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Research

The infection of maize, peanut (Arachis hypogaea L.), cotton 
(Gossypium hirsutum L.), and nut crops with A. flavus is prob-

lematic at many levels. Aspergillus flavus causes ear rot of maize, 
a staple food and animal feed and can lead to significant afla-
toxin accumulation. This is a particular problem in hot growing 
areas and is further exacerbated by other biotic and abiotic stress 
(Payne, 1992; van Egmond et al., 2007). Consumption of afla-
toxin-contaminated maize has caused human and animal death, 
and long-term exposure to low levels of aflatoxin causes chronic 
reduced immune system function and liver cancer (Groopman et 
al., 2008; Liu and Wu, 2010; Wild and Gong, 2010). Aflatoxin-
related immune system depression in the developing world may 
have increased the severity of epidemics of AIDs, malaria, tuber-
culosis, and other diseases, as well as impaired child development 
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Abstract
Contamination of maize (Zea mays L.) with afla-
toxin, produced by the fungus Aspergillus flavus 
Link, has severe health and economic conse-
quences. Efforts to reduce aflatoxin accumula-
tion in maize have focused on identifying and 
selecting germplasm with natural host resis-
tance factors, and several maize lines with sig-
nificantly reduced aflatoxin accumulation have 
been identified. Past linkage mapping studies 
have identified quantitative trait loci (QTL) that 
consistently reduce aflatoxin levels in maize. 
In addition, an association mapping panel of 
300 maize inbred lines was previously created 
specifically for the dissection of aflatoxin accu-
mulation resistance. Here we report the results 
of a genome-wide association study (GWAS) 
using this panel of testcrossed maize hybrids. 
Each of the inbred parents of the testcrossed 
hybrids was genotyped by sequencing to gen-
erate 261,184 robust single nucleotide polymor-
phisms (SNPs), and the entire panel was phe-
notyped for aflatoxin accumulation following 
inoculation with A. flavus in multilocation, rep-
licated field trials. Results uncovered 107 SNPs 
associated with aflatoxin accumulation in one or 
more environments in the association panel at a 
probability level between 9.78  10−6 and 2.87 
 10−10. Eight SNP trait associations were found 
with a false discovery rate (FDR) of less than 
10% (p < 3.83  10−7). These SNPs occur within 
the sequence of three uncharacterized genes. 
Variants in 25 other genomic regions showing 
high association values over more than one 
environment are also presented. These genomic 
regions are undergoing validation studies and 
will be of use to dissect the resistance to afla-
toxin accumulation and improve this trait.
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(Gong et al., 2008; Jiang et al., 2008; Pornsri et al., 2011). 
Furthermore, since many countries regulate or prohibit 
the sale of aflatoxin-contaminated maize, farmers with 
infected grain will typically suffer severe economic losses. 
Because of the high cost of testing, other countries are 
unable to test at all and cannot identify aflatoxin outbreaks 
in time to prevent devastating health consequences.

Efforts to reduce aflatoxin accumulation in maize have 
focused on identifying and selecting different maize lines 
with natural variation for reduced susceptibility including 
host resistance factors (Zhang et al., 1999; Mideros et al., 
2013). Lower aflatoxin levels may result from a combina-
tion of host-plant resistance and agronomic traits (such 
as flowering time or husk tightness) that help the plant 
avoid the fungus. In addition, lower aflatoxin levels may 
be the result of reduced fungal colonization and growth or 
reduced production of aflatoxin by the fungus, perhaps in 
response to cues from the host plant. Some past studies have 
not been structured to determine if avoidance or true resis-
tance is in play. Nevertheless, published results have identi-
fied several natural sources of resistance that exhibit sig-
nificantly reduced aflatoxin accumulation (Campbell and 
White, 1995; Scott and Zummo, 1988; 1990; 1992; Rob-
ertson-Hoyt et al., 2006; Mayfield et al., 2012; Williams 
and Windham, 2001; 2006; 2012; Warburton et al., 2013). 
However, the quantitative nature of the trait and the high 
genotype-by-environment interactions has limited the suc-
cess in transferring resistance to commercial hybrids (Ham-
blin and White, 2000). Reported heritability estimates 
have ranged from 0 to 0.6, with a median near 0.3 (Ham-
blin and White, 2000; Busboom and White, 2004; Brooks 
et al., 2005). Furthermore, aflatoxin is quite laborious and 
expensive to measure, which is further compounded by the 
need for multiple replicates and environments in accurate 
screening. Identification of genes and closely linked mark-
ers could greatly speed the development of resistant maize 
lines adapted to different growing environments.

The identification of genetic factors that may increase 
resistance to aflatoxin accumulation in maize has been 
accomplished by various methods. These include QTL 
mapping (reviewed in Mideros et al., 2013), protein studies 
(Chen et al., 2007; Pechanova et al., 2011), and gene expres-
sion analysis (Kelley et al., 2009). However, biparental map-
ping populations miss alleles that do not segregate between 
the parents of the population and many of the loci of 
smaller effect. Association analysis is an alternative method 
for identifying DNA sequence variants that contribute to 
quantitative traits, including disease resistance (Kump et al., 
2011; Rafalski, 2011; Yan et al., 2011). Genome-wide asso-
ciation study methodologies have been optimized to enable 
the identification of associations from tens of thousands of 
polymorphisms without the false positive results due to 
population structure (Yu et al., 2006; Myles et al., 2009; 
Elshire et al., 2011). Relatively rapid linkage disequilibrium 

breakdown in diverse maize panels means that genes can 
be mapped to a very fine scale, provided that enough poly-
morphic markers are available to cover the entire genome. 
The availability of next-generation sequencing and geno-
typing-by-sequencing (GBS) techniques (Elshire et al., 
2011) ensures that this coverage is now possible.

Association mapping for A. flavus resistance has not 
been feasible because previous association panels generally 
did not have any known sources of aflatoxin resistance. To 
address this gap, an association mapping population was 
created specifically for the study of aflatoxin accumulation 
and A. flavus resistance in maize (Warburton et al., 2013). 
This panel was enriched for diverse maize inbred lines that 
will grow in the southern United States, where aflatoxin 
can accumulate at high levels in susceptible lines and spans 
the spectrum of susceptibility and resistance to aflatoxin 
accumulation. Many new resistant lines were identified 
during the process of phenotyping the test-crossed hybrids 
(Warburton et al., 2013). The previous study presented 
the germplasm including the phenotypic data and popula-
tion structure and relationships and the initial pedigree 
source of resistance found in most of the lines of the panel. 
The objectives of the current study were (i) to identify 
associations between polymorphisms found via GBS of 
the large aflatoxin association mapping panel and aflatoxin 
accumulation resistance in maize; (ii) to characterize the 
sequences in which these polymorphisms are found using 
existing linkage disequilibrium, gene annotation, expres-
sion, genetic mapping, and other publicly available data; 
and (iii) to develop SNP assays for each significant associa-
tion identified here. These will be useful for independent 
validation of phenotypic effect with the ultimate goal of 
marker-assisted improvement of resistance in maize.

Materials and Methods
Association Panel Description  
and Phenotyping
The association mapping panel of 300 inbred lines was assem-
bled and characterized as reported in Warburton et al. (2013). 
Briefly, the 300 diverse inbred lines were chosen to represent 
most of the publicly available sources of A. flavus and aflatoxin 
accumulation resistance known at the time that the panel was 
assembled, as well as many well-characterized inbred lines from 
previously published association mapping studies (Flint-Garcia 
et al., 2005; Setter et al., 2011). These lines were crossed to Va35, 
a susceptible, southern-adapted inbred line of the nonstiff stalk 
heterotic pattern with pedigree (C103  T8)T8,(Gerdes et al., 
1993) and phenotyped in seven environments in replicated field 
trials. Maize ears were inoculated with Aspergillus flavus strain 
NRRL 3357 (ATCC #200026) 7 d after 50% of the plants in 
each plot had reached silking. Following maturity, ears of inoc-
ulated plants were harvested, dried, ground, and aflatoxin levels 
were measured via the Vicam AflaTest (VICAM). Aflatoxin 
values were logarithmically transformed to increase normality. 
Least-squared means (LSMeans) were calculated for transformed 
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disequilibrium window. Values of r2 less than 0.8 were con-
sidered unlinked. The SNPs and locations of genes from the 
filtered gene set were from the B73 reference genome assembly 
V2 (Schnable et al., 2009). Gene identifiers correspond to those 
used by the MaizeGDB database (Schaeffer et al., 2011).

In a previous characterization of this association mapping 
panel (Warburton et al., 2013), significant population substruc-
ture was found and could be accounted for using six clusters 
identified by STRUCTURE software (Pritchard et al., 2000). 
One of the clusters corresponded to germplasm related to B73 
and included 23 individuals. Because all lines were phenotyped 
as test crosses with Va35, which is related to Mo17 (a heterotic 
partner to B73), it was noted that the mean aflatoxin levels in 
these 23 lines were lower than average and may have been due 
to a heterotic effect with the tester (Warburton et al., 2013). 
Using the Q matrix (population substructure matrix) should 
account for this effect in the MLM and reduce the chance of 
false–positive associations. To be sure, however, the MLM 
analysis was performed with and without the 23 lines to com-
pare the resulting associations.

Allele Frequency Analysis
Lines were grouped into one of six maize subpopulations 
(Miscellaneous Temperate [MT], Lancaster, Tropical, SC76, 
Northern US, and B73) on the basis of the population structure 
analysis according to Warburton et al. (2013). Lines of mixed 
ancestry (the result of admixture among the subpopulations) 
were dropped from the allele frequency analysis. On the basis of 
the results of the association analyses, the frequencies of alleles 
that reduced disease severity at SNPs with significant trait asso-
ciations (exceeding 10% FDR) were estimated within each 
subpopulation. At each SNP locus, a two-tailed Fisher’s exact 
test run with the free online software GraphPad QuickCalcs 
2015 (http://graphpad.com/QuickCalcs/) was used to test the 
null hypothesis that frequency of the allele conferring increased 
disease resistance was the same between subpopulations.

Results and Discussion
Loci Associated with Aflatoxin Resistance
The phenotypic values, variation, and heritabilities 
measured in the test-crossed hybrids of the aflatoxin asso-
ciation panel were reported in Warburton et al. (2013). 
These trials had little missing data (<5%) and exhibited 
moderate to high correlation between repetitions within 
environments (r = 0.47–0.70). High levels of variation 
among test-crossed lines and high mean-basis heritabil-
ity for aflatoxin levels (0.87) were indicators that this data 
would be suitable for GWAS analysis.

Of the 261,184 SNPs called from the GBS dataset from 
the 287 maize inbred lines (MAF > 5%), GWAS identified 
107 SNPs associated with aflatoxin accumulation in one 
or more environments at a probability level between 9.78 
 10−6 and 2.87  10−10 (Supplemental Table S2). Fifty-
six percent of the significant associations were found in the 
Starkville 2010 environment. This environment had a good 
correlation between replications and exhibited a low rate of 

aflatoxin levels for each environment and averaged across envi-
ronments, as reported in Warburton et al. (2013).

Genotyping-by-Sequencing
Genotyping of the 300 inbred line entries in the panel was done 
via GBS according to Elshire et al. (2011). Single nucleotide 
polymorphisms were extracted from the raw GBS data using 
the Java pipeline for GBS Bioinformatics (Glaubitz et al., 
2014). The GBS marker dataset (partially imputed genotypes 
version December 18, 2013; including data from Romay et 
al. [2013], which can be found at http://www.panzea.org/db/
gateway?file_id=Romay_etal_2013_imputed_geno_data) was 
stored in HapMap format in separate files for each chromosome. 
A series of custom scripts and a web interface were developed to 
query SNPs by Gramene gene identifier or chromosome posi-
tion. The web interface provided functionality for querying the 
entire list of SNPs with filtering by missing data rate and minor 
allele frequency (MAF). Repeatability, as tested by duplicate 
genotyping of nine individuals, was high, as less than 0.1% of 
genotyping calls did not agree in the two genotyping runs (data 
not shown). Overall missing data rate per marker in the imputed 
data was 16% (18% average per line). After removal of mono-
morphic SNPs and those with the highest missing data rate, an 
initial data set containing 405,745 SNPs from the GBS pipe-
line was filtered for MAF greater than 5.0%, leaving a total of 
261,184 for GWAS. A subset consisting of 2000 SNPs with a low 
missing data rate (<7.5%) and low frequency imbalance between 
the two alleles (MAF > 25%) was extracted for calculation of 
kinship, population substructure, and linkage disequilibrium 
as reported in Warburton et al. (2013). The GBS data were 
unreadable for four lines, and nine lines were repeated entries to 
ensure data quality, thus only 287 entries were fully character-
ized and included in this study (Supplemental Table S1).

Genome-Wide Association Study
The software package TASSEL 3.0 (Bradbury et al., 2007) 
was used to perform the GWAS using 261,184 SNPs and the 
aflatoxin LSMeans from seven environments plus the aver-
age aflatoxin levels over all environments. The mixed linear 
model (MLM; Yu et al., 2006) was used with six subpopula-
tions (Q matrix) and pair-wise kinship values (K matrix), both 
from Warburton et al. (2013) and calculated with the subset 
of 2000 SNPs. The JMP Genomics software package version 
6.1 (SAS Institute, 2012) was used to analyze the same data set 
with the same parameters; because the results of the two analy-
ses were in good agreement (data not shown), only the results 
of the TASSEL analysis are presented. The R2 correlation sta-
tistic of the association between any given SNP and aflatoxin 
accumulation was used to assess the amount of phenotypic 
variation explained by the model. The distribution of p-values 
obtained from the SNP association analysis was then corrected 
for the FDR as calculated by the QVALUE version 1.0 pack-
age in R (Storey and Tibshirani, 2003). Linkage disequilibrium 
was estimated by the r2 correlation between each marker and 
50 of the closest neighboring SNPs in up- and downstream 
directions. Custom perl scripts were then used to locate genes 
that contained the marker, contained the linked SNP, or were 
closest to the marker or linked SNP and lying in the linkage 
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missing data. Overall mean aflatoxin levels were fairly low in 
this field because the distribution was skewed toward lower 
levels; the overall range was as high as in other environments, 
however, and highly susceptible lines were identified.

Visual observation of the quantile–quantile (Q-Q) 
plots gives an idea of the accuracy of the model used to 
analyze the data. The Q-Q plots are the plots of observed 
−log10 p-values vs. expected −log10 p-values under 
the null hypothesis that there is no association between 
marker and the phenotype. As shown in the Q-Q plot for 

aflatoxin accumulation for each environment and aver-
aged over all environments (Fig. 1), associations were 
found after employing the MLM to account for popula-
tion structure and familial relatedness (Yu et al., 2006; 
Zhang et al., 2010). Some data points fell under the diag-
onal for the two College Station environments, which 
may indicate some overfitting of the model for these 
locations. These two environments were found to form 
a separate megaenvironment from all other environments 
in the phenotyping trial (Warburton et al., 2013). These 

Figure 1. Quantile–quantile (Q-Q) graph for aflatoxin accumulation for each environment and averaged over all environments as calculated 
with TASSEL using the mixed linear model (including kinship and population substructure data in the model, top graph) and the general 
linear model (including population substructure data only, bottom graph).
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Gene GRMZM2G052991, in which two SNPs sig-
nificantly associated with aflatoxin levels in one environ-
ment were identified, appears to encode an uncharacter-
ized protein with a methyl transferase domain and a reverse 
transcriptase domain; this second domain may actually 
be homologous to a retrotransposon. This gene, located 
in bin 3.09, was not present in the MaizeGDB expression 
data set and expressed at very low levels in all tissues stud-
ied in qTeller. The second gene with two SNPs associated 
with aflatoxin level in one environment and the average 
of all environments was GRMZM2G108619, located in 
bin 9.04. The deduced protein shared homology only to 
other uncharacterized proteins in other grass species. Tran-
script levels were low in nearly every tissue examined and 
higher in the leaves and the developing ear according to 
the expression datasets of both MaizeGDB and qTeller. The 
third gene in which one SNP was associated with aflatoxin 
level in one environment was GRMZM2G158141, which 
encodes an uncharacterized protein with a Zn binding or 
Zn finger DNA binding motif located in bin 10.04. It was 
expressed at low levels in all tissue studied.

Including all associations less than 10−4 (5242 associa-
tions in total) and looking at an expanded Manhattan graph 
generated in Excel allows genomic regions with multiple 
associations (more than one environment or more than 
one linked SNP) to be easily visualized. Including multiple 
associations with at least one of p < 1.00  10−6 that occur 
in at least two environments may highlight genes contrib-
uting to stable resistance. The expanded Manhattan graph 
uncovered 27 genomic regions, including two of the four 
regions of highest significance (those less than 10% FDR), 
and they can be found in Supplemental Fig. S1. The 27 
genomic locations where multiple SNP–environment asso-
ciations converged included 63 SNPs, which are listed in 
Table 2, along with the most probable candidate gene (or 
genes) in the region. Many of the 27 regions were repre-
sented by both imputed and nonimputed SNPs, lending 
confidence to the imputed data. This list must be consid-
ered incomplete, as only SNPs matching the B73 reference 

environments were reanalyzed using a generalized linear 
model (GLM), which takes population structure but not 
kinship into account and lead to a Q-Q graph in which 
all but two data points fell on or above the diagonal. All 
associations found via the MLM analysis were also found 
at very low probability with the GLM analysis (data not 
shown), lending credibility to the MLM results.

Eight SNP trait associations involving six SNPs and 
three environments were found with a q-value, or FDR, 
less than 10% FDR levels (p < 3.83  10−7) (Table 1). 
None of these six SNPs had been imputed. Five of the 
significantly associated SNPs fell within the sequence of 
three genes, and one associated SNP (S2_187449158) fell 
far from the known sequence of any gene. The latter SNP, 
associated with aflatoxin accumulation in one environ-
ment, was 1.4 million bases away from multiple SNPs 
also significantly associated with aflatoxin levels. The 
closest gene to the single SNP, at 5.6 kilobases (kb) dis-
tance upstream of the SNP, was GRMZM2G178229, or 
CYCD4, a nuclear localized cyclin associated with cell 
replication. Such a generalized function at such a long 
physical distance does not lend itself to a hypothesis of 
a specific mechanism for improving resistance, and this 
SNP will not be discussed further. The three genes in 
which the remaining five significantly associated SNPs 
were characterized for gene ontology from MaizeGDB 
(www.maizegdb.org), Gramene (www.gramene.org), and 
Phytozome (http://www.phytozome.net/) and expression 
data from publicly available databases including Maize-
GDB (Sekhon et al., 2011) and qTeller (Schnable and 
Thompson, 2014). The expression data from Sekhon et al. 
(2011) represent a comprehensive atlas of global transcrip-
tion profiles across developmental stages and plant organs 
measured using a NimbleGen microarray. The data from 
Schnable and Thompson (2014) summarize several previ-
ously published maize expression datasets of different tis-
sues measured by high-throughput sequencing of RNA. 
None of the maize tissues in these studies had been inocu-
lated with A. flavus.

Table 1. Eight single nucleotide polymorphism (SNP) trait associations that had a probability level exceeding 10% false dis-
covery rate levels. Alleles of each SNP listed with resistant form second. Number of individuals in the panel containing the 
resistant allele is shown. Genes contained the significant SNPs, but any other genes linked to these SNPs (and thus possibly 
causing the association) are listed in Table 2.

Environment SNPs p-value R2 Alleles
No. with resist 

alleles
Allele  
effect†

Genes containing  
or linked to SNP

Starkville 2010 2_187449158 2.83  10−07 0.121 A/G 16 1.3223 ‡

Lubbock 2009 3_217808740 3.72 10−07 0.113 A/T 18 1.1336 GRMZM2G052991
Lubbock 2009 3_217808747 3.83  10−07 0.112 T/C 18 1.1315 GRMZM2G052991
Starkville 2010 9_117048726 2.24  10−09 0.144 G/A 31 1.2407 GRMZM2G108619
Starkville 2010 9_117048731 2.24  10−09 0.144 C/T 31 1.2407 GRMZM2G108619
Average 9_117048726 2.87  10−10 0.162 G/A 31 0.7867 GRMZM2G108619
Average 9_117048731 2.87  10−10 0.162 C/T 31 0.7867 GRMZM2G108619
Starkville 2010 10_91956547 2.50  10−07 0.099 G/T 28 1.0457 GRMZM2G158141
† Allele effect calculated based on least square mean squared natural log transformed value of aflatoxin levels, which ranged from 0.231 to 8.43.
‡ Nearest gene, GRMZM2G178229, is 5.6 kb from SNP.
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genome could be used in the analysis. Genes present in 
other maize lines will not have been sampled, and these 
will probably include resistance genes, as B73 is one of the 
more susceptible maize varieties in the association panel.

These 27 regions will be considered of interest to afla-
toxin resistance breeding, but nonsignificant p-values do 

not lend sufficient confidence to these regions for in-depth 
speculation as to role in resistance mechanisms. Gene 
model, expression, and linkage disequilibrium informa-
tion of the 66 genes that are closely linked to these 27 
genomic locations are presented in Supplemental Table S3 
for the information of the reader. Ontology of some of the 

Table 2. Genes linked to singe nucleotide polymorphisms (SNPs) associated with grain aflatoxin levels (p < 10−4) in seven different 
environments or the average of all environments (column labeled Environment) and potentially causing the association. Bin 
location of the SNP and association statistics including F, p, and R2 (from Supplemental Table S2) are given. The proximity in 
kilobase (kb) pairs and in linkage disequilibrium (LD) r2 values is shown. Gene names correspond to the Gramene and MaizeGDB 
databases and locations of SNPs and distances to genes were taken from version 2 of the maize reference sequence.

Region Environment SNPs BIN F p-value R2 Proximity† Gene

1 Starkville2010 S1_272220177 23.12 2.78 10−06 0.099 Gene contains marker GRMZM2G049349
Starkville2010 S1_272220142 1.10 16.68 5.92 10−05 0.064 Gene contains linked SNP  

55 kb away, LD > 0.3
GRMZM2G137891

Average S1_272220177 16.01 8.55 10−05 0.066 Gene is 34 kb from marker 
and lies in LD window > 0.35

GRMZM2G061442

Starkville2010 S1_272220852 15.73 9.50 10−05 0.058
Starkville2010 S1_272272944 16.13 8.09 10−05 0.066 Gene is 2 kb from marker 

and lies in LD window > 0.36
GRMZM2G137891

Starkville2010 S1_272272952 20.08 1.19 10−05 0.083 Gene is 15 kb from marker 
and lies in LD window > 0.3

GRMZM2G061442

Starkville2010 S1_272273063 16.52 6.62 10−05 0.068
2 Starkville2010 S1_280635905 1.10 25.10 1.14 10−06 0.101 Gene contains linked SNP  

55 kb away, LD > 0.8
GRMZM2G009958

CollStation2009 S1_280635905 15.98 8.83 10−05 0.072 Gene is 47 kb from marker 
and is outside LD window

GRMZM2G164580

Starkville2010 S1_280635931 25.10 1.14 10−06 0.101 Gene is 45 kb from marker 
and lies in LD window > 0.67

GRMZM2G312239

CollStation2009 S1_280635931 15.98 8.83 10−05 0.072 Gene contains linked SNP  
56 kb away, LD > 0.7

GRMZM2G009944

Starkville2010 S1_280635934 25.10 1.14 10−06 0.101
CollStation2009 S1_280635934 15.98 8.83 10−05 0.072
Starkville2010 S1_280635950 25.10 1.14 10−06 0.101

CollStation2009 S1_280635950 15.98 8.83 10−05 0.072
Starkville2010 S1_280635958 25.10 1.14 10−06 0.101

CollStation2009 S1_280635958 15.98 8.83 10−05 0.072
Starkville2010 S1_280635967 19.52 1.61 10−05 0.080

CollStation2009 S1_280635967 16.33 7.48 10−05 0.077
3 Average S2_22947761 2.03 22.05 4.24 10−06 0.076 Gene contains marker GRMZM2G003784

Starkville2009 S2_22947761 18.15 2.82 10−05 0.063 Gene is 2.4 kb from marker 
but no nearby LD info

GRMZM2G003769

4 Starkville2010 S2_153128978 2.06 20.98 8.53 10−06 0.111 Gene contains marker GRMZM2G155437
Average S2_153128978 16.47 7.30 10−05 0.088

5 Starkville2010 S2_183190432 2.06 23.27 3.80 10−06 0.138 Gene is 5 kb from marker 
and lies in LD window = 0.5

GRMZM2G037574

Average S2_183190432 16.22 9.45 10−05 0.116 Gene contains linked SNP 
325.6 kb away, LD > 0.3

GRMZM2G019901

Gene is 7 kb from marker  
but no nearby LD info

GRMZM2G057852

6 Starkville2009 S2_188872774 2.07 21.35 6.08 10−06 0.075 Gene contains marker GRMZM2G026065
Starkville2010 S2_188872774 17.59 3.78 10−05 0.066
Starkville2010 S2_188872782 17.59 3.78 10−05 0.066

Average S2_188872911 19.55 1.47 10−05 0.078
Lubbock2009 S2_188872911 17.14 4.76 10−05 0.067

7 Starkville2010 S2_205035222 2.08 23.26 2.38 10−06 0.081 Gene contains marker GRMZM2G166337
Average S2_205035222 16.17 7.53 10−05 0.057

8 Starkville2010 S3_127577411 3.05 21.89 4.85 10−06 0.092 Gene is 18 kb from marker 
but not in LD

GRMZM2G333619

Average S3_127577411 16.43 6.84 10−05 0.063 Gene contains linked SNP  
36 kb away, LD = 0.32

GRMZM2G160840

9 Starkville2010 S3_217358368 3.09 23.73 1.85 10−06 0.080 Gene contains marker GRMZM2G089525
Average S3_217358368 19.78 1.25 10−05 0.067

(cont’d)
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Region Environment SNPs BIN F p-value R2 Proximity† Gene

10 Lubbock2009 S3_217808747 3.09 27.33 3.83 10−07 0.112 Gene contains marker GRMZM2G052991
Starkville2010 S3_217808272 17.40 4.19 10−05 0.070 Gene contains linked SNP  

12 kb away, LD > 0.46
GRMZM2G053047

Lubbock2009 S3_217808302 20.76 8.14 10−06 0.081
Lubbock2009 S3_217808740 27.42 3.72 10−07 0.113

Average S3_217808740 16.85 5.62 10−05 0.071 Gene is 2.6 kb from marker 
but no nearby LD info

GRMZM2G377609

Average S3_217808747 16.71 6.00 10−05 0.070
11 CollStation2009 S3_217820604 3.09 15.67 9.66 10−05 0.054 Gene contains marker GRMZM2G053047

Starkville2010 S3_217820604 15.63 9.84 10−05 0.055 Gene contains linked SNP  
12 kb away, LD > 0.46

GRMZM2G052991

12 Starkville2010 S3_217832603 3.09 21.56 5.65 10−06 0.081 Gene contains marker GRMZM2G053140
Average S3_217832603 18.25 2.80 10−05 0.072 Gene contains linked SNP  

44 kb away, LD > 0.3
GRMZM2G148532

StarkvilleR2010 S3_217832603 16.05 8.25 10−05 0.063 Gene is 1.3 kb from marker 
but no nearby LD info

GRMZM2G053047

13 Average S4_26406913 4.04 16.74 5.63 10−05 0.056 Gene contains marker GRMZM2G003814
Gene is 6.3 kb from marker 

but no nearby LD info
GRMZM2G003642

14 StarkvilleR2010 S4_26653796 4.04 24.31 1.52 10−06 0.090 Gene contains marker GRMZM2G111261
Gene is 1.7 kb from marker 

but not in LD
GRMZM2G111300

Gene is 1.1 kb from marker 
and lies in LD window > 0.3

GRMZM2G111228

15 Starkville2010 S5_20311281 5.03 23.04 3.04 10−06 0.108 Gene contains marker GRMZM2G545615
Average S5_20311281 22.49 3.94 10−06 0.101

Lubbock2009 S5_20311281 17.25 4.79 10−05 0.077
16 Average S5_185650835 5.05 23.31 2.63 10−06 0.105 Gene is 5 kb from marker 

and in LD = 0.3
GRMZM2G028736

Starkville2010 S5_185650835 21.96 4.97 10−06 0.102 Gene is 4 kb from marker  
but no nearby LD info

GRMZM2G028830

17 Starkville2010 S5_206795119 5.07 22.94 3.58 10−06 0.131 Gene contains marker GRMZM2G105874
Starkville2010 S5_206795116 21.73 6.13 10−06 0.121 Gene contains linked SNP  

45 kb away, LD > 0.31
GRMZM2G105844

Average S5_206795116 18.12 3.35 10−05 0.087 Gene contains linked SNP 
50.1 kb away, LD > 0.6

GRMZM2G162233

StarkvilleR2010 S5_206795116 18.08 3.41 10−05 0.093 Gene contains linked SNP 
160 kb away, LD = 0.3

GRMZM2G127632

StarkvilleR2010 S5_206795119 18.92 2.32 10−05 0.099
Average S5_206795119 17.55 4.46 10−05 0.088

Starkville2010 S5_206797714 18.66 2.42 10−05 0.081
18 Starkville2010 S6_74967491 6.01 23.12 2.73 10−06 0.095 Gene contains marker GRMZM2G005499

Average S6_74967491 16.31 7.31 10−05 0.063 Gene is 48 kb from marker 
and lies in LD window > 0.37

AC186592.3_FGT003

Starkville2010 S6_74967515 18.56 2.42 10−05 0.076
Starkville2010 S6_74967516 18.56 2.42 10−05 0.076
Starkville2010 S6_74967517 18.56 2.42 10−05 0.076
Starkville2010 S6_74967532 18.56 2.42 10−05 0.076

19 Starkville2010 S6_121311711 6.05 20.68 8.26 10−06 0.075 Gene contains marker GRMZM5G841142
Average S6_121311711 19.82 1.25 10−05 0.073 Gene contains linked SNP 

59.5 kb away, LD > 0.55
GRMZM2G136800

Starkville2009 S6_121311711 16.93 5.20 10−05 0.062 Gene is 19 kb from marker 
and lies in LD window > 0.55

AC231604.1_FGT001

Gene contains linked SNP  
95 kb away, LD = 0.3

GRMZM5G841142

Gene is 58.7 kb from marker 
and lies in LD window = 0.3

GRMZM2G149700

20 Starkville2010 S7_155754021 7.03 21.89 7.09 10−06 0.155 Gene is 8.6 kb from marker 
and lies in LD window > 0.5

GRMZM2G444075

Average S7_155752575 19.66 1.52 10−05 0.094 Gene contains linked SNP 
207 kb away, LD = 0.31

GRMZM2G173863

Average S7_155752599 19.66 1.52 10−05 0.094

Table 2. Continued.

(cont’d)
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genes is highly suggestive, including MYB stress-response 
factors, one WRKY disease-resistance factor, and one 
known fungal resistance gene. While they warrant further 
study, they will not be discussed further in this manuscript.

Single Nucleotide Polymorphisms  
in Different Clusters
Allele frequencies of candidate genes containing SNP–trait 
associations exceeding FDR in the overall mapping panel 

Region Environment SNPs BIN F p-value R2 Proximity† Gene

21 Starkville2010 S8_94752247 8.02 25.30 8.98 10−07 0.089 Gene contains marker GRMZM2G147221
Average S8_94752242 20.36 9.58 10−06 0.071 Gene contains linked SNP 

118.7 kb away, LD >  = 0.3
GRMZM2G083344

Starkville2010 S8_94752242 19.72 1.30 10−05 0.069 Gene is 3.8 kb from marker 
but no nearby LD info

GRMZM2G147271

Average S8_94752243 20.39 9.42 10−06 0.071
Starkville2010 S8_94752243 19.98 1.15 10−05 0.069

Average S8_94752246 21.07 6.77 10−06 0.074
Starkville2010 S8_94752246 20.64 8.35 10−06 0.072

Average S8_94752247 23.63 2.00 10−06 0.085
Average S8_94752249 20.11 1.08 10−05 0.070

Starkville2010 S8_94752249 19.76 1.28 10−05 0.070
Starkville2010 S8_94752251 25.10 9.83 10−07 0.090

Average S8_94752251 23.34 2.27 10−06 0.083
Average S8_94752253 20.61 8.42 10−06 0.072

Starkville2010 S8_94752253 19.75 1.28 10−05 0.068
Average S8_94752254 20.11 1.08 10−05 0.070

Starkville2010 S8_94752254 19.76 1.28 10−05 0.070
Average S8_94752255 20.11 1.08 10−05 0.070

Starkville2010 S8_94752255 19.76 1.28 10−05 0.070
Starkville2010 S8_94752257 25.10 9.83 10−07 0.090

Average S8_94752257 23.34 2.27 10−06 0.090
Average S8_94752258 20.11 1.08 10−05 0.070

Starkville2010 S8_94752258 19.76 1.28 10−05 0.070
Average S8_94752280 17.09 4.73 10−05 0.058

22 Average S9_107333254 9.04 22.52 3.47 10−06 0.085 Gene is 1 kb from marker  
but no nearby LD info

GRMZM2G331766

Lubbock2009 S9_107333254 21.87 4.76 10−06 0.085
23 Average S9_117048726 9.04 43.12 2.87 10−10 0.162 Gene contains marker GRMZM2G108619

Starkville2010 S9_117048726 38.46 2.24 10−09 0.144 Gene is 6.3 kb from marker 
but not in LD

GRMZM2G409245

Starkville2009 S9_117048726 22.99 2.78 10−06 0.088 Gene is 4 kb from marker  
but not in LD

GRMZM2G108668

Average S9_117048731 43.12 2.87 10−10 0.162
Starkville2010 S9_117048731 38.46 2.24 10−09 0.144
Starkville2009 S9_117048731 22.99 2.78 10−06 0.088

24 Starkville2009 S10_95855766 10.04 23.80 2.04 10−06 0.095 Gene contains linked SNP  
38 kb away, LD > 0.3

GRMZM2G407650

Average S10_95855766 19.68 1.44 10−05 0.079
25 Starkville2009 S10_109718061 10.04 20.60 8.86 10−06 0.079 Gene contains marker GRMZM2G159675

Average S10_109718061 19.83 1.28 10−05 0.073 Gene contains linked SNP  
4 kb away, LD > 0.4

GRMZM2G159720

Lubbock2009 S10_109718061 16.28 7.29 10−05 0.063 Gene contains linked SNP  
13 kb away, LD > 0.3

GRMZM2G159732

Gene is 106 kb away ad lies 
in LD window > 0.38

GRMZM2G130351

Gene contains linked SNP 
338.5 kb away, LD > 0.38

GRMZM2G126194

26 Average S10_125923329 10.04 24.44 1.34 10−06 0.084 Gene contains marker GRMZM2G058573
StarkvilleR2010 S10_125923329 21.63 5.17 10−06 0.079

27 Starkville2010 S10_139081513 10.06 24.04 1.71 10−06 0.087 Gene contains marker GRMZM2G148467
Average S10_139081513 16.95 5.23 10−05 0.064 Gene is 33.8 kb from marker 

and lies in LD window > 0.3
GRMZM2G124965

Starkville2010 S10_139081517 24.04 1.71 10−06 0.087 Gene is 4 kb from marker 
and lies in LD window > 0.3

GRMZM2G148475

Average S10_139081517 16.95 5.23 10−05 0.064
† LD, linkage disequilibrium as measured by r2.

Table 2. Continued.
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and in each cluster can be found in Supplemental Table S4; a 
more detailed analysis of these and the other 25 associations 
of low probability is presented in Supplemental Table S2. 
The resistant allele of the two SNPs in GRMZM2G052991 
was present in the B73, Lancaster, and Tropical clusters, and 
allele frequencies were significantly different between the 
Tropical and the MT clusters, and between the Lancaster 
and the MT clusters. The resistant alleles of the two SNPs 
in gene GRMZM2G108619 were present in the SC76, 
Tropical and MT clusters, and allele distribution was dif-
ferent between SC76 and all other clusters except MT, and 
between the Tropical and MT clusters. Finally, the resistant 
allele of the single SNP in gene GRMZM2G158141 was 
present only in the Northern US and Tropical clusters, and 
frequencies were significantly different between the Tropi-
cal and the MT clusters, and between the Northern US and 
the MT clusters. Unfortunately, the allele frequencies in 
the clusters are very unbalanced because of the size of each 
cluster and the actual allele frequency differences, and this 
can lead to cryptic false positives difficult to resolve with 
substructure and kinship mixed-model analysis as has been 
show for dwarf8 (Larsson et al., 2013).

The Tropical cluster and the B73 cluster contained 
lines with significantly less aflatoxin than the other clus-
ters (Warburton et al., 2013). To ensure that the B73 lines 
did not show reduced aflatoxin due to a heterotic response 
with the Lancaster tester, Va35, GWAS was performed 
with and without the B73 cluster. There were no differ-
ences found in the results of the GWAS performed with 
or without the 23 B73 related lines, and no significant 
SNP associations were lost or gained (data not shown). 
The kinship data included in the Q + K model seems to 
have accounted for both the allele frequency differences 
in different clusters and the possible effects of heterosis 
causing a bias in the results, or the bias was too small to be 
noted in the GWAS results. Because no new SNP associa-
tions were identified at high probabilities, only the results 
of the analysis with all lines were presented here.

Genomic-Wide Association Study  
of Flowering Time
The number of days from planting to midsilk (when 50% 
of the plants had extruding silks) had been recorded to 
inoculate all ears at the same physiological stage. A GWAS 
was performed on days to silking as well, to see if the same 
SNPs would be associated with both aflatoxin levels and 
female flowering time. These data can be found in Supple-
mental Table S5. Two SNP regions associated with female 
flowering time (p < 10−4) on chromosomes 1 and 5 were 
found within one million base pairs of SNPs associated 
with aflatoxin resistance, but since linkage disequilibrium 
values between these SNPs and the aflatoxin-associated 
SNPs were low (0.133 and 0.008 for chromosomes 1 and 
5, respectively), they are probably not influencing that 

association. One SNP was found associated with female 
flowering time (p < 10−5) and was within 80 kb of an afla-
toxin-associated SNP on chromosome 10. Despite being so 
close, the flowering time and the aflatoxin SNPs were not 
in linkage disequilibrium (r2 values were less than 0.013).

Corroborating Evidence for Single 
Nucleotide Polymorphism Associations
If significantly associated SNPs fall within the region of pre-
viously reported QTL identified through biparental linkage 
mapping, this lends weight to the claim that SNP is caus-
ing, or very closely linked to, the trait being mapped. Of 
the four SNP regions with association probabilities under 
FDR, only one on chromosome 2 fell within the interval of 
a significant QTL in previously published mapping popula-
tions (as reviewed in Mideros et al., 2013). The associated 
SNP in bin 2.07 falls within the confidence interval of a 
QTL in two mapping populations, and the resistant form of 
the SNP is found in the resistant parent (Mp313E) and the 
susceptible form of the SNP in the susceptible parents (Va35 
and B73). Not finding a SNP within the region of a previ-
ously reported QTL interval does not disprove the SNP 
effect and may indicate only that it was not polymorphic 
and segregating in the two parents of a given population.

A previous GWAS study, using a panel that contained 
many of the same lines as in the present study, was con-
ducted in different years but some of the same locations 
(Barrero et al., 2015). Unfortunately, many fewer SNPs 
were used in the previous GWAS (only 61K), and many of 
the most significantly associated SNPs in the current study 
were not included. Additionally, aflatoxin resistance was 
not the main focus of the previous study, but grain aflatoxin 
levels were measured in that panel. No SNP–trait associa-
tions with aflatoxin accumulation were found lower than 
FDR, but three SNPs were associated consistently and with 
low p-value in multiple environments. One of these regions 
(within 130 bps) was associated with aflatoxin levels in the 
current study at lower than 9.68  10−4, not a significant 
value but suggestive of corroboration. In addition, one of 
the SNPs found significantly associated in the current study 
(S3_217808272) was associated with aflatoxin levels in two 
environments and the average across environments in the 
Barrero et al. (2015) study (at p = 7.40 10−4).

The frequency of the six significantly associated SNPs 
was investigated in a much larger set of several thousand 
maize inbred lines from the US national seed bank analyzed 
with GBS previously (Romay et al., 2013). There is signif-
icant overlap in the two data sets, but many of the inbred 
lines in the aflatoxin association mapping panel reported 
in the current study are not contained in the US seed bank 
study; the majority of the inbreds unique to the current 
data set are the most aflatoxin accumulation resistant lines. 
Because some of the SNPs are completely linked to each 
other, only five haplotypes were segregating in the inbreds 
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of both data sets. The SNP 2_187449158 (not in any gene) 
was not segregating in the US seed bank data set (Romay 
et al., 2013), and the resistant allele occurred only in the 
aflatoxin association mapping panel at a frequency of 8.1% 
(data not shown) where it appeared to be enriched par-
ticularly in the resistant lines. Many of the resistant alleles 
from the present study are rare in maize in general. The 
resistant allele for SNP 3_217808740 and 3_217808747 in 
gene GRMZM2G052991 was present in 1.9% of the indi-
viduals in the US seed bank data set and in 7.2% of the 
aflatoxin association mapping panel; for SNP 9_117048726 
and 9_117048731 in gene GRMZM2G108619, the resis-
tance allele was present in 7.9% of the in the US seed bank 
data set and 11.0% in the aflatoxin association panel; and 
for SNP 10_91956547 in gene GRMZM2G158141, the 
resistant allele was present in 7.0% of the individuals in the 
US seed bank data set and 9.8% in the aflatoxin association 
panel. This last SNP was the one where the resistant allele 
was most frequent in the US seed bank inbred lines out 
of all significantly associated SNPs and was found across 
diverse (and even some temperate) germplasm, whereas 
the resistance alleles at other associated SNPs were mainly 
found in tropical material (and were always enriched in 
the most resistant lines).

The six SNPs with q-values less than 10% FDR and 
the SNPs in the 25 additional regions have been converted 
to KASP genotyping assays (LGC Genomics) and ordering 
information is available from the author. These can now be 
used for independent confirmation of phenotypic effect in 
near isogenic or recombinant inbred lines or in other afla-
toxin panels. Eventually, they can be used in marker-assisted 
backcrossing of these genes into elite temperate germplasm 
currently lacking sufficient aflatoxin accumulation resis-
tance and possibly to guide a more informed genomic selec-
tion (Snelling et al., 2013). Meanwhile, a pathway analysis 
using all SNP–trait associations from this study is ongoing. 
By including all the genome-wide SNP associations rather 
than those exceeding specific p-values, we hope to high-
light resistance mechanisms that involve metabolic pathways 
associated with reduced aflatoxin accumulation.
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