., Detroit,
MI), pH 5.2] and incubated (31°C, 5 days). Isolates were classified
as A. flavus L-morphotype, an S-morphotype species (grouped as
Sic species; Singh et al., 2020), A. parasiticus, or A. tamarii based
on colony morphology, and sclerotial and conidial characteristics
(Cotty, 1989; Agbetiameh et al., 2018).

Vegetative compatibility group analysis

Frequencies of biocontrol AAVs in soil and grain at harvest
were determined using VCG analyses, as previously described
(Grubisha and Cotty, 2010; Atehnkeng et al., 2016). From each
sample, 20 L-morphotype isolates were examined to assess
membership in one of the four biocontrol AAVs using nitrate
non-utilizing (nit") mutants. Fungal suspensions (15 pl containing
approx. 1,000 spores) of each biocontrol AAV tester mutant and
the nit~ mutant of interest were seeded into individual 5mm
diameter wells 1 cm apart (in a triangular pattern) cut into starch
agar [36 g/ dextrose, 20 g/1 soluble starch, 2% Bacto-agar, pH 6.0;
(Ortega-Beltran and Cotty, 2018)] and incubated (31°C, 7 days).
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Mutants of isolates complementing one or both of the biocontrol
AAV testers to form prototrophic regions at the zone of mycelial
interaction were assigned to that AAV.

Data analysis

Fungal densities (CFU/g), frequency of Aspergillus spp. in
soil, frequency of biocontrol AAV's in soil and grain, and aflatoxin
content (ppb) in grain at harvest and after simulated poor storage
(response variables, x) were transformed using the equation
y=log,, (1+x) to normalize variances. Data were subjected to
statistical analyses using the mixed procedure (PROC MIXED)
of SAS software v9.2 (SAS Institute, Cary, NC). The experiments
were conducted in a randomized complete block design and each
field was considered a replicate. Replicates were considered
random effects, while treatments were considered fixed
effects. Treatment means were separated for significance using
paired Student t-tests (¢=0.05) as implemented in the SAS
PROC TTEST.

Results

Aflatoxin concentration in grain from
biocontrol-treated and untreated maize
fields

At harvest, total aflatoxin content ranged from 1.1 ppb (3-year
sequential application) to 6.0 ppb (single application in 2009) in
maize grain from biocontrol-treated maize fields (Table 1). Total
aflatoxin in grain from untreated maize fields ranged from 10.4 to
52.2ppb. Aflatoxin reductions at harvest ranged from 52.6 to
95.6%. Grain from treated fields had significantly (p <0.05) less
aflatoxin than that from untreated fields except for fields treated
only once in 2009. These fields had a significant reduction only in
2009, the year of treatment, but not in 2010 and 2011 (Table 1).
However, in those two cases, the aflatoxin content in grain from
untreated fields was relatively low (12.4 and 10.4 ppb, respectively).

After subjecting maize cobs to poor storage, in all cases, grain
from biocontrol-treated fields had significantly (p<0.05) less
aflatoxin than grain from untreated fields (Table 1). Total aflatoxin
ranged from 4.9 ppb (3-year sequential application) to 90 ppb
(single application in 2009) in grain from biocontrol-treated fields,
and from 94 to 2,636ppb in untreated maize. Biocontrol
treatments resulted in aflatoxin reductions ranging from 72.5 to
98.1% (Table 1).

Aspergillus section Flavi densities in soil
and maize grain
Densities of Aspergillus section Flavi in soil ranged from 221

to 783 CFU/g in untreated fields, and from 110 to 850 CFU/g in
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TABLE 1 Aflatoxin concentration in maize kernels from farmers’ fields treated with different biocontrol application regimens in Kaduna State,
Nigeria.

Year of Year of Aflatoxin concentration (ppb)
treatment observation
At harvest After simulated poor storage
Treatment® n Mean Std. Reduction Mean  Std Error Reduction
Error (%)° (%)*
2009 2009 Treated 9 3.7% 1.67 83.7 20.9% 10.80 94.7
Untreated 9 22.5 5.13 395.1 181.20
2009 2010 Treated 9 5.0 1.43 59.8 12.4%5 417 90.7
Untreated 9 12.4 7.23 133.1 49.87
2009 2011 Treated 9 6.0 2.23 526 90.0% 25.57 96.6
Untreated 9 10.4 2.93 2,636.0 1587.33
2009, 2010 2010 Treated 9 4.4 0.93 91.6 25.9%% 9.93 725
Untreated 9 522 10.80 94.4 17.53
2009, 2010 2011 Treated 9 2.1% 0.07 95.6 19.3%% 0.37 94.5
Untreated 9 48.1 0.27 353.0 1.47
2009, 2011 2011 Treated 9 3.4% 1.53 82.9 86.7° 21.13 92.2
Untreated 9 19.6 10.97 1,107.0 583.00
2009, 2010,2011 2011 Treated 9 1.1% 0.60 91.2 4.9%% 1.40 98.1
Untreated 9 122 3.03 256.0 53.90

“Untreated: fields where Aflasafe was never applied; Treated: fields where Aflasafe was applied (10kg/ha, 2-3 weeks before flowering) during the indicated year. "Reduction
(%) = ([aflatoxin mean of untreated maize - mean of Aflasafe-treated-maize]/aflatoxin mean of untreated maize) x 100. Significant differences between aflatoxin content in grain from
treated and untreated fields are indicated by *p <0.05 or #** <0.01 based on Student’s t-test.

TABLE 2 Population densities of Aspergillus section Flavi in soil and grain from maize fields treated with diverse biocontrol regimens in Kaduna
State, Nigeria.

Year of treatment Year of observation Treatment® CFU/g®
n Soil Grain
2009 2009 Treated 9 850 2,785
Untreated 9 783 2,074
2009 2010 Treated 9 255 8,294
Untreated 9 328 8,369
2009 2011 Treated 9 110 177
Untreated 9 221 76
2009, 2010 2010 Treated 9 507 4,003
Untreated 9 270 4,642
2009, 2010 2011 Treated 9 150 200
Untreated 9 331 91
2009, 2011 2011 Treated 9 394 51
Untreated 9 675 40
2009, 2010, 2011 2011 Treated 9 254 33
Untreated 9 708 79

“Untreated: fields where Aflasafe was never applied; Treated: fields where Aflasafe was applied (10kg/ha, 2-to-3 weeks before flowering) during the indicated year. "CFU/g: colony forming
units per g of sample. No differences were detected in CFU/g in soil and grain from treated and untreated maize fields based on Student’s t-test (p=0.05). CFU/g values were log
transformed (log,o[CFU/g+1]) prior to analysis to stabilize the variance.

biocontrol-treated fields (Table 2). Fungal density in soils treated years. However, these levels reduced to 150 CFU/g when left
only the first year was on average about 850 CFU/g but decreased untreated the third year. Biocontrol treatment for 3 years did not
when left untreated the following year (255 CFU/g) and further increase Aspergillus densities in soil (254 CFU/g) compared to
decreased when left untreated for 2-years (110 CFU/g). Fungal either a single treatment (850 CFU/g) or a 2 year sequential
densities averaged >500 CFU/g after treatment in two successive treatment (507 CFU/g; Table 2).
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Fungal densities in grain ranged from 40 to 8,369 CFU/g in
untreated maize, and from 33 to 8,294 CFU/g in biocontrol-
treated maize (Table 2). In treated fields, fungal densities in grain
decreased from 2,785CFU/g after a single year treatment to
178 CFU/g when left untreated for two subsequent years. Similarly,
fields with over 4,000 CFU/g after 2 years of treatment decreased
to 200 CFU/g when left untreated the following year. Treating
fields consecutively for 3 years did not increase grain fungal
densities (33 CFU/g) compared to grain from fields treated only
the first year (2,785CFU/g) or sequentially for 2 years
(4,003 CFU/g). Overall, fungal densities in either soil or grain
from treated fields did not differ significantly (p>0.05) from those
of untreated fields (Table 2).

Distribution of Aspergillus species in soil
and maize grain

The A. flavus L-morphotype was the most abundant member
of Aspergillus section Flavi in both soil and grain (Table 3). In soil,
there was a slight decline that was not statistically significant
(p=0.05) in frequencies of the L-morphotype when fields were
treated once (93.9%), and left untreated for 1 year (91.5%), and
2 years (89.7%). Conversely, the frequency of the highly toxigenic
Sic species in soil increased in the absence of treatment (Table 3).
The Sy species were not found in soil treated consecutively for
2 years, but Sy¢ species’ frequency increased (to 4.5%) in these
fields after 1 year without treatment. Treatment of fields a second
time after 1 year without treatment resulted in an average Syg
species’ frequencies of 2.4% which was not significantly different
from any of the other treatments. A. parasiticus was not found in
in either soil or grain during the 3-year study and A. tamarii was
detected in soil from some untreated fields (up to 18.4%) but was
sporadically detected in grain from either treated or untreated
maize fields (range=0 to 4.6%; Table 3). The L-morphotype was
the sole fungus always detected in soil and grain from all fields
(Table 3).

Recoveries of biocontrol genotypes in
soil and maize grain

Generally, the recovery of biocontrol AAVs from treated fields
was higher in soil than in grain (Table 4). In addition, biocontrol
AAVs occurred at a higher (p <0.05) frequency in soil and grain
from treated fields than from untreated ones (Table 4). There was
a gradual decrease in biocontrol AAVS frequency in soils from
fields treated the first year (74.3%) and left untreated in the second
(63.8%) and third year (40.3%). Similarly, in grain, biocontrol
AAVS frequency decreased when fields were treated the first year
(77.8%) and left untreated in the second (43.1%) and third year
(36.1%). The 2-year sequential and alternate treatments yielded
biocontrol AAVs frequency increasing from 65.0 to 87.5% in soil
and from 62.5 to 70.6% in grain. A 3-year treatment resulted in
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biocontrol AAVs frequency in soil (72.9%) and grain (68.8%) that
were within the range of the 2-year treatments, either sequential
or alternate treatments (Table 4). In most cases, AAVs were
detected in both grain and soil from untreated fields, although
these levels (up to 27.8%) were markedly lower than those
detected in treated fields. Overall, for both treated and untreated
fields, the incidence of biocontrol AAV's recovered in grain was
significantly correlated (r=0.898; p <0.001) with the incidence of
biocontrol AAVs in soil (Figure 1). The proportion of biocontrol
AAVs in grain was also significantly correlated (r=-0.621,
p=0.02) with aflatoxin concentration.

Recovery of individual biocontrol
genotypes from soil and maize grain

In untreated maize fields, the frequency of individual
biocontrol AAVs was generally low in soil (0-6.9%) and grain
(0-11.8%). In contrast, treated fields had relatively a high
frequency of individual biocontrol AAVs in both soil (2.5-45.8%)
and grain (2.8-36.1%; Table 5). The biocontrol strain La3279 was
the most recovered AAV in soil from fields either treated once,
treated once and left untreated for 1year, or left untreated for
2 years. When fields were treated during all years, Kal6127 was
the most common AAV followed by La3279 (Table 5). In untreated
fields, the frequency of biocontrol AAVs had no consistent trends,
but La3279 was generally more frequently encountered in grain
than other biocontrol AAVs when fields were treated only in the
first year. Further, the frequency of individual biocontrol AAVs in
soil and grain of the same regime varied. For example, Kal16127
dominated in some soils, but its frequency in the grain declined
from the same fields. Also, La3279 was not detected or had a low
frequency in some soils, but its frequency was high in the grain
from the same fields (Table 5). When treatment was discontinued
for a year, La3279 had reduced frequency in soil compared to
other biocontrol AAVs. In general, when proportion of one
biocontrol AAVs decreased, other biocontrol AAVs occupied
those niches.

Discussion

In the US, Europe, and various SSA nations, including Nigeria,
biocontrol products based on native atoxigenic A. flavus genotypes
are approved by regulatory authorities and use of these biocontrol
products allows production of commercial crops with safe
aflatoxin content (Cotty et al., 2007; Dorner, 2009; Moral et al.,
2020). Currently, application of these products each cropping
season is the recommendation on the product label. However,
farmers, researchers, donors, industry, and government officers
frequently ask how often the products should be applied to
provide sufficient protection. This is especially a concern in Africa
where several impediments may prevent smallholder farmers
from applying a product every cropping season (Ehrlich et al.,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049013
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Atehnkeng et al.

10.3389/fmicb.2022.1049013

TABLE 3 Frequency of members of Aspergillus section Flavi in soil and grain from maize fields treated with diverse biocontrol regimens in Kaduna

State, Nigeria.

Year of Year of Frequency of Aspergillus species/strain (%)°
treatment observation
Treatment® Soil Grain
n A. flavus L- Sg A. tamarii A. flavus L- Ssg A.
morphotype morphotype tamarii
2009 2009 Treated 9 93.9 0.6 55 100 0 0
Untreated 9 92.5 3 45 94.5 5.5 0
2009 2010 Treated 9 91.5 2.5 6 91.4 8.6 0
Untreat 9 74.6 7 18.4 94.5 3.7 1.8
ed
2009 2011 Treated 9 89.7 5.7 4.6 98.7 1.3 0
Untreated 9 92.2 6.4 1.4 92.2 6.8 1
2009, 2010 2010 Treated 9 95,97 0.0 4.1 100 0 0
Untreated 9 79.2 152 5.6 92 8 0
2009, 2010 2011 Treated 9 95.5 4.5 0 100 0 0
Untreated 9 93 7 0 100 0 0
2009, 2011 2011 Treated 9 97.6 2.4 0 100 0 0
Untreated 9 92.7 5.8 1.5 90.8 4.6 4.6
2009, 2010, 2011 2011 Treated 9 100 0 0 100 0 0
Untreated 9 97.5 0 2.5 100 0 0

*Untreated: fields where Aflasafe was never applied; Treated: fields where Aflasafe was applied (10kg/ha, 2-weeks before flowering) during the indicated year. "Frequency values, expressed

as a percentage of the total section Flavi community, were log transformed (logyo[x + 1]) prior to analysis to stabilize the variance. Significant differences between frequencies of each type

fungi in soil and grain from treated and untreated maize fields are indicated by *P <0.05 or **P<0.01 based on Student’s ¢-test.

TABLE 4 Overall frequencies of Aflasafe genotypes in soil and grain
from maize fields treated with diverse Aflasafe regimens in Kaduna
State, Nigeria.

Year of Year of  Treatment® Frequency of
treatment observation Aflasafe
genotypes (%)°
n  Soil Grain
2009 2009 Treated 9 71.6* 77.8%%
Untreated 9 13.2 17.4
2009 2010 Treated 9 63.8%* 43.0%*
Untreated 9 7.5 4.4
2009 2011 Treated 9 40.2%* 36.1
Untreated 9 14.6 27.8
2009, 2010 2010 Treated 9 794 %* 70.6%*
Untreated 9 44 0.6
2009, 2010 2011 Treated 9 87.5%* 62.5%*
Untreated 9 0.0 6.3
2009, 2011 2011 Treated 9 65.0%* 63.1
Untreated 9 5.0 25.0
2009, 2010, 2011 2011 Treated 9 72.9%* 68.8 **
Untreated 9 14.6 10.4

“Untreated: fields where Aflasafe was never applied; Treated: fields where Aflasafe was
applied (10kg/ha, 2-weeks before flowering) during the indicated year.

"Frequency of Aflasafe genotypes, expressed as a percentage of the total section Flavi
community, were log transformed (log,o[x+ 1]) prior to analysis to stabilize the variance.
Significant differences between frequencies of Aflasafe genotypes in soil and grain from
treated and untreated maize fields are indicated by *P<0.05 or *#P<0.01 based on
Student’s ¢-test.
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2015; Gressel and Polturak, 2018; Njoroge, 2018; Kagot et al., 2019;
Pitt, 2019). In the present study, the commercial aflatoxin
biocontrol product Aflasafe was applied at several intervals in
multiple farmers’ fields located in the state of Kaduna, Nigeria, in
an effort to generate information on how frequent biocontrol
products would need to be applied to maintain sustained
reductions in aflatoxin contamination. Fungal communities in soil
and grain and aflatoxin content in grain from treated maize fields
were compared with those of paired untreated fields. Higher
proportions of biocontrol genotypes occurred in soil and grain
from treated fields compared to their corresponding untreated
fields, regardless of the application regimen (Figure 1). However,
there were differences in carry-over of biocontrol AAVs among
soil and grain of the various regimens as well as between grains
from treated and untreated fields subjected to accelerated poor
storage conditions comparable to farmers’ conditions. Overall,
lower aflatoxin concentrations were detected in grain from treated
fields both at harvest and after poor storage compared to grain
from untreated fields, regardless of application frequency.

The current work is the first to contrast the frequency of
atoxigenic active ingredients in maize grain from untreated fields
and fields treated once per season up to 3 years under smallholder
farm conditions. Season-to-season carry-over of the active
ingredients in treated maize fields resulted in aflatoxin reductions
in maize grain produced in subsequent years without further
applications. The positive impact of carry-over lasted at least 1 year
after application, but was increased by repeated treatment during
one or two subsequent seasons. Until more carry-over studies are
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Relationship between frequency of the atoxigenic Aspergillus flavus vegetative compatibility groups (AAVs) composing the biocontrol product in
soils and grains. The data are for the frequencies in soil and grain from both treated (green circles) and untreated (red circles) maize fields.

TABLE 5 Frequency of individual vegetative compatibility groups (VCGs) composing Aflasafe in soil and grain from maize fields treated with diverse

Aflasafe regimens in Kaduna State, Nigeria.

Year of Year of Treatment® Proportion of VCG (%)®
treatment observation
Soil Grain
n 0g0222 La3279 La3334 Kal6127 0g0222 La3279 La3334 Kal6127
2009 2009 Treated 9 4.9% 45.8% 42 16.7% 16.7% 36.1% 9.7 15.3%
Untreated 9 0 2.1 6.9 42 0.7 11.1 2.8 2.8
2009 2010 Treated 9 2.5 34.4% 9.4 17.5% 10.0% 26.2% 3.0% 3.7
Untreated 9 0.6 3.1 1.9 1.9 0.6 3.1 0 0.6
2009 2011 Treated 9 6.9% 125 12.5% 8.3 2.8 125 15.9 4.9
Untreated 9 0.7 6.2 2.1 5.6 4.2 11.8 7.6 42
2009, 2010 2010 Treated 9 5.6 27.5% 13.8 32.5% 22.5% 35.0% 4.4 8.8
Untreated 9 0 1.3 0.6 2.5 0 0 0 0.6
2009, 2010 2011 Treated 9 12.5 0 25.0% 50.0% 12.5% 37.5% 6.3 6.3
Untreated 9 0 0 0 0 0 0 0 6.3
2009, 2011 2011 Treated 9 15.6% 6.3 15 28.1% 3.1 35.0% 12.5 12.5
Untreated 9 0.6 0 3.8 0.6 6.3 5.6 10 3.1
2009, 2010, 2011 Treated 9 16.7% 22.9 8.3 25 42 22.9 27.1 14.6
2011
Untreated 9 2.1 42 2.1 6.2 42 0 42 2.1

“Untreated: fields where Aflasafe was never applied; Treated: fields where Aflasafe was applied (10kg/ha, 2-weeks before flowering) during the indicated year. "Frequency of individual

Aflasafe genotypes, expressed as a percentage of the total Aspergillus section Flavi community, were log transformed (log,o[x+ 1]) prior to analysis to stabilize the variance. Significant

differences between frequencies of individual Aflasafe genotypes in soil and grain from treated and untreated maize fields are indicated by *P<0.05 and **P <0.01 based on Student’s

t-test.

conducted under diverse field conditions, the most reliable
practice for reducing aflatoxins is to apply biocontrol products
every season maize is planted.

Previous studies also found that applications of atoxigenic
strain-based products resulted in production of greater
proportions of maize grain with aflatoxin-compliant levels
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(Bandyopadhyay et al., 2019; Agbetiameh et al., 2020; Senghor
et al., 2020, 2021; Mahuku et al., 2022; Ola et al., 2022). In the
present study, total aflatoxin content of grain produced in fields
that received biocontrol treatment in either the current season or
up to 2 years prior had total aflatoxin content about 9-fold lower
than grain produced in fields that never received treatment.
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During each year of the study, aflatoxin content in untreated maize
was lower than previously reported in the same area (up to
2,792ppb; Atehnkeng et al,, 2014). Evaluation of biocontrol
efficacy when untreated maize fields have relatively low aflatoxin
may result in reduced calculated effectiveness (i.e., only 50 to 60%
in some areas in the current study). However, on a practical basis,
the observed 52% reduction in some fields was sufficient to
produce maize grain with acceptable aflatoxin concentrations. The
greatest beneficial effect of biocontrol in the current study was
revealed during the poor storage experiment. Grain from some
untreated maize fields had an average of 2,634 ppb total aflatoxin
compared to 90 ppb in maize grains obtained from fields treated
2 years earlier.

Biocontrol application resulted in similar fungal densities of
Aspergillus section Flavi in soil and grain from treated fields as in
soil or grain from untreated fields. As in other studies, treatments
effectively reduced levels of aflatoxins without increases in
densities of Aspergillus section Flavi in soil or grain
(Bandyopadhyay et al., 2019; Agbetiameh et al., 2020; Senghor
etal., 2020, 2021) and without increases in crop infection (Cotty,
1994). Fungal communities in soil and grain from biocontrol-
treated fields were dominated by the A. flavus L-morphotype and,
within the L-morphotype, biocontrol AAVs dominated the crop-
associated communities. The absence of the highly toxigenic Sz
species in grain from fields treated for three consecutive years
demonstrates the biocontrol effectiveness at excluding these
highly toxigenic fungi over long periods. Regardless of treatment
regimen, when the proportion of biocontrol AAVs in soil was
high, the proportion of biocontrol AAVs in grain was also high
(Figure 1) leading to lowered aflatoxin concentration in grain as
demonstrated in this study. This aspect of biocontrol effectiveness
has received little attention. Many studies measure effectiveness of
application of biocontrol by examining only aflatoxin content in
grains from treated and untreated fields but without quantifying
the proportion of the active ingredient either in the grain or in soil
and relating the proportion of active ingredients in grain to
aflatoxin concentration (Weaver et al., 2015; Molo et al., 2019;
Weaver and Abbas, 2019). Quantifying the proportion of the
active ingredient in grain from treated and untreated fields may
provide valuable information on whether the applied active
ingredients are successful in colonizing soil and/or grain in certain
environmental conditions (Agbetiameh et al., 2019) and replace
poorly performing active ingredients from a product, if necessary.

Treatment of the maize crop only the first year but not in
subsequent years generally resulted in a gradual decline in the
frequency of biocontrol AAVs. Highly conducive conditions for
aflatoxin formation did not occur during the present study as
revealed by the ‘relatively low’ aflatoxin levels (although still
unacceptable by both CODEX and EU standards of 20 ppb and
4ppb, respectively) in grain from untreated maize fields at harvest.
The term ‘relatively low” is used above because considerably higher
aflatoxin levels from the same area in different years have been
reported (Atehnkeng et al., 2014). However, untreated crops in the
current study were associated with a relatively high frequency of
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Sic species, which produce large quantities of aflatoxins (Cardwell
and Cotty, 2002; Probst et al.,, 2014). Extremely high aflatoxin
levels were observed in untreated maize grain subjected to poor
storage. The highly toxigenic Sy species likely contributed to
those high levels of contamination. Results from poor storage
points to the importance of an integrated aflatoxin management
system that incorporates good storage practices. In Nigeria, as well
as in many countries in SSA, most maize farmers sell to
intermediaries who store and market the maize. Farmers store
some maize for family consumption throughout the year. The
storage conditions of maize stored by different intermediaries
prior to marketing and by farmers for their own consumption may
be poor. Treating maize fields with biocontrol provides some
protection after harvest even under this poor storage that was
simulated in the current study. This observation is in agreement
with previous studies reporting post-harvest benefits in treated
crops (Brown et al., 1991; Atehnkeng et al., 2008b; Bandyopadhyay
et al,, 2019; Senghor et al., 2020, 2021). Certainly, the risk of
contamination will be further reduced by efforts that improve
postharvest handling (Hell et al., 2003; Waliyar et al., 2014; Seetha
etal., 2017; Danso et al., 2018; Walker et al., 2018).

There is the notion that biocontrol genotypes applied during
a cropping cycle may not prevail in treated fields and, therefore,
will not be found in subsequent years (Molo et al., 2019).
However, atoxigenic genotypes may constitute >90% of the
communities 1 year after treatment and > 30% even 3 years after
treatment (Cotty, 2000; Cotty et al., 2007; Weaver and Abbas,
2019). Although the current study was conducted with a multi-
genotype product, the findings are in agreement with previous
studies that biocontrol genotypes persist between seasons. In
addition, it has been argued that recombination events between
applied fungi and fungi residing in treated fields may lead to the
appearance of novel genotypes (Horn et al., 2009, 2016; Olarte
etal., 2012; Molo et al., 2019; Andrews et al., 2020) and that this
may be a reason for not detecting the applied biocontrol
genotypes (Njoroge, 2018; Pitt, 2019). Such conclusions are
based on data obtained under fastidious laboratory conditions
and/or microplot experiments. Those hypotheses have been
tested and disproved in commercial fields only in the US with
an atoxigenic biocontrol product containing a single active
ingredient (Grubisha and Cotty, 2015). Painstaking work is
required to appropriately monitor individual VCGs/genotypes
in samples from any given area (Cotty, 1994; Atehnkeng et al.,
2016; Ortega-Beltran and Cotty, 2018; Shenge et al., 2019). As
mentioned above, the fate of applied atoxigenic active ingredient
genotypes is not commonly monitored in either treated or
untreated fields and only aflatoxin values are reported (Weaver
et al,, 2015; Kinyungu et al., 2019; Molo et al., 2019; Weaver and
Abbas, 2019). In the current study, in the absence of follow-up
treatments, biocontrol genotypes continued to be detected even
one or 2 years after treatment, although frequency declined
gradually over time. The observed decline in frequency should
be expected as genotypes of A. flavus will disperse from
untreated areas to treated areas and vice versa (Cotty, 2006;
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Bandyopadhyay et al., 2016; Weaver and Abbas, 2019). In
addition to gradual migration of aflatoxin-producers into
treated fields, there is the potential that adaptive differences
between aflatoxin-producers and atoxigenic isolates influence
high
concentrations (often over 10,000 ppb) of aflatoxins in both
conidia (Mehl and Cotty, 2010) and sclerotia (Garber and Cotty,
1997), asexual fruiting bodies that play important roles in

long-term survival. Aflatoxin producers express

dispersal and survival, and aflatoxins are potent insecticides
that may deter insect grazing and reproduction (Dowd, 1988;
Wicklow et al., 1994). Lack of aflatoxins in sclerotia and conidia
may increase the vulnerability of atoxigenic isolates to insects
and other predators and thus reduce the competitiveness of
atoxigenic isolates over long periods (Cotty et al., 1994).

Aflatoxin biocontrol products containing more than one
active ingredient are only registered for use in African
countries (Moral et al., 2020). The registration of those 14
commercial products in Africa required reporting to
regulators performance of atoxigenic individual genotypes
when utilized simultaneously. However, only few of those
studies have been published resulting in a dearth of revelant
information accessible to the scientific community. Multi-
genotype products are being pursued only in the US, where
three experimental products, each containing two active
ingredients have been tested in on-station trials (Molo et al.,
2019) and another containing four active ingredients has been
used by commercial farmers in Texas (Bhandari et al., 2020).
However, the performance of individual genotypes in reducing
contamination were not reported in those two studies.

Some A. flavus genotypes are better adapted to persistence
in soil or grain (Sweany et al., 2011) while others are better able
to colonize and/or sporulate on certain crops (Mehl and Cotty,
2010, 2013; Ortega-Beltran et al., 2020). This was confirmed
while evaluating 12 atoxigenic AAVs native to Ghana in
biocontrol formulations (Agbetiameh et al., 2019). Detection in
the soil and/or grain (maize and groundnut) was used as a
criterion to constitute two biocontrol products which ended up
having higher efficacy than products previously reported
(Agbetiameh et al., 2020). However, results of the current study
suggest that reduced incidence in the grain does not necessarily
mean that an atoxigenic genotype is not contributing to reduced
aflatoxin content. The genotype Kal6127 was more common in
soil from some treated fields than in corresponding grains. In
contrast, La3279 was undetected or at low frequencies in soil
from some treated fields but dominated the corresponding
grains (up to 37.5%). Thus, some genotypes may be actively
outcompeting aflatoxin producers in soil allowing other
genotype(s) to move in higher proportions to the grain and thus
have an advantage in dominating that niche. Dominance of
A. flavus genotypes is influenced by natural founder events
(Ortega-Beltran et al., 2020) but founder events are also
triggered by the application of biocontrol products. It appears
that depending on environmental conditions, some genotypes
exploit founder events to dominate in soils. This soil dominance
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might provide other genotypes a numerical advantage over
aflatoxin-producers while dispersing to the developing grain.
Knowledge of the tendency for a genotype to dominate in soils
and/or grains in certain fields, areas, or years is difficult to
establish a priori. Use of multi-genotype products allows for
some active ingredients to dominate in soil, while others
compete better in grain during a given seasons” environmental
conditions. Different genotypes may vary in competitiveness in
a given season at the time of treatment, during crop
development, at harvest, or during the off-season, creating a
balanced community of atoxigenic isolates with increased
opportunity for longer-term establishment (Bandyopadhyay
et al,, 2022).

Efforts to further
biocontrol technologies are currently underway. It is

improve atoxigenic strain-based
hypothesized that selecting atoxigenic genotypes with the
capacity to mate with fungi residing in treated fields will create
a population with low aflatoxin producing potential with higher
persistence than current genotypes used in commercial
products (Andrews et al., 2020). Proponents of that approach
have not adequately tested the hypothesis in commercial fields,
and it is not clear if this strategy would be a single application
that will spread atoxigenicity through recombination or a
seasonal treatment. It is also not clear how that strategy differs
from current multi-genotype biocontrol strategies like the
biocontrol product examined in the present study. On the other
hand, the ability of fungi to mate under natural conditions is not
clear (Horn et al., 2016; Luis et al., 2020). In large treated and
untreated areas, A. flavus reproduces predominantly via
production of conidia and recombination has been
non-detectable (Grubisha and Cotty, 2010, 2015; Adhikari et al.,
2016; Ortega-Beltran et al., 2016; Islam et al., 2018). Regardless,
if super mating biocontrol genotypes are discovered and used,
the ability of the progeny to persist in the treated field will not
be dictated solely by ability to recombine.

Diverse plant pathogens disperse on both continental and
global scales (Brown and Hovmeller, 2002; Isard et al., 2005; Aylor,
2018). Unquestionably, Aspergillus spp. disperse across several
scales with the structures of communities of aflatoxin-producing
fungi changing relatively rapidly across single fields, areas, and
years (Bayman and Cotty, 1991; Bock et al., 2004; Ortega-Beltran
et al, 2015; Ortega-Beltran and Cotty, 2018). Despite the
spatiotemporal dynamism of fungal communities, in the current
study a significant proportion of the applied biocontrol genotypes
remained in treated fields across years but declined in frequency
primarily on the local field scale. Across Nigeria, we also have
found elevated levels of atoxigenic AAVs in fields treated once up
to 7 years prior to sampling. The observed AAV frequencies are
much higher than before introduction of the biocontrol products
but still relatively low (range=1 to 12%; A. Ortega-Beltran
unpublished). Under both experimental and commercial field
conditions, diverse biocontrol agents commonly decline in
frequency a few years after their application, and even within the
same year of application (Enkerli et al., 2004; Rumbos et al., 2008;

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049013
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Atehnkeng et al.

Larkin, 2016; Yang et al., 2019). Climate change may also influence
the long-term efficacy of biocontrol (Bandyopadhyay et al., 2016;
Perrone et al., 2020), but the precise effects of climate change on
the fate of biocontrol active ingredients remains to be explored.

The Harmattan season (December to March) may provide
a mechanism for the declining frequency of applied atoxigenic
genotypes in Nigeria and other SSA countries. The Harmattan
season is a dry period in which dust blown from the Sahara
Desert reaches large portions of West Africa, including virtually
all of Nigeria. In 2020, the dust even reached the Americas'.
Rather than an ephemeral, laboratory-restricted A. flavus sexual
stage shaping the composition of Aspergillus communities in
treated fields, a parsimonious explanation is that the applied
fungi are replaced by genotypes brought from other locations
during Harmattan and/or other climatic events occurring
throughout the year. Atoxigenic genotypes applied during one
cropping season should not be expected to remain indefinitely
in treated fields, even if genotypes that are thought to recombine
with the resident fungi are applied. This may in part
be attributed to the adaptive differences among genotypes noted
above. Even in the absence of events like the Harmattan, applied
atoxigenic fungi naturally disperse beyond treatment locations
(Bandyopadhyay et al., 2016). A multi-year, multi-location
study revealed significant year-to-year variability in A. flavus
community compositions in areas where biocontrol products
are not used (Ortega-Beltran and Cotty, 2018). Similar rapid
shifts in community composition might also be expected in
areas receiving biocontrol applications. However, experience
has shown that once biocontrol is used at an area-wide scale,
longer-term persistence of biocontrol genotypes may occur
(Cotty, 2006; Cotty et al., 2007; Jaime et al., 2017).

Although it is not possible to eliminate the risk of aflatoxin
contamination in agricultural crops, it is possible to modify the
population of aflatoxin-producing fungi by applying atoxigenic
biocontrol genotypes. Atoxigenic genotypes used in biocontrol
formulations significantly limit aflatoxin contamination both in
the field and during storage (Brown et al.,, 1991; Doster et al., 2014;
Agbetiameh et al., 2019; Senghor et al., 2020). In the current study,
a single biocontrol application reduced aflatoxins over multiple
years by enabling carry-over of biocontrol genotypes between
years. Initial examination of the data suggests that Aflasafe should
be applied for at least 2 years before treatment can be skipped for
a year. However, the current study was conducted in a single
agroecological zone of Nigeria. Although providing valuable
information, there should be reservations in extrapolating the
results to other regions. More research is needed to provide
recommendations for the most cost-effective use of biocontrol
products. Such recommendations should be based on farmers’
field studies where a large number of factors will determine which
adjustments to the technology will have effectiveness in real-
life conditions.
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Conclusion

The multi-strain biocontrol product Aflasafe is used in
Nigeria to prevent aflatoxin contamination of maize and
groundnut. The product label recommends one application
before crop flowering every season. A frequent question is
whether treatment is essential every season or if the active
ingredient genotypes carry-over in soil and disperse to the next
crops grain. The current work indicates that the active
ingredients survive in soil at levels sufficient to reduce
contamination of maize for up to 3 years. Carry-over of active
ingredients declined over time following discontinuation of
annual applications. Frequencies of active ingredients in soil
correlated with presence in grain. Although greatest reductions
in aflatoxin concentrations require annual applications,
financial constraints may dictate that carry-over be exploited to
reduce both application frequencies and associated costs.
Research is needed to precisely define conditions under which
application frequency may be reduced.
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