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Abstract Vitamin E refers to eight distinct compounds
collectively known as tocochromanols and can be fur-
ther divided into two classes, tocotrienols and tocoph-
erols. Tocochromanols are the major lipid-soluble anti-
oxidants in maize (Zea mays L.) grain. Enhancing vita-
min E content of maize through plant breeding has
important implications for human and animal nutrition.
Four inbred lines exhibiting unique variation for
tocochromanol compounds were chosen from the
Goodman maize diversity panel to construct two bipa-
rental mapping populations (N6xNC296 and
E2558xCo125). The N6xNC296 population was devel-
oped to analyze segregation for α-tocopherol and α-
tocotrienol content. The E2558WxCo125 population
was developed to analyze segregation for the ratio of

total tocotrienols to tocopherols. The tocochromanol
variation in two replicates of each population was quan-
tified using liquid chromatography-diode array detec-
tion. Using high-density linkage mapping, novel quan-
titative trait loci (QTL) in the N6xNC296 population
were mapped using tocopherol ratio traits. These QTL
conta in the cand ida te gene homogent i sa te
phytyltransferase (ZmVTE2) within the respective sup-
port intervals. This locus was not mapped in a previous
genome-wide association study that analyzed
tocochromanols in the Goodman diversity panel. Trans-
gressive segregation was observed for γ- and α-
tocochromanols in these populations, which facilitated
QTL identification. These QTL and transgressive seg-
regant families can be used in selection programs for
vitamin E enhancement in maize. This work illustrates
the complementary nature of biparental mapping popu-
lations and genome-wide association studies to further
characterize genetic variation of tocochromanol content
in maize grain.
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Introduction

Tocochromanols represent eight distinct compounds
that are commonly referred to as vitamin E. These eight
compounds are grouped into two classes, tocotrienols
(α-, β-, γ-, and δ-tocotrienol) and tocopherols (α-, β-,
γ-, and δ-tocopherol) (Kamal-Eldin and Appelqvist

Mol Breeding (2018) 38: 31
https://doi.org/10.1007/s11032-018-0780-7

M. E. Fenton (*) : B. F. Owens : T. Rocheford
Department of Agronomy, Purdue University, West Lafayette, IN
47907, USA
e-mail: fentonm@purdue.edu

A. E. Lipka
Department of Crop Sciences, University of Illinois, Urbana, IL
61801, USA

D. Ortiz :M. G. Ferruzzi
Department of Food Science, Purdue University, West Lafayette,
IN 47907, USA

T. Tiede
Department of Agronomy and Plant Genetics, University of
Minnesota, Saint Paul, MN 55108, USA

M. Mateos-Hernandez
Monsanto Company, Stonington, IL 62567, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11032-018-0780-7&domain=pdf


1996). The role of tocochromanols in plants as potent
antioxidants has been well-documented (Falk and
Munné-Bosch 2010; Fryer 1992; Munné-Bosch and
Alegre 2002). Studies in Arabidopsis demonstrated that
the primary role of tocochromanols in plants is to protect
the seed from lipid peroxidation, which can result in a
gradual loss of seed viability (Sattler et al. 2004). There
is also evidence that tocochromanols also have a role in
quenching singlet oxygen in adult plants thereby reduc-
ing photo-oxidative damage to photosystem II and in-
creasing overall photosynthetic efficiency (Havaux et al.
2005).

Tocochromanols are an essential nutrient in the hu-
man diet. Vitamin E deficiency in humans is rare but
does occur when an individual is severely malnourished
or has a genetic condition involving the dysfunction of
α-tocopherol transferase. In these instances, a neurode-
generative disease known as ataxia with vitamin E de-
ficiency (AVED) can develop (Ouahchi et al. 1995).
Some tocochromanols have been shown to prevent ox-
idative damage to cells and are also associated with a
reduction in deaths from cancer (Borek 2004; Kline
et al. 2007; Wright et al. 2006) and coronary heart
disease (Emmert and Kirchner 1999). Tocochromanol
structure influences vitamin E activity, with α-
tocopherol having the highest activity (Eitenmiller
1997) because of its preferential retention during diges-
tion (DellaPenna 2005).

Maize is a staple food crop of global importance.
Current maize varieties that produce grain for human
consumption do not provide sufficient levels of vitamin
E to meet recommended dietary requirements
(Fitzpatrick et al. 2012). However, maize germplasm
exhibits a substantial amount of tocochromanol varia-
tion (Chander et al. 2008; Li et al. 2012; Wong et al.
2003; Lipka et al. 2013) that can be exploited to improve
the vitamin E content of this staple crop through
biofortification (Bouis and Welch 2010). Genetic anal-
ysis of tocochromanol variability in maize grain will
facilitate the identification of chromosomal targets for
marker-assisted selection, which could ultimately expe-
dite the production of maize grain with improved vita-
min E status.

The first quantitative trait loci (QTL) study to analyze
the natural variation of tocopherols in maize utilized
composite interval mapping (CIM) in a F2:4 biparental
mapping population with a genetic map containing 163
markers (Wong et al. 2003). Numerous QTL were iden-
tified, most notably those with the largest effects

residing on chromosome 1 and 5, where maize γ-
tocopherol methyl transferase (ZmVTE4) and p-
hydroxyphenylpyruvic dioxygenase (ZmHPPD) were
later located. A subsequent study (Chander et al. 2008)
used a biparental recombinant inbred line (RIL) popu-
lation and a genetic map with 203 markers, including
tocochromanol biosynthetic gene-targeted markers. Of
the 31 QTL identified in this study, ten contained
ZmVTE4, ZmVTE5 (phytol kinase), or ZmHPPD within
their support intervals (Chander et al. 2008). More re-
cently, a QTL study using two F2:3 biparental mapping
populations that shared a common parent and a high-
density linkage map constructed from 1536 single-
nucleotide polymorphism (SNP) markers located 30
QTL associated with various tocopherols, some of
which contained ZmVTE4 and ZmHPPD in the support
intervals (Shutu et al. 2012).

Genome-wide association studies have been con-
ducted to analyze tocochromanol content in maize.
The first reported tocochromanol genome-wide associ-
ation study (GWAS) in maize analyzed tocopherols in
500 diverse maize inbred lines and identified three poly-
morphisms associated with α-tocopherol variation, two
indels within ZmVTE4, and another SNP that is approx-
imately 85 kb upstream of ZmVTE4 (Li et al. 2012). A
more recent GWAS (Lipka et al. 2013) provided a
comprehensive analysis of tocochromanol genetic archi-
tecture in maize by analyzing six tocochromanol com-
pounds and 14 derived sums, ratios, and proportions in
the Goodman diversity panel, which consists 281 lines
(Flint-Garcia et al. 2005). This study reported the first
association for tocotrienols in maize and strengthened
the evidence for the association between ZmVTE4 and
α-tocopherol.

The objective of this research was to locate QTL
responsible for tocochromanol variation in maize. Two
biparental mapping populations were created specifical-
ly for this purpose, with parents of the respective popu-
lations representing contrasting phenotypes for two dif-
ferent tocochromanol traits. Both populations were
phenotyped using liquid chromatography for tocopherol
and tocotrienol content of the maize grain and a de novo
genetic map was constructed for each population from
genotyping-by-sequencing (GBS)-produced sequence
data (Elshire et al. 2011). To our knowledge, this re-
search represents the first QTL mapping study in maize
where all tocochromanols were included in the analysis,
rather than just tocopherols. We hypothesized that these
methods would allow (1) associations with additional
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loci to be detected through the inclusion of measurement
of additional tocochromanol compounds and calculated
sums and ratios of those compounds, and (2) the use of
GBS-derived higher marker density genotypic data
would allow for narrower QTL intervals than was pre-
viously possible thus allowing for finer resolution of the
genetic architecture.

Materials and methods

Germplasm

The tocochromanol phenotypic data (Lipka et al. 2013)
collected on the Goodman diversity panel and the foun-
der parents of the maize nested association mapping
population (NAM) (McMullen et al. 2009) were used
to identify four lines that exhibited variation for
tocochromanol compounds of interest. These lines
(N6, NC296, E2558W, and Co126) were selected for
unique tocochromanol variation that was not present in
the NAM founders and was used to create two biparen-
tal mapping populations. The parents of the N6xNC296
population exhibited extremely low and high levels of
α-tocopherol and α-tocotrienol in the grain, whereas the
parents of the E2558WxCo125 population exhibited
extremely high and low ratios of total tocopherols to
total tocotrienols in the grain, relative to the other lines
measured.

For each population, F2:3 families were produced by
crossing the two respective parents to generate F1 seed.
The F1 seed was planted and self-pollinated to produce
F2 seed which was planted and self-pollinated to pro-
duce F2:3 progeny. The planted population size was 231
F2:3 families for N6xNC296 and E2558WxCo125. Af-
ter filtering for missing genetic and phenotypicmeasure-
ments, the final dataset of the N6xNC296 population
consisted of 213 F2:3 families and for E2558WxCo125
consisted of 197 F2:3 families.

Field experimental design

One replicate of the N6xNC296 population and two
replicates of the E2558WxCo125 population were
grown during the summer of 2012 at the Purdue Agron-
omy Center for Research Education (ACRE) in West
Lafayette, Indiana, USA. The second replicate of the
N6xNC296 F2:3 was grown during the summer of
2013 at ACRE in West Lafayette, Indiana, USA. The

experiment was planted in an augmented incomplete
block design (Federer and Raghavarao 1975) with each
block containing both of the respective population par-
ents. Each replicate of the population consisted of 11
blocks. Within each block, there were 21 individuals
and four checks, representing two checks for each of the
respective parents. This design resulted in 231 individ-
uals and 44 checks per replicate.

Tocochromanol analysis

The two mapping populations, including experimental
checks, were analyzed by liquid chromatography (LC)
for α-tocopherol (αT), δ-tocopherol (δT), γ-tocopherol
(γT), α-tocotrienol (αT3), δ-tocotrienol (δT3), and γ-
tocotrienol (γT3). The high-throughput extraction
method and subsequent LC analysis were conducted as
previously described (Lipka et al. 2013) with modifica-
tions detailed here. Approximately 20 g of maize grain
samples was ground from a bulk of each F2:3 family
using a commercial Foss Cyclotec 1093 sample mill
(ThermoFisher Scientific, Waltham, MA). The ground
samples were stored in cryogenic Poly-Con containers
for long-term storage at − 80 °C until ready for LC
analysis (US Plastic, Lima, Ohio). Extraction and LC
solvents (Sigma-Aldrich, St. Louis, MO) used were
certified HPLC grade. For extraction of the
tocochromonal compounds, 15–20 mg of ground maize
seed was transferred into a 1.4-ml U-bottom bar-coded
extraction tube (Micronic USA, Aston, PA) containing
two glass beads (5 mm size). Four hundred microliters
of extraction solution was added to each tube. The
extraction solution is composed of 60:40 v:v
acetone:ethyl acetate containing 1 mg/mL of butylated
hydroxytoluene (Sigma-Aldrich, St Louis, MO). In ad-
dition, 150 μL of HPLC grade water (Sigma-Aldrich,
MO) was added to each tube. The 96-well plate of
samples was capped with strip caps and shaken on a
TissueLyser at 20 Hz for 10 min. Samples were centri-
fuged for 10 min at 250g in a Sorvall Legend RT
centrifuge (Kendro Laboratory Products, Newtown,
CT). After centrifugation, 200 μL of the upper organic
phase was transferred into a 750-μL tube and dried in a
Speedvac (ThermoFisher Scientific, Waltham, MA) at
room temperature for approximately 30 min. The dried
samples were re-suspended by shaking on a microplate
shaker for 15 min at 2000 rpm in 100 μL of re-
suspension solution which consisted of 3:1 v:v
methanol:methyl tert-butyl ether. The plates were then
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centrifuged for 5 min at 2500g and the supernatant
transferred to a microtiter plate.

For LC analysis, 10 μL of the re-suspended extrac-
tion was injected into a Shimadzu HPLC LC-20AD
(Shimadzu, Kyoto, Japan). The tocochromonal com-
pounds were separated on a YMC 3.0 × 100 mm C30

reverse-phase column with a 3-μm particle size (YMC,
Kyoto, Japan). The column oven temperature during
separation was 30 °C. Mobile phase A consisted of
methyl tert-buthyl ether. Mobile phase B consisted of
90:10 (v:v) of methanol:ammonium acetate (1 M,
pH 4.6). The mobile phases were pumped at a rate of
0.8 mL/min using the following gradient: 0 to 12 min at
0% B to 60% B, 12 to 17.5 min at 60% B to 22.5% B,
17.5 to 19.5 min at 22.5% B to 100% B, and 19.5 to
21 min at 100% B, followed by re-equilibration of
mobile phase A. The tocochromanol compounds were
detected using a Shimadzu (Kyoto, Japan) RF-535 fluo-
rescence detector with 290-nm excitation and 325-nm
emission wavelengths. The tocochromanols were quan-
tified using external standard curves constructed with
authentic standards of αT, δT, γT, αT3, δT3 (Sigma-
Aldrich, St Louis, MO), and γT3 (Cayman Chemical,
Ann Arbor MI). The reverse-phase LC conditions ap-
plied in this study could not completely resolve β-
tocochromanols and γ-tocochromanols, and therefore,
the β-tocochromanols were not measured. β-
Tocochromanols are considered a minor component in
maize, and the γ-tocochromanols present as the primary
components in the maize tocochromonal profile and the
exclusion of β-tocochromanols in our analysis is con-
sistent with previous studies on maize tocochromanols
(Lipka et al. 2013; Shutu et al. 2012; Li et al. 2012;
Chander et al. 2008). This procedure was used to ana-
lyze one sample from each field plot of the two repli-
cates of each population.

Phenotypic data analysis

A total of 20 phenotypic traits were analyzed, including
the six primary phenotypes (αT, δT, γT, αT3, δT3, and
γT3) and 14 derived sums, ratios, and proportions. The
sums included total tocopherols (TT), total tocotrienols
(TT3), and total tocochromanols (TT + TT3). The ratios
of biological relevance for tocochromanol analysis are
αT/γT, αT3/γT3, γT/(γT + αT), γT3/(γT3 + αT3),
δT/(γT +αT), δT/αT, δT/γT, δT3/(γT3 +αT3), δT3/
αT3, δT3/γT3, and TT/TT3 (Lipka et al. 2013). In
individuals where the δT and δT3 levels were below

detection limits, a uniformly distributed random number
was assigned that was between zero and the minimum
level of detection (Lubin et al. 2004). Studentized delet-
ed residuals (Kutner et al. 1996) were obtained by fitting
a mixed linear model using SAS version 9.3 (SAS
Institute 2012) with the genotypes and blocks set as
random effects, and the checks set as fixed effects. The
studentized deleted residuals were used to identify out-
liers in the final dataset. The heritability (h2) of each trait
was calculated on a line-mean basis using the Gibbs
sampling algorithm (Casella and George 1992;
Sorensen et al. 1994; Yang et al. 2007).

Best linear unbiased predictors (BLUPs) of each trait
for each line were predicted from a random effects
model analysis across environments in ASReml version
3.0 (Gilmour et al. 2009) using the following model:

Yijk ¼ μ þ geni þ env j þ gen� envð Þij þ εijk ;

where Yijk is an individual observation, μ is the overall
mean, geni is the main effect of the ith genotype, env is
the main effect of the jth environment, (gen × env)ij is
the two-way interaction effect between the ith genotype
and jth environment, and εijk denotes the random error
term. All terms in the model except for the intercept are
random.

Genotyping and genetic map construction

The genotypes representing the F2 generation of the
N6xNC296 and E2558WxCo125 populations were de-
rived from bulking tissue samples from ten F2:3 plants.
The genotypes were determined using the genotyping-
by-sequencing (GBS) procedure (Elshire et al. 2011)
performed at The Institute for Genomic Diversity at
Cornell University, in addition to the bioinformatics
analysis for calling single-nucleotide polymorphism
(SNP) markers. The original genotypic dataset for
N6xNC296 and E2558WxCo125 consisted of 955,690
SNPs for each population.

The Full-Sib Family Haplotype (FSFHap) imputa-
tion method was used to correct for the high degree of
missing data and undercalled heterozygotes that are
prevalent in GBS data (Swarts et al. 2014). The impu-
tation and subsequent filtering of SNPs were conducted
in Trait Analysis by Association, Evolution and Linkage
(TASSEL) version 5.0 (Bradbury et al. 2007). Before
imputation was conducted, any SNP or individual that
had more than 20% missing data was filtered out.
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Imputation and subsequent filtering for minor allele
frequencies (MAF) less than 0.30 resulted in 89,125
SNPs for the N6xNC296 population and 76,081 SNPs
for the E2558WxCO125 population that was polymor-
phic between the parents of the respective mapping
population.

A subset of SNPs was selected that gave high-density
coverage of the genome for each population. Redundant
SNP markers were identified and removed using a cus-
tomized R script (R Development Core Team 2011).
OneMap was used to calculate recombination fractions,
form linkage groups, test for segregation distortion,
order the markers, and estimate genetic maps
(Margarido et al. 2007). The recombination fractions
were converted to map distance using the Kosambi
mapping function (Vinod 2011). Markers that tested
significant for segregation distortion using a Bonferroni
correction were removed. The COMPARE and TRY
algorithms (Lander and Kruglyak 1995) were used in
OneMap to order the markers in their respective linkage
groups.

Quantitative trait loci analysis

Quantitative trait loci mapping was performed to iden-
tify chromosomal regions that contribute to
tocochromanol variation in maize. The QTL analyses
were conducted using the standard model (6) in QTL-
Cartographer (Basten et al. 1994) to conduct composite
interval mapping (CIM) with a walking speed of one
centimorgan (cM) (Zeng 1993, 1994). The model in-
cluded up to five marker covariates, which entered and
exited the model based on forward and backward re-
gression model fitting, to account for variation within a
three cM window. The significance thresholds were
determined for each trait individually using 1000 per-
mutation tests in each of the populations (Churchill and
Doerge 1994). The QTL analysis was conducted on the
BLUPs that represent a combined data point of the two
replications of each population. The QTL that exceeded
the permutation thresholds were reported, and for each
QTL, the one logarithm of odds (LOD) support interval,
additive effect, dominance effect, and cM position were
estimated. The markers immediately flanking the sup-
port interval were manually identified. The physical
position of each SNP marker, according to the B73
reference genome v2 (Lai et al. 2010), was used to
identify a physical position interval. The physical posi-
tions of the tocochromanol biosynthetic genes were

determined from the Maize Genomic Database (Maize
GDB) (Andorf et al. 2010). The presence of putative
tocochromanol biosynthetic genes in the one LOD sup-
port intervals was reported.

Results

Phenotypic variability

The N6xNC296 population was created to analyze var-
iation for α-T and α-T3. The α-T content for the paren-
tal checks (n = 22) was 5.97 and 51.89 μg/g for N6 and
NC296, respectively. The α-T content for the entire
N6xNC296 F2:3 population was 33.08 μg/g, and ranged
from 9.4 to 90.91 μg/g for individual families. Theα-T3
content was 23.54 and 66.55 μg/g for N6 and NC296,
respectively. The α-T3 content for this population was
46.34 μg/g and ranged from 28.86 to 76.27 μg/g. Thus,
α-T and α-T3 both showed transgressive segregation to
the high end of their phenotypic distributions, but not to
the low end. This pattern of transgressive segregation
was also observed for αT, γT, and αT3 in the
N6xNC296 population (Table 1).

The E2558WxCo125 population was created to
study variation in the ratio of total tocotrienols to total
tocopherols (TT/TT3). The observed TT/TT3 was 0.92
and 8.29 for E2558W and Co125 parental checks (n =
22), respectively. The TT/TT3 for the population was
5.51 and ranged from 5.39 to 9.26, which indicates
transgressive segregation at the high end of the distribu-
tion (Table 2).

Genetic linkage map

A de novo high-density genetic map was constructed for
each population. The original genotypic dataset for the
N6xNC296 population had 57% missing data and only
1% heterozygous SNPs. After filtration and imputation
with FSFHap, there were 0% missing data and 58%
heterozygous SNPs. The genetic map for the
N6xNC296 population (Fig. 1) consists of 1280 SNP
markers, with an average marker spacing of 1.08 cM.
Similarly, the original genotypic dataset for the
E2558WxCo125 population had 55% missing data
and 1% heterozygous SNPs. After filtration and impu-
tation with FSFHap, there was 0% missing data and
56% heterozygous SNPs. The genetic map for the
E2558WxCo125 population (Fig. 2) consists of 1249
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markers, with an average spacing of 1.1 cM between
markers (Table 3).

Quantitative trait loci analysis

For the N6xNC296 population (Table 4), a total of 31
QTL were detected that contained a tocochromanol
biosynthetic gene or explained substantial phenotypic
variation for the primary traits. Two QTL were detected
for the ratio trait, δT3/(γT3 +αT3). One QTL explained
25% of the phenotypic variation for δT3/(γT3 +αT3)
and contained homogentisic acid geranylgeranyl trans-
ferase (ZmHGGT1) in the 5.1 cM support interval on
chromosome 9. For TT3, a QTL on chromosome 9 was
mapped that explained 22% of the variation and
contained homogentisate phytyltransferase (ZmVTE2)
in the 2.8 cM support interval. For γT/(γT +α)T, a
QTL on chromosome 5 explained 53% of the pheno-
typic variation and contained γ-T methyl transferase

(ZmVTE4) within the support interval. A QTL was
mapped on chromosome 5 that explained 5% of varia-
tion for αT but did not contain a known tocochromanol
biosynthetic gene in the 7.7 cM support interval. An-
other QTL was detected on chromosome 5 that ex-
plained 14% of the αT3 variation and also did not
contain a known tocochromanol biosynthetic gene in
the 4.1 cM support interval.

For the E2558WxCo125 population (Table 5), a total
of 58 QTL were detected, with those that contained a
tocochromanol biosynthetic gene or explained substan-
tial phenotypic variation for primary traits presented
here. A QTL for TT3 on chromosome 5 contained
hydroxyphenylpyruvate dioxygenase (ZmHPPD1) in
the 12 cM support interval. A QTL for TT/TT3 on
chromosome 5 explained 10% of the phenotypic varia-
tion but did not contain a known tocochromanol bio-
synthetic gene. One QTL for TT was mapped on chro-
mosome 2 and explained 4% of the phenotypic

Table 1 Descriptive statistics for the N6xNC296 parents and population BLUPs

Traits N6 NC296 Mean Range Standard deviation
N6xNC296 BLUPs

δT3 6.53 1.50 8.22 5.45–4.77 4.36

γT3 220.82 48.38 89.81 58.29–185.8 18.97

αT3 23.54 66.55 46.34 28.86–76.27 8.85

δT 3.51 0.38 1.12 0.58–2.86 0.28

γT 30.32 17.38 2.86 15.34–77.23 9.41

αT 5.97 51.89 33.08 9.4–90.91 16.08

TT 254.65 64.57 66.18 33.88–121.91 17.50

TT3 308.39 116.43 144.42 101.55–262.86 23.86

TT + TT3 563.04 181.00 210.57 154.56–305.68 26.27

αT/γT 0.19 4.67 2.56 2.35–6.35 0.50

αT3/γT3 0.10 1.69 0.66 0.22–1.57 0.19

γT/(γT +αT) 0.85 0.26 0.53 0.3–0.78 0.11

γT3/(γT3 +αT3) 0.92 0.42 0.65 0.44–0.86 0.07

δT/(γT +αT) 0.12 0.01 0.02 0.01–0.08 0.01

δT/αT 1.38 1.36 0.12 0.1–0.37 0.03

δT/γT 0.14 0.01 0.03 0.02–0.1 0.01

δT3/(γT3 +αT3) 0.26 0.01 0.05 0.02–0.23 0.03

δT3/αT3 3.65 0.06 0.64 0.25–3.74 0.34

δT3/γT3 0.28 0.01 0.05 0.02–0.23 0.03

TT/TT3 0.83 0.50 0.55 0.2–1.47 0.22

The mean (μg/g) of the population parents for the N6 x NC296 population, in comparison to the mean, range, and standard deviation of the
calculated BLUPs for theN6xNC296 population for all measured and derived traits. The traits includeα-tocopherol (αT), δ-tocopherol (δT),
γ-tocopherol (γT), α-tocotrienol (αT3), δ-tocotrienol (δT3), γ-tocotrienol (γT3), and respective sums (total tocopherols (TT), total
tocotrienols (TT3), and total tocochromanols (TT + TT3)) and ratios that comprise the 20 phenotypic traits
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variation. Two QTL for TT3 were mapped on chromo-
somes 5 and 8 and explained 7 and 5% of the variation,
respectively.

Discussion

The approach for this study originated from review of
tocochromanol content data on the Goodman diversity
panel and founders of the maize NAM population.
These data revealed maize lines in the Goodman diver-
sity panel that exhibited unique variation for
tocochromanol compounds of interest. A GWAS was
conducted on the Goodman diversity panel for
tocochromanol compounds and the respective sums,
ratios, and proportions to explore the genetic architec-
ture of these traits (Lipka et al. 2013). A limitation of
this GWASwas that it used an underpowered population

of 252 inbreds, which limits ability to detect rare caus-
ative alleles. Therefore, to complement the GWAS and
gain a better understanding of the genetic architecture of
tocochromonal accumulation in maize, the N6xNC296
and E2558WxCo125 populations were developed and
analyzed.

Genetic architecture of tocochromanols in maize

The populations analyzed both displayed transgressive
segregation for traits of interest. This transgressive seg-
regation facilitated mapping of the genetic architecture
of tocochromanols in maize. The analysis of the
N6xNC296 mapping populations revealed QTL for T3
and TT/TT3 that contained a putative homogentisate
phytyltransferase (ZmVTE2) gene in the support interval
that previously has not been associated with these traits
in maize. The ZmVTE2 and ZmHGGT1 genes lie within

Table 2 Descriptive statistics for the E2558WxCo125 parents and population BLUPs

Traits E2558W Co125 Mean Range Standard deviation
E2558WxCo125

δT3 10.60 0.30 5.52 2.12–33.5 5.92

γT3 102.55 2.32 64.55 22.03–171.8 38.94

αT3 53.74 10.45 28.29 16.89–48.41 6.04

δT 4.11 2.44 3.08 1.49–9.9 1.17

γT 40.98 87.61 49.96 37.75–71.06 5.40

αT 36.57 35.83 39.16 28.34–56.52 4.72

TT 147.63 92.37 92.29 74.67–113.78 6.75

TT3 166.88 12.78 98.28 39.29–244.79 49.03

TT + TT3 314.51 105.15 190.28 99.62–363.76 50.72

αT/γT 0.93 0.69 0.95 0.69–1.98 0.19

αT3/γT3 0.51 7.19 26.15 15.09–94.1 4.44

γT/(γT +αT) 0.53 0.68 0.43 0.13–0.03 0.33

γT3/(γT3 +αT3) 0.67 0.18 0.52 0.12–0.85 0.22

δT/(γT +αT) 0.06 0.02 0.03 0.01–0.07 0.01

δT/αT 0.13 0.07 0.09 0.05–0.29 0.03

δT/γT 0.11 0.03 0.06 0.02–0.12 0.02

δT3/(γT3 +αT3) 0.06 0.00 0.03 0.02–0.12 0.02

δT3/αT3 0.18 0.00 0.32 0.32–0.44 0.01

δT3/γT3 0.09 0.00 0.65 0.45–3.27 0.53

TT/TT3 0.92 8.29 5.51 5.39–9.26 0.39

The mean (μg/g) of the population parents for the E2558WxCo125 population, in comparison to the mean, range, and standard deviation of
the calculated BLUPs for the N6xNC296 population for all measured and derived traits. The traits include α-tocopherol (αT), δ-tocopherol
(δT), γ-tocopherol (γT), α-tocotrienol (αT3), δ-tocotrienol (δT3), γ-tocotrienol (γT3), and respective sums (total tocopherols (TT), total
tocotrienols (TT3), and total tocochromanols (TT + TT3)) and ratios that comprise the 20 phenotypic traits
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15 megabases from each other on chromosome 9, and
previously, it may not have been possible to resolve the
positions of two distinct QTL without the use of a high-
density linkage map. In the tocochromanol biosynthetic
pathway, ZmVTE2 condenses homogentisic acid with

phy t y l d i pho spha t e t o y i e l d 2 -me t hy l - 6 -
phytylbenzoquinol (MPBG), which is the precursor for
tocopherols. Given that the ZmVTE2 was associated
with a QTL for total tocotrienols and the ratio of total
tocotrienols to total tocopherols, the gene mapped here

Fig. 1 The high-density geneticmap for theN6xNC296 population. The left side of the chromosome is the centimorgan (cM) position of the
marker and the right side is the marker name

Fig. 2 High-density genetic map for the E2558WxCo125 population. The left side of the chromosome is the centimorgan (cM) position of
the marker and the right side is the marker name

31 Page 8 of 14 Mol Breeding (2018) 38: 31



may indicate that one parent has a weaker allele that
sends more flux into the tocotrienol branch of the path-
way. Notably, the associated SNP positions relative to
the reference genome indicate ZmHGGT1 is outside of
the T3 and TT/TT3 QTL intervals, providing some
support for ZmVTE2 as a candidate gene. However,
further work needs to be performed to be able to con-
clude that polymorphic regions in ZmVTE2 segregate
with the phenotype.

Results from the two mapping populations support
some associations previously reported in GWAS and
QTL studies of tocochromanol variation in maize grain.
Results from the N6xNC296 population further
strengthened previous associations of tocotrienol traits
with ZmVTE1, ZMVTE4, and ZmHGGT1, and from the
E2558WxCo125 population further strengthened previ-
ous associations of tocotrienol traits with ZmVTE1,
ZmVTE4, and ZmHPPD (Wong et al. 2003; Chander
et al. 2008; Shutu et al. 2012; Lipka et al. 2013).

High-density linkage mapping with GBS produced
SNPs

The F2:3 generation of each population was sequenced
using GBS that was used to produce two high-density
genetic maps. The GBS procedure has commonly been
used in maize to genotype individuals for GWAS, and
due to the low cost, it is gaining popularity for

genotyping biparental mapping populations for QTL
analysis. A limitation of the low coverage multiplexing
GBS procedure is that it results in a high degree of
missing genotypic information and heterozygous loci
in individuals that are undercalled (Nielsen et al.
2012). This occurs because in order to call heterozy-
gotes correctly, the sample must be covered by at least
two reads which should come from sister chromatids.
With next-generation sequencing methods like GBS,
there is a greater chance that only one of the two sister
chromatids of a diploid individual is sampled at a spe-
cific base pair position (Nielsen et al. 2011). Specifical-
ly, when using GBS in maize, it is expected that only
12% of the genome will be sampled two or more times
and this introduces error when identifying heterozygous
individuals (Swarts et al. 2014). To overcome these
limitations of GBS, imputation was used. The research
presented here used an imputation method called
FSFHap that utilizes the hidden Markov model and the
Viterbi algorithm to impute missing data and improve
heterozygote calling (Swarts et al. 2014). The low-cost
sequencing information available from GBS was im-
proved with this imputation approach so that accurate
high-density genetic maps could be constructed.

Increased QTL resolution with high-density linkage
mapping

High-density genetic maps with an average interval
spacing of one cM or less have been reported to provide
increased QTL resolution, improved effect estimates for
QTL, and increased power to resolve closely linked
QTL (Stange et al. 2013). In the N6xNC296 population,
using 213 F2:3 families and 1280 markers, we detected a
QTL associated with γT/(γT + αT) that contained
ZmVTE4 in a support interval of 1.4 cM. An earlier
study on a biparental population of 233 recombinant
inbred lines with 201 markers reported a QTL associat-
ed with α-T that contained ZmVTE4 within a support
interval of 10 cM (Chander et al. 2008). Another linkage
mapping study detected QTL associated with αT, γT,
and αT /γT that contained ZmVTE4 in a 14.6-cM inter-
val (Shutu et al. 2012). This study used two populations
of 237 and 218 F2:3 families with a common parent and
468 and 357 markers on each population, respectively.
Our study provides results consistent with these earlier
reports, and our higher-resolution mapping provides
more precise support of ZmVTE4 as a candidate gene
for tocochromanol traits involving αT and γT.

Table 3 The total marker number and length in centimorgans
(cM) of the N6xNC296 and E2558WxCo125 genetic maps

Maize
Chromosome

N6xNC296 E2558WxCo125

No. of
markers

cM No. of
markers

cM

1 190 186.28 180 193.21

2 159 159.31 157 173.24

3 108 136.04 98 130.95

4 132 143.12 138 141.4

5 143 159.37 127 139.65

6 95 104.9 115 122.12

7 146 144.79 136 128.45

8 108 123.39 127 123.39

9 109 114.16 105 119.0

10 90 107.45 66 94.72

Total 1280 1378.81 1249 1366.13
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The complementary nature of GWAS and linkage
mapping

Previous GWAS in maize has provided useful informa-
tion on genetic architecture of tocochromanols (Li et al.
2012; Lipka et al. 2013). Yet notably, there are QTL
detected in experimental biparental crosses that are not
detected in diverse association panels used in GWAS

(Gibson 2012). Amain limitation of GWAS is that in the
case of small sample size, there is not enough statistical
power to detect certain QTL. This is especially true
when causal variants have a low MAF (Yang et al.
2010). This limitation may be overcome by utilizing
traditional composite interval mapping in biparental
populations. Biparental populations by design increase
the probability of detecting rare alleles (Gibson 2012).

Table 4 The QTL detected using BLUPs calculated from replicates 1 and 2 of the N6xNC296 population

Trait Chr Peak Add. Dom. LOD R2 Interval Gene

δT/αT 1 20.4 − 0.0155 − 0.0092 4.5998 0.0261 18.8–23.9

δT3 1 32.9 − 1.5389 − 1.378 4.4643 0.0124 28.9–34.2

TT 1 32.9 − 8.6231 − 5.1992 4.4153 0.0231 28.8–35

TT3 1 120.8 − 1.2139 8.1083 3.9844 0.0462 112.5–121.5

αT/γT 5 44.1 − 0.3103 − 0.1653 7.3323 0.0457 42.3–47

δT 5 47.9 0.173 − 0.0708 7.8361 0.202 46.9–50 ZmVTE4

γT 5 49 7.0526 − 1.6849 12.4773 0.2497 47.9–49.6 ZmVTE4

γT/(γT +αT) 5 49 0.1219 − 0.0211 30.0685 0.5285 47.9–49.3 ZmVTE4

δT/αT 5 51.1 0.0139 − 0.0116 4.8678 0.1329 50–53.1

δT/(γT +αT) 5 58.5 0.003 − 0.0014 5.1273 0.1298 56.1–60.2

αT3/γT3 5 58.5 − 0.1386 0.0032 12.4896 0.198 56.6–60.9

γT3/(γT3 +αT3) 5 58.9 0.0522 − 0.0136 15.753 0.2656 57.7–60.9

αT3 5 63.6 − 4.7956 1.2882 6.4274 0.1397 59.8–63.9

TT + TT3 5 76.5 − 10.6521 0.7528 3.9802 0.0701 75.6–78.6

δT3/(γT3 +αT3) 5 84.1 0.0135 − 0.0035 4.5435 0.089 83.4–86.4

δT3/γT3 5 84.1 0.0135 − 0.0035 4.5435 0.089 83.4–86.4

γT 5 101 − 6.1383 2.4175 11.9285 0.2565 99.4–102.5

αT 5 101 − 6.3496 − 0.0856 4.3852 0.0553 95.9–103.6

TT3 5 101 − 11.8006 2.5347 12.1736 0.2307 98.8–103.5

TT/TT3 5 103.6 − 0.1368 0.0149 10.5323 0.164 100.8–107.4

δT/γT 6 58.9 − 0.009 − 0.0011 4.6356 0.0615 57.7–59

TT + TT3 7 70.2 10.3374 7.1227 5.0694 0.0204 66.6–72.5

γT3 7 71.1 15.7217 4.8532 6.6272 0.0078 69.6–72.2

TT 7 71.1 18.6025 4.3629 5.9818 0.0246 69.4–73.9

γT3/(γT3 +αT3) 9 53.7 0.0486 − 0.0036 13.5366 0.1958 51.9–55.9

αT3/γT3 9 57 − 0.1129 0.0011 9.3732 0.1416 56.2–59.3

TT3 9 64.5 18.4211 1.6148 14.8285 0.2167 62.8–65.6 ZmVTE2

TT/TT3 9 64.5 14.1679 4.6579 8.2433 0.0801 61–65.4 ZmVTE2

δT3 9 70.3 2.6853 − 0.432 8.1396 0.1732 67–74.8 ZmHGGT1

δT3/(γT3 +αT3) 9 70.3 0.0239 − 0.0047 11.7085 0.2505 68.4–73.5 ZmHGGT1

δT3/γT3 9 70.3 0.0239 − 0.0047 11.7085 0.2505 68.4–73.5 ZmHGGT1

The columns respectively from right to left are the trait, chromosome (Chr), the peak position of the QTL in centimorgans (cM), additive
effect, dominance effect, the logarithm of odds (LOD), phenotypic variance explained by the QTL (R2 ), the one LOD support interval (cM),
and the tocochromanol biosynthetic gene located in the support interval (when applicable). The traits include α-tocopherol (αT), δ-
tocopherol (δT), γ-tocopherol (γT), α-tocotrienol (αT3), δ-tocotrienol (δT3), γ-tocotrienol (γT3), and respective sums (total tocopherols
(TT), total tocotrienols (TT3), and total tocochromanols (TT + TT3)) and ratios that comprise the 20 phenotypic traits
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Table 5 The QTL detected using BLUPs calculated from replicates 1 and 2 of the E2558WxCo125 population

Trait Chr Peak Add. Dom. LOD R2 Interval Gene

αT/γT 1 81.6 4.5954 − 1.3092 2.9371 0.001 80.7–82.9

αT 1 101.6 9.376 9.942 4.4497 0.0039 100.2–104.2

γT3 1 102.6 15.7377 10.721 4.2357 0.0066 100.3–103.9

TT + TT3 1 102.6 9.844 14.3356 2.843 0.0005 99.7–105

δT3/γT3 1 162.1 − 4.6214 − 15.3552 2.6272 0.0038 158.7–163.8

TT 2 35.3 − 159.3445 − 163.4506 3.0273 0.0374 33.3–38.5

αT3/γT3 2 46.5 − 178.6463 − 254.543 5.5703 0.1651 46.5–49.6

αT3/γT3 2 57.6 − 119.8855 − 174.915 2.8394 0.0241 55.7–59.2

αT3/γT3 3 55.6 − 0.379 − 0.0837 3.0092 0.0303 51.6–56.5

δT 3 64.3 − 0.0047 0.0002 6.2651 0.0826 62.5–65.6

δT(γT +αT) 3 64.3 − 0.0067 0.0003 5.2905 0.0763 62.4–65.7

δT/γT 3 64.3 − 0.0146 − 0.0029 5.6703 0.0571 63–65.6

δT/αT 4 34.4 − 0.0766 − 0.15 3.026 0.001 33.8–39

TT/TT3 5 35.9 0.007 − 0.006 3.5329 0.0994 35.7–37.3

δT3(γT3 +αT3) 5 45.3 0.0048 0.0017 3.3578 0.0231 44.4–47.9

δT/γT 5 49.4 0.1184 − 0.0211 9.6337 0.1853 47.2–51 ZmVTE4

αT/γT 5 51.2 2.8046 − 0.3588 6.9592 0.1568 49.1–52.2 ZmVTE4

αT 5 53.5 0.0049 0.0006 2.9199 0.0299 49.4–58.8

δT/γT 5 60.9 131.2199 − 102.343 2.9231 0.0792 58.9–62.1

αT3/γT3 5 70.6 2.3963 − 0.3049 3.8556 0.0643 69.4–74.3 ZmVTE1

δT3 5 70.6 14.8003 6.8286 2.6789 0.0141 69.2–71.7 ZmVTE1

TT + TT3 5 74.5 0.6751 0.0601 7.6335 0.0974 72–78.4

δT 5 75.6 5.1207 1.4675 4.8923 0.0325 74–78.9 ZmHPPD1

TT3 5 82.3 123.7655 − 89.0451 2.6073 0.0669 73.3–85.3 ZmHPPD1

αT3/γT3 5 88.8 0.0044 − 0.0001 5.4539 0.0692 86.2–92.1

δT(γT +αT) 5 108.5 2.0986 0.5786 3.3639 0.0435 105.9–109.6

γT 6 13.4 0.0277 − 0.0603 2.6943 0.0439 17-Dec

γT/(γT +αT) 6 13.4 0.0277 − 0.0603 2.6943 0.0439 17-Dec

γT3/(γT3 +αT3) 7 61.6 − 1.7291 0.8848 2.7514 0.0704 57.5–64.2

γT 7 62.8 − 2.1857 0.4889 2.5762 0.0563 57.1–64.2

TT3 8 61.1 0.0096 − 0.0011 2.6951 0.0528 57.9–62.9

δT/αT 8 63.9 − 0.0568 − 0.0161 2.5178 0.0244 57.8–66

αT/γT 9 52.2 − 0.1494 − 0.2685 3.992 0.1526 50.4–56.5

δT3/γT3 9 53.2 48.3487 − 1.6303 21.951 0.3895 52.2–53.2

TT + TT3 9 55.1 0.0083 − 0.0001 18.4845 0.2687 54.9–55.8

δT/αT 9 55.1 − 0.0244 − 0.0013 10.9826 0.1396 54.2–55.4

δT3/αT3 9 55.1 − 0.1031 0.0075 7.9122 0.1352 53.5–58.8

αT/γT 9 55.5 0.8242 − 0.117 13.0367 0.2298 54–57.6

δT 9 55.5 3.2592 − 0.6152 7.8195 0.1841 54.1–56.5

γT 9 55.5 0.2404 0.1408 57.1864 0.2945 55.1–55.9

γT/(γT +αT) 9 55.5 0.2404 0.1408 57.1864 0.2945 55.1–55.9

γT3/(γT3 +αT3) 9 56.5 0.0147 − 0.0113 12.6508 0.3915 55.5–57.8

δT3(γT3 +αT3) 9 57.5 5.8433 − 3.6785 23.5343 0.6374 55.5–57.8

δT3 9 57.5 47.0036 − 8.3831 42.2634 0.7409 56.5–60 ZmHGGT1
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The two parents of biparental mapping populations are
usually chosen because they show considerable differ-
ences in the trait of interest. If one of the parents carries a
rare causative allele, that allele will be at a much higher
frequency in the biparental mapping population in com-
parison to an association panel of the same number of
individuals where the MAF for a rare causative allele
would be very low. If one parent carries the rare allele,
the frequency of that allele is approximately 0.5 in a
biparental population, which should increase the ability
to detect the QTL containing that allele. The parental
lines in this study were previously part of a panel used in
a GWAS for tocochromanol variation in maize, where
an association with ZmVTE2 was not detected. This
illustrates the complementary nature of using high-
density QTL mapping as a complementary analysis to
GWAS to better characterize and refine the genetic
architecture of a trait.

Parental lines with contrasting phenotypes were
chosen to create the biparental mapping popula-
tions used in this study. In addition to the detection
of a novel association that was made with ZmVTE2,
QTL intervals containing the genes for all of the
major branch points in the tocochromanol pathway
were detected. The allelic variation in these five

genes, and some families in this population with
extreme transgressive segregation for tocol traits,
could be used in a breeding program to improve
tocochromanol levels in maize grain resulting in
improved grain products that could directly impact
human and animal nutrition.
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