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Abstract 
Probst, C., Bandyopadhyay, R., Price, L. E., and Cotty, P. J. 2011. Identification of atoxigenic Aspergillus flavus isolates to reduce aflatoxin con-
tamination of maize in Kenya. Plant Dis. 95:212-218. 

Aspergillus flavus has two morphotypes, the S strain and the L strain, 
that differ in aflatoxin-producing ability and other characteristics. Fun-
gal communities on maize dominated by the S strain of A. flavus have 
repeatedly been associated with acute aflatoxin poisonings in Kenya, 
where management tools to reduce aflatoxin levels in maize are needed 
urgently. A. flavus isolates (n = 290) originating from maize produced 
in Kenya and belonging to the L strain morphotype were tested for 
aflatoxin-producing potential. A total of 96 atoxigenic isolates was 
identified from four provinces sampled. The 96 atoxigenic isolates 
were placed into 53 vegetative compatibility groups (VCGs) through 
complementation of nitrate non-utilizing mutants. Isolates from each of 
11 VCGs were obtained from more than one maize sample, isolates 
from 10 of the VCGs were detected in multiple districts, and isolates of 

four VCGs were found in multiple provinces. Atoxigenic isolates were 
tested for potential to reduce aflatoxin concentrations in viable maize 
kernels that were co-inoculated with highly toxigenic S strain isolates. 
The 12 most effective isolates reduced aflatoxin levels by >80%. Re-
ductions in aflatoxin levels caused by the most effective Kenyan iso-
lates were comparable with those achieved with a United States isolate 
(NRRL-21882) used commercially for aflatoxin management. This 
study identified atoxigenic isolates of A. flavus with potential value for 
biological control within highly toxic Aspergillus communities associ-
ated with maize production in Kenya. These atoxigenic isolates have 
potential value in mitigating aflatoxin outbreaks in Kenya, and should 
be evaluated under field conditions. 

 

Aflatoxins are a series of highly toxic polyketides produced by 
several species of Aspergillus (46,65). The most commonly occur-
ring aflatoxin, aflatoxin B1, is a genotoxin known to be carcino-
genic and teratogenic for both humans and animals (49,69) and, to 
date, the only mycotoxin classified as a group 1a human carcino-
gen by the International Agency for Research on Cancer (40,41). 
Crops infected by aflatoxin-producing fungi frequently become 
contaminated with aflatoxins. Aflatoxin contamination results in 
reduced crop value and diminished health of humans and domestic 
animals that consume the contaminated crops (72). The quantity of 
ingested aflatoxins determines whether health effects are chronic 
(e.g., immune suppression, impaired child growth, abnormal fetal 
development, and cancer) or acute (e.g., hepatitis and jaundice, 
abdominal swellings, and death) (11,32,36,43,71). To date, Kenya 
is the only nation with a population that has repeatedly experienced 
epidemics of acute aflatoxicosis (5,53,55). These episodes resulted 
from consumption of highly contaminated, homegrown maize and 
have extended over two decades, with the most recent occurring 
from 2004 through 2006, when several hundred Kenyans died from 
acute aflatoxin poisoning in several districts of the Eastern Prov-
ince (12,54). During these periods, many thousands of individuals 
were exposed to unsafe aflatoxin levels (54,60). In 2010, another 
extensive epidemic occurred in Kenya, with high frequencies of 
harvested maize lots containing levels of aflatoxins unfit for human 
consumption (42). 

Aspergillus flavus is the most frequently implicated causal agent 
of aflatoxin contamination of maize (46). This species has several 
morphotypes (commonly called strains), among which the L and S 

strains are most studied. These strains differ in several characteris-
tics, including production of sclerotia, conidia, and aflatoxins (14). 
L strain isolates produce few, large sclerotia (average >400 µm) 
and highly variable quantities of aflatoxins, with some isolates 
(called atoxigenic isolates) entirely lacking the ability to produce 
aflatoxins. In contrast, S strain isolates produce numerous, small 
sclerotia (average <400 µm) and, on average, higher levels of afla-
toxins than L strain isolates (14). Each of the morphotypes is fur-
ther subdivided into many vegetative compatibility groups (VCGs) 
delineated by a heterokaryon incompatibility system (57). There is 
also variability among VCGs in aflatoxin-producing ability. Thus, A. 
flavus exists in complex communities that vary widely in both strain 
and VCG composition and aflatoxin-producing ability. Fungal 
communities in Kenya associated with severe maize contamination 
and deaths in human populations have atypical structures, with the S 
strain of A. flavus highly dominant, and increasing incidence of the S 
strain associated with increasing contamination levels (59,60). 

The influence of aflatoxins on human populations in Kenya over 
the past decade demonstrates a clear need for tools to manage con-
tamination of locally produced maize. A highly promising method 
for aflatoxin management has been the use of atoxigenic isolates of 
A. flavus to competitively exclude aflatoxin producers and, thereby, 
reduce aflatoxin concentration in a crop (21,25,29). Two atoxigenic 
isolates used commercially in the United States are very effective 
at inhibiting aflatoxin contamination by the S strain of A. flavus 
(35). Identification of atoxigenic isolates of A. flavus native to 
Kenya might provide an environmentally sound, ecologically 
adapted, native, biological resource useful in mitigating aflatoxin 
contamination of maize produced in Kenya. This study sought to 
determine whether atoxigenic isolates of A. flavus with potential 
value in biological control could be selected from highly toxic 
fungal communities in aflatoxin-contaminated maize produced in 
Kenya that had been associated with lethal aflatoxicosis. 

Materials and Methods 
Fungal isolation, maize samples, and fungal inoculum prepa-

ration. Isolates of A. flavus were collected during previous studies 
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(59,60). Briefly, samples of maize kernels (n = 263) were collected 
from farmers in 12 districts in four provinces (Eastern, Coast, Rift 
Valley, and Nairobi) during 2004, 2005, and 2006 (Fig. 1). Mean 
sample weight was 290 g (range of 111 to 430 g/sample). The 
maize was finely ground in a laboratory hammer mill (IKA La-
bortechnik, Heitersheim, Germany), and fungal isolates were re-
covered by dilution plate technique on modified rose Bengal agar 
(M-RBA), as described previously (17,60). After cultivation at 
31°C for 5 days on 5/2 agar (5% V8 vegetable juice, 2% agar, pH 
5.2), Aspergillus section Flavi isolates were identified to species 
(47,48) and strain based on macroscopic and microscopic charac-
teristics, and stored in sterile water (four to six colonized 3-mm-
diameter agar plugs added to 2.5 ml of sterile water) at 8°C for the 
working cultures and on silica gel at 8°C for long-term storage. To 
produce fungal inoculum, each L strain isolate was grown on 5/2 
agar for 5 days at 31°C in the dark. Conidia were transferred to 
glass vials containing 20 ml of sterilized, deionized water using 
cotton swabs. Conidial concentrations were measured with a tur-
bidity meter (Model 965-10; Orbeco-Hillige, Farmingdale, NY), 
calculated using the nephelometric turbidity unit (NTU) versus 
CFU curve: Y = 49,937X, where X = NTU and Y = conidia/ml. The 
conidial concentration for each isolate was adjusted to 106 co-
nidia/ml. 

Identification of atoxigenic isolates associated with maize 
produced in Kenya. Aflatoxin-producing ability of each of the 
A. flavus L strain isolates was determined using autoclaved maize 
kernels (10 g per 250-ml Erlenmeyer flask). Maize cv. 33F88 
(Pioneer Hi-Bred International Inc., Johnston, IA) was used for 
all experiments. Each flask was sealed with a BugStopper 
(Whatman, Piscataway, NJ) and autoclaved at 121°C for 60 min. 
After autoclaving, maize moisture level was quantified with an 
HB43 Halogen Moisture Analyzer (Mettler Toledo, Columbus, 
OH) and adjusted to 25%. Each autoclaved maize sample was 
then inoculated with 1 ml of spore suspension (106 conidia/ml 
water) of the appropriate isolate and incubated for 7 days at 31°C 
in the dark. After incubation, the maize cultures of A. flavus were 
processed as described previously (19,60). Briefly, the colonized 
maize for each sample was blended in 80% methanol (50 ml) 
until evenly homogenized, and the blended mixture was filtered 
through Whatman no. 4 filter paper. Culture filtrates were spotted 
directly onto thin-layer chromatography (TLC) plates (Silica gel 
60; EMD, Darmstadt, Germany) adjacent to aflatoxin standards 
(Aflatoxin Mix Kit-M; Supelco, Bellefonte, PA). The plates were 
developed in ethyl ether/methanol/water (96:3:1), air dried, and 
the aflatoxins were visualized under 365 nm UV light. Aflatoxins 
were quantified directly on TLC plates with a scanning densi-
tometer (TLC Scanner 3; Camag Scientific Inc., Wilmington, 
NC). Filtrates that initially tested negative for aflatoxins were 
combined with 50 ml of water and extracted twice serially with 
methylene chloride (25 ml). Methylene chloride extracts were 
passed through a layer of anhydrous NaSO4, evaporated to dry-
ness, and dissolved in an appropriate volume of methylene chlo-
ride for accurate densitometry. Aflatoxins were then separated on 
TLC plates and quantified as described above. Isolates that 
produced levels of aflatoxins below the limit of detection 
(aflatoxin B1 at 0.5 ng/g) were considered atoxigenic and 
evaluated further as potential biocontrol agents. Each L strain 
isolate of A. flavus was tested for atoxigenicity at least three 
times. 

Aflatoxin production during co-infection of viable maize ker-
nels with toxigenic and atoxigenic isolates of A. flavus. Each 
atoxigenic L strain isolate of A. flavus (n = 96) was initially evalu-
ated on viable maize kernels for ability to interfere with aflatoxin 
production by a highly toxigenic A. flavus S strain isolate (FGSC 
A1169). Isolate FGSC A1169 was previously obtained from a 
highly contaminated maize sample associated with the 2004 out-
break of acute aflatoxicosis in Kenya (59). Prior to inoculation, 
undamaged maize kernels of Pioneer 33F88 were surface-sterilized 
by submerging the kernels in hot water for 45 s at 80°C (51), air 
dried for approximately 1 min on an aseptic surface in a biological 

safety cabinet, and distributed into sterilized glass flasks (10 g of 
maize per 250-ml flask). Flasks were plugged with BugStoppers to 
prevent humidity loss and allow gas exchange. Moisture content of 
the surface-sterilized maize kernels was determined as described 
above. Efficiency of surface sterilization and ability of kernels to 
germinate were monitored by plating three randomly selected ker-
nels from each flask onto a selective agar medium (M-RBA) (17), 
followed by incubation at 31°C in the dark for 14 days. Greater 
than 90% of the kernels germinated and fungal contaminants were 
not observed at the end of the incubation period. Equal inocula (2 
× 105 conidia/isolate/flask) of S strain (aflatoxin-producing) and 
atoxigenic L strain isolates were mixed and added to the flasks 
(0.75 to 0.80 ml/flask depending on kernel moisture content), 
which were then gently agitated to coat the kernels with the inocu-
lum. Kernel moisture after inoculation was 25%. Each A. flavus L 
strain isolate was tested using four replicates. Inoculated maize 
was incubated at 31°C for 7 days in the dark. The experiment was 
then terminated by addition of 50 ml of 70% methanol, and afla-
toxins were extracted following the protocol outlined above. Inhi-
bition of aflatoxin contamination in these co-inoculation experi-
ments was calculated as a percentage of the aflatoxin content in 
kernels inoculated with only the aflatoxin-producing isolate (FGSC 
A1169). 

Initial evaluation of the 96 isolates was a screen to select iso-
lates for further testing. Thus, the ability of each of the 96 atoxi-
genic L strain isolates to interfere with aflatoxin production by 
FGSC A1169 was tested in at least a single comparison of 15 to 
20 isolates at a time. Some isolates were included in up to five 
comparisons. Each completely randomized experiment was 
replicated three times. Isolates (n = 13) that either performed 
well (>80% less aflatoxin B1 contamination than the control 
samples) in the initial screen or that were associated with >50% 
less aflatoxin contamination and were members of VCGs isolated 
from two or more locations in Kenya (n = 10) were evaluated 
further. The thresholds of 80 and 50% less aflatoxin contamina-
tion, respectively, were selected on an arbitrary basis to reduce 

 

Fig. 1. Sites in four provinces and 12 districts of Kenya from which maize samples 
were collected and isolates of Aspergillus flavus obtained. Maize samples from 
Eastern and Nairobi Provinces were associated with acute aflatoxicoses outbreaks 
in 2004 to 2006. Maize samples from the Rift Valley and Coast Provinces were 
collected in 2006 to evaluate Aspergillus communities in maize-growing areas 
adjacent to the aflatoxicosis outbreak regions (59,60). Eastern Province: District 1 = 
Kitui, 2 = Makueni, and 3 = Machakos; Nairobi Province: District 4 = Nairobi; Coast 
Province: District 5 = Taita Taveta, 6 = Kwale, 7 = Kilifi, and 8 = Tana River; Rift 
Valley Province: District 9 = Marakwet, 10 = Baringo, 11 = Uasin Gishu, and 12 = 
Kajiado. 
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the number of isolates for further evaluation in the preliminary 
experiments (Table 1). 

Five A. flavus L strain isolates (C6-E, C8-F, E62-L, E63-I, and R1-
N) most effective at reducing aflatoxin contamination of maize 
kernels in the preliminary experiments (Table 1) were tested further 
for consistency in efficacy against two S strain isolates, FGSC A1169 
and ATCC MYA-384. This was done using the assay described 
above in two additional experiments, one with each S strain isolate, 
and each experiment included four replicates per treatment (Table 2). 
In these experiments, comparisons were made with NRRL-21882, 
the atoxigenic isolate that is the active ingredient in AflaGuard 
(Syngenta, Wilmington, DE), a biocontrol product currently 
registered for management of aflatoxins in maize in the United 
States. 

VCG analysis. All 96 atoxigenic L strain isolates of A. flavus 
were subjected to VCG analyses in order to assess diversity among 
the atoxigenic isolates and to determine which VCGs are most 
common in the Kenyan maize samples evaluated and, thus, poten-
tially well adapted to maize cultivation in Kenya. In summary, 
mutations in any one of several genes in the nitrate-reductase path-
way can produce nitrate nonutilizing (nit–) mutants. Mutants af-
fected in different genes can complement each other when paired 
on starch complementation medium at 31°C (26), and restore wild-
type growth. In this study, nit– mutants were generated for each 
atoxigenic isolate on M-RBA medium containing chlorate, as de-
scribed previously (18). Complementary tester mutants (cnx– and 
niaD–) were developed (6,7), and the ability of a nit– mutant from 
each isolate to complement one or both tester mutants was evalu-
ated. Isolates yielding nit– mutants that did not complement one of 
the tester mutants within 10 days were considered to belong to a 
VCG other than the one defined by the tester pair, while those 
complementing one of the tester mutants were considered to be-
long to the same VCG as the tester pair. 

Statistical analyses. Randomized complete block designs with 
three to four replicates were used in all experiments. Aflatoxin 
concentration was log transformed and subjected to analysis of 
variance (ANOVA). ANOVA was performed with the general lin-
ear model procedure of SAS (version 9.2; SAS Institute, Cary, 
NC). Mean separations were performed on data from experiments 
with statistically significant (P = 0.05) differences, using Tukey’s 
honestly significant difference test (56). Mean differences in afla-
toxin levels (percent difference between inoculated maize and con-
trol maize treatments) were calculated as [1 – (total aflatoxin con-
tent in maize co-inoculated with both toxigenic and atoxigenic 
isolates of A. flavus/total aflatoxin content in maize inoculated with 
the S strain isolate alone)] × 100. Standard deviations of mean 
differences in aflatoxin levels were calculated as a measure of vari-
ability in efficacy. All analyses and calculations were performed 
with SAS. 

Results 
Identification of atoxigenic isolates of A. flavus. More than 

3,400 A. flavus isolates were recovered from 263 ground maize 
samples collected in 2004 to 2006 from four provinces of Kenya. 
Detailed descriptions of the samples and general characteristics of 
the fungal isolates have been published (59,60). The A. flavus mor-
photypes were very unevenly distributed among provinces, with 
the L strain composing 27% of the A. flavus isolates from the East-
ern Province compared with 88% of the isolates from the Rift Val-

Table 1. Influence of co-inoculation with atoxigenic L strain isolates of
Aspergillus flavus from four provinces in Kenya on the aflatoxin content of
viable maize kernels infected by an aflatoxin-producing isolate of the S
strain morphotype of A. flavus 

  Aflatoxin B1 (µg/g)w  

Prov., isolatex VCGy Exp 1 Exp 2 Avg. diff. (%)z 

Eastern     
E971-E … 199 a 253 a … 

Coast     
C6-E KN00A 21 bc 41 de 86.6 ± 4.0 
C2-J KN00B 19 c 49 bcde 85.5 ± 7.0 
C8-F KN012 28 bc 37 de 85.7 ± 0.5 
C5-K KN006 28 bc 52 bcde 82.7 ± 4.5 
C3-G KN015 23 bc 66 bcd 81.2 ± 10.2 

Eastern     
E63-I KN001 17 c 31 e 89.6 ± 2.8 
E62-L KN00C 18 c 37 de 88.2 ± 4.0 
E266-D KN004 nd 48 de 81.0 ± 5.3 
E836-A KN00D 39 bc 54 bcde 79.5 ± 1.5 
E138-A KN015 49 abc 53 bcde 77.2 ± 2.8 
E987-H KN00E 38 bc 72 bcd 76.2 ± 6.8 
E103-G KN00F 54 abc 53 bcde 76.0 ± 4.4 
E54-I KN002 50 abc 62 bcde 75.2 ± 0.5 
E916-O KN008 57 abc 81 bcd 69.7 ± 2.3 
E804-C KN00G nd 92 b 63.6 ± 18.0 

Rift Valley     
R1-N KN00H 21 bc 40 de 86.8 ± 3.8 
R7-K KN012 nd 39 de 84.6 ± 7.0 
R8-F KN00I nd 44 cde 82.6 ± 11.5 
R1-J KN00J 31 bc 62 bcde 80.0 ± 6.3 
R7-H KN011 50 abc 55 bcde 76.6 ± 2.7 
R5-R KN00K 51 abc 55 bcde 76.3 ± 2.7 
R8-P KN007 nd 69 bcd 72.7 ± 25.5 
R8-C KN007 94 ab 64 bcde 63.7 ± 15.4 

w Isolates with mean aflatoxin B1 values followed by some of the same
letters within a column do not differ significantly according to Tukey’s
honestly significant difference test (P = 0.05) (56); nd = no data available.
Isolate was not included in experiment 1. 

x Province and isolates. All isolates originated from maize samples collected 
in Kenya from 2004 to 2006. Isolates did not produce aflatoxins except for
isolate E971-E (FGSC A1169) which produced aflatoxin B1 at >100 µg/g of 
maize and belongs to the S strain morphotype of A. flavus. Results for E971-
E indicate the aflatoxin value for kernels inoculated with that isolate alone.
Other isolates were co-inoculated with E971-E to assess capacity to
interfere with aflatoxin contamination during co-infection. 

y VCG = vegetative compatibility group. VCGs with a letter (A to K) indi-
cate isolates that belonged to a single-member VCG (VCGs for which
only one isolate was detected). VCGs with a number (KN001 to KN0015)
indicate isolates that belonged to multiple-member VCGs (VCGs for
which more than one isolate was detected). 

z Average difference (mean ± standard deviation) in aflatoxin levels (%) =
[1 – (total aflatoxin content in maize co-inoculated with both toxigenic
and atoxigenic isolates of A. flavus/total aflatoxin content in maize inocu-
lated with only isolate E971-E)] × 100. Standard deviations for isolates
included in both tests were calculated based on the difference in aflatoxin
levels (%) obtained in the two experiments. Standard deviations for the
five isolates that were only included in experiment 2 (E266-D, E804-C, 
R7-K, R8-F, and R8-P) were calculated based on differences in aflatoxin
levels (%) for the four replicates of each treatment. 

Table 2. Aflatoxin B1 levels produced following co-infection of viable 
maize kernels by atoxigenic L strain isolates of Aspergillus flavus that 
originated from Kenya or the United States (NRRL-218820) and two 
highly toxigenic S strain isolates from Kenya 

 Aflatoxin B1 (µg/g)x  

Isolatey Exp 1 Exp 2 Avg. diff. (%)z 

None 105.4 a 109.2 a … 
62-L 8.4 b 19.0 b 87.3 ± 6.7 
C6-E 8.8 b 20.6 b 86.5 ± 7.4 
NRRL-21882 9.3 b 23.1 b 85.1 ± 8.7 
R1-N 11.5 b 25.0 b 83.1 ± 8.4 
63-I 12.4 b 25.3 b 82.6 ± 8.1 
C8-F 12.7 b 26.8 b 81.7 ± 8.8 

x Mean values followed by a common letter within a column do not differ 
significantly according to Tukey’s Honestly Significant Difference test (P
= 0.05) (56). 

y Isolate co-inoculated. For None, two S strain isolates of A. flavus were 
used. Experiment 1: isolate FGSC A1169; experiment 2: isolate ATCC 
MYA-384. The corresponding aflatoxin concentration was obtained from 
maize kernels inoculated with the S strain isolate alone. 

z Average difference (mean ± standard deviation) in aflatoxin concentra-
tions (%) = [1 – (total aflatoxin content in maize co-inoculated with both 
toxigenic and atoxigenic isolates of A. flavus/total aflatoxin content in 
maize inoculated with the S strain isolate alone)] × 100. 
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ley Province and 91% of the isolates from the Coast Province (60). 
Greater numbers of isolates were obtained from the Eastern Prov-
ince because of the long history of lethal aflatoxicosis in that prov-
ince (60) and the resulting urgent need for aflatoxin management 
options in that region. Of the 290 L strain isolates screened for 
aflatoxin-producing ability on autoclaved maize (222 from the 
Eastern Province, 32 from the Coast Province, and 36 from the Rift 
Valley Province), 96 were identified as atoxigenic based on a de-
tection limit for total aflatoxins of 0.5 µg/kg of maize (data not 
shown). Aflatoxin B1 production levels of the remaining 194 iso-
lates ranged from 0.5 to >400,000 µg/kg of maize (ppb). 

Co-infection of viable maize kernels with toxigenic and 
atoxigenic isolates of A. flavus. All 96 atoxigenic A. flavus L 
strain isolates were associated with lower maize aflatoxin content 
when co-inoculated with a highly toxigenic A. flavus S strain iso-
late (FGSC A1169) compared with maize kernels inoculated with 
the S strain isolate alone (data not shown). Average reductions in 
aflatoxin B1 concentration ranging from 7.1 ± 4.4 to 98.3 ± 8.0% 
(mean of 59.2 ± 22.9% for all 96 isolates) were observed in co-
inoculated maize kernels compared with maize kernels inoculated 
with FGSC A1169 alone. In all, 23 isolates from the initial screens 
were chosen for further tests. Aflatoxin B1 levels in co-inoculation 
experiments conducted with the 23 selected isolates were signifi-
cantly lower in both experiments. Average aflatoxin B1 levels were 
63.6 to 89.6% less in co-inoculated treatments compared with the 
control treatments with an S strain isolate alone (mean of 79.3% 
reduction for all 23 isolates; Table 1). 

Co-inoculation of maize kernels with each of the five Kenyan 
atoxigenic L strain isolates selected for further evaluation with the 
atoxigenic isolate NRRL-21882 demonstrated significantly lower 
aflatoxin levels than in kernels inoculated with an S strain isolate 
alone (Table 2). The five isolates from Kenya performed similarly 
during the additional evaluations as in the preliminary experiments, 
causing an average of 87.4 ± 2.4% less aflatoxin in the preliminary 
tests (Table 1) and 84.4 ± 1.5% less aflatoxin in the additional 
evaluations (Table 2). All atoxigenic isolates were statistically 
similar in ability to interfere with aflatoxin production in viable 
maize kernels regardless of which S strain isolate was used in the 
experiment (Table 2). 

VCG analysis. All 96 atoxigenic A. flavus isolates obtained 
from maize produced in Kenya were successfully placed into a 
VCG by complementation of nit– auxotrophs. A total of 53 VCGs 

was detected. However, 41 of the VCGs were each represented by 
a single atoxigenic isolate. Of the atoxigenic isolates, 50% be-
longed to one of 12 multimember VCGs. Seven of the multimem-
ber VCGs were detected in the Eastern Province, seven in the 
Coast Province, and four in the Rift Valley Province. Isolates in 
four of the VCGs were detected in two provinces and one isolate 
(in VCG KN008) was detected in six districts, three provinces, and 
seven maize samples (Table 3). These included four districts that 
are targets for aflatoxin management because of recent health or 
economic impacts from aflatoxin contamination of maize: Kitui, 
Machakos, Makueni, and Tana River. 

Discussion 
Aflatoxins impact both the safety and value of foods and feeds 

and, as such, management of aflatoxin contamination of food and 
feed is required both to capture optimal markets and to maintain 
food security (72). In developing nations, economic incentives for 
management of aflatoxin contamination are typically reduced due 
to less stringent regulatory oversight (72). However, in recent 
years, public awareness campaigns, news reports of human health 
effects, and episodes of crop destruction have greatly increased 
incentives for aflatoxin management even in very-low-income 
regions (34,42). Nowhere have aflatoxins been more in the public 
eye than in Kenya, where severe aflatoxin contamination of maize 
has caused human deaths repeatedly over the past three decades 
(12,55,59). In Kenya, crop destruction is a devastating aflatoxin 
management option. Crops may be a farmers’ only possession of 
cash value, and crop destruction can result in impoverishment and 
malnourishment. Farmers in food-scarce regions are in urgent need 
of affordable management strategies to protect consumers from the 
harmful effects of aflatoxins and to optimize crop value. 

Development of technologies to prevent or reduce aflatoxin con-
tamination of maize has been a complex and frustrating goal for 
over three decades. Proper drying and storage of grains like maize 
can prevent postharvest increases in aflatoxin content (66,73) but 
driers and storage facilities are not available to all growers, and 
timely harvest and drying of grain can sometimes be prevented by 
adverse weather conditions that promote contamination of har-
vested grains. Furthermore, significant quantities of aflatoxins can 
develop in grain prior to harvest. Cultivars resistant to aflatoxin 
contamination by A. flavus have been sought for at least 30 years 
(9,39,50,68,70). However, commercially available maize cultivars 

Table 3. Occurrence of single and multiple member vegetative compatibility groups (VCGs) among Aspergillus flavus isolates obtained from maize samples 
collected from four maize growing provinces in Kenya in 2004 to 2006 

 VCGw 

Province, districtx KN001 KN002 KN004 KN005 KN006 KN007 KN008 KN010 KN011 KN012 KN013 KN015 Single 

Eastern              
Kitui + + + + … … + … … … … + + 
Machakos … … … + … … + … … … … … + 
Makueni + + + … … … + … … … … … + 

Nairobi              
Nairobi … … + … … … … … … … … … + 

Coast              
Taita Taveta … … … … + … … + + … + … + 
Kwale … … … … … … … … … … … + + 
Tana River … … … … + … + … + … … … + 
Kilifi … … … … … … + … … + … … + 

Rift Valley              
Marakwet … … … … … + … … … + … … + 
Baringo … … … … … + … … … … … … + 
Kajiado … … … … … + + … … … … … + 
Uasin Gishu … … … … … + … … + + … … + 

No. of samplesy 2 2 4 2 3 4 7 1 3 5 2 3 33 
No. of atoxigenic isolatesz 3 5 4 2 3 11 7 2 4 10 2 3 41 

w Presence (+) of isolates of specific multiple-member VCGs (KN001 to KN015, VCGs for which more than one isolate was detected) and single-member 
VCGs (41 VCGs for which only a single isolate was detected) in each district.  

x District within the province. 
y Number of maize samples from which the indicated VCG of A. flavus was isolated. Total number of samples was 156. 
z Number of atoxigenic A. flavus isolates detected in the indicated VCG. 
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labeled as aflatoxin resistant still are not available in the United 
States, where such cultivars have been sought most intensively 
(27,38,39,70). A biological control strategy that utilizes naturally 
occurring, atoxigenic isolates of A. flavus to competitively exclude 
aflatoxin producers was originally a controversial proposal 
(16,21,45) thought to lack practical value. However, this strategy 
has received farmer acceptance and support in the United States 
(63,64), and currently provides the only preharvest management 
tool with documented efficacy in commercial agriculture 
(1,4,13,30,31,74). In North America, this biological control strat-
egy is currently the basis for the only aflatoxin management prod-
ucts registered for commercial preharvest use on any crop (29,44). 
Although commercial use of atoxigenic A. flavus began in the 
United States (16), developing nations with reduced infrastructure 
and high consumption of maize and groundnut may be where bio-
control of aflatoxins has the greatest potential. Indeed, atoxigenic 
isolate formulations have long-term stability under nonrefrigerated 
conditions, a trait useful in regions where refrigeration is unavail-
able or expensive (8). 

Aspergillus communities associated with acute aflatoxicosis and 
human death in the Eastern Province of Kenya have some of the 
highest aflatoxin-producing potentials ever reported (59,60). This 
study demonstrated that, even within these highly toxic fungal 
communities, there reside atoxigenic isolates of potential value in 
the management of aflatoxins. Communities composed of highly 
toxigenic fungi have proportionally fewer atoxigenic isolates (60) 
and, thus, screening for atoxigenic isolates from such communities 
may be time and cost intensive. Nonetheless, 48 of the 96 identi-
fied atoxigenic L strain isolates of A. flavus were isolated from 
highly contaminated maize samples (total aflatoxins at up to 4,400 
µg/kg of maize) originating from acute aflatoxicosis outbreak re-
gions in Kenya in 2004 to 2006. These isolates represent a small 
fraction of the L strain population of A. flavus which, likewise, are 
a small fraction of the total Aspergillus community in the Eastern 
Province of Kenya (60). Experience in the United States has shown 
that appropriately timed application of similar rare, atoxigenic 
isolates of A. flavus results in fungal communities dominated by 
the applied atoxigenic isolates, resulting in greatly reduced 
aflatoxin-producing potential of the affected fungal communities 
(20,21). Since 2007, hundreds of isolates of A. flavus have been 
screened, first by morphological criteria to remove highly 
toxigenic S strain isolates, then by quantifying aflatoxin production 
during in vitro culture on sterilized maize kernels and, finally, by 
testing the ability of the atoxigenic isolates to interfere with 
aflatoxin contamination of viable maize kernels by toxigenic 
isolates in laboratory assays. The selected atoxigenic isolates are 
now ready for field testing. Successful collection of atoxigenic 
isolates of potential value in aflatoxin management from maize 
samples associated with lethal aflatoxicosis in the Eastern Province 
suggests that valuable atoxigenic isolates may similarly be found 
in Aspergillus communities resident in other areas where improved 
aflatoxin management is of concern. 

A. flavus is composed of many VCGs. VCGs evolve as clonal 
lineages (33,37) and aflatoxin production is more similar within 
VCGs than among VCGs. Some VCGs of A. flavus are composed 
of only atoxigenic members (7). The VCGs reported in this study 
provide potentially valuable fungal germplasm for development of 
biological control agents directed at limiting contamination of 
maize in Kenya. Atoxigenic isolates are frequently monitored in 
the environment by VCG analyses (28,58). In order to perform 
VCG analyses in this study, auxotroph tester pairs were developed 
and are now available for atoxigenic isolate monitoring during field 
testing in Kenya. Although the atoxigenic isolates represent 53 
locally adapted genetic groups of A. flavus, they may represent a 
small subset of the overall genetic diversity of atoxigenic isolates 
of A. flavus endemic to Kenya. Diverse fungal germplasm may be 
of value in overcoming problems with biocontrol agents (e.g., loss 
of efficacy) or for assembling complex mixtures of atoxigenic iso-
lates for increased efficacy across complex cropping systems and 
for long-term displacement of highly toxigenic Aspergillus iso-

lates. A comprehensive collection of A. flavus isolates from across 
Kenya would increase genetic resources for development of such 
strains. 

Atoxigenic isolates of A. flavus can prevent unacceptable afla-
toxin levels in crops through both direct interference with aflatoxin 
production during co-infection and modification of A. flavus 
population composition by competitive exclusion. The first process 
involves both competitive exclusion during host tissue invasion and 
disruption of aflatoxin biosynthesis through an as-yet-undefined 
process (22,51). In this study, atoxigenic isolates were compared 
for interference with aflatoxin contamination of maize kernels co-
infected by a highly toxigenic S strain isolate of A. flavus. This 
type of evaluation has been used (1,4,10,24,51) to compare effi-
cacy of atoxigenic isolates since such isolates were first evaluated 
as potential biocontrol agents (15). However, this type of screen 
may not provide the most useful insights for selecting optimal 
atoxigenic isolates of A. flavus for biocontrol because competitive 
exclusion of aflatoxin producers during crop production probably 
contributes more to both single-season and long-term efficacy (21). 
Competitive exclusion is dependent on isolate reproduction and 
competition in the local environment (26). Isolates of A. flavus that 
produce the most conidia dominate A. flavus communities and 
have proportional influences on contamination regardless of ability 
to compete during host tissue invasion (51). Competitive exclusion 
of aflatoxin producers during epidemic increases allows atoxigenic 
isolates to compensate for uneven application and to have influ-
ences beyond treated areas, potentially influencing compositions of 
fungal communities in nearby, untreated fields (13). This is a bio-
control benefit not shared with chemical pesticide applications. 

Atoxigenic isolates of A. flavus in VCGs identified in this study 
all belong to the L strain morphotype of A. flavus (14), similar to L 
strain VCGs from other regions (14,58). However, A. flavus VCGs 
can evolve independently for long periods (33,37). Even within 
morphotypes, there is great variability among VCGs in adaptive 
traits (7,25,51), including aflatoxin producing ability, virulence, 
competitiveness, sensitivity to antibiotics, tolerance to soil condi-
tions, and life strategy. Phenotypic variability suggests differential 
adaptation among isolates of different VCGs to various ecological 
niches (23,25). The diversity of niches to which isolates of specific 
VCGs identified in this study are adapted is not yet known. 
Introduction and application of exotic microorganisms can bear 
considerable risk to animals, plants, and the environment (62,67). 
It has been suggested that atoxigenic A. flavus isolates originating 
from North America be introduced to various African countries for 
aflatoxin management because the North American isolates are 
components of biopesticides currently registered with the United 
States Environmental Protection Agency (EPA) and, as such, have 
proven safe for agricultural use. However, given the large number 
of atoxigenic isolates of A. flavus native to Kenya identified in this 
study, and similar diversity documented in West Africa (3), justifi-
cation for such introductions remains questionable. 

In addition to the processes described above, through which 
atoxigenic isolates may influence aflatoxin contamination of crops, 
the ability of a fungal isolate to persist within the local agroecosys-
tems in the absence of a target crop is important. Such environ-
mental fitness is particularly important for atoxigenic isolates be-
ing developed for low-income regions where farmers consume 
most of the crop and have limited economic incentive to apply 
aflatoxin mitigation measures. In these regions, responsibility may 
fall to public organizations to apply atoxigenic isolates to crops. 
Adaptation of atoxigenic isolates to the target agroecosystem fa-
vors the use of native atoxigenic isolates of A. flavus for reducing 
aflatoxin contamination of crops. Among the three VCGs of A. 
flavus studied to date, divergence appears to have occurred 18,000 
to 63,000 years ago (37). Since this divergence, variation among 
VCGs has developed in diverse characteristics as isolates of the 
VCGs adapted to ecological niches. Isolates of native VCGs are 
adapted to compete for local resources and local cropping systems 
(including crop rotations and co-cropping). Native isolates should 
allow wider and more persistent displacement of aflatoxin-produc-
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ing strains than exotic isolates. Native atoxigenic isolates are also 
genetic resources of the source countries (52), where the govern-
ments have the responsibility to manage such resources for maxi-
mum benefit of the population, as outlined in the Kenyan Environ-
mental Management and Co-ordination Act of 2006 (52,61). 

In this study, atoxigenic A. flavus isolates belonging to 12 differ-
ent VCGs were found in multiple maize samples in the Eastern 
Province of Kenya. Recovery of an atoxigenic VCG from the target 
crop at multiple locations in a region potentially indicates a suc-
cessful phenotype with competitive advantage in that agroecosys-
tem. Isolates of such VCGs may be the best candidates for biocon-
trol products designed to provide long-term reductions in aflatoxin 
contamination. The number of VCGs detected within multiple 
samples in this study was surprising. A single atoxigenic isolate 
was collected from each of 37 of the 51 maize samples evaluated. 
Thus, only one VCG could be associated with most of the samples. 
This limited capacity to detect multiple VCGs within a sample 
These VCGs represent an important start for developing commer-
cial biological control agents for maize aflatoxin contamination in 
Kenya. The large number of atoxigenic VCGs detected provides 
opportunity to utilize VCG mixtures similar to those developed for 
West Africa (2). Isolate mixtures may compete effectively in a 
greater diversity of environmental niches than individual isolates. 
Furthermore, modified Aspergillus communities with multiple 
atoxigenic VCGs are expected to have greater stability than those 
formed with single VCGs. This is important in regions where low-
income farmers consume their crops directly, and where annual 
applications of a biological control product may not be feasible 
economically. 

Literature Cited 
1. Abbas, H. K., Zablotowicz, R. M., Bruns, H. A., and Abel, C. A. 2006. Bio-

control of aflatoxin in corn by inoculation with non-aflatoxigenic Aspergil-
lus flavus isolates. Biocontrol Sci. Technol. 16:437-449. 

2. Atehnkeng, J., Cotty, P. J., and Bandyopadhyay, R. 2010. Mitigation of afla-
toxin contamination in Nigerian maize with atoxigenic strain mixtures. 
(Abstr.) Phytopathology 100:S8. 

3. Atehnkeng, J., Ojiambo, P. S., Donner, M., Ikotun, T., Sikora, R. A., Cotty, 
P. J., and Bandyopadhyay, R. 2008. Distribution and toxigenicity of 
Aspergillus species isolated from maize kernels from three agro-ecological 
zones in Nigeria. Int. J. Food Microbiol. 122:74-84. 

4. Atehnkeng, J., Ojiambo, P. S., Ikotun, T., Sikora, R. A., Cotty, P. J., and 
Bandyopadhyay, R. 2008. Evaluation of atoxigenic isolates of Aspergillus 
flavus as potential biocontrol agents for aflatoxin in maize. Food Addit. 
Contam. 25:1264-1271. 

5. Azziz-Baumgartner, E., Lindblade, K., Gieseker, K., Schurz Rogers, H., 
Kieszak, S., Njapau, H., Schleicher, R., McCoy, L. F., Misore, A., DeCock, 
K., Rubin, C., Slutsker, L., and Aflatoxin Investigation Group. 2005. Case-
control study of an acute aflatoxicosis outbreak, Kenya, 2004. Environ. 
Health Perspect. 113:1779-1783. 

6. Bayman, P., and Cotty, P. J. 1991. Vegetative compatibility and genetic 
diversity in the Aspergillus flavus population of a single field. Can. J. Bot. 
69:1707-1711. 

7. Bayman, P., and Cotty, P. J. 1993. Genetic diversity in Aspergillus flavus: 
association with aflatoxin production and morphology. Can. J. Bot. 71:23-
31. 

8. Bock, C. H., and Cotty, P. J. 1999. Wheat seed colonized with atoxigenic 
Aspergillus flavus: characterization and production of a biopesticide for 
aflatoxin control. Biocontrol Sci. Technol. 9:529-543. 

9. Brown, R. L., Chen, Z. Y., Cleveland, T. E., and Russin, J. S. 1999. Ad-
vances in the development of host resistance in corn to aflatoxin contamina-
tion by Aspergillus flavus. Phytopathology 89:113-117. 

10. Brown, R. L., Cotty, P. J., and Cleveland, T. E. 1991. Reduction in aflatoxin 
content of maize by atoxigenic strains of Aspergillus flavus. J. Food Prot. 
54:623-626. 

11. Cardwell, F. K., and Henry, S. H. 2006. Risk of exposure to and mitigation 
of effects of aflatoxin on human health: a West African example. Toxin Rev. 
23:217-247. 

12. Centers for Disease Control and Prevention. 2004. Outbreak of aflatoxin 
poisoning—eastern and central provinces, Kenya, January–July 2004. 
Morb. Mortal. Wkly. Rep. 53:790-793. 

13. Cotty, P., and Antilla, L. 2003. Managing Aflatoxins in Arizona. United 
States Department of Agriculture, Agricultural Research Service, New Or-
leans, LA. 

14. Cotty, P. J. 1989. Virulence and cultural characteristics of two Aspergillus 
flavus strains pathogenic on cotton. Phytopathology 79:808-814. 

15. Cotty, P. J. 1990. Effect of atoxigenic strains of Aspergillus flavus on afla-
toxin contamination of developing cottonseed. Plant Dis. 74:233-235. 

16. Cotty, P. J. 1992. Use of native Aspergillus flavus strains to prevent afla-
toxin contamination. United States Patent 5,171,686. 

17. Cotty, P. J. 1994. Comparison of four media for isolation of Aspergillus 
flavus group fungi. Mycopathologia 125:157-162. 

18. Cotty, P. J. 1994. Influence of field application of an atoxigenic strain of 
Aspergillus flavus on the populations of A. flavus infecting cotton bolls and 
on the aflatoxin content of cottonseed. Phytopathology 84:1270-1277. 

19. Cotty, P. J. 1997. Aflatoxin-producing potential of communities of Aspergil-
lus section Flavi from cotton producing areas in the United States. Mycol. 
Res. 101:698-704. 

20. Cotty, P. J. 2006. Biocompetitive exclusion of toxigenic fungi. Pages 179-
197 in: The Mycotoxin Factbook. D. Barug, D. Bhatnagar, H. P. van Eg-
mond, J. W. van der Kamp, W. A. van Osenbruggen, and A. Visconti, eds. 
Wageningen Academic Publishers, Wageningen, The Netherlands. 

21. Cotty, P. J., Antilla, L., and Wakelyn, P. J. 2007. Competitive exclusion of 
aflatoxin producers: farmer-driven research and development. Pages 241-
253 in: Biological Control: A Global Perspective. C. Vincent, M. S. Goettel, 
and G. Lazarovits, eds. CAB International, Oxfordshire, UK. 

22. Cotty, P. J., and Bayman, P. 1993. Competitive exclusion of a toxigenic 
strain of Aspergillus flavus by an atoxigenic strain. Phytopathology 
83:1283-1287. 

23. Cotty, P. J., Bayman, P., Egel, D. S., and Elias, K. S. 1994. Agriculture, 
aflatoxins, and Aspergillus. Pages 1-27 in: The Genus Aspergillus: From 
Taxonomy and Genetics to Industrial Application. K. A. Powell, A. Ren-
wick, and J. Perberdy, eds. Plenum Press, New York. 

24. Cotty, P. J., and Bhatnagar, D. 1994. Variability among atoxigenic Aspergil-
lus flavus strains in ability to prevent aflatoxin contamination and produc-
tion of aflatoxin biosynthetic pathway enzymes. Appl. Environ. Microbiol. 
60:2248-2251. 

25. Cotty, P. J., and Mellon, J. E. 2006. Ecology of aflatoxin producing fungi 
and biocontrol of aflatoxin contamination. Mycotoxin Res. 22:110-117. 

26. Cotty, P. J., Probst, C., and Jaime-Garcia, R. 2008. Etiology and manage-
ment of aflatoxin contamination. Pages 287-299 in: Mycotoxins: Detection 
Methods, Management, Public Health and Agricultural Trade. J. F. Leslie, 
R. Bandyopadhyay, and A. Visconti, eds. CAB International, Oxfordshire, 
UK. 

27. De Leon, C., Kitbamroong, C., Buangsuwan, D., and Tanboonrek, P. 1995. 
Selection for resistance to aflatoxin formation in maize through seed inocu-
lation. Food Addit. Contam. 12:491-495. 

28. Donner, M., Sikora, R. A., Bandyopadhyay, R., and Cotty, P. J. 2010. Mo-
lecular characterization of atoxigenic strains (VCGs) for biological control 
of aflatoxins in Nigeria. Food Addit. Contam. 27:576-590. 

29. Dorner, J. W. 2004. Biological control of aflatoxin contamination of crops. 
J. Toxicol. Toxin Rev. 23:425-450. 

30. Dorner, J. W. 2009. Biological control of aflatoxin contamination in corn 
using a nontoxigenic strain of Aspergillus flavus. J. Food Prot. 72:801-804. 

31. Doster, M. A., Michailides, T. J. Cotty, P. J., Bentley, W., Morgan, D., 
Boeckler, L., and Felts, D. 2004. Aflatoxin control in pistachios: biocontrol 
and removal of contaminated nuts. Mycopathologia 155:44. 

32. Egal, S., Hounsa, A., Gong, Y. Y., Turner, P. C., Wild, C. P., Hall, A. J., Hell, 
K., and Cardwell, K. F. 2005. Dietary exposure to aflatoxin from maize and 
groundnut in young children from Benin and Togo, West Africa. Int. J. Food 
Microbiol. 104:215. 

33. Ehrlich, C. K., Montalbano, B. G., and Cotty, P. J. 2007. Analysis of single 
nucleotide polymorphisms in three genes shows evidence for genetic isola-
tion of certain Aspergillus flavus vegetative compatibility groups. FEMS 
Microbiol. Lett. 268:231-236. 

34. Famine Early Warning System Network. 2010. KENYA Food Security 
Outlook July to December 2010. Online. http://www.reliefweb.int/rw/
rwb.nsf/db900SID/MUMA-87D3KP?OpenDocument. 

35. Garber, R. K., and Cotty, P. J. 1997. Formation of sclerotia and aflatoxins in 
developing cotton bolls infected by the S strain of Aspergillus flavus and 
potential for biocontrol with an atoxigenic strain. Phytopathology 87:940-
945. 

36. Gong, Y. Y., Hounsa, A., Egal, S., Turner, P. C., Sutcliffe, A. E., Hall, A. J., 
Cardwell, K., and Wild, C. P. 2004. Postweaning exposure to aflatoxin re-
sults in impaired child growth: a longitudinal study in Benin, West Africa. 
Environ. Health Perspect. 112:1334-1338. 

37. Grubisha, L. C., and Cotty, P. J. 2010. Genetic isolation among sympatric 
vegetative compatibility groups of the aflatoxin-producing fungus Aspergil-
lus flavus. Mol. Ecol. 19:269-280. 

38. Guo, B. Z., Li, R. G., Widstrom, N. W., Lynch, R. E., and Cleveland, T. E. 
2001. Genetic variation within maize population GT-MAS:gk and the rela-
tionship with resistance to Aspergillus flavus and aflatoxin production. 
Theor. Appl. Genet. 103:533. 

39. Henry, W. B., Williams, W. P., Windham, G. L., and Hawkins, L. K. 2009. 
Evaluation of maize inbred lines for resistance to Aspergillus and Fusarium 
ear rot and mycotoxin accumulation. Agron. J. 101:1219-1226. 

40. International Agency for Research on Cancer. 1982. The Evaluation of the 
Carcinogenic Risk of Chemicals to Humans. International Agency for Re-
search on Cancer, Lyon, France. 

41. International Agency for Research on Cancer. 2002. Traditional Herbal 
Medicines, Some Mycotoxins, Naphthalene and Styrene. International 
Agency for Research on Cancer, Lyon, France. 



218 Plant Disease / Vol. 95 No. 2 

42. Integrated Regional Information Networks. 2010. Kenya: Warning Over 
Disposal of Toxic Maize. Online. http://www.irinnews.org/Report.aspx?
ReportId=89257 IRIN, Nairobi. 

43. Jiang, Y., Jolly, P. E., Preko, P., Wang, J. S., Ellis, W. O., Phillips, D. L., and 
Williams, J. H. 2008. Aflatoxin-related immune dysfunction in health and in 
human immunodeficiency virus disease. Clin. Dev. Immunol. Article ID 
790309. doi:10.1155/2008/790309 

44. Jones, J. 2003. Aspergillus flavus AF36: exemption from the requirement of 
a tolerance, final rule. Fed. Regist. 68:41535-41541. 

45. Kilman, S. 1993. Food-safety strategy pits germ vs. germ. Page B2 in: The 
Wall Street Journal, 16 March 1993, New York. 

46. Klich, M. A. 2007. Aspergillus flavus: the major producer of aflatoxin. Mol. 
Plant Pathol. 8:713-722. 

47. Klich, M. A., and Pitt, J. I. 1988. Differentiation of Aspergillus flavus from 
A. parasiticus and other closely related species. Trans. Br. Mycol. Soc. 
91:99-108. 

48. Kurtzman, C. P., Horn, B. W., and Hesseltine, C. W. 1987. Aspergillus 
nomius, a new aflatoxin-producing species related to Aspergillus flavus and 
Aspergillus tamarii. Antonie Leeuwenhoek 53:147-158. 

49. McKean, C., Tang, L., Tang, M., Billam, M., Wang, Z., Theodorakis, C. W., 
Kendall, R. J., and Wang, J. S. 2006. Comparative acute and combinative 
toxicity of aflatoxin B1 and fumonisin B1 in animals and human cells. Food 
Chem. Toxicol. 44:868-876. 

50. Mehan, V. K., Nageswara Rao, R. C., McDonald, D., and Williams, J. H. 
1988. Management of drought stress to improve field screening of peanuts 
for resistance to Aspergillus flavus. Phytopathology 78:659-663. 

51. Mehl, H. L., and Cotty, P. J. 2010. Variation in competitive ability among 
isolates of Aspergillus flavus from different vegetative compatibility groups 
during maize Infection. Phytopathology 100:150-159. 

52. Ministry for Environment and Natural Resources, K. 2006. The environ-
mental management and co-ordination (conservation of biological diversity 
and resources, access to genetic resources and benefit sharing) regulations. 
In: Kenya Gaz. Suppl. No. 84, Kenya Law Report, Nairobi, Kenya. 

53. Muthomi, J. W., Njenga, L. N., Gathumbi, J. K., and Chemining’wa, G. N. 
2009. The occurrence of aflatoxins in maize and distribution of mycotoxin-
producing fungi in Eastern Kenya. Plant Pathol. J. 8:113-119. 

54. Muture, B. N., and Ogana, G. 2005. Aflatoxin levels in maize and maize 
products during the 2004 food poisoning outbreak in Eastern Province of 
Kenya. East Afr. Med. J. 82:275-279. 

55. Ngindu, A., Johnson, B. K., Kenya, P. R., Ngira, J. A., Ocheng, D. M., 
Nandwa, H., Omondi, T. N., Jansen, A. J., Ngare, W., Kaviti, J. N., Gatei, 
D., and Siongok, T. A. 1982. Outbreak of acute hepatitis caused by aflatoxin 
poisoning in Kenya. Lancet 1:1346-1348. 

56. Pagano, M., and Gauvreau, K. 2000. Principles of Biostatistics. Duxbury, 
Pacific Grove, CA. 

57. Papa, K. E. 1986. Heterokaryon incompatibility in Aspergillus flavus. My-
cologia 78:98-101. 

58. Pildain, M. B., Vaamonde, G., and Cabral, D. 2004. Analysis of population 
structure of Aspergillus flavus from peanut based on vegetative compatibil-
ity, geographic origin, mycotoxin and sclerotia production. Int. J. Food Mi-
crobiol. 93:31-40. 

59. Probst, C., Njapau, H., and Cotty, P. J. 2007. Outbreak of an acute aflatoxi-
cosis in Kenya in 2004: identification of the causal agent. Appl. Environ. 
Microbiol. 73:2762-2764. 

60. Probst, C., Schulthess, F., and Cotty, P. J. 2010. Impact of Aspergillus sec-
tion Flavi community structure on the development of lethal levels of afla-
toxins in Kenyan maize (Zea mays). J. Appl. Microbiol. 108:600-610. 

61. Schroeder, D., and Pogge, T. 2009. Justice and the convention on biological 
diversity. Ethics Int. Affairs 23:267-280. 

62. Simberloff, D., and Stiling, P. 1996. Risks of species introduced for biologi-
cal control. Biol. Conserv. 78:185-192. 

63. Smith, R. 2009. Non-toxic fungus may hold key to aflatoxin contamination. 
In: Southwest Farm Press, 2 March 2009, Atlanta, GA. 

64. Smith, R. 2010. Aflatoxin reduction goal for corn. In: Southwest Farm 
Press, 13 January 2010, Atlanta, GA. 

65. Sweeney, M. J., and Dobson, A. D. 1998. Mycotoxin production by 
Aspergillus, Fusarium and Penicillium species. Int. J. Food Microbiol. 
43:141-158. 

66. Turner, P. C., Sylla, A., Gong, Y. Y., Diailo, M. S., Sutcliffe, A. E., Hall, A. 
J., and Wild, C. P. 2005. Reduction in exposure to carcinogenic aflatoxins 
by postharvest intervention measures in West Africa: a community-based 
intervention study. Lancet 365:1950-1956. 

67. van Lenteren, J. C., Bale, J., Bigler, F., Hokkanen, H. M. T., and Loomans, 
A. J. M. 2006. Assessing risks of releasing exotic biological control agents 
of arthropod pests. Annu. Rev. Entomol. 51:609-634. 

68. Walker, R. D., and White, D. G. 2001. Inheritance of resistance to Aspergil-
lus ear rot and aflatoxin production of corn from CI2. Plant Dis. 85:322-
327. 

69. Wang, J.-S., and Tang, L. 2004. Epidemiology of aflatoxin exposure and 
human liver cancer. Toxin Rev. 23:249-271. 

70. Widstrom, N., Wilson, D., and McMillian, W. W. 1984. Ear resistance of 
maize inbreds to field aflatoxin contamination. Crop Sci. 24:1155-1157. 

71. Williams, J. H., Phillips, T. D., Jolly, P. E., Stiles, J. K., Jolly, C. M., and 
Aggarwal, D. 2004. Human aflatoxicosis in developing countries: a review 
of toxicology, exposure, potential health consequences, and interventions. 
Am. J. Clin. Nutr. 80:1106-1122. 

72. Wu, F., and Khlangwiset, P. 2010. Health economic impacts and cost-effec-
tiveness of aflatoxin reduction strategies in Africa: case studies in biocon-
trol and postharvest interventions. Food Addit. Contam. 27:496-509. 

73. Wyllie, T. D. 1990. Postcollection enhancement of mycotoxins and posthar-
vest handling of samples. J. Environ. Pathol. Toxicol. Oncol. 10:106-109. 

74. Yin, Y.-N., Lou, T., Michailides, T. J., and Ma, Z.-H. 2009. Molecular char-
acterization of toxigenic and atoxigenic Aspergillus flavus isolates, col-
lected from peanut fields in China. J. Appl. Microbiol. 107:1857-1865. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black Ink - ISO Coated v2 300% \050ECI\051)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for submission to The Sheridan Press. Configured for Adobe Acrobat Distiller v8.0 02-28-07.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


