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1. Introduction

Aflatoxins, produced by the fungus Aspergillus flavus, occur 
naturally in maize, Zea mays L. Aflatoxins are the most 
potent carcinogens found in nature, and they are toxic to 
both humans and animals (Castegnaro and McGregor, 1998; 
Park and Liang, 1993; Pittet, 1998). Although first identified 
and recognised as a threat to animals when 100,000 turkeys 
died in the UK in 1961 (Lancaster et al., 1961), aflatoxins 
are now recognised as a threat to other livestock, pets, and 
wildlife as well (Bokhari, 2010; Gourama and Bullerman, 
1995; Leung et al., 2006). Dietary exposure to aflatoxins is 
one of the major causes of hepatocellular carcinoma, the 

fifth most common cancer in humans worldwide (Wild 
and Hall, 2000). Their acute and chronic toxicity also 
poses a serious threat to humans in developing countries, 
where maize is a dietary staple. The US Food and Drug 
Administration restricts the sale of grain with aflatoxin 
levels exceeding 20 ng/g (Park and Liang, 1993).

Contamination with aflatoxins was first recognised as a 
major problem associated with maize production in the 
south-eastern USA in the 1970s (McMillian et al., 1978, 
1985). Aflatoxin contamination has remained a chronic 
problem in the Southeast where losses to aflatoxin-
contaminated maize in Arkansas, Louisiana, Mississippi, 
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Efforts to identify maize germplasm with resistance to Aspergillus flavus infection and subsequent accumulation 
of aflatoxins were initiated by the US Department of Agriculture, Agricultural Research Service at several locations 
in the late 1970s and early 1980s. Research units at four locations in the south-eastern USA are currently engaged 
in identification and development of maize germplasm with resistance to A. flavus infection and accumulation of 
aflatoxins. The Corn Host Plant Resistance Research Unit, Mississippi State, MS, developed procedures for screening 
germplasm for resistance to A. flavus infection and accumulation of aflatoxins. Mp313E, released in 1990, was the 
first line released as a source of resistance to A. flavus infection. Subsequently, germplasm lines Mp420, Mp715, 
Mp717, Mp718, and Mp719 were released as additional sources of resistance. Quantitative trait loci associated with 
resistance have also been identified in four bi-parental populations. The Crop Protection and Management Research 
Unit and Crop Genetics and Breeding Research Unit, Tifton, GA, created a breeding population GT-MAS:gk. GT601, 
GT602, and GT603 were developed from GT-MAS:gk. The Food and Feed Safety Research Unit, New Orleans, LA, 
in collaboration with the International Institute for Tropical Agriculture used a kernel screening assay to screen 
germplasm and develop six germplasm lines with resistance to aflatoxins. The Plant Science Research Unit, Raleigh, 
NC, through the Germplasm Enhancement of Maize (GEM) Project provides to co-operators diverse germplasm 
that is a valuable source of resistance to A. flavus infection and accumulation of aflatoxins in maize.
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and Texas in 1998 were estimated at $85,000,000 to 
$100,000,000 (Robens and Cardwell, 2005). Plant resistance 
is generally considered a highly desirable strategy for 
reducing aflatoxin contamination in maize. Efforts to 
identify maize germplasm with resistance to A. flavus 
infection and aflatoxin contamination were initiated 
at several locations in the late 1970s and early 1980s 
(LaPrade and Manwiller, 1976; Lillehoj et al., 1976, 1980, 
1983; McMillian et al., 1982; Zuber et al., 1983). The lack 
of reliable field inoculation techniques, however, was a 
major impediment to success (Payne, 1983). Improved 
inoculation and evaluation techniques led to more 
successful identification of maize genotypes with resistance 
to A. flavus infection and aflatoxin contamination (Darrah 
et al., 1987; Tucker et al., 1986; Zummo and Scott, 1989).

Scott and Zummo (1988) identified five lines from a large 
group of Southern inbred lines evaluated in Mississippi that 
exhibited resistance to A. flavus kernel infection. Two lines, 
Mp313E and Mp420, were the first to be released as sources 
of resistance to A. flavus infection (Scott and Zummo, 1990, 
1992). At Tifton, GA, a germplasm population, GT-MAS:gk, 
was created by inter-mating progeny from kernels that were 
apparently not infected with A. flavus from a single ear of 
maize on which other kernels were infected (McMillian 
et al., 1993; Widstrom et al., 1987). Campbell and White 
(1995) reported that the inbred lines Tex6, Y7, and Mp420 
consistently had the highest levels of resistance to A. 
flavus infection in Illinois. They reported that lines from 
Midwestern backgrounds that exhibited moderate to high 
levels of resistance to aflatoxin contamination in Illinois 
were not resistant in Mississippi where environmental 
conditions are more conducive to A. flavus infection and 
aflatoxin contamination.

Environmental conditions in the Mid-South in 1998 were 
highly favourable for A. flavus infection and aflatoxin 
contamination. Although these conditions caused 
devastating financial losses, they created an excellent 
opportunity for accessing the level of inherent resistance 
in commercially available maize hybrids. In an experiment 
conducted in Louisiana in 1998 in which commercial 
hybrids were inoculated with A. flavus, aflatoxin levels 
ranged from 2,000 to 42,000 ng/g (Tubajika et al., 2000). 
In an experiment conducted in Mississippi, aflatoxin levels 
for commercial hybrids ranged from 900 to10,000 ng/g 
(Windham and Williams, 1999). In a similar evaluation 10 
years later, a few hybrids exhibited reduced susceptibility, if 
not resistance, in some environments (Daves et al., 2010).

Following the devastating losses to aflatoxin contamination 
sustained in the south-eastern USA in 1998, efforts to 
identify and develop maize germplasm with resistance 
increased in both state and federally supported breeding 
programs. In Texas several lines obtained from the 
International Maize and Wheat Improvement Center 

(CIMMYT) exhibited promising levels of resistance to 
aflatoxin contamination (Betrán et al., 2002). Accessions 
obtained through both the GEM project and CIMMYT have 
shown promise as new sources of resistance to aflatoxin 
contamination (Henry et al., 2012; Williams, 2006; Williams 
et al., 2005). Four additional lines developed at Mississippi 
State have been released as sources of resistance: Mp715, 
Mp717, Mp718, and Mp719 (Williams and Windham, 
2001, 2006, 2012). These lines were selected primarily 
from southern US germplasm. GT601, GT602, and GT603 
were developed from GT-MAS:gk and released as sources 
of resistance to accumulation of aflatoxins (Guo et al., 2007, 
2011). In a collaborative effort between the US Department 
of Agriculture, Agricultural Research Service (USDA-ARS) 
and the International Institute for Tropical Agriculture 
(IITA), Menkir et al. (2008) released six tropical maize 
germplasm lines as sources of resistance to accumulation 
of aflatoxins.

USDA-ARS research units at four locations in the south-
eastern USA are currently engaged in identification and 
development of maize germplasm with resistance to A. 
flavus infection and accumulation of aflatoxins: (1) Plant 
Science Research Unit, Raleigh, NC; (2) Corn Host Plant 
Resistance Research Unit, Mississippi State, MS; (3) Crop 
Protection and Management Research Unit and Crop 
Genetics and Breeding Research Unit, Tifton, GA; and (4) 
Food and Feed Safety Research Unit, New Orleans, LA. 
Although specific research objectives pursued by the four 
research units differ, they share a common objective of 
eliminating a threat to food and feed safety and reducing 
economic losses associated with accumulation of aflatoxins 
in maize grain. Recent contributions and accomplishments 
of the four research units follow.

2.  Plant Science Research Unit, Raleigh, North 
Carolina

Germplasm Enhancement of Maize Project

The Germplasm Enhancement of Maize (GEM) Project 
is a mission-oriented, cooperative research effort of the 
USDA-ARS, land grant universities, private industry, and 
international agricultural research centres to broaden the 
germplasm base of maize cultivated within the USA. The 
project is focused on identifying potentially useful exotic 
sources of maize germplasm and on combining these exotic 
sources with temperate germplasm to develop segregating 
families with high yield potential and resistance to common 
foliar diseases that can be incorporated into commercial and 
public maize breeding programs. While exotic germplasm 
can be defined as any germplasm that has not been sampled 
in a breeding program, the GEM project uses the term to 
cover landraces and improved germplasm from tropical 
and subtropical origins. The project is based in both Ames, 
IA, and Raleigh, NC. The environmental conditions and 
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geographical latitude of the Raleigh location make working 
with breeding material that contains a higher percentage of 
exotic germplasm more feasible in Raleigh than is usually 
practical in Ames. This enables transfer of greater genetic 
diversity into breeding programs. At Ames, located in the 
central Corn Belt, selection is practiced for germplasm 
with a lower percentage of exotic germplasm that is better 
adapted to the predominant maize growing environment 
in the USA.

The GEM project was preceded by the Latin American 
Maize Project (LAMP), a five-year (1987-1992) combined 
effort of 11 Latin American countries and the USA (12 
Federal and State members) to evaluate over 12,000 
maize accessions comprising 74% of the known races of 
maize (Salhuana and Sevilla, 1995). The LAMP project 
was funded by Pioneer Hi-Bred International, Inc. (Des 
Moines, IA, USA) and administered by the USDA-ARS. Of 
the accessions evaluated during LAMP, 268 were identified 
as having favourable yield and agronomic performance. 
Subsequently, the GEM Project began by selecting 51 
accessions from the 268 accessions to serve as the basis 
for maize germplasm development (Pollak, 2003). The 
GEM Project is considered to be the first coordinated 
international project for enhancing and evaluating a major 
world crop (Pollak, 2003). The history and origin of LAMP 
and GEM is comprehensively covered in several papers 
(Pollak, 2003; Pollak and Salhuana, 2001; Salhuana and 
Sevilla, 1995).

Exotic maize as a source for disease resistance

While introgression of favourable alleles for agronomic 
traits such as yield from exotic germplasm represents a 
long-term effort, exotic germplasm has already proven 
to be a valuable resource of alleles for resistance to foliar 
diseases and ear rots. Several publicly available inbred 
lines with exotic parentage developed by the cooperative 
USDA-ARS and North Carolina State University maize 
breeding program in Raleigh, NC, show improved resistance 
to southern corn leaf blight and southern rust (Balint-
Kurti et al., 2006b; Goodman, 2005; Jines et al., 2007). 
Goodman (2005) reported that temperate hybrids crossed 
to temperate-adapted tropical inbreds, had significantly 
improved resistance to southern rust. Holland and 
Goodman (1995) reported resistance to gray leaf spot 
(GLS) in crosses of tropical maize to temperate testers 
that exceeded the resistance present in the check hybrids. 
Quantitative resistance to Southern rust has been reported 
in the tropical inbred ‘Ki14’ (Moon et al., 1999). Kraja et al. 
(2000) observed significant numbers of favourable alleles for 
resistance to several diseases in crosses with accessions from 
the GEM program. Balint-Kurti et al. (2006a) and Carson 
et al. (2006) reported resistance to GLS in released GEM 
lines that also showed good yield performance. For ear rots, 
few sources of resistance to mycotoxin contamination are 

available in temperate maize (Clements et al., 2004; Moreno 
and Kang, 1999), resulting in the need to expand germplasm 
evaluations to exotic sources. Resistance to mycotoxin-
producing fungi such as Fusarium and Aspergillus species 
has been reported in inbreds derived from tropical sources, 
such as NC300, Mp313E, and Mp715. NC300 was derived 
from a three-way cross of tropical hybrids, and Mp313E and 
Mp715 were derived from ‘Tuxpan’, a landrace from México 
(Robertson et al., 2006; Scott and Zummo, 1990; Williams 
and Windham, 2001). Betrán et al. (2002) evaluated several 
tropical inbred lines for resistance to accumulation of 
aflatoxins and observed several lines with useful levels 
of resistance. Recently, resistance was reported in three 
GEM releases in a diallel study conducted in Mississippi 
State, MS, and College Station, TX (Henry et al., 2013). 
Germplasm developed by the GEM program provides 
potentially valuable alleles derived from exotic sources in 
temperate adapted lines, thereby reducing the effects of 
maturity and poor plant growth on disease evaluations.

Breeding methodologies for incorporating exotic 
germplasm

Heterotic pattern identity influences the choice of tester 
lines and is not readily addressed with exotic germplasm. 
Even in tropical breeding lines heterotic patterns may not 
be well established (Weiwei et al., 2012). The advent of 
molecular marker technology has made it possible to group 
germplasm into a larger number of sub-groups possessing 
tropical genes (Gethi et al., 2002; Reif et al., 2003). US 
breeders broadly classify material as stiff stalk (SS), Iodent 
(IO) or non-stiff stalk (NSS), with the latter further divided 
into groups such as Lancaster, Midland, Minnesota 13 and 
Leaming (Gethi et al., 2002; Troyer, 2001). Eberhart et al. 
(1995) indicated that heterotic pattern identification is 
the key factor to maximising performance, and suggested 
that breeders use common heterotic patterns to make 
germplasm exchange and evaluation meaningful. GEM 
encourages international co-operators to identify their 
proprietary materials by SS or NSS heterotic group in order 
to facilitate development and testing of GEM breeding 
crosses. GEM-Ames currently uses proprietary inbred tester 
lines provided by the private company GEM co-operators to 
evaluate S2 families. This provides a comparable benchmark 
of performance of GEM derived lines with commercial 
hybrids. Unfortunately, GEM-Raleigh cannot use inbred 
testers in the southern environment due to poor pollen 
shed; therefore related line single cross testers are used 
(Tallury and Goodman, 2001). Nelson and Goodman (2008) 
suggested use of a single-cross hybrid tester (SS × NSS) for 
evaluation of elite-exotic maize inbreds followed by use of 
SS and NSS testers to further classify the exotic inbreds 
into heterotic groups, and several useful elite-exotic maize 
inbred lines have been identified using this methodology.
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Breeding methods for adapting exotic germplasm usually 
fall into two generalised categories: mass selection, or the 
multi-stage evaluation procedure used by the LAMP/GEM 
and North Carolina programs (Tallury and Goodman, 
2001). The salient features of both methods include strong 
visual selection for reduced anthesis-silking interval and 
evaluations made under high plant density to maximise 
genetic gain. The pedigree method adopted by the GEM 
Technical Steering Group is the most commonly used 
procedure for commercial plant breeding in the USA and 
as such it is expected to continue in practical use in the 
future (Hallauer et al., 1988).

GEM germplasm and breeding for resistance to 
accumulation of aflatoxins

Germplasm developed through the GEM project can 
be a valuable tool in breeding to improve resistance to 
accumulation of aflatoxins in maize. S2 germplasm lines that 
are 50 or 25% exotic that were released through ‘traditional 
GEM’ on the basis of agronomic performance and yield trial 
data can be screened for aflatoxins. Promising S2 lines can 
be further inbred and selected in the target environment for 
resistance to aflatoxin contamination. Breeding crosses can 
also be developed based on prior knowledge of resistance 
in exotic germplasm or even GEM releases and thus 
improve the odds of deriving new germplasm resources 
with desirable agronomics and resistance to accumulation 
of aflatoxins. GEM releases are made available to GEM co-
operators as soon as they are released and to the general 
public after two years, while GEM breeding crosses are 
only available to GEM co-operators, but most public and 
private maize breeding programs are GEM co-operators.

3.  Corn Host Plant Resistance Research Unit, 
Mississippi State, Mississippi

Evaluating germplasm for resistance to accumulation of 
aflatoxin

The primary objective of the research conducted at 
Mississippi State is to identify, develop, and release maize 
germplasm lines with resistance to A. flavus infection and 
the accumulation of aflatoxins. A subsequent objective is to 
identify and develop molecular markers that can be used to 
efficiently transfer resistance from the germplasm lines into 
hybrids or varieties for farmers’ fields. The first requirement 
for identifying germplasm with resistance is a source of 
resistance. The GEM project is an important source of 
germplasm for screening. Other sources of germplasm 
include the currently active and inactive southern US maize 
breeding programs and international research centres.

Germplasm is evaluated in field tests in which plants are 
grown following standard production practices for the 
area. Entries are planted in single-row plots of 20 plants 

in a randomised complete block design with three to 
five replications. The side-needle technique is used for 
inoculating ears with A. flavus (Windham and Williams, 
2002; Zummo and Scott, 1989). The primary ear of each 
plant in a plot is inoculated seven days after mid-silk (silk 
emergence in 50% of the plants in a plot) with a 3.4-ml 
suspension containing 3×108 A. flavus conidia in sterile 
distilled water. The conidial suspension is injected into the 
side of the ear using a tree-marking gun. A. flavus isolate 
NRRL 3357, which is known to produce high levels of 
aflatoxin in maize, is used routinely as inoculum (Scott 
and Zummo, 1988). The inoculated ears are hand-harvested 
at maturity and dried for seven days at 38 °C. Ears are then 
shelled, and the grain is thoroughly mixed and ground 
using a Romer mill (Union, MO, USA). Concentration of 
aflatoxins is determined using the Vicam AflaTest (Vicam, 
Watertown, MA, USA).

Data for aflatoxin concentrations in samples is transformed 
[ln(Y+1), where Y indicates aflatoxin concentration (ng/g)] 
prior to statistical analysis. An analysis of variance is 
performed using the SAS general linear model procedure 
(SAS Institute, Cary, NC, USA). Means are compared using 
Fisher’s Protected LSD (0.05). After analysis, the logarithmic 
means are converted back to the original units of measure 
and expressed as geometric means.

Evaluations of germplasm for resistance to aflatoxin 
accumulation

In a cooperative endeavour with USDA-ARS, Tifton, 
GA, germplasm lines and breeding crosses from the 
GEM Project were evaluated for resistance to aflatoxin 
accumulation (Williams et al., 2008). Many of the accessions 
were evaluated initially at only one location, and accessions 
that showed promise as sources of resistance were then 
shared between locations. Lines that lacked promise as 
sources of resistance were eliminated. Potential sources 
of resistance were identified. Two lines selected from the 
breeding cross, XL370A:S11, exhibited levels of resistance 
that equalled or exceeded the best resistant checks through 
four or five generations of selection and self-pollination. 
Henry et al. (2012) reported that two lines from the breeding 
crosses, DKXL380:N11and DKXL370A:N11, that share a 
common parentage exhibited resistance equal to that of 
the resistant checks. The latter two lines are in a non-
stiff stalk background and the former two, in a stiff stalk 
background. Two other lines, the inbred line KO679Y and 
a selection from CUBA117:S15, also exhibited resistance to 
aflatoxin accumulation. KO679Y performed especially well 
in crosses with Mp494 and Mp717, exhibiting low levels 
of both ear rot and aflatoxin accumulation. The results of 
evaluations of GEM accessions obtained through GEM 
in 2013 are presented in Table 1. Aflatoxin accumulation 
was significantly less in many of the accessions than in the 
susceptible check, B73/Va35. KO679Y and lines developed 
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from crosses with KO679Y generally performed well. 
Lines derived from DKXL370 and DK888 also exhibited 
resistance.

In an evaluation of germplasm lines released by other 
breeding programs in the south-eastern USA, few 
exhibited levels of resistance to aflatoxin accumulation 
comparable to the resistant checks (Williams, 2006). NC388, 
NC400, and NC450 were among the lines that appeared 
to have potential as sources of resistance. Warburton et 
al. (2013) phenotyped an association mapping panel of 
300 diverse lines as testcrosses with Va35 for resistance to 
aflatoxin accumulation at two locations in Texas and two 
in Mississippi in 2009 and 2010. The panel included lines 
from US breeding programs and from international research 
centres. Of the 300 lines, the 25 lines with lowest levels of 
aflatoxin included the following: Mp715, CML5, CML69, 

CML277, Ki3, Mp07:153, CML348, CML376, Mp313E, 
KUI44, Tx772, Hi3, NC356, CML320, NC340, Tzi18, 
CML45, SC76, CML108, CML286, CML247, CML322, 
Mp719, Tzi8, and NC388. All of these lines are potentially 
useful sources of resistance. In 2013, a group of 44 inbred 
lines were evaluated as lines per se and as testcrosses onto 
T173. This group of lines included lines from the association 
mapping panel, lines from the Mississippi State breeding 
program, and other lines identified as sources of resistance 
to aflatoxin. Results of the evaluations are presented in 
Table 2. Among the lines that exhibited resistance both as 
inbred lines and in testcrosses were Mp715, Mp717, Mp719 
(Williams and Windham, 2001, 2006, 2012); Mp04:110 
(selected from Mp313E/Va35); Mp 10:120, Mp10:127, 
Mp10:135 (selected from DKXL370A); TZAR106 (Menkir 
et al., 2008); and CML 247 and CML348. These lines had 
previously exhibited resistance in other environments so all 

Table 2. Accumulation of aflatoxins in maize inbred lines and in testcrosses with T173 in field tests grown in 2013 at Mississippi 
State, MS, USA.1

Pedigree Aflatoxins (ng/g) Pedigree Aflatoxins (ng/g)

Inbred line T173 testcross Inbred line T173 testcross

ln (y+1) geometric 
mean

ln (y+1) geometric 
mean

ln (y+1) geometric 
mean

ln (y+1) geometric 
mean

NC 334 3.44 30 6.20 491 Mp 718 4.90 134 4.30 72
NC 388 3.45 31 3.11 460 TZAR 101 5.21 182 4.24 69
Va 35 4.39 80 5.88 357 Mp 10:111 1.49 3 4.14 62
SC 212M 6.68 791 5.83 339 Hi 27 6.45 634 4.12 61
PHW 79 5.96 387 5.60 270 Mp 07:153 1.11 2 4.07 57
SC 76 3.76 42 5.55 256 Mp 10:117 2.46 11 4.02 55
Mp 711 2.86 16 5.40 219 CML 11 4.86 128 3.98 53
TZAR 104 3.05 20 5.37 213 AAP 112 3.95 51 3.77 42
CML 322 5.06 157 5.34 207 Mp 10:120 1.86 5 3.72 40
B 73 6.25 518 5.28 196 Mp 10:127 1.64 4 3.68 39
NC 298 4.76 116 5.05 155 TZAR 106 2.67 13 3.33 37
TZAR 105 5.80 328 5.01 148 Mp 717 1.89 6 3.44 30
Mp 10:113 0.81 1 4.00 147 CML 247 1.68 4 3.37 28
CML 343 6.91 1,005 4.85 126 Ki3 3.39 29 3.37 28
CML 45 2.43 10 4.83 124 Mp 705 2.8 15 3.32 27
Mp 10:131 3.61 36 4.79 119 Mp 715 1.05 2 3.23 24
Tzi 18 3.08 21 4.67 106 CML 158Q 4.70 109 2.63 13
NC 356 3.56 34 4.62 101 Mp 719 0.75 1 2.47 11
Tzi 8 6.33 562 4.62 100 Mp 10:135 2.33 9 2.31 9
Mp 313E 1.59 4 4.58 97 Mp 04:110 1.03 2 1.76 5
Mp 04:115 1.39 3 4.56 95 CML 348 2.76 15 1.50 3
CML 108 4.22 67 4.53 92
Mp 10:109 0.90 1 4.32 74 LSD (0.05) 1.59 1.63

1 Primary ears were inoculated with Aspergillus flavus 7 days after mid-silk using the side needle technique. Concentration of aflatoxins was determined 
using the Vican AflaTest procedure. Values for aflatoxin concentrations were transformed [ln(y+1)] before statistical analysis. Test of significance were 
performed on transformed means using Fisher’s Protected LSD before converting values to geometric means expressed in the original units of measure.
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should be potentially useful sources of resistance in maize 
breeding programs.

Identification of molecular markers

Transferring resistance to accumulation of aflatoxins from 
germplasm lines into parental inbred lines and hybrids 
using conventional breeding methods has proven difficult. 
Therefore, efforts to identify molecular markers that could 
be used in marker assisted selection were initiated at 
Mississippi State. Quantitative trait loci (QTL) associated 
with resistance to aflatoxin accumulation were mapped 
in four bi-parental populations of F2:3 families: Mp313E/
Va35, Mp313E/B73, Mp715/T173, and Mp717/NC300 
(Brooks et al., 2005; Warburton et al., 2009, 2011; Willcox 
et al., 2013). For each of the populations, one of the parents 
was a line developed at Mississippi State and released as a 
source of resistance. In each of these studies, multiple QTLs 
associated with resistance were identified, but most had 
small effects on the phenotypic variation among families 
for aflatoxin accumulation. In each of the mapping studies, 
however, at least one QTL with a larger effect (greater 
than 10%) or an effect repeatable over environments was 
identified.

Information from the QTL mapping studies is now being 
used to develop near-isogenic lines (NILs) for each of the 
mapping populations through a series of backcrosses to 
the susceptible parent while selecting for the targeted 
QTL followed by self-pollinating to fix the QTL in a 
homozygous state. The initial phenotypic evaluation of 
the NILs developed from Mp313E/Va35 for resistance to 
aflatoxin accumulation shows promise. Further evaluation 
of the NILs from all populations will provide evidence of 
the effectiveness of this approach.

In addition to the QTL studies, an association mapping 
study has been undertaken at Mississippi State. A panel 
of 300 diverse inbred lines of maize, including all known 
sources of resistance, was crossed with Va35, known to be 
susceptible to accumulation of aflatoxins. The resulting 
crosses were evaluated for aflatoxin accumulation in eight 
environments in Texas and Mississippi (Warburton et 
al., 2013). The 300 inbred lines have been genotyped via 
Genotype by Sequencing (Elshire et al., 2011). Phenotypic 
evaluation of the 300 testcrosses resulted in identification 
of potential new sources of resistance. Further analysis 
of the data should provide additional information on 
gene sequences associated with resistance to aflatoxin 
accumulation that can be used in marker-assisted breeding 
strategies. Information from proteomic and genomic 
studies that have been completed (Kelley et al., 2009, 2012; 
Mylroie et al., 2013; Pechanova et al., 2011; Peethambaran 
et al., 2009) and others that are underway will be used to 
validate the association of gene sequences with resistance 
to aflatoxin accumulation.

4.  Crop Protection and Management Research 
Unit and Crop Genetics and Breeding 
Research Unit, Tifton, Georgia

On the south-eastern coastal plain of the United States, 
pre-harvest aflatoxin contamination of maize is typically 
chronic, but inconsistent in severity, and depends upon an 
array of abiotic and biotic factors that affect the production 
aflatoxins by A. flavus on developing kernels. The coastal 
plain of the southern USA falls within the critical risk zone 
of 40° N and 40° S latitude (Williams et al., 2004) and has 
a humid subtropical climate classified as a ‘Cfa’ (Peel et 
al., 2007). This climate is characterised by hot, humid 
summers, mild to cool winters with generally uniform 
rainfall across the year, but punctuated by irregular summer 
droughts and heat waves. Research in the southern Atlantic 
coastal area of the USA revealed that three abiotic factors 
including: heat, drought and high net evaporation were the 
fundamental weather components associated with aflatoxin 
contamination (Widstrom, 1992; Widstrom et al., 1990, 
2003b). From 1977 to 2004, the USDA-ARS documented 
the annual variation in aflatoxin contamination of maize in 
southern Georgia (Scully et al., 2009), and they subsequently 
concluded that aflatoxin contamination is not only related 
to abiotic stress, but also biotic stress induced primarily by 
arthropods that predispose the ear to fungal infection and 
subsequent accumulation of aflatoxins

Widstrom et al. (1975a) demonstrated that the ear 
feeding larvae of the European corn borer, Ostrinia 
nubilalis (Hübner), had a significant influence on aflatoxin 
contamination in the developing kernels. Two other 
lepidopteran corn pests were also implicated in aflatoxin 
contamination: fall armyworm, Spodoptera frugiperda 
(J.E. Smith), and corn earworm, Helicoverpa zea (Boddie) 
(Widstrom, 1979). Subsequently, a number of reports 
identified other maize feeding insects including maize 
weevil, Sitophilus zeamais (Motschulsky); brown stink 
bug, Euschistus servus (Say); and southern green stink bug, 
Nezara viridula (L.) (Dowd, 1998; McMillan et al., 1980; 
Ni et al. 2007a, 2010; Smith and Riley, 1992) as important 
organisms in infection by A. flavus. Because these insects 
typically infest developing maize ears concurrently, Ni et 
al. (2007b, 2008, 2012) assessed the effect of multiple ear 
feeding insects. They also examined the spatial pattern and 
distribution of ear feeding insects and their relationships 
to aflatoxin contamination (Ni et al., 2011).

Because of interactions among and between weather/
climate, A. flavus, arthropods, and the maize host, a 
diversified approach is required to successfully mitigate 
aflatoxin contamination. Although the development of 
germplasm with resistance to aflatoxin accumulation has 
been the primary emphasis of research for the reduction 
of aflatoxin contamination in the region, research is not 
exclusively focused on this approach, and no single approach 
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to aflatoxin management is fully assured. Nevertheless, 
plant breeding programs centred on host plant resistance 
to abiotic stresses such as heat and drought, to chewing 
and piercing/sucking insects, and A. flavus infection 
necessitated a multidisciplinary approach to germplasm 
development (Scully et al., 2012). Maize breeding objectives 
for the coastal plain are prioritised and ranked as follows: 
(1) resistance to A. flavus; (2) resistance to abiotic stress, 
particularly drought and heat; and (3) resistance to 
arthropods with specific emphasis on ear feeding insects. 
Secondary emphasis is placed on (1) agronomic traits such 
as plant height, ear placement, husk tightness, and lodging; 
(2) phenology of both the inbred and resulting hybrids; and 
(3) inbred performance in hybrid combinations.

One of the first strategies used to decrease aflatoxin 
contamination was to reduce drought stress, and to some 
degree heat stress, with the installation of irrigation systems 
(Payne et al., 1986). On the coastal plain of Georgia, 
irrigated hectares have steadily increased since the mid-
1970s from just over 10 to more than 50% (Scully et al., 
2009). Irrigation is generally installed to significantly 
increase yield, but reduction in aflatoxin is an ancillary 
benefit. The application of atoxigenic strains of A. flavus is 
a proven tactic that further lowers aflatoxin contamination 
(Abbas et al., 2006; Cotty et al., 2007; Daigle and Cotty, 
1995; Dorner, 2004). These materials are most effective 
when applied at late whorl (V10 to V12) maize growth 
stage, and the advantage is magnified when applied in 
combination with rainfall or irrigation. Another practice 
concentrates on farmscape management, particularly as 
it relates to field margins. Ni et al. (2011) demonstrated 
that insect herbivory is significantly higher along the 
field edge where aflatoxin contamination is increased. 
Additionally, wind exposure, higher net evaporation, and 
reduced irrigation coverage along a field edge exacerbates 
the abiotic stresses that aggravate aflatoxin contamination. 
These results suggest that field margins can be separately 
harvested from the internal portions of the field to improve 
aflatoxin management.

Within the scope of germplasm development there are a set 
of traits that have contributed tremendously to the effort 
to reduce aflatoxin contamination, despite the variation 
in estimates of the heritability of resistance. Narrow sense 
heritability (h2) estimates for resistance to A. flavus can 
differ from the estimates for h2 for aflatoxin contamination 
(Asea et al., 2012; Campbell and White, 1995; Gorman 
and Kang, 1991; Hamblin and White, 2000). As expected, 
these estimates are sensitive to site/region, parental entries, 
inoculation method, A. flavus strain and year-to-year 
variations. Nonetheless, a series of specific genes and traits 
have served to help reduce aflatoxin contamination on the 
coastal plain.

For the control of lepidopteran insects that incite A. flavus 
infection and aflatoxin contamination, the deployment 
of various Bacillus thuringiensis (Bt) endotoxin genes 
into maize hybrids has consistently resulted in significant 
reduction in ear feeding with a variable reduction in 
aflatoxin contamination, but this is influenced by region 
and the environment (Williams et al., 2010; Wu, 2006). 
The coastal plain is one of those regions where the 
relationship between reduced accumulation of aflatoxins 
and reduced ear damage by lepidopterans is sometimes 
inconsistent (Buntin et al., 2001). Other traits that have 
been effective for host plant resistant against maize insects 
on the coastal plain include: non-preference, antibiosis 
and morphological mechanisms such as tight husks. 
Maize populations ‘MpSWCB-4’ (Scott and Davis, 1981), 
‘GT-FAWCC’ (Widstrom et al., 1993) and ‘FAWCC (C5)’ 
(Wiseman et al., 1996) were developed for resistance to 
the fall armyworm and both populations exhibit non-
preference (Wiseman et al., 1981), and produce cuticular 
lipids indicating antibiosis (Wiseman et al., 1996). Maize 
populations ‘EPM6’, ‘SIM6’ (Widstrom and Snook, 2001) 
‘Zapalote Chico 2451’ (Widstrom et al., 2003a) were found 
to exhibit resistance to both the fall armyworm and the corn 
earworm, based on antibiosis induced by the presence of 
maysin, a flavone glycoside produced in the emergent silk 
(Wiseman and Widstrom, 1986), along with mechanical 
resistance provided by tight husks (Barry et al., 1986; 
Rector et al., 2002; Wiseman et al., 1977). QTL analysis 
later conducted by Meyer et al. (2007) determined that 
the pericarp colour (p), colourless 2 (c2), white pollen 1 
(wht1) and intensifier 1 (in1) loci were associated with 
maysin production. Similarly, for corn earworm resistance, 
field corn populations ’GT-DDSA (C5)’, ‘GT-DDSB (C3)’ 
(Widstrom et al., 1988), ‘GT-R14’ (Widstrom et al., 1984b), 
and ‘GT-CEW-RS8’ (Widstrom et al., 1975b) were released 
to breeders.

Unlike the germplasm developed for lepidopteran 
resistance, host plant resistance to the maize weevil and the 
brown and green stink bugs has lagged behind even though 
they can increase aflatoxin contamination (McMillian et 
al., 1980). Although no specific adapted germplasm has 
been developed for resistance to these insects, a number of 
resistant lines have been identified (McMillian et al., 1980). 
In the multiple-ear colonising insect evaluations (Ni et al., 
2007a, 2008 and 2012), previously released lines ‘EPM6’ and 
‘SIM6’ (Widstrom and Snook, 2001) exhibited resistance 
to stink bug damage on the ear. Host plant resistance to 
stink bugs was related to husk tightness and extension. 
Phenolic acids have also been related to maize weevil 
resistance (Classen et al., 1990), particularly ferulic acid 
which was found at higher concentrations in the pericarp 
and aluerone (Serratos et al., 1987). This chemical resistance 
was confirmed by Garcia-Lara et al. (2004), and they further 
determined that grain hardness contributed to resistance. 
Tipping et al. (1988) determined that the pericarp surface 
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texture influenced resistance. Transgenic maize with the 
avidin glycoprotein has also conferred resistance to maize 
weevil and other grain storage insects (Hood et al., 1999; 
Kramer et al., 2000).

Aflatoxin contamination and A. flavus resistance along 
with the traits, genes, and markers related to resistance are 
often evaluated concurrently. One of the first populations 
developed for resistance to A. flavus, and subsequent 
aflatoxin accumulation, on the coastal plain was GT-
MAS:gk (McMillian et al., 1993). This population was 
found to have resistance imparted by more abundant 
production of cutins and waxes in the pericarp that 
exhibit antifungal properties (Russin et al., 1997). A. 
flavus was found to produce cutinases and other hydrolytic 
enzymes that have a role in kernel infection (Guo et al., 
1996). Chen et al. (1998) also discovered the presence of 
a 14-kDa trypsin inhibitor that contributed to A. flavus 
resistance. Subsequently, a wide array of volatile aldehydes, 
resistance-associated-proteins (RAP) and pathogenesis-
related proteins along with molecular markers related to 
both aflatoxin contamination and A. flavus resistance have 
been identified from germplasm developed over the last 25 
years (Brown et al., 1999, 2010; Cary et al., 2011; Kelley et 
al., 2009). A number of inbred lines with reduced aflatoxin 
contamination have been further selected from the GT-
MAS:gk population including: GT601, GT602 and GT603 
(Guo et al., 2007, 2011).

The single largest factor increasing production of aflatoxins 
post A. flavus infection is abiotic stress from drought, heat, 
and high net evaporative demand (Chen et al., 2005; Cotty 
and Jaime-Garcia, 2007; Kebede et al., 2012). These various 
forms of abiotic stress induce the production of Reactive 
Oxygen Species (ROS) that in turn causes oxidative stress 
(Mittler, 2002), and oxidative stress is a prerequisite for 
aflatoxin production (Fountain et al., 2014; Jayashree and 
Subramanyam, 2000; Mittler, 2006; Narasaiah, et al., 2006). 
Drought resistance has been proven to reduce aflatoxin 
contamination through reductions in the products of 
oxidative stress (Tubajika and Damann, 2001). Resistance 
is conferred by a diversity of traits and conditioned by 
a large number of genes. A number of these traits have 
been directly related to aflatoxin contamination including 
drought avoidance due to more extensive root systems, 
drought endurance and tolerance due to elevated levels of 
abscisic acid and osmotic adjustment (Jiang et al., 2012). 
In addition to these mechanisms of resistance, drought 
stress related proteins including heat shock and antioxidant 
proteins play a role in aflatoxin synthesis. More recently, 
a set of WRKY proteins have been identified as potential 
‘global’ defence regulators that modulate resistance to 
drought, A. flavus and oxidative stress (Fountain et al., 
2014).

5.  Breeding Collaboration between International 
Institute of Tropical Agriculture and ARS-
Southern Regional Research Center

History of IITA-SRRC Collaboration

The International Institute of Tropical Agriculture (IITA) 
in Ibadan, Nigeria has a collaborative breeding project 
with the Southern Regional Research Center (SRRC) of 
the USDA-ARS located in New Orleans, LA, to develop 
maize germplasm with resistance to aflatoxin contamination 
(Menkir et al., 2006). Both IITA and SRRC have invested 
considerable resources and effort to combat the problem 
of Aspergillus ear rot and the associated aflatoxin 
contamination in maize. IITA has hot spot locations for 
evaluating its breeding materials under naturally occurring 
severe disease pressure and continually selects promising 
materials based on visual assessment for reduced levels of 
ear rot infection caused by one or more fungal pathogens. 
Over the years, IITA developed an array of maize inbred 
lines with desirable agronomic traits, good husk cover, 
reduced ear rots, and stress tolerance from diverse sources 
of germplasm. These lines may possess alleles for resistance 
to aflatoxin contamination and other mycotoxins that can 
be assessed by researchers in the USA. An efficient maize 
kernel-screening assay (KSA) for evaluating resistance 
to aflatoxin production in a large number of genotypes 
was developed at the SRRC. This assay has been used for 
evaluating the diverse elite inbred lines from IITA and also 
for carrying out rapid assessment of resistance in breeding 
lines derived from segregating populations. SRRC also has 
the state-of-the-art proteomics technology that has been 
employed to identify and characterise kernel RAPs. In 1998, 
these mutually beneficial strengths of the two institutions 
prompted a formal research collaboration that brought 
together complementary research efforts on elimination 
of aflatoxin contamination in maize.

Screening of IITA’s maize inbred lines using kernel-
screening assay

Effective, reliable, and rapid screening techniques are 
indispensable prerequisites to breeding for resistance to 
accumulation of aflatoxins in maize (Brown et al., 1999; 
Gorman and Kang, 1991; Windham et al., 2003). SRRC 
developed a rapid laboratory-based KSA that results in 
higher and more uniform levels of infection and aflatoxin 
production and allows differentiation of resistant and 
susceptible maize genotypes (Brown et al., 1993, 1995). 
This assay provides consistent ranking of maize genotypes 
in different tests and the results seem to be correlated with 
resistance levels expressed by maize genotypes in field 
trials (Brown et al., 1995). In a recent study conducted 
in Nigeria to evaluate five maize inbred lines selected for 
resistance to aflatoxin production using KSA under artificial 
inoculation in the field, three of the five inbred lines had 



W.P. Williams et al.

202 World Mycotoxin Journal 8 (2)

low levels of aflatoxin in 2003. Two of the three inbred 
lines also had low aflatoxin levels in 2004. These results 
indicate that the laboratory-based KSA can be used as a 
pre-screening tool in a resistance-breeding program (Brown 
et al., 1999). IITA supplied seeds of 76 inbred lines selected 
for moderate to high levels of resistance to ear rot caused 
by Aspergillus, Botrydiplodia, Diplodia, Fusarium, and/or 
Macropomina in the forest zone and mid-altitudes of West 
and Central Africa to the SRRC laboratory for screening. 
The KSA was employed to evaluate the inbred lines and 
identified 18 lines with aflatoxin levels as low as or lower 
than those of the best resistant lines from the USA (Brown 
et al., 2001). Further studies involving some of these lines 
showed that the kernel protein profiles in IITA lines were 
different from those of the lines from the USA, suggesting 
that the potential exists to identify traits in IITA lines not 
present in domestic lines. The identification of several 
types of resistance traits could significantly enhance the 
development of resistant commercial lines by facilitating a 
strategy of pyramiding different resistance genes into good 
agronomic backgrounds. The resistant US genotypes and 
inbred lines from IITA, which were screened using the 
KSA, provide the basis for selecting parental lines in an 
on-going collaborative resistance-breeding project (Brown 
et al., 2003).

Breeding for resistance to aflatoxin contamination at IITA

Genetic variation for resistance to aflatoxin contamination 
is available in maize, making host plant resistance a feasible 
control option (Brown et al., 2001; Gorman and Kang, 
1991; Gorman et al., 1992;Widstrom, 1996). Several 
studies have been conducted to determine the mode of 
inheritance of resistance to Aspergillus ear rot and aflatoxin 
accumulation in maize grain in diverse sources of inbred 
lines. Results of some studies show that resistance to ear 
rot and aflatoxin accumulation are quantitatively inherited 
(Gorman et al., 1992; Hamblin and White, 2000; Walker 
and White, 2001), with additive gene effects playing a 
major role in conditioning the inheritance of resistance 
(Darrah et al., 1987; Hamblin and White, 2000; Naidoo et 
al., 2002; Widstrom et al., 1984a; Williams et al., 2002, 2003; 
Zuber et al., 1978). However, other studies reported that 
dominance had a greater effect on resistance to aflatoxin 
accumulation than additive gene action (Busboom and 
White, 2004; Campbell and White, 1995; Campbell et al., 
1997; Gardner et al., 1987; Gorman et al., 1992; Maupin et 
al., 2003). Broad-sense heritability estimates for both ear 
rot and aflatoxin levels were moderate to high (Hamblin 
and White, 2000; Maupin et al., 2003), suggesting that 
selection for resistance should be feasible. In spite of 
this considerable and significant progress in identifying 
sources of resistance and understanding their genetic basis, 
relatively little has been accomplished so far in utilising the 
germplasm and information to breed maize for resistance to 
aflatoxin accumulation. The complex nature of inheritance 

of resistance, the erratic nature of field infection by A. flavus 
and the year-to-year variability in aflatoxin levels have 
limited transfer of resistance to elite maize inbred lines 
(Brooks et al., 2005; Gorman and Kang, 1991). The advent 
of new and efficient tools for screening maize genotypes in 
the field and laboratory has enhanced breeding strategies 
for developing resistant maize (Brown et al., 2003).

The pedigree and backcross breeding methods have been 
extensively used to develop lines with new combinations 
of agronomic traits and resistance to diseases. The IITA-
SRRC project aims to combine resistance of selected 
lines from IITA with resistance in the inbred lines from 
the USA in order to develop improved inbred lines with 
desirable agronomic traits useful to breeding programs 
in the USA (as summarised in Menkir et al., 2006). To 
achieve this objective, five elite tropical inbred lines from 
IITA (Babangoyo, KU1414-SR, 1368, 4001, and 9450) were 
crossed to eight genotypes from the USA (B73/Tex6, C12, 
GT-MAS:gk, MI82, Mo 17/Tex6, Mp420, Oh516, and T115) 
with proven resistance to aflatoxin contamination (Brown 
et al., 1995; Campbell et al., 1997) to form 16 F1 crosses. 
A backcross (BC1) was made to each F1 cross using the 
respective genotype from the US as a recurrent parent. The 
second objective of the breeding program is to combine 
resistance factors from the US germplasm with resistance in 
IITA inbred lines for use in tropical environments. To attain 
this objective, seven elite IITA inbred lines (Babangoyo, 
KU1414-SR, 1368, 4001, 5012, 9071, and 9450) were crossed 
to the resistant US genotypes listed above to develop 16 
F1 crosses. As measurement of aflatoxin produced by 
A. flavus in maize is a relatively tedious and expensive 
procedure, it was not possible to assay aflatoxin production 
in a large number of single plants from the many segregating 
populations. Assessment of aflatoxin production was, thus, 
deferred until homozygous lines (S4) were developed with 
selection for agronomic traits and resistance to diseases 
during the early stages of inbreeding. During the rainy 
seasons from 2000 to 2002, ear-to-row selection was made 
to develop lines from each BC1 or F1 cross. At each stage 
of inbreeding, visual selection within and among lines was 
made on the basis of synchrony between pollen shed and 
silking, low ear placement, well-filled ears and resistance 
to lodging and diseases, including Puccinia polysora rust, 
Bipolaris maydis blight, and Curvularia lunata leaf spot, 
under naturally occurring disease pressure at Ibadan. 
Sixty-five S4 lines were developed from the backcross 
populations and 144 S4 lines were derived from F1 crosses 
for screening using the KSA. The number of lines derived 
from backcrosses was relatively fewer than that derived 
from the F1 crosses because the majority of the lines from 
the former were susceptible to foliar diseases.
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Selection of resistant maize inbred lines for further 
testing and release

The maize inbred lines selected for low aflatoxin 
accumulation using KSA were tested further in the 
laboratory to confirm consistency of their resistance to 
accumulation of aflatoxins. The best lines with consistently 
low aflatoxin levels were tested in Nigeria under artificial 
field inoculation with A. flavus to assess the effectiveness 
of their resistance across the different strains of A. flavus. 
The selected inbred lines were also tested in hybrid 
combinations to determine their combining ability. The 
best inbred lines that combine desirable agronomic traits 
with consistently low levels of aflatoxin in the laboratory 
and in the field were then selected for release as sources of 
genes for resistance to aflatoxin production. The six inbred 
lines selected for resistance to aflatoxin contamination 
and released (Menkir et al., 2008) also have good levels of 
resistance to southern corn leaf blight (caused by Bipolaris 
maydis (Nisikado & Miyake) Shoemaker) and southern 
corn rust (caused by Puccinia polysora Underw.), and were 
released at S8 to S10 stages of inbreeding.

Again, the six released lines were derived from biparental 
crosses and backcross populations involving tropical elite 
African inbred lines (1368, 4001, and KU1414-SR) from 
IITA (Kim et al., 1987) with some levels of resistance to 
aflatoxin production (Brown et al., 2001) and inbred lines 
from the USA (GT-MAS:gk, MI82, and Mp420) with 
proven resistance to aflatoxin contamination (Brown et 
al., 1993, 1995; McMillian et al., 1993; Scott and Zummo, 
1992) as parents. TZAR101 was derived from a cross of 
1368 to GT-MAS:gk, while TZAR102 and TZAR103 were 
extracted from a cross of the same tropical inbred line 
(1368) to MI82. TZAR104 was extracted from a backcross 
involving GTMAS:gk as a recurrent parent and KU1414-SR 
as a nonrecurrent parent. TZAR105 and TZAR106 were 
developed from a backcross involving Mp420 as a recurrent 
parent and 4001 as a nonrecurrent parent. TZAR102 and 
TZAR103 have white kernels, while the remaining four lines 
have yellow kernels, with all of them showing flint kernel 
texture (Menkir et al., 2008). Five of these inbreds (minus 
TZAR105) have been tested over the last three years as 
inbred lines and as single cross hybrids using SS and NSS 
stalk testers at locations in Mississippi, Louisiana, and 
Texas. All five have exhibited resistance to accumulation 
of aflatoxins although TZAR103 and TZAR106 have 
consistently performed the best (Scully et al., 2012).

Further product development involving IITA-SRRC 
germplasm

The future focus of the IITA-SRRC breeding collaboration 
will be on linking breeding for resistance to aflatoxin 
accumulation with superior agronomic performance. 
Areas of concentration will be (1) minimising ear rots and 

aflatoxin production, (2) increasing yield potential and 
improving agronomic traits, and (3) reducing factors that 
weaken the maize plant and, therefore, exacerbate aflatoxin 
contamination. This would include improving resistance to 
other prevalent diseases and genotype adaptation and also 
tolerance to stresses, such as drought. The creation of new 
genetic variation through crossing resistant tropical lines 
with known temperate resistance sources can contribute 
towards these aims.

Towards the above objectives, the following is being 
accomplished: (1) hybrids have been developed in Africa 
which show low levels of accumulation of aflatoxins and 
higher grain yield than commercial hybrids; (2) several 
hybrids demonstrated low aflatoxin accumulation and 
high yield under drought stress compared to commercial 
hybrids; (3) combined effect experiments were conducted 
that showed that using biocontrol along with resistant lines 
enhances resistance compared to using either technology 
alone.

A great amount of effort of the IITA-SRRC collaboration 
has gone into the identification of RAPs and genes in 
aflatoxin-resistant lines, using comparative proteomics 
(Brown et al., 2010). Numerous characterisation studies 
have also been conducted to determine the role of these 
factors in resistance. The ability to use information gained 
in these investigations to identify breeding markers for use 
in transferring resistance to desirable genetic backgrounds 
will also greatly contribute to the use of these breeding 
materials to combat aflatoxin contamination.

6. Conclusions

Research conducted by USDA-ARS scientists and their 
collaborators has resulted in identification and development 
of maize germplasm with significant levels of resistance 
to A. flavus infection and the subsequent accumulation 
of aflatoxin. Aflatoxin accumulation in maize is highly 
sensitive to environmental conditions; both biotic and 
abiotic factors contribute to fluctuations in levels of 
aflatoxin accumulation among locations and over years. 
Because of significant environmental effects and genotype 
× environment interactions, multi-location and multi-year 
evaluations are critically important in developing maize 
germplasm lines and populations with adequate levels of 
stable resistance to aflatoxin accumulation. Cooperation 
among USDA-ARS scientists and their collaborations with 
colleagues at universities and international research centres 
are important in identifying maize germplasm with stable 
resistance to aflatoxin accumulation, resistance that is 
expressed under a wide range of environmental conditions.

Although the research units engaged in identifying and 
developing maize germplasm with resistance to aflatoxin 
accumulation share a common overall goal of reducing 
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losses in maize to aflatoxin contamination, their specific 
objectives, research approaches, and contributions differ. 
The GEM Project serves as a valuable source of germplasm 
for screening for resistance to aflatoxin accumulation as well 
as other desirable agronomic qualities. GEM co-operators 
in the USDA-ARS maize breeding projects in the south-
eastern USA provide the results of their evaluations to the 
GEM coordinators so that this information can be used in 
planning the development of breeding crosses and hybrids. 
Some of the breeding crosses available through GEM were 
developed from crosses between germplasm lines that are 
known sources of resistance to aflatoxin contamination and 
proprietary lines with desirable agronomic qualities. These 
crosses are especially useful in breeding for resistance to 
aflatoxin accumulation. At Mississippi State, the emphasis 
is on screening germplasm to identify new sources of 
resistance, developing germplasm lines with resistance, and 
releasing germplasm lines together with molecular marker 
information. Although breeding lines with resistance have 
been developed at Tifton, much of the research addresses 
biotic and abiotic stresses associated with A. flavus infection 
and aflatoxin accumulation. Scientists in New Orleans 
have screened germplasm for resistance to A. flavus using 
laboratory assays and collaborated with scientists at IITA in 
Nigeria in developing breeding lines with resistance. This 
has provided an effective way to move germplasm from the 
U.S. breeding programs into the IITA breeding program.

Resistance to aflatoxin accumulation in maize is a complex, 
highly quantitative trait. Aflatoxin contamination results 
from the interaction of multiple genes, many with small 
effects, with an array of biotic and abiotic factors to 
produce aflatoxin accumulation. Efforts to reduce aflatoxin 
contamination through breeding will be enhanced by 
greater knowledge of genes, gene function, gene expression 
under a range of environmental conditions. Multi-location 
collaborations will help to provide this knowledge.
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