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Abstract
Sweet corn (Zea mays L.) is highly consumed in the United States, but does not make

major contributions to the daily intake of carotenoids (provitamin A carotenoids,
lutein and zeaxanthin) that would help in the prevention of health complications.
A genome-wide association study of seven kernel carotenoids and twelve derivative
traits was conducted in a sweet corn inbred line association panel ranging from light
to dark yellow in endosperm color to elucidate the genetic basis of carotenoid levels
in fresh kernels. In agreement with earlier studies of maize kernels at maturity, we
detected an association of B-carotene hydroxylase (crtRBI) with -carotene concen-
tration and lycopene epsilon cyclase (IcyE) with the ratio of flux between the a- and
[-carotene branches in the carotenoid biosynthetic pathway. Additionally, we found
that 5% or less of the evaluated inbred lines possessing the shrunken2 (sh2) endosperm
mutation had the most favorable lycE allele or crtRB1 haplotype for elevating -branch
carotenoids (f-carotene and zeaxanthin) or f-carotene, respectively. Genomic predic-
tion models with genome-wide markers obtained moderately high predictive abilities
for the carotenoid traits, especially lutein, and outperformed models with less mark-
ers that targeted candidate genes implicated in the synthesis, retention, and/or genetic
control of kernel carotenoids. Taken together, our results constitute an important step

toward increasing carotenoids in fresh sweet corn kernels.

1  INTRODUCTION

Abbreviations: AMD, age-related macular degeneration; BLUP, best

linear unbiased predictor; FDR, false discovery rate; GBS,
genotyping-by-sequencing; GWAS, genome-wide association study; HPLC,
high-performance liquid chromatography; IBS, identical-by-state; MLMM,
multi-locus mixed-model; QTL, quantitative trait locus; SNP,
single-nucleotide polymorphism; WGP, whole-genome prediction.

Carotenoids are fat-soluble red, orange, and yellow pigments
synthesized by plants that play a critical role in photosyn-
thesis, serving as photoprotectants, antioxidants, and acce-
ssory pigments for light harvesting (reviewed in Cuttriss,
Cazzonelli, Wurtzel, & Pogson, 2011). When ingested in
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food by humans, plant-based provitamin A carotenoids,
such as a-carotene (one retinyl group), P-carotene (two
retinyl groups), and f-cryptoxanthin (one retinyl group),
can be converted to retinol, or vitamin A (Combs, 2012).
Compromised immune function, blindness, increased risk of
maternal mortality and ultimately death from severe infec-
tions can result from vitamin A deficiency. In developing
countries, more than 127 million preschool-aged children
and 7 million pregnant women are vitamin A deficient (West,
2002). Comparatively, less than 1% of the US population
(6 yr and older) is considered deficient based on a serum
vitamin A concentration of less than <20 pg dlI~! (National
Center for Environmental Health, 2012). However, even
when accounting for consumption of fortified food and
dietary supplements, 37% of American adults are below the
estimated average requirement (625 pg and 500 pg retinol
activity equivalents per day for men and women, respectively)
for vitamin A intake (Fulgoni, Keast, Bailey, & Dwyer, 2011).
Lutein and zeaxanthin are the primary pigment compounds
found in the retina (macula) of the eye (Bone, Landrum,
Hime, Cains, & Zamor, 1993), conferring protection against
photooxidative damage to the retina (reviewed in Krinsky,
Landrum, & Bone, 2003). Elevated intake of these two
non-provitamin A dietary carotenoids has been associated
with a reduced risk of progression to late-stage age-related
macular degeneration (AMD) (Chew et al., 2014; Wu, Cho,
Willett, Sastry, & Schaumberg, 2015), the leading cause
of irreversible blindness of elderly adults in the developed
world (Congdon et al., 2004; Friedman et al., 2004). The
estimated prevalence of AMD in the US population aged
40 and over is 6.5% (Klein et al., 2011), with a forecasted
total of almost 18 million early AMD cases in 2050 (Rein
et al., 2009). Although no established recommended daily
allowance exists for lutein and zeaxanthin, consuming
the recommended servings of fruits and vegetables each
day would result in a ~5 mg per day intake of these two
carotenoids (reviewed in Mares, 2016). Incidentally, daily
intakes of lutein and zeaxanthin in the range of 5-6 mg per
day are associated with the lowest AMD rates (reviewed in
Mares, 2016), but together lutein and zeaxanthin have an
average daily intake of only ~1.6 mg for an American adult
(National Health and Nutrition Examination Survey, 2016).
Given that humans synthesize carotenoids,
they must obtain essential and other nutritionally bene-
ficial carotenoids (antioxidants) from their diet to meet
minimal nutritional requirements and maintain optimal
health (Jerome-Morais, Diamond, & Wright, 2011; Sen &
Chakraborty, 2011). The vegetative and seed tissues of fruits
and vegetables are important dietary sources of provitamin
A carotenoids (a-carotene, f-carotene, and B-cryptoxanthin),
lutein, and zeaxanthin (Cazzonelli & Pogson, 2010; Howitt
& Pogson, 2006). Extensive variation exists for the content
and composition of carotenoids in maize (Zea mays L.) grain

cannot

Core Ideas

e Considerable
carotenoids in fresh sweet corn kernels.

e crtRBI was associated with concentration of p-
carotene—a provitamin A carotenoid.

e [cyE controlled flux between the a- and p-carotene
branches of carotenoid pathway.

e Favorable variants of crtRBI and IcyE were
uncommon for sh2 and sulsh2 lines.

e Whole-genome prediction had moderately high
predictive abilities for carotenoids.

natural variation found for

(Harjes et al., 2008). White endosperm kernels of maize,
however, have negligible levels of carotenoids compared to
the wide variation of carotenoid levels in kernels with yellow
and orange endosperm color (Burt, Grainger, Smid, Shelp,
& Lee, 2011; Egesel, Wong, Lambert, & Rocheford, 2003;
Harjes et al., 2008; Kurilich & Juvik, 1999). With important
implications for human health and nutrition, darker orange
endosperm color is a better predictor of high total carotenoids,
which is mostly comprised of lutein and zeaxanthin, than
provitamin A carotenoid levels (Burt et al., 2011; Harjes
et al., 2008). Therefore, endosperm color alone should not
be the only consideration when breeding for elevated kernel
carotenoid levels (Owens et al., 2014).

In the United States, sweet corn is the third most con-
sumed vegetable (USDA, 2018b); however, consuming 100 g
of raw yellow sweet corn (a single medium-sized ear) provides
only approximately 1.3 and 1.0% of the recommended daily
allowance for vitamin A to adult women (700 retinol activ-
ity equivalents per day) and men (900 retinol activity equiva-
lents per day), respectively (Institute of Medicine, 2000; Linus
Pauling Institute, 2016; USDA, 2018a). Comparatively, lutein
and zeaxanthin are the most abundant carotenoids found in
fresh sweet corn kernels (Ibrahim & Juvik, 2009; Kurilich
& Juvik, 1999), with 100 g of sweet corn providing on aver-
age approximately 11% of the 6 mg per day intake amount of
lutein and zeaxanthin associated with a decreased likelihood
of AMD (reviewed in Mares, 2016). Extensive fresh kernel
carotenoid variation has been observed among a limited num-
ber of US sweet corn inbred lines (Ibrahim & Juvik, 2009;
Kurilich & Juvik, 1999), but a deeper genetic characterization
of the US sweet corn germplasm pool is needed to advance
breeding efforts to increase provitamin A carotenoids, lutein,
and zeaxanthin levels in fresh kernels.

The carotenoid biosynthetic pathway has been charac-
terized in Arabidopsis thaliana and is highly conserved
in plants (reviewed in Cuttriss et al., 2011; DellaPenna &
Pogson, 2006). Carotenoid synthesis relies on the methylery-
thritol phosphate pathway to generate two isoprene isomers,
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FIGURE 1 Carotenoid biosynthetic pathway in maize. Multiple
maize paralogs are associated with some of the steps shown. When
multiple enzymes are indicated for a step in the pathway, the activity
level of each enzyme is indicated as major or minor. The seven
quantified compounds are shown in bolded orange text. The enzymes in
bolded blue text are encoded by candidate genes that are within

+250 kb of the associated single nucleotide polymorphisms (SNPs)
identified in our study. Compound abbreviations: GGDP,
geranylgeranyl diphosphate; MEP, methylerythritol phosphate. Enzyme
abbreviations: CRTRB, fB-carotene hydroxylase; CRTISO, carotenoid
isomerase; LCYB, lycopene p-cyclase; LCYE, lycopene e-cyclase;
LUT1, cytochrome P450 e-ring hydroxylase; LUTS, cytochrome P450
B-ring hydroxylase; PDS, phytoene desaturase; PSY, phytoene
synthase; Z-ISO, e-carotene isomerase; VDE, violaxanthin
de-epoxidase; ZEP, zeaxanthin epoxidase; ZDS, e-carotene desaturase

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), that are the basis of several reactions resulting
in the carotenoid precursor geranylgeranyl diphosphate
(GGDP; Figure 1). The synthesis of phytoene by condensing
two GGDP molecules via phytoene synthase (PSY) marks
the first committed step in carotenoid biosynthesis. Next,
two sequential desaturation reactions convert phytoene into
lycopene, followed by splitting of the pathway after lycopene
into two main branches, a- and p-carotene.

Lycopene B-cyclase (LCYB) introduces a p-ring at both
ends of lycopene, resulting in formation of p-carotene. The
synthesis of a-carotene necessitates the combined activity of

LCYB and lycopene e-cyclase (LCYE) to add a f-ring to one
end of lycopene and an e-ring to the other. Hydroxylation of
one or both p-rings of B-carotene produces -cryptoxanthin or
zeaxanthin, respectively. Zeinoxanthin is formed when the f3-
ring of a-carotene is hydroxylated, primarily by cytochrome
P450 p-ring hydroxylase (LUTS), whereas lutein is produced
when the e-ring of zeinoxanthin is hydroxylated, exclusively
by cytochrome P450 e-ring hydroxylase (LUT1). Xanthophyll
cycle carotenoids, zeaxanthin, antheraxanthin, and violaxan-
thin, play a pivotal role in the dissipation of excess light
energy via non-photochemical quenching to minimize pho-
toinhibition (reviewed in Jahns & Holzwarth, 2012). Beyond
the xanthophyll cycle, violaxanthin serves as a precursor
for synthesis of abscisic acid—a plant hormone that has a
central role in the control of seed dormancy and response
to abiotic stresses (reviewed in Kermode, 2005; Kundu &
Gantait, 2017).

In the last decade, several genes from the carotenoid
biosynthetic pathway have been shown to associate with
natural variation for carotenoid levels in physiologically
mature grain samples from maize (non-sweet corn) associ-
ation panels at the candidate gene and genome-wide levels.
Harjes et al. (2008) showed that four polymorphisms at lycE
explained 58% of the variation in flux of carotenoids down
the - vs. B-branches of the carotenoid pathway in maize
grain. In continuation of this work, Yan et al. (2010) detected
an association of -carotene hydroxylase 1 (crtRBI) with the
concentration of p-carotene and its less desirable conversion
by hydroxylation to p-cryptoxanthin and zeaxanthin. The
authors also showed that the most favorable alleles of crtRB1,
which had less efficient hydroxylation activity, were rare
in frequency in the association panel. Owens et al. (2014)
first reported associations of zeaxanthin epoxidase (zepl)
and cyfochrome P450 e-ring hydroxylase (lutl) with grain
carotenoid composition at the genome-wide level. This
study also detected a weaker association of carotenoid levels
with I-deoxy-D-xylulose 5-phosphate synthase 2 (dxs2)
and cytochrome P450 f-ring hydroxylase (lut5). Lastly,
crtRB3 and phytoene synthase (yI) have been associated with
levels of a-carotene and total carotenoids in maize grain,
respectively (Fu et al., 2013; Zhou et al., 2012).

It is unknown whether the carotenoid pathway candidate
genes detected in earlier association studies with physiolog-
ically mature grain from temperate and tropical maize lines
are also critical to the genetic control of carotenoids in devel-
oping kernels of sweet corn. This has important implications
for the optimization of carotenoid accumulation at fresh eat-
ing stage in sweet corn breeding programs, because the con-
tent and composition of carotenoids, as well as the expression
level of genes from the carotenoid pathway change through-
out kernel development (Calvo-Brenes, Fanning, & O’Hare,
2019; Kurilich & Juvik, 1999; Song, Li, He, Chen, & Liu,
2015; Vallabhaneni & Wurtzel, 2009). Not only does the
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sweet corn germplasm pool represent a genetically distinct
subpopulation of maize that is underrepresented in previously
studied maize association populations (Flint-Garcia et al.,
2005; Romay et al., 2013), but sweet corn also has one or
more mutations in genes from the starch biosynthesis path-
way, such as shrunken2 (sh2) and sugaryl (sul), that deter-
mine endosperm type (Hannah, Giroux, & Boyer, 1993). The
phenotypic consequence of these mutations is a greater accu-
mulation of sugar in the kernel endosperm at the expense of
starch relative to wild-type dent corn (Tracy, 1997). Given
that carotenoids are primarily synthesized and accumulated
in the kernel endosperm (Weber, 1987), it is an open question
as to how, if at all, the expression pattern of genes from the
carotenoid biosynthetic pathway are altered in a high sucrose
endosperm environment. We posit that the genetic architec-
ture of natural variation for carotenoids in fresh sweet corn
kernels remains unexplored, thus providing an opportunity
for novel elucidation via a genome-wide association study
(GWAS) in our newly constructed sweet corn association
panel (Baseggio et al., 2019).

Although GWAS is a powerful approach to identify
potentially causal genes associated with kernel carotenoid
levels, efforts are still needed to translate these findings
into innovative breeding strategies to more effectively and
efficiently develop nutritionally enhanced sweet corn. Illus-
trative of such translational genomics work, marker-assisted
selection (MAS) for favorable IcyE and crtRB1 alleles with
validated effects has been successfully conducted to increase
[-carotene content in mature kernels of tropical maize (Babu,
Rojas, Gao, Yan, & Pixley, 2013; Zunjare et al., 2018).
Suggestive of the potential for increasing carotenoids in
sweet corn, Yang, Yan, Wang, Li, and Feng (2018) employed
MAS to introgress a favorable allele of IcyE identified by
Harjes et al. (2008) into four sweet corn lines, resulting in
elevated provitamin A carotenoids and total carotenoid levels
in fresh kernels. These two genes, however, do not account
for all the heritable variation for individual and overall kernel
carotenoid levels. In a panel of temperate and tropical maize
lines, Owens et al. (2014) showed that a small set of mark-
ers, which targeted eight candidate genes underlying QTL
associated with carotenoid biosynthesis and retention, was
as effective for predicting mature grain carotenoid traits as a
genome-wide set of markers. Given the potential for genomic
selection to accelerate genetic gain per unit of time (Meuwis-
sen, Hayes, & Goddard, 2001), it is paramount to test whether
the QTL-targeted set of eight carotenoid-related candidate
genes is sufficient for genomic prediction of fresh kernel
carotenoids in the genetically distinct germplasm pool of
sweet corn.

In our study, a sweet corn association panel was used to dis-
sect the genetic control of natural variation for carotenoid lev-
els in fresh kernels and construct genomic prediction models
to accelerate genetic improvement efforts in fresh sweet corn

carotenoid (provitamin A carotenoids, lutein, and zeaxanthin)
biofortification breeding programs. To this end, we conducted
(i) a GWAS to identify key genes and favorable alleles associ-
ated with increased carotenoid levels in fresh sweet corn ker-
nels and (ii) genomic prediction studies to determine the opti-
mal number of genetic markers required to achieve maximal
predictive abilities for the potential application of genomic
selection for improved fresh kernel carotenoid levels in sweet
corn germplasm.

2 | MATERIALS AND METHODS
2.1 | Plant materials and experimental design

We field-evaluated an association panel of 416 diverse
sweet corn inbred lines that samples the allelic diversity of
temperate US sweet corn breeding programs (Baseggio et al.,
2019) at Cornell University’s Musgrave Research Farm in
Aurora, NY during the 2014 and 2015 growing seasons.
The sweet corn inbred lines included in this panel were
homozygous for the following starch-deficient endosperm
mutations: sugaryl (sul), sugaryl:sugary enhancerl
(sulsel), shrunken2 (sh2), sugaryl:shrunken2 (sulsh2),
brittle2 (bt2), or amylose-extender:dull:waxy (aeduwx). Also
included in the experiment were 20 non-sweet corn inbred
lines and four repeated check sweet corn inbred lines. The
association panel was grown in an augmented incomplete
block design and two self-pollinated ears were harvested
at an immature stage of kernel development from each
experimental plot as previously described (Baseggio et al.,
2019). Not all plots had harvestable ears because some inbred
lines had poor agronomic performance or matured too late.
To produce a representative composite kernel sample for each
plot, the two hand-harvested ears were immediately frozen
in liquid N and shelled, followed by the random sampling
and then bulking of frozen kernels. Next, the bulked frozen
kernels were quickly transferred to a cryogenic vial and
stored at —80°C until grinding. For each bulked sample,
we randomly selected 20 to 30 frozen kernels and finely
ground them in liquid N. The resultant fine kernel powder
of each sample was transferred to a 1.5 ml tube partially
submerged in liquid N and stored at —80°C until shipping.
All samples were shipped on dry ice to Michigan State Uni-
versity (East Lansing, MI) for extraction and quantification
of carotenoids.

2.2 | Phenotypic data collection and analysis
Carotenoids were extracted from each ground sample

and quantified by high-performance liquid chromatog-
raphy (HPLC) and fluorometry, with 1 mg ml™' of
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B-apo-8’-carotenal as an internal recovery control as previ-
ously described (Owens et al., 2014). The seven carotenoid
compounds measured in 859 kernel samples from 401 sweet
corn, 19 dent, and 4 sweet corn check inbred lines were
antheraxanthin, f-carotene, B-cryptoxanthin, lutein, violaxan-
thin, zeaxanthin, and zeinoxanthin in pg g~! fresh kernel.
Given the difficulties associated with identifying and mea-
suring low-abundance carotenoids, lycopene, a-carotene, -
carotene, and other unidentified carotenes, these compounds
were summed to comprise the ‘other carotenes’ phenotype
(less than 8.4% of total carotenoids). Additionally, a series of
11 sums and ratios from Owens et al. (2014) were calculated
with minor modifications as follows: zeinoxanthin/lutein,
B-cryptoxanthin/zeaxanthin, p-carotene/p-cryptoxanthin, f-
carotene/(p-cryptoxanthin+zeaxanthin), a-xanthophylls (sum
of lutein and zeinoxanthin), f-xanthophylls (sum of anther-
axanthin, p-cryptoxanthin, violaxanthin, and zeaxanthin),
[-xanthophylls/a-xanthophylls, total carotenes (sum of f-
carotene and other carotenes), total xanthophylls (sum of a-
and p-xanthophylls), total carotenes/total xanthophylls, and
total carotenoids (sum of the seven carotenoid compounds and
other carotenes).

Sweet corn inbred lines homozygous for the recessive
null allele of the y/ gene that encodes phytoene synthase
1 have carotenoids in the embryo but essentially none in
the endosperm with a genetic background-dependent white
to pale yellow color (Buckner, Kelson, & Robertson, 1990).
Given that, we identified and removed white/pale yellow
endosperm lines that had a sample in at least 1 yr with
very low levels of total carotenoids quantified by HPLC
(total carotenoids: <5.57 pg g~!, 2014; <5.98 pg g~ !, 2015)
and simultaneously confirmed this by visual scoring of
endosperm color based on images of two immature ears per
plot on a green background collected with a hand-held digital
camera (Sony DSC-W730, Sony Corporation, Tokyo, Japan)
in 2015. Removal of these lines was done to control for the
very strong genetic signal at the y/ locus associated with the
Mendelian inherited presence (yellow/orange kernel color)
vs. absence (white kernel color) of endosperm carotenoids
(Owens et al., 2014) and to allow for the exclusive study of
quantitative variation for carotenoid levels. As a result, 345
sweet corn (n = 322), dent (n = 19), and sweet corn check
(n = 4) inbred lines with a range from light to dark yellow
endosperm color remained.

The levels of zeinoxanthin and compounds comprising
‘other carotenes’ were below the lower limit of detection for
HPLC in two and 27 samples, respectively. Consequently,
the values for these samples were approximated within each
year by uniform random variables ranging from zero to the
minimum detected value for a given carotenoid phenotype
as described by Owens et al. (2014). The imputation of
missing data with this approach allowed for a maximal

sample size to be used in the quantitative analysis of these
two phenotypes.

The raw HPLC data of the 19 carotenoid phenotypes from
the 345 inbred lines were assessed for normality and screened
for significant outliers following the method of Baseggio et al.
(2019). Briefly, the Box-Cox power transformation (Box &
Cox, 1964) implemented with the ‘boxcox’ function from the
MASS package in R version 3.2.3 (R Core Team, 2015) was
used with a simple linear model including genotype, year, set
within year, block within set within year, and HPLC autosam-
pler plate within year as fixed effects to select an optimal con-
venient lambda for each phenotype (Supplemental Table S1).
Next, the full mixed linear model 1 of Baseggio et al. (2019)
that estimated genetic effects separately from field design
effects was fitted for each transformed phenotype in ASReml-
R version 3.0 (Gilmour, Gogel, Cullis, & Thompson, 2009).
The fitted full model included the following terms: grand
mean, check, year, set within year, block within set within
year, genotype (non-check line), interaction between geno-
type and year, HPLC autosampler plate within year, plot grid
row within year, plot grid column within year, and residual
error following a normal distribution with mean zero and
variance 6. All terms were modeled as random effects except
for the grand mean and check term. For each phenotype,
detected outliers were excluded based on the Studentized
deleted residuals (Neter, Kutner, Nachtsheim, & Wasserman,
1996) generated from the fitted mixed linear model.

An iterative mixed linear model fitting procedure was per-
formed with the full model described above in ASReml-R ver-
sion 3.0 (Gilmour et al., 2009) on each transformed, outlier-
screened phenotype as described previously (Baseggio et al.,
2019). Briefly, terms fitted as random effects were tested with
likelihood ratio tests (Littell, Milliken, Stroup, Wolfinger, &
Schabenberger, 2006), and those not significant at o = .05
were removed from the model. This resulted in the selection of
afinal, best fitted model for each phenotype that was then used
to generate a best linear unbiased predictor (BLUP) for each
genotype. In total, 322 sweet corn inbred lines had BLUPs for
at least one of the 19 carotenoid phenotypes, but six inbred
lines known to possess aeduwx or bt2 were removed, resulting
in a dataset of 316 inbred lines having endosperm mutations
(sul, sulsel, sh2, and sulsh2) occurring at a higher frequency
in the association panel.

Heritability (A, ,2) on a line-mean basis (Holland, Nyquist, &
Cervantes-Martinez, 2003; Hung et al., 2012) was estimated
using the variance components from the best fitted model, and
standard errors of the estimates were calculated using the delta
method (Holland et al., 2003; Lynch & Walsh, 1998). For
each pairwise comparison of phenotypes, Pearson’s correla-
tion coefficient (r) was used to assess the strength of associa-
tion (o = .05) between back-transformed BLUP values (Sup-
plemental Table S2) using the ‘cor.test” function in R.
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2.3 | DNA extraction, sequencing,
and genotyping

Of the remaining 316 sweet corn inbred lines with BLUPs,
293 had available raw genotyping-by-sequencing (GBS)
(Elshire et al., 2011) data that were generated as described
previously (Baseggio et al., 2019). Construction of the
SNP marker dataset for the quantitative genetic analysis of
the carotenoid phenotypes followed that of Baseggio et al.
(2019) with minor modifications. In short, the genotypes
of single-nucleotide polymorphisms (SNPs) at 955,690
high confidence loci were called based on the raw GBS
data using the production pipeline in TASSEL 5 GBSvl
with the ZeaGBSv2.7 Production TagsOnPhysicalMap file
(available at panzea.org, accessed 24 Oct. 2019) in B73
RefGen_v2 coordinates (Glaubitz et al., 2014). To increase
the number of lines with both SNP marker and carotenoid
data, we merged raw unimputed SNP genotype calls for an
additional 16 sweet corn inbred lines from Romay et al.
(2013) (ZeaGBSv27_publicSamples_rawGenos_AGPv2-
150114.h5, available at panzea.org, accessed 24 Oct. 2019)
with those from this study prior to any SNP filtering steps.
Initial filtering on the raw unimputed SNP data available for
only 309 of the 316 inbred lines consisted of removing SNPs
having a minor allele observed in only one line (singletons
and doubletons) and retaining only biallelic SNPs with
a call rate greater than 10%. Additionally, heterozygous
genotype calls with an allele balance score (lowest allele
read depth/total read depth) less than 0.3 were set to missing.
When two or more samples per line were available, the SNP
genotype calls from replicated samples were merged if the
identical-by-state (IBS) values from all sample pairwise
comparisons exceeded 0.99 as in Romay et al. (2013), and
SNP genotypes were set to missing if discordant between
replicated samples. If replicated samples had IBS values
below this conservative threshold, the sample with the
highest call rate was selected to represent the inbred line.
The near complete imputation of missing SNP genotypes
was performed using FILLIN (Swarts et al., 2014) with an
available set of maize haplotype donors having a window size
of 4 kb (available at panzea.org, accessed 24 October 2019).
Given that the imputation method is unable to impute all
missing genotypes (Swarts et al., 2014), additional filtering
was needed for the remaining missing data. Even after impu-
tation, one of the 309 inbred lines still had a SNP call rate
less than 40%, thus it was excluded from further analysis. In
TASSEL 5 version 20180802, we used a set of filters to fur-
ther enhance the quality of the imputed dataset by removing
SNPs with a call rate less than 70%, a minor allele frequency
(MAF) lower than 5%, heterozygosity greater than 10%, an
inbreeding coefficient lower than 80%, or a mean read depth
greater than 15. The final, complete SNP marker dataset

consisted of 172,486 high-quality SNP markers scored on 308
sweet corn inbred lines having a BLUP value for one or more
carotenoid phenotypes.

2.4 | Genome-wide association study

To conduct a GWAS for each carotenoid phenotype, a
univariate mixed linear model was used to test each of the
172,486 SNP markers for association with transformed BLUP
values from the 308 inbred lines (Supplemental Table S3) in
the GEMMA software version 0.97 (Zhou & Stephens, 2014).
The mixed linear model accounted for population stratifica-
tion and familial relatedness by including principal compo-
nents (PCs) (Price et al., 2006) and a genomic relationship
(kinship) matrix based on VanRaden’s method 1 (VanRaden,
2008) calculated in the R package GAPIT version 2017.08.18
(Lipka et al., 2012). The PCs and kinship were calculated
based on 12,559 unimputed SNPs—a genome-wide subset of
the complete marker dataset—that had a call rate higher than
90%, MAF greater than 5%, heterozygosity less than 10%,
inbreeding coefficient greater than 80%, and mean read depth
lower than 15. Missing genotypes remaining in both SNP
marker datasets were conservatively imputed as heterozy-
gous in GAPIT. The Bayesian information criterion (BIC)
(Schwarz, 1978) based on the maximum likelihood estimates
of model parameters from GEMMA was used to determine
the optimal number of PCs to include as covariates in the
mixed linear model. Similarly, the BIC was used to determine
whether to also include endosperm mutation type (sul, sh2, or
sulsh2), which had been previously scored on the 308 inbred
lines by Baseggio et al. (2019), as a covariate in the mixed
linear model. This is because su/ and sh2 could be strongly
associated with endosperm carotenoids (Weber, 1987) as was
shown for levels of tocotrienols—a class of tocochromanols
mostly found in the endosperm (Grams, Blessin, & Inglett,
1970; Weber, 1987)—in fresh sweet corn kernels from the
same association panel (Baseggio et al., 2019).

The likelihood-ratio-based R? statistic (R°| g) of Sun et al.
(2010) was used to approximate the amount of phenotypic
variation explained by a mixed linear model with or without
a significant SNP detected in GWAS. The R?| ; value of each
model was calculated with the maximum log-likelihood of the
model of interest fitted in GEMMA compared to the maxi-
mum log-likelihood of an intercept-only model fitted with the
‘Im’ function in R. For each phenotype, P-values (Wald test)
of SNPs tested in GEMMA were adjusted to control the false-
discovery rate (FDR) at a level of 5% with the Benjamini—
Hochberg multiple test correction (Benjamini & Hochberg,
1995) available in the ‘p.adjust’ function of R version 3.2.3
(R Core Team, 2015). To identify candidate genes, the search
interval was limited to +250 kb of the physical position of
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SNP markers significantly associated with a carotenoid phe-
notype. This interval size considered the distance at which
genome-wide linkage disequilibrium decays to nominal lev-
els (mean 2 < 0.05) in this association panel and potential of
distant regulatory elements (Baseggio et al., 2019).

We implemented the multi-locus mixed-model (MLMM)
approach of Segura et al. (2012) to control for the influence
of major-effect loci on an individual chromosome basis
as described previously (Lipka et al., 2013). The extended
BIC (Chen & Chen, 2008) was used in the selection of the
optimal model. The control of major-effect loci was also
assessed by reconducting GWAS with MLMM-selected
SNPs included as covariates in the mixed linear model
of GEMMA.

2.5 | Carotenoid prediction

The prospect of genomic selection for breeding sweet corn
with increased carotenoids was assessed in the 308 inbred
lines using a single kernel genomic best linear unbiased
prediction (GBLUP) model (VanRaden, 2008; Zhang,
Todhunter, Buckler, & Van Vleck, 2007). In the R package
GAPIT version 2017.08.18 (Lipka et al., 2012), method 1
from VanRaden (2008) was used to calculate genomic rela-
tionship matrices derived from three different SNP datasets
varying in the number of markers: carotenoid QTL-targeted,
pathway-level, and genome-wide. The carotenoid QTL-
targeted set consisted of 628 SNPs within +250 kb of eight a
priori identified candidate genes underlying QTL associated
with carotenoid biosynthesis and retention, whereas the
pathway-level set had 4689 SNPs within +250 kb of 60 a
priori candidate genes (including the eight genes from the
QTL-targeted set) involved in the biosynthesis and cleavage
of carotenoids (Owens et al., 2014; Supplemental Table S4).
The 172,486 high-quality SNP markers comprised the
genome-wide set. These three genomic relationship matrices
were used individually as a random effect for prediction
of carotenoid phenotypes with the function ‘emmreml’
(single kernel) in the EMMREML R package (Akdemir &
Okeke, 2015).

A five-fold cross-validation approach was used to estimate
the predictive ability of a model for each carotenoid phenotype
by calculating the Pearson’s correlation between observed
BLUP and genomic estimated breeding values as described in
Baseggio et al. (2019). The predictive ability of each model
was based on a mean of correlations from 50 replicates of
the five-fold cross-validation scheme. Each fold consisted of
genotype frequencies for endosperm mutants (sul, sh2, and
sulsh2) that were representative of the association panel,
and the identical cross-validation folds were used across
different models. Similar to genomic prediction of tocochro-
manol traits (Baseggio et al., 2019), endosperm mutation

type (sul, sh2, or sulsh2) was evaluated as a covariate in
prediction models.

2.6 | Data availability

All raw GBS data are available from the National Cen-
ter of Biotechnology Information Sequence Read Archive
under accession SRP154923 and in BioProject under acces-
sion PRINA482446. The back-transformed and transformed
BLUP values of the 19 carotenoid phenotypes are pro-
vided in Supplemental Tables S2 and S3, respectively.
The FILLIN imputed SNP genotype calls for the 308
inbred lines are available from the Dryad Digital Repos-
itory (https://datadryad.org/stash/dataset/doi:10.5061/dryad.
vq83bk3p2).

3 | RESULTS
3.1 | Phenotypic variation

We conducted a quantitative assessment of carotenoid levels
in fresh (immature stage) kernels harvested from an associ-
ation panel of 308 sweet corn inbred lines with endosperm
color ranging from light to dark yellow. The measurement
of carotenoids by HPLC revealed that lutein and zeaxan-
thin represented about 65% of total carotenoids in the ker-
nel, while the other five carotenoid phenotypes individu-
ally accounted for less than 10% of the total (Table 1). The
two specifically measured compounds with provitamin A
activity, P-carotene and -cryptoxanthin, had similar con-
centrations, and when summed only represented approxi-
mately 6% of total carotenoids. When separating inbred lines
according to their endosperm mutation type, sul, sh2, or
sulsh2, three (antheraxanthin, p-cryptoxanthin, and lutein)
of the seven individual compounds had an average amount
shown to be at a significantly (P < .05) greater level in
the sh2 (n = 46) group than in the sul (n = 245) group
(Table 2).

With the exception of f-carotene and p-cryptoxanthin
(r = 0.17), the BLUP values of each carotenoid compound
had a Pearson’s correlation stronger than 0.5 with those of
its immediate precursor in the carotenoid pathway (Supple-
mental Figure S1). Correlations between p-carotene and other
compounds were very weak (r =-0.05 to 0.17). In contrast, -
cryptoxanthin had relatively much stronger correlations with
all other xanthophyll compounds (r = 0.55 to 0.76) but vio-
laxanthin (r = 0.18). The estimates of heritability on a line-
mean basis for the 19 carotenoid compound, sum, and ratio
traits ranged from 0.76 for violaxanthin to 0.93 for lutein and
the ratio of o- to P-xanthophylls, with an average of 0.87.
Such high heritability estimates suggest that these phenotypes
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TABLE 1 Means and ranges for back-transformed best linear unbiased predictors (BLUPs) of 19 fresh kernel carotenoid traits evaluated in the

sweet corn association panel and estimated heritability (ﬁ,z) on a line-mean basis across 2 yr

BLUP Heritability
Trait Lines Mean SD? Range Estimate SEP
ng g~! fresh wt.
Antheraxanthin 308 1.22 0.30 0.39-2.07 0.82 0.02
B-Carotene 308 0.54 0.35 0.16-2.83 0.90 0.01
B-Cryptoxanthin 308 0.47 0.29 0.11-2.29 0.91 0.01
Lutein 308 5.82 3.04 0.64-19.39 0.93 0.01
Violaxanthin 308 0.99 0.21 0.56-2.47 0.76 0.03
Zeaxanthin 308 4.84 1.75 1.62-10.71 0.87 0.02
Zeinoxanthin 308 1.20 1.04 0.06-8.88 0.91 0.01
Other carotenes 307 1.38 0.73 0.29-4.94 0.80 0.02
a-Xanthophylls 308 7.10 3.86 0.73-28.23 0.93 0.01
B-Xanthophylls 308 7.46 2.04 2.99-13.83 0.89 0.01
Total xanthophylls 308 14.43 4.73 5.54-38.23 0.91 0.01
Total carotenes 307 1.97 0.89 0.76-6.01 0.85 0.02
Total carotenoids 308 16.48 5.28 7.40-43.95 0.91 0.01
B-Carotene/p-cryptoxanthin 308 1.41 1.11 0.34-8.17 0.88 0.01
B-Carotene/(B-cryptoxanthin+zeaxanthin) 308 0.12 0.13 0.03-0.88 0.92 0.01
B-Cryptoxanthin/zeaxanthin 308 0.09 0.03 0.03-0.22 0.84 0.02
Zeinoxanthin/lutein 308 0.21 0.12 0.04-0.80 0.87 0.02
f-/a-Xanthophylls 307 1.35 0.84 0.32-6.29 0.93 0.01
Total carotenes/total xanthophylls 308 0.14 0.06 0.05-0.45 0.80 0.02

2Standard deviation of the BLUPs.
bStandard error of the heritabilities.

would be amenable to genetic dissection and prediction in this
sweet corn association panel.

3.2 | Genome-wide association study

The association panel of 308 sweet corn inbred lines having
yellow endosperm kernels at the fresh-eating stage, which had
been scored with 172,486 genome-wide SNP markers, was
used to elucidate the genetic basis of natural variation for
carotenoids in fresh kernels. Through the implementation of
a univariate mixed linear model that accounted for population
structure, relatedness, and type of endosperm mutation, we
identified 108 unique SNPs that were significantly associated
with one to four phenotypes at a genome-wide FDR of 5%.
The 108 SNPs were distributed across seven chromosomes,
with the vast majority (92.59%) located on chromosomes 2,
8, and 10 (Supplemental Figure S2).

The most significant association was identified for the ratio
of p-carotene to f-cryptoxanthin+zeaxanthin on chromosome
10 (Figure 2a). The peak SNP locus (S10_135801334; P-
value 1.11 x 10713) for this association signal was located
within the open reading frame (ORF) of a gene that encodes
GRAS-transcription factor 22 (grass22, GRMZM2G173429),

but ~255 kb away from p-carotene hydroxylase 1 (crtRBI,
GRMZM?2G152135)—a gene encoding a nonheme dioxy-
genase that hydroxylates p-rings of carotenoids. This SNP
was also the peak association for f-carotene (P-value 2.04 X
10~y and the ratio of p-carotene to p-cryptoxanthin (P-value
3.03 x 10~!'1), while S10_135683780 had the strongest asso-
ciation with violaxanthin (P-value 7.94 x 10~7). In total, 61
SNPs spanning a 5.09-Mb interval (133.7-138.8 Mb) on chro-
mosome 10 were significantly associated with one or more of
these four phenotypes (Supplemental Table S5), with 38 of the
61 associated SNPs (P-values 3.00 x 10712 to 1.13 x 1079)
located +250 kb of the ORF for crtRBI.

We used a chromosome-wide multi-locus mixed-model
(MLMM) procedure to better resolve the complex of asso-
ciation signals within the 5.09-Mb region on chromo-
some 10. Each optimal model for p-carotene, p-carotene/(-
cryptoxanthin+zeaxanthin), and p-carotene/p-cryptoxanthin
included the peak SNP S10_135801334 (Supplemental
Table S6). Additionally, the optimal models obtained
for p-carotene and f-carotene/(p-cryptoxanthin+zeaxanthin)
selected a second SNP (S10_136086332) that was located
~26 kb away from crtRBI and in very weak linkage dis-
equilibrium (> = 0.11) with S10_135801334. Indicative
of relatively weaker significant associations, no SNPs were
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TABLE 2 Back-transformed estimated effects of endosperm mutation type for 19 fresh kernel carotenoid traits evaluated in the sweet corn

association panel

Trait sul? sh2 sulsh2 P-value®
ng g~ ! fresh wt.

Antheraxanthin 1.15b¢ 1.32a 1.25ab 0.003*
p-Carotene 0.47 0.48 0.41 0.434
B-Cryptoxanthin 0.38b 0.51a 0.48ab 0.002%*
Lutein 4.52b 8.57a 5.90b <0.0001*
Violaxanthin 0.97 0.98 1.03 0.419
Zeaxanthin 4.64 491 4.83 0.574
Zeinoxanthin 0.82 1.11 1.11 0.036*
Other carotenes 1.19b 191a 1.57a <0.0001*
a-Xanthophylls 5.49b 10.09a 7.19ab <0.0001*
B-Xanthophylls 7.07 7.63 7.62 0.164
Total xanthophylls 13.00b 17.33a 15.40ab <0.0001*
Total carotenes 1.76b 2.58a 2.07ab <0.0001*
Total carotenoids 14.89b 20.03a 17.57ab <0.0001*
p-Carotene/p-cryptoxanthin 1.24a 0.96b 0.87b 0.002*
B-Carotene/(B-cryptoxanthin4-zeaxanthin) 0.10 0.09 0.08 0.299
B-Cryptoxanthin/zeaxanthin 0.08b 0.10a 0.09ab <0.0001*
Zeinoxanthin/lutein 0.20a 0.16b 0.21ab 0.028%*
f-/a-Xanthophylls 1.30a 0.76b 0.92b <0.0001*
Total carotenes/total xanthophylls 0.14 0.14 0.13 0.621

2The sul group includes both sulSel and sulsel lines because marker genotypes were not informative for unambiguously distinguishing alleles at the se/ locus.
bP-value from one-way ANOVA F-test for the endosperm mutation type effect. P-values with asterisk (*) indicate a statistically significant difference between two or

more endosperm mutation type groups (P < .05).

¢Sweet corn lines grouped by endosperm mutation type having labels with a common letter are not significantly different according to the Tukey-Kramer honest significant

difference test (P < .05). The test was only performed for traits that had a significant F-test.

selected by the MLMM for violaxanthin. When GWAS was
reconducted with either one or two MLMM-selected SNPs,
depending on the phenotype, included as covariates in the
mixed linear model for B-carotene and its two derived phe-
notypes, all other signals at this 5.09-Mb segment and else-
where on chromosome 10 were no longer significant at
a genome-wide FDR of 5% (Figure 2b). Additionally, 24
SNPs on chromosomes 1, 2, 3, and 8 that were associ-
ated with p-carotene/B-cryptoxanthin and/or p-carotene/(f3-
cryptoxanthin+zeaxanthin) were no longer significant. Con-
versely, only a single SNP (S6_58455321) from within the
pericentromeric region of chromosome 6 remained signifi-
cantly associated (P-value 1.83 x 10~7) with B-carotene (Sup-
plemental Figure S3).

When considering the two MLMM-selected SNPs at the
haplotype level, the most favorable (TT) of the four observed
haplotypes for increasing f-carotene concentration had an
average effect estimate (0.81 pug g ~! fresh weight) that was
twofold greater than the least favorable GC haplotype (Sup-
plemental Table S7). Not only was the most favorable hap-
lotype found to exist at very low frequency in the associa-
tion panel, but it also was not equally distributed among the

endosperm mutation type groups. Only 13 sul and two sh2
lines had the TT haplotype, whereas none of the sulsh2 lines
possessed this haplotype. In contrast, the least favorable hap-
lotype had the highest occurrence in the panel, with more
than 70% of the lines in each endosperm mutation type hav-
ing the GC haplotype. Indicative of only informativeness for
the concentration of f-carotene, individually these two SNPs
linked to crtRB1 were not significantly associated with total
carotenoids (Supplemental Figure S2), and both the TT and
GC haplotypes had nearly the same average effect estimate
for total carotenoids (Supplemental Table S7).

The IcyE gene (GRMZM2G012966) on chromosome 8
had a SNP (S8_138888278) within its ORF that significantly
associated with the ratio of - to a-xanthophylls (Figure 3a;
P-value 1.01 x 107'?). The IcyE gene encodes lycopene
e-cyclase, which determines whether a- or p-carotene is pro-
duced. Thus, /cyE controls flux down the a- versus B-branches
of the carotenoid pathway (Cunningham et al., 1996). An
additional nine SNPs spanning a 3.69-Mb interval on chromo-
some 8, including two SNPs located within the ORF of IcyE
(S8_138888328 and S8_138888990; P-values 7.32 x 1077
and 5.41 x 1078, respectively), as well as three SNPs from
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FIGURE 2 Genome-wide association study for the ratio of
B-carotene to the sum of p-cryptoxanthin and zeaxanthin
[p-carotene/(B-cryptoxanthin+zeaxanthin)] in fresh kernels of sweet
corn. (a) Scatter plot of association results from a mixed linear model
analysis and linkage disequilibrium estimates (+2). The vertical lines are
—log,, P-values of single nucleotide polymorphisms (SNPs) and blue
color represents SNPs that are statistically significant at a 5% false
discovery rate (FDR). Triangles are the * values of each SNP relative
to the peak SNP (indicated as a red triangle) at 135,801,334 bp (B73
RefGen_v2) on chromosome 10. The red horizontal dashed line
indicates the —log,, P-value of the least statistically significant SNP at a
5% FDR. The black vertical dashed line indicates the genomic position
of the B-carotene hydroxylase 1 (crtRBI) gene. (b) Scatter plot of
association results from a conditional mixed linear model analysis and
linkage disequilibrium estimates (+°). The SNPs (S10_135801334, red
triangle; and S10_136086332, red circle) from the optimal multi-locus
mixed-model were included as covariates in the mixed linear model to
control for the crtRB1 effect

chromosome 9 were found to be associated with the ratio of
B-xanthophylls to a-xanthophylls. However, only the peak
SNP S8_138888278 was selected in the optimal model
obtained by the MLMM for the xanthophyll ratio phenotype
(Supplemental Table S6). When the peak SNP was fitted
as a covariate in the mixed linear model, all other SNPs
from chromosomes 8 and 9 were no longer significantly
associated with p-xanthophylls/a-xanthophylls at a 5% FDR
(Figure 3b). Interestingly, only one line each in the sh2 and
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FIGURE 3 Genome-wide association study for the ratio of p- to
a-xanthophylls in fresh kernels of sweet corn. (a) Scatter plot of
association results from a mixed linear model analysis and linkage
disequilibrium estimates (+2). The vertical lines are —log,, P-values of
single nucleotide polymorphisms (SNP) and blue color represents SNPs
that are statistically significant at a 5% false discovery rate (FDR).
Triangles are the 7 values of each SNP relative to the peak SNP
(indicated in red) at 138,888,278 bp (B73 RefGen_v2) on chromosome
8. The red horizontal dashed line indicates the —log,, P-value of the
least statistically significant SNP at a 5% FDR. The black vertical
dashed line indicates the genomic position of the lycopene e-cyclase
gene (lcyE). (b) Scatter plot of association results from a conditional
mixed linear model analysis and linkage disequilibrium estimates (r°).
The SNP from the optimal multi-locus mixed-model (S8_138888278)
was included as a covariate in the mixed linear model to control for the
lcyE effect

sulsh2 endosperm mutation type groups was homozygous
for the allele of the peak SNP associated with a larger average
value of the p- to a-xanthophylls ratio (i.e., greater amount
of B-xanthophylls), whereas the same SNP allele was found
to be homozygous at a relatively higher frequency (12.7%)
among sul lines (Supplemental Table S7).

We detected seven SNPs covering a 748.29-Kb interval on
chromosome 2 that were significantly associated with total
xanthophylls. Of these SNPs, six of them were also associ-
ated with total carotenoids. The peak association signal for
both traits was SNP S2_222880454 (P-values 2.74 X 10‘8,
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TABLE 3 Mean predictive ability (standard deviation) of genomic prediction models for 19 fresh kernel carotenoid traits using three marker

sets as predictors

GBLUP with endosperm mutation type covariate

GBLUP*
Trait QTL targeted” Pathway-level®
Antheraxanthin 0.35 (0.03) 0.35 (0.03)
p-Carotene 0.41 (0.03) 0.48 (0.03)
B-Cryptoxanthin 0.36 (0.03) 0.49 (0.03)
Lutein 0.54 (0.02) 0.64 (0.02)
Violaxanthin 0.25 (0.03) 0.27 (0.03)
Zeaxanthin 0.24 (0.03) 0.35 (0.03)
Zeinoxanthin 0.42 (0.02) 0.49 (0.02)
Other carotenes 0.21 (0.03) 0.29 (0.03)
a-Xanthophylls 0.53 (0.02) 0.64 (0.02)
B-Xanthophylls 0.26 (0.03) 0.38 (0.03)
Total xanthophylls 0.41 (0.02) 0.56 (0.02)
Total carotenes 0.23 (0.03) 0.34 (0.03)
Total carotenoids 0.40 (0.02) 0.56 (0.02)
B-Carotene/p-cryptoxanthin 0.48 (0.02) 0.51 (0.03)
p-Carotene/(p-cryptoxanthin 0.44 (0.03) 0.46 (0.04)
+Zeaxanthin)
B-Cryptoxanthin/zeaxanthin 0.35 (0.02) 0.44 (0.02)
Zeinoxanthin/lutein 0.26 (0.03) 0.25 (0.03)
B-/a-Xanthophylls 0.57 (0.02) 0.57 (0.02)
Total carotenes/total 0.30 (0.03) 0.32 (0.03)
xanthophylls
Average 0.37 0.44

2*GBLUP, genomic best linear unbiased prediction.

Genome-wide!  QTL targeted Pathway-level Genome-wide
0.45 (0.02) 0.39 (0.02) 0.41 (0.02) 0.48 (0.02)
0.49 (0.04) 0.41 (0.03) 0.47 (0.04) 0.49 (0.04)
0.61 (0.02) 0.39 (0.02) 0.53 (0.02) 0.63 (0.02)
0.73 (0.01) 0.65 (0.01) 0.72 (0.01) 0.75 (0.01)
0.28 (0.03) 0.25 (0.02) 0.27 (0.03) 0.27 (0.03)
0.42 (0.03) 0.24 (0.03) 0.36 (0.03) 0.44 (0.03)
0.54 (0.02) 0.43 (0.02) 0.50 (0.02) 0.54 (0.02)
0.49 (0.02) 0.42 (0.02) 0.46 (0.02) 0.52 (0.02)
0.71 (0.01) 0.63 (0.01) 0.70 (0.01) 0.73 (0.01)
0.46 (0.03) 0.26 (0.03) 0.40 (0.03) 0.47 (0.03)
0.67 (0.02) 0.52 (0.02) 0.64 (0.01) 0.70 (0.02)
0.53 (0.02) 0.40 (0.02) 0.47 (0.03) 0.55 (0.02)
0.68 (0.02) 0.52 (0.02) 0.65 (0.01) 0.71 (0.02)
0.54 (0.03) 0.48 (0.02) 0.53 (0.03) 0.55 (0.03)
0.42 (0.05) 0.43 (0.03) 0.46 (0.04) 0.42 (0.05)
0.54 (0.02) 0.40 (0.02) 0.50 (0.02) 0.55 (0.02)
0.33 (0.03) 0.27 (0.03) 0.26 (0.03) 0.33 (0.03)
0.62 (0.02) 0.65 (0.01) 0.63 (0.02) 0.64 (0.01)
0.39 (0.04) 0.29 (0.04) 0.31 (0.03) 0.38 (0.04)
0.52 0.42 0.49 0.53

628 markers within +250 kb of eight a priori genes underlying quantitative trait loci associated with grain carotenoid biosynthesis and retention.

€4689 markers within +250 kb of 60 a priori candidate genes.
4172,486 genome-wide markers.

total xanthophylls; 1.15 X 1077, total carotenoids), which
was located within the ORF of a putative seryl-tRNA syn-
thetase (GRMZM2G172101). Through a MLMM analysis on
a chromosome-wide level, this peak SNP (S2_222880454)
was selected in the optimal model obtained for total xantho-
phylls and total carotenoids. The peak SNP was found to be
~172 Kb from a gene encoding a member of the SWEET
(Sugars Will Eventually be Exported Transporter) sucrose-
efflux transporter family (sweetl4a; GRMZM2G094955) that
is strongly expressed in the endosperm of developing maize
kernels at 16-24 d after pollination (Stelpflug et al., 2016). In
a conditional univariate mixed model analysis that included
the peak SNP as a covariate, SNPs on chromosome 2 were no
longer found to be associated with xanthophyll and carotenoid
totals (Supplemental Figure S4). This conditional analysis
resulted in the detection of six additional SNPs on chromo-
some 1 (peak SNP S1_290953298; P-value 6.52 x 10‘7) sig-
nificantly associated with total carotenoids at an FDR of 5%
(Supplemental Table S8), with two of the six SNPs located

within a gene that encodes alkaline galactosidase 4 (aga4,
GRMZM2GO077181). However, within +250 kb of these six
SNPs there were no genes with an encoded protein that had an
obvious role in the genetic control of kernel carotenoid levels.

3.3 | Carotenoid prediction

To evaluate the potential of genomic selection for enhancing
the level of carotenoids in fresh kernels, we evaluated whole-
genome prediction (WGP) using the 172,486 SNP markers
for all 19 carotenoid phenotypes that had been measured on
the 308 sweet corn inbred lines. The average predictive ability
across the 19 carotenoid phenotypes was 0.52, with a range in
abilities of 0.28 for violaxanthin to 0.73 for Iutein (Table 3).
The two measured compounds with provitamin A activity, -
carotene and p-cryptoxanthin, had moderately high predictive
abilities of 0.49 and 0.61, respectively. A moderately strong
positive correlation (rsp = 0.71, P-value < .001) was found
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between heritability estimates and predictive abilities for the
19 carotenoid phenotypes. Conversely, predictive abilities had
essentially no correlation (rsp =-0.036, P-value = 0.883) with
the number of significant markers detected in GWAS at 5%
FDR.

Carotenoid grain traits in maize show patterns of oligogenic
inheritance (Chander et al., 2008; Kandianis et al., 2013;
Wong, Lambert, Wurtzel, & Rocheford, 2004), with variabil-
ity for content and composition mostly under the genetic con-
trol of several moderate- to large-effect loci involved in the
synthesis or cleavage of carotenoids (Owens et al., 2014).
Therefore, we evaluated the predictive ability of two marker
datasets that included SNPs within +250 kb of eight candi-
date genes underpinning QTL associated with variation for
carotenoid levels in maize grain (carotenoid QTL-targeted) or
60 candidate genes involved in carotenoid biosynthesis and
retention in maize (pathway-level) (Supplemental Table S4).
When compared to the genome-wide marker dataset, on aver-
age, the predictive abilities of the 19 phenotypes were 15 and
8 percentage points lower for the carotenoid QTL-targeted and
pathway-level marker sets, respectively (Table 3). The pre-
dictive ability for B-carotene with the pathway-level set was
7 percentage points higher than that of the QTL-targeted set,
but it was essentially equivalent to the predictive ability of
the genome-wide marker set (0.49). In contrast, the decrease
in predictive abilities for p-cryptoxanthin, lutein, zeaxan-
thin, and total carotenoids with the carotenoid QTL-targeted
dataset ranged from 10-28 percentage points compared to
abilities obtained with the pathway-level and genome-wide
marker sets.

Given that there were significant differences in variation
among endosperm mutation type groups for more than half of
the carotenoid phenotypes (Table 2), we evaluated the extent
to which predictive abilities would improve from the inclusion
of a covariate for the type of endosperm mutation in predic-
tion models that varied for marker coverage of the genome.
On average, predictive ability across the 19 phenotypes only
increased by a single percentage point when including the
endosperm mutation type covariate (Table 3) in the WGP
model. Illustrative of the impact of including this covariate
for both less dense marker datasets, the improvement in pre-
dictive abilities ranged from 5 to 21 percentage points for the
eight phenotypes with a highly significant endosperm muta-
tion type effect (P < .0001; Table 2) when using the carotenoid
QTL-targeted marker dataset, whereas the improvement for
the same phenotypes was a slightly narrower range of 6
to 17 percentage points with the pathway-level marker set.
The improvements in predictive abilities across both reduced
marker datasets were far more modest or negligible for the
phenotypes with a weaker significant (.0001 < P < .05; range:
0 to 6 percentage points) or nonsignificant (P > .05; range:
—1 to 2 percentage points) endosperm mutation type effect
(Table 2).

4 | DISCUSSION

The consumption of sweet corn enhanced for carotenoids,
especially lutein and zeaxanthin, has the potential to help
reduce the risk of AMD that is prevalent among the elderly
in the Western world (Congdon et al., 2004; Friedman
et al., 2004). Favorable alleles and haplotypes of genes
associated with the genetic control of carotenoid levels and
genomic selection models optimized for predictive abilities
could be used together to accelerate progress in breeding
for higher levels of AMD-impacting carotenoids in sweet
corn at the fresh-eating stage. To establish a key step for
biofortification efforts in sweet corn, we conducted a GWAS
to elucidate the genetic basis of natural variation for 19
highly heritable (ﬁlz = 0.76-0.93) carotenoid phenotypes in
fresh kernels with a range of light to dark yellow endosperm
color from a panel of 308 inbred lines. Additionally, the
predictive ability of genomic prediction models varying in
marker densities and the genes they target were tested on
the same set of carotenoid phenotypes to provide insights
into the potential effectiveness of genomic selection. To our
knowledge, this work is the most comprehensive quantita-
tive genetic analysis of carotenoid variation in fresh sweet
corn kernels.

The two most abundant carotenoids found in fresh ker-
nels were lutein and zeaxanthin, which is consistent with
the previously studied carotenoid profiles of yellow kernels
from maize (dent/flint/sweet corn) inbred lines (Kurilich &
Juvik, 1999; Owens et al., 2014). The sweet corn associa-
tion panel showed a 30.3- and 6.61-fold range in variation
for lutein and zeaxanthin, respectively. If targeting an intake
of 6 mg of lutein and zeaxanthin per day—an amount associ-
ated with reduced risk for the development of AMD (reviewed
in Mares, 2016)—13 lines (11 sh2 and 2 sul lines) from our
panel would provide more than 30% (maximum of 48%) of
this amount for lutein+zeaxanthin with only 100 g of fresh
sweet corn (Supplemental Figure S5). Although a maximum
zeaxanthin value of only 10.71 pg g~!' was observed in our
sweet corn association panel, this highly heritable pheno-
type has been shown to be responsive to selection. Through
phenotypic selection for elevated zeaxanthin levels and con-
comitant deeper orange kernel color at the fresh eating stage
in tropical sweet corn, O’Hare, Fanning, and Martin (2015)
increased zeaxanthin up to 25 pg ¢! and later to ~30 pg
g~! (Calvo-Brenes et al., 2019). The maximum p-carotene
content observed in our association panel (2.83 pg g7!) is
1.67-fold lower than that observed by Fanning et al. (2010) in
fresh kernels sampled from a population of 385 tropical sweet
corn breeding lines (4.72 pg g~!) that had been selected for
increased zeaxanthin—a p-branch compound. When consid-
ering B-carotene and p-cryptoxanthin together, our sweet corn
association panel could provide a maximal 3.6% (women) or
2.8% (men) of the recommended daily allowance for vitamin
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A with 100 g (medium size ear) of fresh sweet corn (Supple-
mental Figure S5). Although the HPLC chromatogram peaks
for the compounds summed to comprise the ‘other carotenes’
phenotype are too numerous and variable to quantify repro-
ducibly in the sweet corn association population (data not
shown), some of the peaks had spectra indicative of the pres-
ence of a B-ring and, though unidentified, are provitamin A
active. Thus, the provitamin A content calculated from sum-
ming P-carotene and f-cryptoxanthin represents the minimal
estimate of provitamin A in the population. The true content
is likely to be somewhat higher.

The GWAS of quantitative variation for carotenoids in
fresh sweet corn kernels resulted in the detection of significant
associations at the genome-wide level for two core carotenoid
biosynthetic pathway genes, crtRBI (B-carotene hydroxylase)
and IcyE (lycopene e-cyclase). These two genes have been
previously associated at the candidate gene (Harjes et al.,
2008; Yan et al., 2010) and genome-wide (Azmach, Menkir,
Spillane, & Gedil, 2018; Owens et al., 2014; Suwarno,
Pixley, Palacios-Rojas, Kaeppler, & Babu, 2015) levels with
carotenoids in maize (non-sweet corn) grain at physiological
maturity. Within a 5.09-Mb genomic interval that included
crtRBI on chromosome 10, there was a cluster of 38 SNPs
within + 250 kb of crtRBI that significantly associated
with f-carotene, p-carotene/(B-cryptoxanthin+zeaxanthin),
[-carotene/p-cryptoxanthin, and/or violaxanthin. In an effort
to resolve this association complex, the implemented MLMM
approach optimally selected the peak SNP S10_135801334,
which was located ~255 kb from crtRBI, for p-carotene and
its two derivative traits. A second SNP positioned only ~26 kb
away from crtRB1 was additionally selected by the MLMM
for B-carotene and p-carotene/(p-cryptoxanthin+zeaxanthin).
Despite the existence of complex linkage disequilibrium pat-
terns and the absence of SNPs scored within crtRBI—a gene
whose expression levels control f-carotene concentration
in the maize endosperm (Yan et al., 2010) and a favorable
allele of which has been used for increasing provitamin A
content in grain of tropical maize (Azmach, Gedil, Menkir,
& Spillane, 2013; Muthusamy et al., 2014), our findings
support a role of crtRBI as well in the genetic control of
[B-carotene concentration and its conversion in fresh sweet
corn kernels.

Resembling the complex association signal at the crtRBI
locus, 10 SNPs that collectively covered a 3.69-Mb region
on chromosome 8 that included the IcyE gene significantly
associated with the ratio of - to a-xanthophylls. However,
in contrast to the results from the statistical modeling effort
to resolve the expansive signal at crfRBI, only the peak
SNP (S8_138888278) located within IlcyE was optimally
selected by the MLMM for p-xanthophylls/a-xanthophylls.
Comparatively, Harjes et al. (2008) showed through a
candidate gene association analysis of yellow/orange col-
ored endosperm lines from the Goodman-Buckler maize

association panel (Flint-Garcia et al., 2005) that a multi-allelic
promoter indel (5’ transposable element polymorphisms)
and a non-synonymous SNP in exon 1 of lycE together
explained most of the phenotypic variation (5.2-fold effect)
for the ratio of flux between the a- and p-carotene branches
[(a-carotene + lutein)/(f-carotene + f-cryptoxanthin +
zeaxanthin)] of the carotenoid pathway in maize grain,
followed by a 3.3-fold effect attributed to a second 8 bp
indel in the 3’-untranslated region of lycE. Notably, the
weaker effect 3’ UTR-indel is only about ~1 kb from the
MLMM-selected SNP S8_138888278 shown to associate
with f-xanthophylls/a-xanthophylls in the sweet corn associ-
ation panel. Additionally, Harjes et al. (2008) demonstrated
that the haplotype most favorable for increased levels of
B-branch carotenoids had both the 5’ promoter-indel and
the 3’ UTR-indel. Therefore, the 5’ promoter-indel could be
eventually targeted with the PCR-based genotyping assay
developed by Harjes et al. (2008) to more deeply assess
the existence of an allelic series at lycE across sweet corn
inbred lines.

In the sweet corn association panel, the most favorable
crtRBI and lcyE alleles for the MLMM-selected SNPs, which
presumably have decreased enzymatic activities to promote
accumulation of p-carotene (Harjes et al., 2008; Yan et al.,
2010), were at low frequencies among the three endosperm
mutation type groups, especially sh2 and sulsh2. An analysis
of the four observed crtRBI haplotypes showed that only
13 sul and two sh2 lines had the most favorable haplotype
(TT) that confers more than twice as much accumulated
B-carotene compared to the least favorable haplotype (GC)
(Supplemental Table S7), with the GC haplotype present
at a frequency ranging from 70.6-79.1% across the three
endosperm mutation type groups. Through a haplotype
analysis, we also showed that crtRBI had no effect on total
carotenoids in concordance with previous association map-
ping studies involving diverse maize (non-sweet corn) inbred
lines (Azmach et al., 2018; Yan et al., 2010). Similarly, the
favorable allele (T) of the peak SNP marker located within
the lycE gene that was associated with higher (-branch
carotenoids was found at an overall frequency of ~11% in
the association panel (Supplemental Table S7), but only one
line each from the sh2 and sulsh2 groups was homozygous
for the T allele. When considering the entire association
panel, we observed only two sul lines homozygous for both
the favorable TT haplotype and T allele of crtRB1 and lycE,
respectively. This is in stark contrast to our findings from
an earlier study in the same sweet corn association panel
that revealed the most favorable hggtl and vtel alleles for
increased levels of tocotrienols in fresh kernels were almost
entirely fixed for sh2 and sulsh2 lines (Baseggio et al., 2019).
Taken together, stacking the favorable but low frequency
crtRBI haplotype and lycE allele into a single genetic back-
ground for sh2 and sulsh2 lines is urgently needed for further



BASEGGIO ET AL.

improvements in the accumulation of carotenoid compounds
from the B-branch such as f-carotene and zeaxanthin in fresh
kernels. A similar strategy to combine favorable alleles of 02
(starchy endosperm mutant), crtRBI, lycE in a single genetic
background has been shown to be successful for increased
provitamin A concentration in combination with elevated
levels of lysine and tryptophan in yellow grain maize hybrids
(Zunjare et al., 2018).

We detected an association signal for total xanthophylls
and total carotenoids consisting of seven significant SNPs that
spanned a ~750-Kb region on chromosome 2. None of the sig-
nificant SNPs that comprised this signal were within +250 kb
of the 60 a priori candidate genes involved in the synthesis or
retention of carotenoids. Even though this complex associa-
tion signal for both phenotypes was resolved by the MLMM
approach down to the same single peak SNP, the long-range
linkage disequilibrium in this region—exemplified by an aver-
age 1 of 0.83 between the seven significant SNPs—Ilimited
mapping resolution. Nonetheless, the investigated genes con-
tained within this interval did not have a function known
to be involved in carotenoid production or regulation of the
carotenoid pathway. Interestingly, this region had been pre-
viously shown by Baseggio et al. (2019) to also associate
with total tocotrienol levels in the same sweet corn associa-
tion panel. Specifically, the SNP S2_222219441 significantly
associated with total xanthophylls (includes lutein and zeax-
anthin), total carotenoids, and total tocotrienols, which are all
sum traits consisting of metabolites predominantly synthe-
sized in the endosperm (Grams et al., 1970; Weber, 1987).
Not only is there a very strong correlation between total xan-
thophylls and total carotenoids (r = 0.99) as expected, but
there is also a strong correlation of total tocotrienols with
total xanthophylls (r = 0.61) and total carotenoids (r = 0.59).
If not the product of cryptic population structure, these find-
ings suggest the possible presence of a novel locus influencing
the production of shared precursor substrates, such as GGDP,
which is used by committed pathway steps for the formation of
phytoene for carotenoids and 2-methyl-6-geranylgeranyl-1,4-
benzoquinol (MGGBQ) for tocotrienols. This hypothesis and
the other novel loci on chromosomes 1 (total carotenoids) and
6 (B-carotene) (Supplemental Table S8) will need to be fur-
ther investigated by a combination of approaches, such as gene
expression profiling and mutagenesis, to assess their potential
novel contribution to the genetic control of carotenoid levels
in fresh sweet corn kernels.

Through WGP in the sweet corn panel, we observed an
average predictive ability of 0.52 across the 19 carotenoid
phenotypes, with predictive abilities having a strong posi-
tive Spearman correlation (0.71) with heritability estimates.
With regards to compounds of importance to human health
and nutrition, moderate to high predictive abilities (0.42—
0.73) were shown for carotenoids central to reducing the risk
of AMD (lutein and zeaxanthin) and alleviating vitamin A

deficiency (p-carotene and f-cryptoxanthin). When standard-
ized by heritability to allow for a comparison to Owens et al.
(2014), prediction accuracies were 1.45 to 2.16-fold higher for
[-carotene, f-cryptoxanthin, and lutein but 1.15-fold lower for
zeaxanthin in fresh kernels of the sweet corn association panel
relative to physiologically mature dry kernels (dent/flint) from
the Goodman-Buckler association panel. The markedly higher
prediction accuracies for these carotenoid compounds in fresh
kernels is probably attributable to the overall higher genetic
relatedness between lines in the sweet corn panel—a factor
known to elevate trait prediction accuracies in populations of
maize and other crops (Albrecht et al., 2014; Gowda et al.,
2014; Ly et al., 2013; Wang et al., 2014). Given the over-
all findings from WGP, it is plausible that genomic selection
would be more accurate and offer higher genetic gain than
phenotypic selection, particularly for the carotenoid pheno-
types with relatively lower heritability (Calus, Meuwissen, de
Roos, & Veerkamp, 2008), but this would need to be empiri-
cally evaluated in sweet corn breeding populations.

On average, improvement to predictive abilities was
negligible when the endosperm mutation type covariate was
included in WGP models, but its inclusion would enhance
predictive abilities for phenotypes with an endosperm muta-
tion type effect (Table 2) when using either the pathway-level
or carotenoid QTL-targeted model. In our same sweet corn
association panel, Baseggio et al. (2019) observed similar
improvements in predictive abilities for pathway-level and
QTL-targeted genomic prediction models for tocotrienols but
not tocopherols when accounting for endosperm mutation
type. Both tocotrienols and carotenoids are synthesized in the
endosperm, whereas the synthesis of tocopherols occurs in the
embryo (Grams et al., 1970; Weber, 1987). On average, the
sh2 lines included in our study had significantly higher levels
of carotenoids compared to su/ lines, suggesting the possible
involvement of sh2 in the genetic control of carotenoids as
was also postulated by Baseggio et al. (2019) for tocotrienols.
However, Baseggio et al. (2019) showed that sh2 lines were
essentially fixed for strong alleles of vfel and hggtl that
likely had an additional contribution to the higher tocotrienol
levels in fresh kernels. In contrast, the most favorable crtRB1
and /cyE variants for the synthesis of f-carotene and f-branch
carotenoids, respectively, occurred at lower frequencies for
the sh2 lines relative to the sul lines, suggesting that other
genetic factors outside of the carotenoid pathway could be
involved such as the sweet/4a locus that was less than 175 Kb
from the peak SNP associated with total xanthophylls and
total carotenoids on chromosome 2. Although the influence
of sugar signaling on carotenoid synthesis is largely unknown
for the high-sucrose endosperm of sh2 kernels, sucrose sup-
plementation is associated with an increased accumulation
of chlorophylls and carotenoids in wild-type Arabidopsis
seedlings (Flores-Pérez et al., 2010). Despite these observa-
tions, it is still plausible that the inclusion of the endosperm
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mutation type covariate in genomic prediction models instead
accounts for population structure and relatedness patterns
that happen to correlate with the allele frequencies of causal
variants controlling quantitative variation for carotenoid
traits.

Even though the extent of heritable variation for each
carotenoid phenotype is expected to be predominantly con-
trolled by a few genes with moderate to large effects (Owens
et al.,, 2014), on average, lower predictive abilities were
achieved with the pathway-level and carotenoid QTL-targeted
marker datasets compared to the genome-wide markers used
for WGP. With essentially the same sweet corn association
panel, Baseggio et al. (2019) showed a comparable pattern in
predictive abilities of tocochromanol fresh kernel traits with
three marker datasets that similarly varied in scope. A plausi-
ble explanation would be that SNPs included in the reduced
marker datasets, which target a priori candidate gene loci,
were not at a density to be in sufficiently strong linkage dise-
quilibrium with causal variants throughout the genome. Con-
trastingly, the work of Owens et al. (2014) showed that the
carotenoid QTL-targeted marker dataset of eight genes used
in our study predicted carotenoid traits with accuracies sta-
tistically equivalent to a genome-wide set of markers. How-
ever, in their study, four (crtRBI, lycE, lutl, and zepl) of
the eight genes were detected as strong signals in GWAS,
whereas only two (crtRBI and lycE) were strongly associated
with carotenoids at the genome-wide level in our sweet corn
association panel. In light of this, transcriptional networks
could be integrated to identify novel candidate genes show-
ing weak associations with carotenoids, and these genes com-
bined in prediction models to potentially improve their pre-
dictive ability (Chan, Rowe, Corwin, Joseph, & Kliebenstein,
2011; Owens et al., 2014; Schaefer et al., 2018).

S | CONCLUSIONS

We detected a significant association of crtRBI with
p-carotene concentration and IcyE with the ratio of p-
xanthophylls to a-xanthophylls in kernels of fresh sweet
corn. The most favorable IcyE allele and crtRBI haplo-
type for increasing P-branch carotenoids (f-carotene and
zeaxanthin) and p-carotene, respectively, were found to be
uncommon (<5%) for lines possessing sh2. Therefore, lines
with these favorable uncommon variants are potential donors
for increasing p-carotene and/or zeaxanthin in sh2 and sulsh2
sweet corn breeding populations. Of the 19 carotenoid phe-
notypes, 13 were significantly different among endosperm
mutation types, but further experimental studies involving
a combination of higher resolution segregating biparental
populations and isogenic lines are needed to identify the
biological factors driving these differences. The eventual
profiling of carotenoid and gene expression levels across

multiple developing kernel stages of select sweet corn lines
combined with their whole-genome resequencing data will
help to better characterize functional haplotypes at crtRBI,
lcyE, and those yet to be detected because of limitations in
statistical power. Furthermore, these findings could then be
used to help inform genomic prediction models as to which
combinations of haplotypes such as from crtRBI, IcyE, zepl,
and [utl are most optimal for increasing zeaxanthin and
lutein levels for prevention of AMD without diminishing
[-carotene levels. Genomic prediction models that used the
genome-wide marker dataset showed the most promise for
selecting sweet corn lines with elevated levels of lutein,
zeaxanthin, and provitamin A carotenoids, but increasing the
number of markers in the vicinity of candidate genes asso-
ciated with carotenoid synthesis and retention is a warranted
pursuit having potential benefit for both GWAS and genomic
selecton. Collectively, our work in sweet corn represents
an important step toward resolving the genetic control of
carotenoid synthesis and accumulation at the fresh eating
stage, as well as developing optimal genomic prediction
models for effectively increasing carotenoids in fresh kernels
to levels that will better benefit human health and nutrition.
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