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Abstract The toxic metabolic product aflatoxin pro-
duced by the opportunistic fungus Aspergillus flavus
(Link:Fr) in maize (Zea mays L.) can cause disease and
economic harm when levels exceed very minute
quantities. The selection of resistant germplasm has
great potential to reduce the problem, but the highly
quantitative nature of the trait makes this a difficult
endeavor. The identification of aflatoxin accumulation
resistance quantitative trait loci (QTL) from resistant
donor lines and the discovery of linked markers could
speed this task. To identify marker—trait associations for
marker-assisted breeding, a genetic mapping population
of F,.; families was developed from Mp715, a maize
inbred line resistant to aflatoxin accumulation, and
T173, a susceptible, southern-adapted maize inbred
line. QTL, some with large phenotypic effects, were
identified in multiple years on chromosomes 1, 3, 5, and
10, and smaller QTL identified in only 1 year were
found on chromosomes 4 and 9. The phenotypic effect
of each QTL ranged from 2.7 to 18.5%, and models
created with multiple QTL could explain up to 45.7% of
the phenotypic variation across years, indicating that the
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variation associated with the trait can be manipulated
using molecular markers.
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Introduction

Aspergillus flavus (Link:Fr) is a fungus that is endemic
in the southern USA and causes ear rot of maize (Zea
mays L.) and significant aflatoxin accumulation, partic-
ularly in the southern USA (Payne 1992; Widstrom
1996; Windham and Williams 1998). Aflatoxins have
carcinogenic, immunosuppressive, and hepatotoxic
properties in humans and animals (Castegnaro and
McGregor 1998), and the US Food and Drug Admin-
istration prohibits interstate commerce of feed grain
containing more than 20 ng g~ aflatoxin (Park and
Liang 1993). This leads to severe potential economic
losses by farmers with affected grain. Efforts to reduce
aflatoxin accumulation in maize have focused on
identifying and selecting natural host resistance factors
(Busboom and White 2004; Zhang et al. 1999), and
several natural sources of resistance have been identified
that exhibit significantly reduced aflatoxin accumula-
tion (Robertson-Hoyt et al. 2007; Campbell and White
1995; Scott and Zummo 1988, 1990, 1992; Williams
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and Windham 2001). Resistance to aflatoxin accumu-
lation can be achieved by reducing the amount of fungus
in the grain, reducing the amount of toxin made by the
fungus, or both. By measuring the end quantity of toxin
in the grain, artificial selection has worked to reduce
both simultaneously. However, the quantitative nature
of the trait and strong genotype—environment interac-
tion have limited the success of transferring resistance to
commercial hybrids (Campbell and White 1995; Ham-
blin and White 2000). Furthermore, most resistant
sources offer poor agronomic performance. Artificial
inoculation of maize kernels with the fungus is neces-
sary to produce the toxin for repeatable selection in the
field, a slow and expensive process (Zummo and Scott
1989; Windham et al. 2003). Faster and easier methods
such as visual screening of grain in the field are not
highly correlated with the quantity of toxin in the grain
(Windham and Williams 1998).

The use of molecular genetic markers to transfer
specific quantitative trait loci (QTL) from resistant
breeding lines to current elite (but susceptible) inbreds
could greatly speed resistance breeding efforts. For
example, markers could be used to introgress identified
QTL to elite parents via marker-assisted backcrossing
by using markers that can be either cheaply run in a
small laboratory, or automated and run very quickly in
a larger one; thus all plant breeding programs (large or
small) would be able to use the markers to efficiently
pyramid and transfer resistant QTL from one or more
donor lines into elite maize inbreds. Alternatively,
markers could be used to estimate the breeding value of
lines based on the magnitude of effects associated with
marker alleles for aflatoxin accumulation resistance
and other traits of interest (i.e. genomic selection).
Challenges include the fact that no QTL have been
found to date that explain more than ~20% of the
phenotypic variation in any given mapping experi-
ment, and few are consistent across years or locations
(Paul et al. 2003; Brooks et al. 2005; Robertson-Hoyt
et al. 2007; Warburton et al. 2009).

To aid in the quick and efficient production of new
resistant germplasm, information on the trait, markers
linked to the trait, and model-based summaries of the
joint performance of the QTL (including gene actions
and interactions) would be useful. One germplasm
line, Mp715, which was developed and released as a
source of resistance to aflatoxin accumulation by the
USDA-ARS Corn Host Plant Resistance Research
Unit (Williams and Windham 2001), possesses a high
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level of resistance to aflatoxin accumulation, but its
late maturity and susceptibility to lodging have
limited its use in conventional breeding programs.
Molecular marker-assisted selection could facilitate
the use of Mp715 in breeding programs.

The goals of this project were: (1) to identify the
QTL conferring resistance to aflatoxin accumulation
from Mp715; (2) to characterize the magnitude and
consistency of resistance in multiple years; and (3) to
develop molecular markers to facilitate transfer of
identified resistance factors between lines. In addition,
by comparing results to previously reported resistance
QTL, we hope to improve selection decisions in order to
maximize progress in breeding programs for reducing
aflatoxin susceptibility in commercial hybrids.

Materials and methods

Population construction and phenotypic
evaluation

An F,.; mapping population was generated from a
cross between Mp715 (PI 614819), a breeding line
resistant to aflatoxin accumulation (Williams and
Windham 2001), and T173 (P1 613179), a susceptible,
southern-adapted maize inbred line derived from
Mol7 (West et al. 2001). Although Mp715 shows
excellent resistance to aflatoxin, it is late maturing and
not highly adapted for high yield. Individual F, plants
were selfed to create 250 ear-to-row F,.5 families, each
of which was sib-mated to generate sufficient seed for
replicated trials. The parents, Fy, and 250 F,.; families
were grown in a randomized complete block design
with three replications at the R.R. Foil Plant Science
Research Center, Mississippi State University, in
2003, 2004, 2005, and 2006 (2003 and 2006 had only
two replications each). In 2003, 2004, and 2005, the
trial was grown in the same plot, characterized by a
Leeper silty clay loam soil, and was planted on April
19, April 22, and April 21, respectively. In 2006, the
trial was planted on April 19, in a plot with Marietta
fine sandy loam soil. An experimental unit consisted of
a 5.1-m single row of each genotype, which was
overplanted and then thinned to 20 plants. Manage-
ment of test plots followed standard agronomic
practises adapted to maximize yield.

Aflatoxin accumulation is a commonly used mea-
sure of resistance in maize grains (Windham and
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Williams 1998). Mp715 was a newly identified
source of resistance to aflatoxin accumulation at the
time this investigation was initiated. Aspergillus
flavus strain NRRL 3357 (ATCC #200026) was used
in the field evaluations because of its proven ability to
generate high levels of aflatoxin in maize grain
(Windham and Williams 1998). Fungal inoculum was
increased on sterile corn-cob grits (size 2040, Grit-O-
Cobs, The Andersons Co., Maumee, OH) in 500-ml
flasks, each containing 50 g of grits and 100 ml of
sterile, distilled water, and incubated at 28°C for
3 weeks. Conidia in each flask were washed from the
grits using 500 ml sterile distilled water containing
20 drops of Tween 20 (Atlas Chemical Industry, Inc.,
London, UK) per liter and filtered through four layers
of sterile cheesecloth. The concentrations of conidia
were determined with a hemacytometer and adjusted
with sterile distilled water to 9 x 10 conidia per ml.
Inoculum not used immediately was refrigerated at
4°C. The top ears on each plant in each plot were
inoculated with an A. flavus conidial suspension using
the side-needle technique 14 days after mid-silk
(50% of the plants in the plot had silks emerged)
according to Zummo and Scott (1989). A 3.4-ml
suspension containing 3 x 10® conidia ml™' was
injected into each ear through the husk. Ears that
were not touching the ground were harvested from
plots at maturity, approximately 60 days after mid-
silk. Following shelling, samples were ground using
a Romer mill (Romer Industries, Inc., Union,
MO) according to manufacturer’s instructions. The
VICAM AflaTest (VICAM, Watertown, MA) was
used to determine aflatoxin concentration in 50-g
samples of ground grain from each plot.

Phenotypic data were natural log-transformed to
reduce non-normality. Least squares means estimates
for missing data were generated using the prediction
option of SAS’s Proc GLM (SAS 2003 version, SAS
Institute, Cary, NC, USA) fitting an additive model
for effects for year, replication, and entry. Broad-
sense heritability and the least significant differences
in means of parents, F;, and F, generation aflatoxin
accumulation data was also calculated using SAS.

Marker analysis
Leaf tissue samples were collected from each F,

genotype in the population and used to isolate DNA.
DNA isolation, genotyping, and linkage analysis

were performed using the procedures described by
Brooks et al. (2005). Briefly, bulk tissue samples
from each F,.; family were frozen in liquid nitrogen
and lyophilized before being ground. DNA extraction
was performed by the CTAB method of Saghai-
Maroof et al. (1984). More than 400 simple sequence
repeat (SSR) markers available from the Maize
Genetics and Genomics Database (www.maizegdb.
org) and one gene-based marker (peroxidase, map-
ping to chromosome 7) were screened on the parental
lines to identify polymorphisms. Polymorphic mark-
ers were genotyped in the entire population, amplified
via PCR and visualized with ethidium bromide on 4%
(w/v) agarose gels.

Genotypic data were input into the JoinMap
mapping software (version 4) (Van Ooijen 2006) to
estimate linkage maps for the markers. Linkage
groups were constructed using the Maximum Like-
lihood (ML) mapping. Twenty-five genotypes were
excluded from the analysis because of a high level of
missing genotypic data, and the remaining 225
genotypes had an overall missing data rate of 2.3%.
Composite Interval Mapping (CIM) was performed
using QTL Cartographer version 2.5 (Basten et al.
1999) as described by Brooks et al. (2005). To
estimate the 0.05 significance threshold for QTL,
1000 permutations were performed with each data set
and across all data sets (Doerge and Churchill 1996).
Mapping was done separately for each year, and
across years. Multiple Interval Mapping (MIM) was
also performed to construct a model of the trait
variation associated with identified QTL, analyzed
jointly, and to test the interactions between pairs of
QTL.

Results and discussion

Average aflatoxin scores for the lines in the mapping
population at the R.R. Foil Plant Science Research
Center were unusually low in 2003, had high similar
values in 2004 and 2006, and a slightly higher value
in 2005 (Table 1). Standard deviations were high for
the untransformed aflatoxin levels (data not shown),
which have been reported in past aflatoxin charac-
terization studies as well (Brooks et al. 2005;
Campbell and White 1995; Hamblin and White
2000; Paul et al. 2003; Warburton et al. 2009).
However, log transformation of the trait considerably
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reduced the standard deviation, as well as the
observed skewness (Table 1). The broad-sense heri-
tability estimate for this trait in one location over
4 years was (.28, similar to that seen in past
experiments (Brooks et al. 2005; Warburton et al.
2009). Average transformed aflatoxin values for both
the parents were always significantly different
(P < 0.05) from each other and from the values for
the F; and F, population means except in 2003,
where there were no significant differences in any of
the values (possibly because all aflatoxin values were
reduced). The F; means were lower than the F,
means, and both were lower than the susceptible
parent and higher than the resistant parent in every
year except 2003 (Table 2).

Initial screening of SSR markers between the two
parents of this linkage population revealed a high
(>50%) rate of polymorphic loci (data not shown). A
complete linkage map featuring 103 SSR markers
distributed across all 10 chromosomes was con-
structed (Fig. 1). This map correctly reflects known
map positions for the markers used (Lawrence et al.
2008), except for one rearrangement on chromosome

Table 1 Descriptive statistics including mean, standard devi-
ation (SD), skewness (Skew), smallest value (Min.), and largest
value (Max.) for the natural log-transformed values of aflatoxin
levels in the grains (expressed as ng g~ ') associated with 250
F,.; lines in the mapping population in 4 years (2003-2006) at
the R.R. Foil Plant Science Research Center in Starkville, MSU

Year Mean SD Skew Min. Max.
2003 5.87 0.83 —0.76 2.64 8.48
2004 6.98 0.65 —0.49 2.71 9.08
2005 7.09 0.68 —0.16 4.28 9.55
2006 6.93 0.72 —0.86 2.89 9.32
Overall 5.70 0.54 —0.74 2.64 9.55

Table 2 Generation means for natural log-transformed afla-
toxin levels expressed as ng g~ and re-transformed (expressed
in the original units)

2003 2004 2005 2006 All

Mp715 315 A 130 A 136 A 106 A 156 A
T173 657 A 3915 B 2248 B 2063 B 1858 B
F, 963 A 826 C 539 C 362 C 628 C

Fo3 356 A 1071 C 1202 C 1033 C 830 D

Means in each column followed by the same letter are not
significantly different at the P = 0.05 level
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Fig. 1 QTL significantly associated with aflatoxin resistance
as measured by the natural log-transformed values of aflatoxin
levels in the grain in an F,3 population derived from
Mp715 x T173 cross. Arrows pointing up imply resistance
allele contributed by Mp717, and pointing down imply
resistance allele contributed by T173. Arrow format refers to
the year in which the QTL effect was measured in the MSU
field location: arrows with a round dotted line are QTL
identified in 2003; a square dotted line are QTL identified in
2004; a dashed line are QTL identified in 2005; a gray solid
line are QTL identified in 2005; and a black solid line are QTL
identified averaged over all years

2, which may reflect an inversion or incorrect
genotyping of the lines. Linkage group 1 could not
be resolved as only one group, because short and long
arms of this chromosome would not map together in
JoinMap unless stringency levels were decreased to
the point that other chromosomes began to be
grouped together incorrectly.

QTL were identified by CIM on chromosomes 1, 3
(multiple QTL), 4, 5 (multiple QTL), 9, and 10 (2
QTL) (Fig. 1; Table 3). The QTLs on chromosomes
3 (QTL #1), 5 (QTLs #3 and #8, which are very
tightly linked), and 10 (QTL #10) were identified in
multiple years. Only 1 minor QTL (on chromosome
10) was not donated by the resistant parent. T173 is
a very susceptible line apparently not contributing
much to resistance. One QTL (#12) was not
significant in any single year, but a detectible peak
was present in multiple years; averaged over all
years, however, the effect of this QTL became
significant (Table 3). The phenotypic variation
explained by the QTL ranged from 2.7 to 18.5%,
and the models including all the significant QTL
explained from 25.4% (in 2005) to 45.7% (over all
years) (Table 3).

Based on location on the chromosomes, there were
potentially 12 different QTL identified in this study.
Only three of these QTL seem to co-locate with QTL
reported from other donor lines in the past, including
QTL #1 on chromosome 3.06 which may be the same
one reported by Paul et al. (2003); QTL #2 on 4.06,
which could be the same as the one reported by
Brooks et al. (2005); and QTL #3 on 5.05, reported in
both of those studies. This suggests that there are at
least nine unique QTL for aflatoxin accumulation
resistance in the donor line Mp715 that have not been
previously reported. This is more resistance QTL for
aflatoxin accumulation than has typically been
reported in other donor lines in past mapping
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Table 3 QTL for the trait, natural log-transformed levels of aflatoxin in the grain, over 4 years

QTL Action Chrom. Marker Position/BIN LOD Effect % Epistasis
2003
1 A 3 bnlg1063 125.6/3.06 2.57 —0.267 4.1 5DD
2 D 4 bnlg1137 109.1/4.06 2.84 —0.383 5.1
3 A 5 mmc0081 88.1/5.05 8.54 —0.473 15.0
4 D 9 umc1789 40.2/9.06 242 —0.324 3.5
5 A 10 umc1506 62.4/10.04 1.88 —0.220 3.1 1 DD
Model 32.0
2004
6 A ls umc1727 13.0/1.01 3.11 —0.187 3.6
7 A 3 phi029 107.2/3.04 6.56 —0.387 16.4
8 A 5 bnlg1046 89.2/5.03 7.49 —0.319 12.6
Model 34.8
2005
7 A 3 umc1970 42.4/3.04 3.77 —0.220 7.0 3 DD
1 A 3 bnlg197 136.1/3.06 1.84 —0.160 3.7
8 A 5 bnlg1046 93.2/5.03 493 —0.271 9.0 1 DD
5 A 10 umc1506 66.4/10.04 1.89 —0.161 32
Model 254
2006
9 A 3 bnlg1325 57.1/3.02 2.57 —0.204 4.7 2 AA
9 D 3 bnlg1325 57.1/3.02 1.75 —0.270 43
10 A 5 umcl153 16.0/5.09 4.09 —0.275 10.0 1 AA
3 A 5 mmc0081 88.1/5.05 6.50 —0.318 11.3 4 DA
11 A 10 umc1291 2.0/10.01 2.35 0.257 4.5 3 DA
Model 37.0
Average over 4 years
6 A ls umc1727 13.0/1.01 2.05 —0.1195 2.7 3 AA;
4 DD
9 A 3 bnlgl144 46.7/3.02 292 —0.1395 4.4 5 DD
1 A 3 bnlg1350 129.7/3.06 4.06 —0.1923 5.3 1 AA
12 A 5 bnlg1306 38.1/5.07 3.48 —0.1633 7.0 1 DD
8 A 5 bnlg1046 89.2/5.03 11.49 —0.3308 18.5 2 DD
5 A 10 umc1506 62.4/10.04 2.99 —0.1618 4.2
Model 45.7

Estimates of QTL action (A = additive and D = dominant), genomic location (including chromosome (Chr), nearest marker, and
position along the chromosome), effect on the phenotype, including percentage increase when the favorable allele is present, and
epistatic interactions, including with which QTL and type of interaction, for QTL identified with a LOD score greater than 1.45.
Epistasis shown both with which other QTL, and the type of interaction between the two QTL. QTL with LODs lower than 2.4 are
shown for comparative purposes only, as QTL peaks often appear in multiple years, but not always with the same intensity

experiments, which indicates the importance of
Mp715 as a donor line.

Past QTL mapping experiments of aflatoxin resis-
tance in maize have typically been done in multiple
locations and years (Brooks et al. 2005; Paul et al.
2003; Warburton et al. 2009). These studies typically
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find QTL identified in only 1 year and location, or
identified in common over years but not often across
locations. Therefore, the high clustering of QTL seen
in the present study (Fig. 1) was not unexpected,
since all phenotyping was done at one location over
4 years (and in three of the 4 years the trial was
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grown in the same plot). In addition, the planting
dates only ranged from the 19th to the 22nd of April.
However, the rainfall and temperature patterns were
very different each year. 2003 experienced cooler
than normal temperatures for the deep south and
heavy rainfall right after planting that continued
throughout the entire growing season, conditions that
generally promote optimal maize growth. Since
aflatoxin is often produced in stressed plant environ-
ments, this may be why very little aflatoxin is seen in
this year compared to others. 2004 also saw cooler
than normal temperatures and some rainfall following
planting and for the first 2 months after, but was very
dry during grain filling, which may have stressed the
growing grains and triggered aflatoxin production by
the fungus. 2005 was cool and very dry during
planting, but fairly wet and warmer than normal in
the last half of the growing season, possibly leading
to a humid mature ear promoting fungal growth. 2006
was very dry the entire summer, with higher than
usual temperatures, conditions known to promote
high aflatoxin production. In fact, higher aflatoxin
levels were expected in 2006 compared to 2004 and
2005 due to lower rainfall and the fact that the 2006
trial was grown in sandier soil that should have
caused the plants to dry out sooner; however, this was
not the case, highlighting some of the difficulties in
breeding for aflatoxin resistance in maize.

The model built by the Multiple Interval Mapping
method for Trait 1 (2003 aflatoxin values) using all
QTL found at LOD 2.4 or higher included five QTL
on chromosomes 3, 4, 5, 9, and 10 (Table 3). The
total variation explained by these QTL ranged from
3.1 to 15.0%. Partly due to the fact that all these QTL
were unlinked, the correlation between QTL was low,
ranging from less than 0.0001 to a high of 0.13 (data
not shown). Most of the gene action was additive,
although some QTL showed dominant gene action,
especially in 2003. Many of the additive QTL did
also show some dominance effects, but the domi-
nance effect on the trait was usually much lower than
the additive, often by an order of magnitude or more.
Furthermore, none of the dominance effects was
significant at the LOD score threshold of 2.4, so are
not shown in Table 3. Partial dominance may be
playing a role in the expression of the trait, however,
and may explain why the F; means are closer to the
resistant parent than they are to the susceptible parent
(Table 2). Some QTL epistatic effects could be

measured in every year of this study and are reported
in Table 3; however, most interaction effects were
very small and always much lower than the main
effects. Additive by additive interactions explained
more of the variation, which is to be expected as most
significant gene actions were additive, but dominant
by dominant were more common, although explain-
ing an order of magnitude less of the phenotypic
variation, and two dominant by additive interactions
were found as well (explaining even less variation).
The 5-QTL model accounted for a total of 32% of the
genetic variation (Table 3). The models for years
2004-2006 and for the average effects over all years
are also reported in Table 3. Some of the QTL
overlap, and some are unique to each year, but the
interactions for each year follow similar trends.

This study identified two linked QTL on chromo-
some 5 (#3 and #8), one or both of which was
expressed every year and accounted for 9—18.5% of
the phenotypic variation. Because these two QTL are
closely linked and come from Mp715, this chromo-
somal region would be an ideal candidate for marker-
assisted selection. It is hoped that this QTL will also
be stable across geographic locations since it was
stable across the range of environments represented
by the various years. However, if it is not, or if it is
smaller in other locations, more QTL would be
needed to stably improve this trait in order to develop
cultivars suitable for many different growing loca-
tions. Over all years, 12 QTL were identified in a
model that will account for 45.7% of the phenotypic
variation, and having so many increases the likeli-
hood that at least some of them will confer resistance
in other locations. However, 12 QTL would be
difficult to work into a marker-assisted breeding
program, as one would not expect to see individual
progeny possessing the desired (donor) allele for all
12 QTL in a cross between resistant and susceptible
lines unless extremely high numbers of progeny were
screened. This would not be practical considering the
magnitude of the QTL reported here.

Whole genome selection with many random
markers across the genome is becoming popular for
the improvement of highly quantitative traits in crops
and animals with good marker resources; however,
because of the non-elite background of this donor
line, this method is not expected to work well for
transferring this trait into elite backgrounds. The QTL
of the largest phenotypic effects and highest LOD
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scores will therefore be used to create Near [sogenic
Lines (NILs) with highly elite inbred lines to confirm
the phenotypic effects of each. The NILs containing
confirmed QTL will be excellent breeding lines for
quick marker-assisted introgression of the QTL into
inbred parents of resistant hybrid varieties. Widely
studied quantitative traits in maize, including resis-
tance to aflatoxin accumulation, appear to follow the
infinitesimal model of genetic control much more
closely than was hoped with the advent of molecular
markers. Indeed, for flowering time (a quantitative
trait once thought not to be so complicated) a fine-
scale mapping study using a joint QTL and associ-
ation mapping approach and very large population
size found that nearly 40 QTL contribute to the trait,
and none explain more than 5% of the phenotypic
variation (Buckler et al. 2009). Therefore, in a
diverse, outbreeding species such as maize, incorpo-
rating traits via marker-assisted selection has not
proven to be simple, as generally multiple QTL must
be used, and QTL tend to be identified in (and
specific for) only one environment. Lines containing
these QTL grown in a very different environment
may not show high expression of the trait. However,
marker-assisted selection in combination with phe-
notypic selection is still effective for quantitative
traits, because more gain per year will be made on
average over environments than would have been
made via phenotypic selection alone; therefore, the
most efficient strategy for achieving maximum gain
for selection of quantitative traits must be one
incorporating marker-assisted selection (based per-
haps on an index) in conjunction with phenotypic
selection.
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