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ABSTRACT
Vitamin A deficiency remains prevalent in parts of Asia, Latin America and sub-Saharan Africa
where maize is a food staple. Extensive natural variation exists for carotenoids in maize grain; to
understand its genetic basis, we conducted a joint linkage and genome-wide association study in
the U.S. maize nested association mapping panel. Eleven of the 44 detected quantitative trait loci
(QTL) were resolved to individual genes. Six of these were expression QTL (eQTL), showing
strong correlations between RNA-seq expression abundances and QTL allelic effect estimates
across six stages of grain development. These six eQTL also had the largest percent phenotypic
variance explained, and in major part comprised the three to five loci capturing the bulk of
genetic variation for each trait. Most of these eQTL had highly correlated QTL allelic effect
estimates across multiple traits, suggesting that pleiotropy within this pathway is largely
regulated at the expression level. Significant pairwise epistatic interactions were also detected.
These findings provide the most comprehensive genome-level understanding of the genetic and
molecular control of carotenoids in any plant system, and a roadmap to accelerate breeding for
provitamin A and other priority carotenoid traits in maize grain that should be readily extensible
to other cereals.

INTRODUCTION

Carotenoids are lipid-soluble isoprenoids (typically Cao) synthesized by plants, algae and also
some fungi, bacteria and yeast (reviewed in LI et al. 2016). Most carotenoids have yellow,
orange, or red colors that are a function of the length of their conjugated double bond system and
functional groups (KHOO et al. 2011). Carotenoids containing oxygen functional groups are
termed xanthophylls, and those without such groups are termed carotenes. In plants, carotenoids
are biosynthesized and localized in plastids, where they play numerous roles in photosystem
structure and light harvesting and in photoprotection through their scavenging of singlet oxygen
and dissipation of excess excitation energy via the xanthophyll cycle (JAHNS AND HOLZWARTH
2012). Additionally, 9-cis isomers of violaxanthin and neoxanthin are precursors for biosynthesis
of abscisic acid (ABA), a plant hormone with critical roles in embryo dormancy and abiotic
stress responses (KERMODE 2005; TUTEJA 2007), while 9-cis B-carotene is the substrate for
synthesis of strigolactones, recently discovered plant hormones involved in branching and in
attracting beneficial arbuscular mycorrhizae (reviewed in AL-BABILI AND BOUWMEESTER 2015,
Jiaetal. 2018).

Provitamin A carotenoids are an essential micronutrient in human and animal diets, as
they are converted to vitamin A (retinol) in the body via oxidative cleavage (reviewed in
EROGLU AND HARRISON 2013). The most abundant provitamin A carotenoids in the human diet
are B-carotene, which yields two molecules of retinol, and B-cryptoxanthin and a-carotene, which
yield one (STAHL AND SIES 2005; ComBS AND MCCLUNG 2016). Clinical vitamin A deficiency
affects an estimated 127.2 million preschool children and 7.2 million pregnant women in
countries determined to be at risk (WEST 2002). Symptoms can include xerophthalmia (‘dry
eye’), which often progresses to night blindness, as well as increased morbidity and mortality
from infections (reviewed in WEST AND DARNTON-HILL 2008). It is estimated that vitamin A
deficiency is responsible for the deaths of 650,000 preschool children per year (RICE et al. 2004).
Age-related macular degeneration is associated with deficiency in two xanthophylls—Ilutein and
zeaxanthin—in the fovea, or cone-rich center of the retina, affecting 170 million adults in 2014
and projected to increase further with aging global populations (WONG et al. 2014; BEATTY et al.
1999; KRINSKY et al. 2003; ABDEL-AAL EL et al. 2013).

Maize is a primary food staple in much of Latin America, sub-Saharan Africa, and Asia,
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where vitamin A deficiency remains highly prevalent (WEST 2002). There is extensive natural
variation in levels of maize grain carotenoids, which are most highly concentrated in the vitreous
(hard) portion of the endosperm (WEBER 1987; BLESSIN et al. 1963; HARJES et al. 2008).
However, as a dietary staple the average provitamin A carotenoid levels of diverse yellow maize
lines provide less than 20% of the target level established based on recommended dietary
allowances (HARJES et al. 2008; Bouis AND WELCH 2010; OWENS et al. 2014). Genetic
improvement of maize grain carotenoid (provitamin A) levels through breeding, an example of
biofortification, has been proposed as a cost-effective approach for ameliorating vitamin A
deficiency in populations who are at risk thereof (GRAHAM et al. 2001; WELCH AND GRAHAM
2004; Bouis AND WELCH 2010; DIEPENBROCK AND GORE 2015).

Carotenoids are derived from the five-carbon central intermediate isopentenyl
pyrophosphate (IPP) produced by the plastid-localized methyl-D-erythritol-4-phosphate (MEP)
pathway (Figure 1). The committed step toward carotenoid biosynthesis is the head-to-head
condensation of two 20-carbon geranylgeranyl diphosphate (GGDP) molecules by the enzyme
phytoene synthase to form phytoene. Phytoene is sequentially desaturated and isomerized to
form lycopene, which is then cyclized with two B-rings to form B-carotene, or with one -ring
and one &-ring to form a-carotene. a- and [3-carotenes are hydroxylated twice to form lutein and
zeaxanthin, respectively, and zeaxanthin further modified to yield violaxanthin and neoxanthin.
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Figure 1. Carotenoid biosynthetic pathway in maize. Precursor pathways are summarized in black boxes. The a
priori genes identified in this study are denoted in blue italics, and are placed at the pathway step(s) executed by the
enzyme that they encode. Compound abbreviation: GGDP, geranylgeranyl diphosphate. Gene abbreviations: 1-
deoxy-D-xylulose-5-phosphate synthase (dxs2 and 3); phytoene synthase (psy1); phytoene desaturase (vp5); plastid
terminal oxidase (im1); lycopene e-cyclase (IcyE); e-ring hydroxylase (lutl); B-carotene hydroxylase (crtRB1);
zeaxanthin epoxidase (zepl); carotenoid cleavage dioxygenase (ccdl), whitecapl (wcl; a locus containing a varying
number of copies of ccdl).

The MEP and carotenoid biosynthetic pathways are well-characterized in Arabidopsis,

and the encoded genes are highly conserved across species, enabling the straightforward
identification of homologs in other species. In maize, the MEP and carotenoid pathways are
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encoded by 58 genes, which can be considered a priori candidates for influencing natural
variation for maize grain carotenoid levels (Supplemental Data Set 1). Four of these a priori
candidate genes—I/ycopene epsilon cyclase (ICyE), f-carotene hydroxylase 1 (crtRB1),
zeaxanthin epoxidase 1 (zepl) and ¢-ring hydroxylase (lutl)—have been shown to have genome-
wide associations with various carotenoid traits in maize grain (HARJES et al. 2008; YAN et al.
2010; OWENS et al. 2014; SUWARNO et al. 2015; AzmMACH et al. 2018). zepl encodes zeaxanthin
epoxidase, which converts zeaxanthin to violaxanthin via antheraxanthin, and has been found to
be associated with levels of zeaxanthin and total B-xanthophylls, with large explanation of
phenotypic variance for these traits (OWENS et al. 2014; SUWARNO et al. 2015). lutl encodes a
plastid-localized cytochrome P450 that hydroxylates the e-ring of a-carotene to form
zeinoxanthin, and has been detected in association with zeinoxanthin levels and ratios of a-
branch compounds (OWENS et al. 2014). Lycopene epsilon cyclase (IcyE) catalyzes e-ring
cyclization of lycopene and is a key branch point enzyme: alleles with low expression in grain
result in higher flux to B-carotene and B-xanthophylls (HARJES et al. 2008). Finally, crtRB1
encodes a non-heme diiron hydroxylase that sequentially hydroxylates B-carotene to produce -
cryptoxanthin and zeaxanthin; weakly expressed alleles result in higher levels of B-carotene at
the expense of B-xanthophylls (YAN et al. 2010).

Provitamin A breeding efforts in maize focusing on marker-assisted selection of
favorable /cyE and crtRB1 alleles have been successfully ongoing for more than a decade at two
CGIAR centers, in coordination with HarvestPlus and numerous public and private partners
(SALTZMAN et al. 2013; DHLIWAYO et al. 2014; SUWARNO et al. 2014). Maize hybrid and
synthetic varieties that accumulate 40-70% of the target provitamin A level have been released,
and others with higher levels are in national performance trials (PIXLEY et al. 2013, MENKIR et
al. 2017). However, introgression of favorable alleles of IcyE and/or crtRB1 can have
dramatically different effects depending on the genetic background (BABU et al. 2013; MENKIR
et al. 2017; GEBREMESKEL et al. 2018), suggesting that further investigation of these and other
involved genes may facilitate and expedite the consistent achievement of target provitamin A
levels. Furthermore, to simultaneously enhance and balance several other priority carotenoid
traits (e.g., lutein, zeaxanthin, and total carotenoids) requires a more comprehensive
understanding of the genetics underlying natural variation in maize grain carotenoid content and
composition.

While substantial insight into the carotenoid pathway has been obtained from studies in
Arabidopsis, its seed are green and photosynthetic whereas those of most major crops, including
maize, are non-photosynthetic. Thus, maize grain is both inherently of interest as a key target
crop for biofortification efforts and also potentially provides a more suitable model system for
carotenoid accumulation in other major crops. In this light, we used the U.S. maize nested
association mapping (NAM) panel to dissect, with high power and resolution, the quantitative
trait loci (QTL) and underlying genes responsible for natural variation in grain carotenoid levels.

RESULTS

Genetic dissection of carotenoid accumulation in maize grain

We used the U.S. nested association mapping (NAM) panel—25 families, each comprised of 200
recombinant inbred lines (RILs) with B73 as a common parent—to dissect the genetic basis of
carotenoid content and composition in maize grain. Seven grain carotenoid compounds were
quantified by high-performance liquid chromatography (HPLC) with photodiode array detection.
These traits and one summed trait, total carotenoids, had high estimates of line-mean heritability
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(0.70 to 0.94, Table 1). Through a joint-linkage (JL) analysis across all 25 NAM families, we
identified 117 individual-trait QTL (10 to 23 for each trait; Tables 1 and 2, Supplemental Data
Sets 2 and 3) that each explained 0.7 to 40.7% of the phenotypic variance (Supplemental Data
Set 4). To dissect the identified QTL at higher resolution, we performed a genome-wide
association study (GWAS) using ~27 million HapMap v1 and v2 markers imputed on the ~3,600
NAM RILs (Table 2, Supplemental Data Set 5). A total of 983 marker-trait associations (101 to
142 per trait) were found to have a resample model inclusion probability (RMIP) value > 0.05
(VALDAR et al. 2009) (Table 2, Supplemental Data Set 5). Of these, 422 (42.9%) were within a
corresponding trait JL interval (Table 2), with 98 of these being attributed to 42 markers
associated with two or more traits.

Trait No_ . BLUEs . Heritabilities
Lines Median  SD? Range® Estimate SE®
Phytofluene 3,521 0.39 0.54 -0.43 - 3.02 0.72 0.02
a-carotene 3,556 0.91 0.84 -0.70 - 4.77 0.70 0.03
[-carotene 3,538 0.96 0.97 -0.58 - 5.49 0.78 0.03
Zeinoxanthin 3,465 1.44 1.99 -0.95-11.19 0.89 0.01
B-cryptoxanthin 3,538 1.61 1.72 -0.56 - 10.04 0.94 0.01
Lutein 3,581 10.68 6.74 -0.72 - 39.47 0.94 0.01
Zeaxanthin 3,565 7.19 7.19 -0.77 - 42.05 0.94 0.01
Total carotenoids 3,581 27.33 13.69  -0.89-85.40 0.94 0.01

Table 1. Sample sizes, ranges, and heritabilities for carotenoid traits. Medians and ranges (in pug g dry grain)
for untransformed best linear unbiased estimators (BLUES) of eight carotenoid grain traits evaluated in the U.S.
maize nested association mapping (NAM) panel, and estimated heritability on a line-mean basis across two years.
aSD, Standard deviation of the BLUEs.

bNegative BLUE values are a product of the statistical analysis. Specifically, it is possible for BLUES to equal any
value from -oo to +oo.

°SE, Standard error of the heritability estimate.

Median size Number of JL- Number of
Trait Number  (SD?) of a=0.01 QTL iptgrvals GWAS-ass_ociated Maximum
of JL-QTL  JL-QTL support containing a variants in JL- RMIP

interval (Mb) priori genes QTL intervals®
Phytofluene 14 5.05 (27.96) 6 65 0.67
a-carotene 11 2.64 (16.36) 5 44 0.87
B-carotene 10 3.86 (6.72) 8 39 0.80
Zeinoxanthin 12 2.42 (27.79) 8 40 0.86
B-cryptoxanthin 23 3.52 (26.73) 11 75 0.66
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Lutein 14 3.17 (19.59) 7 50 0.88

Zeaxanthin 18 4.22 (29.42) 13 56 0.88

Total carotenoids 15 6.21 (20.77) 7 54 0.73
JL-QTL TOTAL 117 3.80 (23.58) 65 423

Table 2. Genetic association results for carotenoid traits. Summary of joint-linkage quantitative trait loci (JL-
QTL) and genome-wide association study (GWAS) variants identified for eight carotenoid grain traits evaluated in
the US maize nested association mapping (NAM) panel.

28D, Standard deviation.

b GWAS variants residing within JL-QTL support intervals for each trait that exhibited a resample model inclusion
probability (RMIP) of 0.05 or greater.

Given that individual carotenoid compounds share a biosynthetic pathway (Figure 1), it
was not surprising that 80% of overlapping QTL support intervals were significantly pleiotropic
(Supplemental Figure 2, Supplemental Data Set 6). When the 117 individual-trait QTL intervals
were merged based on physical overlap, 44 unique QTL were obtained, of which 21 impacted
multiple traits (Supplemental Data Set 3). We then applied a triangulation approach
(DIEPENBROCK et al. 2017) integrating JL-QTL effect estimates (Supplemental Data Set 7),
GWAS marker genotypes, and RNA-sequencing (RNA-seq) expression abundances at six
developing kernel stages in the NAM parents (Supplemental Data Set 8) to identify genes
underlying the 44 unique QTL (Supplemental Figures 3 and 5). The rapid decay of linkage
disequilibrium (LD) in proximity of GWAS-detected markers (Supplemental Figure 4), in
combination with the high resolving power of the NAM panel (WALLACE et al. 2014), supported
using a search space spanning £100 kb of those GWAS signals residing within a unique QTL for
gene identification. Based on the confluence of strong triangulation correlations for a single gene
within these search spaces, 11 genes were identified as underlying a unique QTL (Figure 2). All
11 genes were contained on the list of 58 a priori genes known from prior studies in various
plants to play roles in IPP synthesis and carotenoid biosynthesis and degradation (Supplemental
Data Set 1). Five of these 11 genes were expression QTL (eQTL), in that their expression levels
were significantly associated with the JL allelic effect estimates for the QTL at multiple kernel
developmental time points (Figures 2 and 3, Supplemental Figure 3). All QTL with >4% PVE
were resolved down to an individual gene, with three exceptions: QTL21 for phytofluene (4.68%
PVE), QTL24 for a-carotene (6.99%), and QTL34 for a-carotene (5.21% PVE) (Figure 2,
Supplemental Table 2). Of the 33 JL-QTL intervals that could not be resolved to an individual
gene, 22 were single-trait intervals (Supplemental Table 2).

Percent phenotypic variance explained for each trait®
Common
eQTL? | Support RefGen_v4 ID Annotated Gene Function ToT
Interval PHYF ACAR BCAR ZE| BCRY LUT | ZEA CAR
No 1 Zm00001d027936 |phytoene desaturase (vp5) 1.8 14 14 1.7
No 2 Zm00001d029822 | epsilon ring hydroxylase (lutl) 6.1 15 3.0 0.9 1.0
No 5 Zm00001d001909 | plastid alternative oxidase (im1) 25 2.1 12 1.9
No 7 Zm00001d003513 | zeaxanthin epoxidase 1 (zepl) 1.6 0.8 2.1 0.7 | 17.9 5.1
Yes 25 Zm00001d036345 | phytoene synthase 1 (psyl) 11.7 5.0 9.7 5.7 8.0 8.2
Yes 27 Zm00001d019060 |deoxy xylulose synthase 2 (dxs2) 4.8 7.7 11.3
Yes 33 Zm00001d011210 |lycopene epsilon cyclase (IcyE) 19.6
No 35 Zm00001d045383 |deoxy xylulose synthase 3 (dxs3)
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Yes* 38 |zmooo01do4ga7a | Whitecap 1 (wel) [carotenoid cleavage 2.3 41121 | 97| 11
dioxygenase 1 (ccdl)]
No 39 Zm00001d048469 |beta carotene hydroxylase 5 (crtRB5) 14
Yes 43 Zm00001d026056 [peta carotene hydroxylase 1 (crtRB1) 8.4 4.1 3.7

Figure 2. Percent phenotypic variance explained (PVE) by joint-linkage quantitative trait loci (JL-QTL).
Blue shading corresponds to range of PVEs for JL-QTL, with darker blue indicating higher PVEs.

3QTL (expression QTL) indicates significant correlations between expression values and JL-QTL allelic effect
estimates at >2 time points for at least one trait. *Due to the multi-gene array nature of the macrotransposon
insertion-derived whitecapl locus and its position 1.9 Mb away from the progenitor ccdl-r locus (Tan et al. 2017),
an FDR-corrected P-value using our + 100 kb window could not be calculated for the correlation between ccdl
expression values and effect estimates. While this locus represents a unique case, a strong correlation was still seen
between ccdl expression (as well as ccdl copy number) and QTL38 allelic effect estimates for several traits (Figure
3, Supplemental Table 1).

bTrait abbreviations: PHYF, phytofluene; ACAR, a-carotene; BCAR, B-carotene; ZEI, zeinoxanthin; BCRY, B-
cryptoxanthin; LUT, lutein; ZEA, zeaxanthin; TOTCAR, total carotenoids.

The role of a priori pathway genes

Of the eleven identified a priori genes, five encode enzymes that act upstream of the main
carotenoid pathway branch point, where the linear carotene lycopene is cyclized to either a- or 8-
carotene. All five loci were associated with multiple cyclic carotenoids (Figure 2), including
provitamin A compounds (B-carotene, B-cryptoxanthin, and a-carotene), and all but phytoene
synthase 1 (psyl) represent novel associations at the genome-wide level with carotenoid
variation in maize grain. Consistent with their sequential positions in the upstream portion of the
pathway, all of these loci except for phytoene desaturase (vp5) showed positive pleiotropy (i.e.,
having positively correlated QTL allelic effect estimates between pairs of traits) for the
downstream cyclic carotenoids with which they were associated. Two of these five genes, dxs2
and dxs3, encode 1-deoxy-D-xylulose 5-phosphate synthase (DXS), the first enzymatic reaction
in the plastid-localized MEP pathway that produces IPP for biosynthesis of carotenoids and other
plastidic isoprenoids. dxs2 and dxs3 (QTL 27 and 35, respectively) were associated with eight
and six traits, with PVEs of 3.5-11.3% and 1.2-4.1%. Of the two genes, dxs2 was found to be a
strong eQTL in the later stages of kernel development (Figure 3). The dxs2 and dxs3 homologs
were the only MEP pathway genes identified in this study.

Figure 3. Master summaries for selected identified genes. Marker colors indicate pathway branch of the
associated trait: yellow for a-branch compounds; orange for B-branch compounds; purple for phytofluene; and black
for total carotenoids. Marker shapes correspond to hydroxylation state of the associated trait: squares for a- and [3-
carotene; triangles for B-cryptoxanthin and zeinoxanthin; circles for lutein and zeaxanthin; diamonds for
phytofluene; and an X for total carotenoids.

Left panels: Directional gene models are depicted as black arrows and the identified gene as a green arrow. Lines
with trait names above gene models indicate resample model inclusion probability (RMIP) of significant GWAS hits
+ 100 kb of the peak RMIP variant. Lines below gene models indicate pairwise linkage disequilibrium (LD; r?) of
each GWAS variant with the peak RMIP variant (dark blue line). The blue ribbon depicts the highest LD, per 200-
bp window, to the peak RMIP variant while black ribbons indicate the density of variants tested in GWAS in the
200-bp window (log. scale). Darker colors correspond to higher values.

Right panels: Correlations (r) between JL-QTL allelic effect estimates and expression of the identified gene across
six developing kernel time points. Significant correlations are indicated by trait abbreviations above the respective
time point. Traits with both JL and GWAS associations appear in black text to the right of the graph and have solid
trend lines and symbols, while those with only JL associations are in gray with dashed trend lines and open symbols.
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Phytoene synthase (psy) catalyzes synthesis of phytoene, the committed biosynthetic
intermediate for all carotenoids, from two molecules of GGDP (BUCKNER et al. 1996; L1 et al.
2008). The maize genome contains three psy loci, and plants having a functional psy1 allele
accumulate carotenoids in endosperm and embryo whereas those homozygous for a recessive
null allele lack carotenoids in endosperm, without affecting the carotenoid content of other
tissues (BUCKNER et al. 1996, LI et al. 2008; reviewed in GILMORE 1997; KOORNNEEF et al.
2002). The psyl locus serves as a major genetic controller of quantitative variation for
carotenoids in maize endosperm, the major site of carotenoid accumulation in grain (ZHu et al.
2008; Fu et al. 2013). psy! (QTL 25) had 5.0-11.7% PVE for the seven carotenoids analyzed and
also the largest PVE observed in this study for the sum trait of total carotenoids (24.7%). When
considering only the 14 families having non-white endosperm parents, indicative of functional
psyl alleles, this locus still showed PVEs of 1.6-10.8% for the seven measured carotenoids and
22.5% PVE for total carotenoids (Supplemental Data Set 9). psy! was an extremely strong eQTL
(Supplemental Figure 3), with positive correlations between expression and effect estimates for
several traits throughout kernel development, both across all 25 NAM families and across the 14
families having non-white endosperm founders (Supplemental Data Sets 7 and 10).

The next step in the pathway involves the sequential desaturation of phytoene to
phytofluene and then C-carotene by phytoene desaturase (PDS, encoded by vp5; QTL 1), which
requires plastoquinone as an electron acceptor (MAYER et al. 1990; NORRIS ef al. 1995;
BRAUSEMANN ef al. 2017). The vp5 locus was associated with phytofluene (a desaturation
intermediate) as well as a-carotene, B-carotene, and B-cryptoxanthin, with PVEs of 1.4-1.8%
(Supplemental File 1). Another a priori gene (im1, QTL 5) encodes a homolog of the
Arabidopsis plastid terminal oxidase (PTOX, IMMUTANS) gene (CAROL et al. 1999; ALURU et
al. 2001), which transfers electrons from PQH: to molecular oxygen to replenish PQ in the
absence of an active photosynthetic electron transport chain, i.e. prior to seedling greening
(reviewed in FOUDREE et al. 2012). This locus was associated with phytofluene, a-carotene, 3-
cryptoxanthin, and zeinoxanthin, with PVEs of 1.2-2.5%.

Four biosynthetic genes downstream of the pathway branch point were associated with
carotenoid traits, and all had major effects (Figure 2). Lycopene epsilon cyclase (/cyE) is the
committed step in a-carotene synthesis (CUNNINGHAM et al. 1996; BAl et al. 2009; CAZZONELLI
AND POGSON 2010) and is the major genetic controller of relative flux into the a- or B-carotene
pathway branches (HARJES et al. 2008). Accordingly, lcyE (QTL 33) showed negative pleiotropy
(i.e., having negatively correlated QTL allelic effect estimates between pairs of traits) for
compounds between the two branches and positive pleiotropy for compounds within the same
branch (Supplemental File 1). This locus had the largest PVE observed in this study for each of
the six a- and B-branch compounds (PVE = 19.6-40.7%) and—as also reported in HARJES et al.
(2008)—had no significant impact on total carotenoids (Figure 2).

Subsequent hydroxylations of the &- and B-rings of a- and B-carotenes are performed by
P450s or non-heme dioxygenases, encoded by two and six genes, respectively, in the maize
genome. Of these eight genes, three were associated with carotenoid traits in maize grain: /-
carotene hydroxylase 1 (crtRB1) and s-carotene hydroxylase 5 (crtRB5), which preferentially
convert f-carotene to f-cryptoxanthin and then zeaxanthin, and CYP97C (encoded by lutl), a
cytochrome P450-type monooxygenase that preferentially hydroxylates the e-ring of a-carotene
to yield zeinoxanthin (TIAN et al. 2004; QUINLAN et al. 2012). The primary impact of lutl (QTL
2) was on the levels of zeinoxanthin (PVE=6.1%) and lutein (PVE=2.9%, Figure 2). crtrb1 (QTL
43, also known as hyd3) had PVEs of up to 8.4% for zeaxanthin, B-carotene, and [3-
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cryptoxanthin, with negative pleiotropic effects between its substrate, 3-carotene, and its
products, B-cryptoxanthin and zeaxanthin (Supplemental File 1). crtRB5 (QTL39, also known as
hyd5) was identified with PVE of 1.4% for a single trait, zeaxanthin (Figure 2). The subsequent
B-branch enzyme, zeaxanthin epoxidase 1 (zepl), had positive pleiotropic effects between [3-
cryptoxanthin, zeaxanthin, and total carotenoids (Supplemental File 1). zepl (QTL 7) primarily
had a large effect on its substrate, zeaxanthin, with PVE of 17.9% (Figure 2). Concordant with
this large PVE for the highly abundant compound zeaxanthin, this locus also had 5.1% PVE for
the sum trait of total carotenoids (Figure 2).

Finally, the maize genome encodes 12 different carotenoid cleavage enzymes involved in
ABA and strigolactone synthesis and carotenoid degradation. However, only one, carotenoid
cleavage dioxygenasel (ccdl), was associated with carotenoid levels in this study. CCD1 has
been shown to be active toward multiple cyclic and linear carotenoids in vitro (VOGEL et al.
2008). A single copy of ccdl exists in all lines at the progenitor ccd-r locus, and in a limited
number of lines containing the dominant white capl (wcl) locus a variable number of tandem
ccdl copies (n=1to 11 in the NAM founders) are found within a Tam3L transposon inserted
1.9 Mb proximal to ccdl-r (TAN et al. 2017). The QTL identified at wel had PVEs of 2.3-11.1%
for four compounds, and 11.1% PVE for total carotenoids, making it the second-largest effect
QTL for this trait after psy! (Figure 2). This locus showed positive pleiotropy for all traits
detected (Supplemental File 1) and was a strong eQTL (Figure 3). Correlations of ccdl copy
numbers in wcl alleles from TAN et al. (2017) with NAM JL-QTL allelic effect estimates from
our study were particularly strong for the most abundant carotenoids, lutein, zeaxanthin, and total
carotenoids (r = -0.76 to -0.85), and moderate for a-carotene (-0.56) (Supplemental Table 1).
Additionally, there was a strong, positive correlation detected between ccdl copy number and
ccdl expression level (logz-transformed FPKM) (r = 0.80 to 0.84) across all six developing
kernel stages.

Epistasis between identified genes

We tested all pairs of JL-QTL peak markers for epistasis in a joint analysis of all 25 NAM
families, including 11 families that each segregated for a recessive allele of psy/ that conditions
extremely low levels of carotenoids in the endosperm. In total, 14 interactions were found to be
significant across the 25 families, with PVEs ranging from 0.43 to 6.06%. psyl was a partner in
only three of these interactions, with im1, IcyE, and lutl, but with PVE <1% in all cases (Figure
4, Supplemental Data Set 11). Only three of the 14 interaction terms had a PVE greater than 1%:
zepl with wel for zeaxanthin (1.09%), vp5 with QTL24 for a-carotene (6.06%), and dxs2 with
QTL34 for a-carotene (1.12%).
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318  DISCUSSION
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320  maize grain carotenoid levels. The key precursor and core biosynthetic pathway genes
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underpinning these traits are now largely elucidated: 11 of 44 carotenoid QTL were resolved to
underlying genes (Figure 2, Supplemental Table 2), which together explain 70.33 to 90.87% of
all PVE attributed to QTL for each trait (Supplemental Figure 5), with the exception of the
acyclic carotenoid phytofluene, with only 48.19% explained. Notably, five of the seven
identified genes having PVE >4% for any trait were also eQTL (Figure 2), along with wcl which
exhibited strong correlations between ccd1 copy number and allelic effect estimates. These six
loci also tended to be highly pleiotropic (Supplemental File 1). Taken together, these findings
suggest that pleiotropy within the carotenoid pathway is predominantly regulated (directly or
indirectly) at the level of gene expression. Epistatic effects were also seen between a small
number of the identified genes.

Importantly, this study has identified new and major breeding targets within the precursor
pathway for carotenoid biosynthesis. Four of the five identified a priori genes residing upstream
of lycopene cyclization (vp5, im1, dxs2, and dxs3) had not previously been associated with
natural variation in maize grain carotenoids via GWAS at the genome-wide level. Notably, dxs2
had the second-largest PVE in this study for two provitamin A carotenoids, B-cryptoxanthin and
a-carotene at 11.3% and 7.7%, respectively, second only to that of psyl for these traits. These
two dxs homologs were also associated with natural variation for vitamin-E related traits
(tocotrienols and plastochromanol-8; DIEPENBROCK et al. 2017), which also utilize IPP in their
synthesis. In that vitamin E study, and concordant with the present findings for carotenoids, dxs2
had larger PVEs and was an eQTL (FDR = 0.05) while dxs3 was not (Figures 2 and 3,
Supplemental Figure 3). Engineering and overexpression studies in Arabidopsis and E. coli have
shown DXS to be a limiting step within the MEP pathway, and dxs2 appears to be the major
genetic control point in provision of IPP for biosynthesis of carotenoids, tocotrienols, and likely
other plastidic isoprenoids in maize grain (HARKER AND BRAMLEY 1999; ESTEVEZ et al. 2001).
Another gene encoding an MEP pathway enzyme, seed carotenoid deficient (scd), was recently
characterized to be allelic to lemon white2-vp12 and encodes a 4-hydroxy-3-methylbut-2-enyl-
diphosphate synthase (HMBPP synthase, or HDS). However, this enzyme is apparently not a
rate-limiting step in the MEP pathway as while SCD overexpression complemented a scd loss-
of-function mutant, the kernel carotenoid levels of the overexpression line were not significantly
different from that of wild type (ZHANG et al. 2019).

Genes encoding phytoene desaturase (PDS, vp5) and the plastid alternative oxidase
(PTOX, im1), both of which are necessary for desaturation of phytoene, were identified in this
study. PDS sequentially desaturates (oxidizes) phytoene to phytofluene and finally {-carotene by
introducing a double bond and electrons from each reaction are transferred to plastoquinone
(PQ), an essential co-factor for carotenoid biosynthesis (NORRIS et al. 1995). In photosynthetic
tissues the reduced PQ (i.e., PQH>) resulting from PDS activity is efficiently re-oxidized by the
photosynthetic electron transport chain (ROSSO et al. 2006; SHAHBAZI ef al. 2007; ROSSO ef al.
2009, reviewed in FOUDREE et al. 2012). However, in non-photosynthetic tissues that have a
poorly developed electron transport chain—e.g., germinating seedlings and developing maize
grain—the plastid alternative oxidase transfers electrons from PQH: directly to molecular
oxygen to regenerate the PQ needed for additional cycles of desaturation (BEYER et al. 1989;
MAYER et al. 1990; CARoOL et al. 1999; Wu et al. 1999, reviewed in RODERMEL 2002; FOUDREE
et al. 2012). Loss of function of the homologous plastid terminal oxidase in Arabidopsis
(IMMUTANS, IM) (CARoL et al. 1999; Wu et al. 1999) negatively affects carotenoid synthesis
in developing seedlings (WETZEL et al. 1994; CAROL et al. 1999; Rosso et al. 2009), with photo-
oxidized sectors of vegetative tissue in im mutants also showing hyper-accumulation of phytoene
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(WETZEL et al. 1994; Wu et al. 1999). In our study in maize grain, neither vp5 (PDS) nor im1
(PTOX) was an eQTL (Figure 2). This is consistent with previous findings for IM in Arabidopsis
(ALURU et al. 2001), and it has also been noted that IM does not directly affect expression of the
PDS gene in Arabidopsis (WETZEL AND RODERMEL 1998). While vp5 and im1 were largely
associated with the same traits (Figure 2), no significant epistatic interaction was observed
between them (Figure 4). Of these two, only im1 showed pleiotropy, with a positive correlation
between QTL allelic effects for a-carotene and zeinoxanthin. Further work would be needed to
understand the effect of vp5 and im1 (PTOX) alleles associated with reduced accumulation of
phytofluene (e.g., due to increased conversion to {-carotene) on accumulation of downstream,
cyclic carotenoids. However, these genes represent another identified target for breeding or
metabolic engineering efforts within the precursor pathway for carotenoid biosynthesis. A novel
allele of {-carotene desaturase (ZDS; vp9) in maize was also recently observed to result in
increased (-carotene and deficiency in downstream carotenoids and ABA (Chen et al. 2017). If
one or multiple favorable alleles are identified for this gene, it could be of interest along with vp5
and im1.

Considerable haplotype-level variation is still present at the psyl locus in both temperate
and tropical maize (SWARTS et al. 2017), and an allelic series was seen in the present study
(Supplemental Data Set 7). Even within non-white-endosperm maize, previously found to exhibit
natural variation for psyl (Fu et al. 2013), the locus was still shown to have large PVEs
(Supplemental Data Set 10). This evidence suggests that explicit attention to selecting or fixing a
favorable haplotype of psyl—along with that of dxs2, which also exhibited large PVEs for
several traits in this study and positive pleiotropy—may enhance the gains obtained from
selection upon other downstream genes (e.g., IcyE and crtRB1) in provitamin A biofortification
of maize, through greater flux of substrates into the carotenoid pathway (Fu et al. 2013) or other
mechanisms (RODRIGUEZ-VILLALON et al. 2009).

As mentioned above for psyl, these interactions may also have explanations other than
that of substrate availability. Namely, in addition to biosynthesis of carotenoids, degradation and
the susceptibility to degradation must also be considered. For example, the gene encoding ZEP in
Arabidopsis has been identified as a large-effect contributor to natural variation in seed
carotenoids (GONZALEZ-JORGE et al. 2013), primarily because epoxidation greatly enhances
susceptibility to degradation by CCD4, which is plastidic and likely also CCD1, which is
cytosolic (AULDRIDGE et al. 2006). Combining null alleles of the two genes was found to greatly
enhance accumulation of -carotene and the epoxy-xanthophylls (antheraxanthin, neoxanthin and
violaxanthin) two- to three-fold beyond that expected from additive alleles, and also to
simultaneously increase zeaxanthin by 40-fold (GONzZALEZ-JORGE et al. 2016). In our study in
maize, zepl and wcl had an analogous significant interaction for zeaxanthin and total
carotenoids, and both were eQTL in the developing kernel stages analyzed. While CCD1 is
cytosolic (TAN et al. 2003), this enzyme has access to the outer plastid envelope and is thought to
have increasing access to plastid-stored carotenoids during desiccation as plastid membranes lose
integrity (TAN et al. 2017). Monitoring the expression dynamics of these two genes, and also
quantifying carotenoid metabolite levels, in the later stages of seed desiccation may provide
more information regarding the basis of this interaction. Further investigation of carotenoid
retention, due to non-enzymatic factors as well, has been underway for biofortified, provitamin
A-dense maize (TALEON et al. 2017) and will continue to be important for protection of the
accumulated desirable compounds.

Of the 10 to 23 QTL detected per trait, two to five had major effects, from 4 to 41% PVE
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depending on the trait (Figure 2). These genes are high-impact targets for genomics-enabled crop
improvement strategies. For example, the four major genes to achieve increased provitamin A
levels, IcyE, crtRB1, dxs2, and psyl, explained 75.0% of variation attributed to QTL for -
carotene. Three of the same four genes (IcyE, dxs2, and psy1l) also explained 51.9% of -
cryptoxanthin variation (Figure 2, Supplemental Data Set 4). This finding suggests that
simultaneous increases could be achieved for both B-cryptoxanthin and p-carotene through
selection at three major genes that each affect several traits. This finding is reinforced by the
positive pleiotropy observed at IcyE, dxs2, and psyl for the two traits. Given that only crtRB1
and in some cases IcyE are currently in use in marker-assisted selection efforts for -
carotene/provitamin A (BABU et al. 2013, PRASANNA et al. 2020), incorporating this set of
additional major-effect genes in selection decisions is likely to provide substantial gains for both
B-carotene and B-cryptoxanthin.

While higher heritability was observed for a-carotene in this study than in a smaller
inbred diversity panel (OWENS ef al. 2014), only two large-effect QTL, IcyE and dxs2, were
detected that explained 63.9% of variation attributed to QTL for a-carotene. To increase 3-
carotene and its derivatives would likely be at the expense of a-carotene, particularly if
employing genomics-enabled selection strategies that target /cyE. While the monohydroxylated
B-cryptoxanthin only has one retinol unit (compared to two for B-carotene), it appears to be more
bioavailable than -carotene (reviewed in PRASANNA et al. 2020) and thus should continue to be
included in any provitamin A/carotenoid-dense maize breeding program (HARIES et al. 2008,
DHLIWAYO et al. 2014). It was previously recommended that both IcyE and crtRB1 not be
selected upon simultaneously, given that a decrease in total carotenoids was seen in lines
homozygous for an identified favorable haplotype at both loci (BABuU et al. 2013). However,
neither IcyE nor crtRB1 (separately or in interaction) were associated with total carotenoid levels
in this study. Rather, total carotenoid and especially zeaxanthin levels are conditioned upon zepl
and ccdl (Figure 3). zepl adds an epoxide group to the B-hydroxy rings of xanthophylls, which
greatly decreases their stability in the presence of carotenoid cleavage enzymes. Indeed,
disrupting ZEP in Arabidopsis was found to increase zeaxanthin levels by 40-fold, lutein (the
most abundant carotenoid in Arabidopsis seed) by 2.2-fold, and total carotenoid levels by 5.7-
fold (GoNzALEZz-JORGE et al. 2016). Thus, decreases in total carotenoids observed upon
combining of favorable IcyE and crtRB1 alleles in the same background can likely be
circumvented by conditioning on the presence of appropriate zepl and ccdl alleles. Enabling
tandem selection of IcyE and crtRB1 in this manner should afford considerable gains in both total
and provitamin A carotenoids, given the large PVEs and allelic effect estimates of IcyE observed
in this study in families with both temperate and tropical founders (Figure 3, Supplemental Data
Set 7).

In addition to provitamin A, multiple other carotenoid traits are of immediate breeding
interest (Fu et al. 2013; KANDIANIS et al. 2013). Total carotenoids, a sum trait, is largely
controlled by psyl, wcl, dxs2, and zep1, which together explain 69.0% of phenotypic variation
attributed to QTL (Figure 2, Supplemental Data Set 4). Alleles of dxs2 and psy1 that increase
flux to IPP and phytoene, respectively, could be expected to give rise to higher individual and
total carotenoids, while selecting for low ccd1 copy number (i.e., absence of wcl), the only
member of the 12-gene cleavage dioxygenase family in maize associated with carotenoid traits in
grain, could additionally decrease carotenoid turnover and can act synergistically with
biosynthetic enzymes, as previously shown for strong CCD4 and ZEP alleles in Arabidopsis
where the introduction of epoxy functional groups by ZEP greatly decreases stability in vivo

15


https://doi.org/10.1101/2020.07.15.203448
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.203448; this version posted July 15, 2020. The copyright holder for this preprint (which

459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(GONzALEZ-JORGE et al. 2013). Lutein and zeaxanthin, the two most abundant carotenoid
compounds in maize grain, are highly correlated with total carotenoids and are of high interest in
breeding given their role in eye health. High concentration of zeaxanthin is additionally useful in
marketing of biofortified maize due to its dark yellow to orange pigmentation (QUACKENBUSH et
al. 1961; WEBER 1987), which provides an indicator of a novel, nutritious product (MEENAKSHI
et al. 2012). The major-effect genes for these compounds are IcyE, wcl (ccdl), and psyl
(explaining 77.3% of variation attributed to QTL for lutein), and those three genes along with
zepl for zeaxanthin (explaining 74.1%). Correlations between ccd1 copy humber
(VALLABHANENI et al. 2010; TAN et al. 2017) and QTL effect estimates were highest for lutein
and zeaxanthin, with wcl explaining 11.1 and 9.7% of phenotypic variation, respectively. These
results provide further indication that zep1 and wcl (ccdl), whose associations with carotenoid
trait variation have been recently elucidated (OWENS et al. 2014; SUWARNO et al. 2015;
GONZALEZ-JORGE et al. 2016), are key targets for breeding efforts.

Further examination of transcriptional regulation of the genes identified in this study is
merited, given that the major genes identified in this study were eQTL (Figure 2). Two
transcription factors—a P-box binding factor and R2R3-class MYB—were recently identified,
upon transient overexpression, to independently activate the crtRB1 promoter (resulting in
increased crtRB1 mRNA levels) in maize endosperm as well as the embryo (JIN et al. 2018). The
same transcription factors were not found to significantly upregulate psyl expression in these
tissues, suggesting that other regulators in maize kernels remain unidentified. An R2R3-MYB
transcription factor and MADS-box transcription factor were found in monkeyflower and citrus,
respectively, to regulate homologs of multiple of the genes identified in this study (STANLEY et
al. 2020, Lu et al. 2018).

Structural variation in the identified genetic regions also merits further examination. A
mutator distance-relative transposable element (TE) in the first intron of maize dxs2 was recently
identified to affect expression of dxs2, which was in turn positively correlated with total
carotenoid content (FANG et al. 2020). This TE had been present in teosinte; appears to have
been subject to selection during maize domestication and improvement; and was found to be
nearly fixed in the yellow-grain maize lines examined. While indels and transposable elements
have also been identified for crtRB1 and IcyE (YAN et al. 2010, HARJES et al. 2008) and further
characterized for use in marker-assisted selection (ZUNJARE et al. 2018, GEBREMESKEL et al.
2017), a more comprehensive examination of structural variation for the 11 genes identified in
this study may provide additional insights.

With the genetic resolution of the NAM population, 10 to 23 QTL have captured a large
proportion of the phenotypic variation attributed to QTL, even approaching the upper limits of
the high heritabilities observed for maize grain carotenoids (Table 1, Supplemental Data Set 4).
In summary, genomics-enabled breeding approaches to enhance and balance multiple carotenoid
traits in maize grain are now both elucidated and highly feasible. Incorporation of this
information into breeding efforts can expedite achievement of the provitamin A target level
established by HarvestPlus (Bouis AND WELCH 2010)—with simultaneous enhancement of other
carotenoids beneficial to health—for the consistent delivery of varieties meeting recommended
dietary intakes in human populations consuming maize as a staple. The large-effect genes
identified in this study are also clear candidates to be assessed as potential controllers of
carotenoid variation in seeds of other monocot crop systems.

METHODS
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Field Environments and Plant Materials for Genetic Mapping

The design of the maize (Zea mays) nested association mapping (NAM) population has been
previously described (YU et al. 2008; BUCKLER et al. 2009; MCMULLEN et al. 2009). The
experimental field design in 2009 and 2010 for this study—which included the NAM panel, the
intermated B73 x Mo17 (IBM) family (LEE et al. 2002), and a 281-line inbred diversity panel
(FLINT-GARCIA et al. 2005)—was conducted as described in CHANDLER et al. (2013) and
DIEPENBROCK et al. (2017). The grain sampling method from at least four ears per plot has
additionally been described (DIEPENBROCK et al. 2017).

Carotenoid quantification

Extraction of carotenoids was conducted on ~50 ground kernels per plot, and seven carotenoid
compounds—a-carotene, 3-carotene, B-cryptoxanthin, lutein, phytofluene, zeaxanthin and
zeinoxanthin—as well as the sum trait of total carotenoids were quantified via high-performance

liquid chromatography (HPLC) as previously described (OWENS et al. 2014), with units of pg g1

seed. Carotenoids were assessed based on HPLC data passing internal quality control measures
that were collected on 9,411 grain samples from 4,871 NAM and 198 IBM RILs, as well as the
850 repeated parental check lines. HPLC-generated measurements of carotenoid compounds and
their respective isomers were combined for zeinoxanthin and -cryptoxanthin, to obtain an
overall value for the level of the compound. For technical replicates of the same sample, the
mean value of the replicate measurements was recorded for each of the seven carotenoids; i.e., a-
carotene, B-carotene, -cryptoxanthin, lutein, phytofluene, zeaxanthin and zeinoxanthin. Initial
total carotenoid values were calculated as the sum of the quantified levels for these seven
compounds.

Phenotypic data processing

The HPLC data set was further cleaned to standardize sample genotype names, as associated
with experimental field location, and any samples that lacked proper field data were removed.
For each NAM family dataset, we retained only samples with genotype assignments belonging to
that family or the family’s parental genotypes (which were used as checks). Samples from each
NAM family and their parental genotypes were categorized as ‘yellow- to orange-grain family’
(Y) or ‘white-grain family” (W) based on the grain endosperm color phenotype of the non-B73
parent of that family. For all samples in the “W”’ class for which it was available, the genotype at
the psy1 locus, defined as the genomic region spanning chromosome 6 position 82,017,148 to
82,020,879 bp on the AGPv2 maize reference genome, was obtained from GBS SNP marker data
downloaded from MaizeGDB (https://www.maizegdb.org/). To eliminate possible sample
contamination and select the subset of samples expected to have a functional core carotenoid
pathway, samples in the ‘W’ class were further classified into ‘low’ and ‘high’ carotenoid classes
using Gaussian decomposition applied to the total carotenoids values for each NAM family x
year combination. Gaussian decomposition was performed using the R package ‘mclust’,
specifying two mixture components and one-dimensional variable variance (SCRUCCA et al.
2016, R Core Team 2018). Samples with classification uncertainty > 10% were assigned to the
‘ambiguous’ class. Any samples in the ‘W’ class that switched carotenoid class assignments
between years were removed from further analysis, as well as those that were assigned to the
‘low’ or ‘ambiguous’ carotenoid class in both years or that had a homozygous alternate genotype
call at the psyl locus. Finally, samples in both ‘W’ and ‘Y’ classes were subjected to outlier
analysis. Specifically, for each NAM family x year combination, a quartile analysis was
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551  performed on the total carotenoid values using the ‘boxplot.stats’ function in R and any samples
552 with total carotenoids values at least 1.25 * IQR (interquartile range) smaller than the first

553 quartile were marked as low total carotenoids outliers and removed from further analysis.

554 Following the sample-level filtering, compound measurements were set to missing for
555 any NAM family x year x compound measurement combination that did not have at least 20
556  samples measured for that compound, and all samples were removed for any NAM family x year
557  combination which did not have at least 40 remaining samples. For the remaining samples, any
558  missing data for a given compound was assigned a value generated by random uniform sampling
559  from the interval (0, min_measured), where min_measured is the lowest (minimum) value

560  measured for that compound in the corresponding NAM family x year group of samples.

561  Following this process, the total carotenoids values were recalculated to include the assigned
562  random uniform values.

563 As in DIEPENBROCK et al. (2017), the IBM RILs were not included in joint-linkage (JL)
564  analysis or the genome-wide association study (GWAS), for they exhibit a differential

565  recombination rate (due to being intermated). However, IBM was still included in the model

566 fitting process to generate best linear unbiased estimators along with the 25 NAM families to
567  provide additional information regarding spatial variation within environments and potential

568 interactions of genotype and environment.

569 To examine the data for phenotypic outliers, mixed linear model selection was conducted
570  using a custom R script that calls ASRemIR version 4 (BUTLER et al. 2017). This model selection
571  process was conducted separately for each of the eight traits. To conduct model selection, a

572 mixed linear model was fit where the grand mean was the only fixed effect, and random effects
573  automatically included in the base model [i.e. without being tested in model selection] were the
574  genotypic effects (family and RIL nested within family) and baseline spatial effects (year and
575  field nested within year). The best random structure was then identified using the Bayesian

576  Information Criterion (BIC; ScHWARZz 1978). The random structures that were tested included all
577  combinations of the following, thus representing one to five terms (or zero, if the base model
578  were to exhibit the most favorable BIC value) to be fit as additional random effects: a laboratory
579  effect (HPLC auto-sampler plate) and certain additional spatial effects (set nested within field
580  within year, block nested within set within field within year, family nested within year, and RIL
581  nested within family within year). The best residual structure was then also identified using BIC,
582  after the best random structure had been identified and included in the mixed linear model. The
583  residual structures that were tested, to account for potential spatial variation across rows and/or
584  columns within each environment, were identity by year; autoregressive for range and identity
585  for row, by field-in-year; identity for range and autoregressive for row, by field-in-year; and

586  autoregressive (first-order, AR1 x AR1) for range and row, by field-in-year. Field-in-year

587  represents a new factor that combines the field name and year, to enable fitting a unique error
588  structure for each of the three fields.

589 From the final fitted model for each trait, phenotypic outliers with high influence were
590  detected using the DFFITS (‘difference in fits’) criterion (NETER et al. 1996; BELSLEY et al.

591  2005) as previously described in DIEPENBROCK et al. (2017), and observations were set to NA if
592  they exceeded a conservative DFFITS threshold previously suggested for this experimental

593  design (HUNG et al. 2012). Following outlier removal, the model-fitting process described above
594  was conducted again to estimate best linear unbiased estimators (BLUES) for the RILs, but with
595  the genotypic effects of family and RIL within family now included as sparse fixed effects rather
596  than random effects. Note that the model was first fit in this step with these genotypic effects as
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random, then updated with these effects as sparse fixed. All terms except for the grand mean
were then again fitted as random effects to estimate variance components for the calculation of
line-mean heritabilities. These heritability estimates were calculated only across the 25 NAM
families (HUNG et al. 2012), and the delta method was used to obtain standard errors (HOLLAND
et al. 2003).

The BLUES generated for each trait were then examined to detect any remaining
statistical outliers. Specifically, the Studentized deleted residuals (KUTNER et al. 2004) were
examined using PROC MIXED in SAS version 9.3 (SAS Institute 2012). These residuals were
obtained as in DIEPENBROCK et al. (2017), from a parsimonious linear model that contained the
grand mean and a single randomly sampled, representative SNP (PZA02014.3) from the original
genetic map for the NAM panel (MCMULLEN et al. 2009), as fixed effects. The BLUE value of a
given RIL for a given trait was set to NA if its corresponding Studentized deleted residual had
magnitude greater than the Bonferroni critical value of t(1 — a/2n; n— p — 1). The significance
level (o) used in this step was 0.05; n was the sample size of 3,585 RILs; and p was the number
of predictors.

The Box-Cox power transformation (Box AND Cox 1964) was then performed separately
on BLUEs for each trait as in DIEPENBROCK et al. (2017). Briefly, the same parsimonious model
used to generate Studentized deleted residuals was also used to identify the most appropriate
Box-Cox transformation (with A tested between -2 and 2, step of 0.05) that corrected for
heteroscedasticity and error terms that were not normally distributed. PROC TRANSREG within
SAS version 9.3 (SAS Institute 2012) was used to find the optimal A for each trait (Supplemental
Data Set 12) and apply the transformation. Note that the Box-Cox power transformation requires
positive input values. Each of the traits had some number of negative BLUE values (ranging
from 1 to 283 RILs per trait); these are a reasonable result of the BLUE-fitting process
(BURKSCHAT 2009). The lowest possible integer needed to make all values positive for a given
trait was added as a constant across that trait vector for all of the RILs before applying the
transformation; this constant had a value of 1 for all traits.

Joint linkage analysis

Generation of the 0.1 cM consensus genetic linkage map (14,772 markers) used for joint linkage
(JL) analysis, with genotyping by sequencing (GBS) data for ~4,900 NAM RILs as anchors
(ELSHIRE et al. 2011, GLAUBITZ et al. 2014), was previously described (OGurT et al. 2015,
DIEPENBROCK et al. 2017). JL analysis was then conducted as previously described
(DIEPENBROCK et al. 2017) across the 25 families of the NAM population to map QTL for
natural variation in one or more maize grain carotenoid traits. Briefly, joint stepwise regression
was implemented using modified source code in TASSEL version 5.2.53 (provided on GitHub),
with transformed BLUEsS as the response variable and the family main effect forced into the
model first as an explanatory variable. The effects of each of the 14,772 markers in the 0.1 cM
linkage map, nested within family, were then tested for inclusion in the final model as
explanatory variables. The significance threshold for model entry and exit of marker-within-
family effects was based on conducting JL analysis on 1000 permutations of transformed BLUES
for each trait and selecting the entry P-value thresholds (from a partial F-test) that control the
Type I error rate at a = 0.05. The permutation-derived entry thresholds are listed in Supplemental
Data Set 12. Exit thresholds were set to be twice the value of these empirically derived entry
thresholds, so that a marker could not enter and exit the model in the same step.
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642 Upon examining the results of initial JL analysis conducted via the above-described

643  procedure, peak markers in the vicinity of psyl for various traits, which is the only locus in this
644  genomic interval expected to control for the presence/absence of endosperm carotenoids in

645  white-grain families, were found to have low minor allele counts exclusively among white-grain
646  families (with fewer than 40 individuals across all 25 families having a genotypic state score
647  greater than zero; zero represents homozygosity for the major allele), resulting in apparent

648 inflation of the phenotypic variance explained by these markers. The RILs that had a genotypic
649  state score greater than zero at the psyl-proximal peak marker for a given trait were removed
650  from the data set for all traits (prior to the DFFITs step and BLUE generation), comprising 54
651 unique RILs removed in total. The analytical pipeline was then re-conducted from the mixed
652  linear model selection step to re-generate JL models, and for use of the results in all downstream
653  analyses. After this additional removal step, it was confirmed that no markers in the vicinity of
654  psyl exhibited significant JL signal in any white-grain families. The sample sizes per population
655 inthis final data set used in all 25-family analyses are listed in Table 1. The permutation

656  procedure was also applied within the 14 NAM families having parents with non-white

657  endosperm color to enable an additional, separate JL analysis within those families using

658  appropriate thresholds, e.g. due to the reduced sample size.

659 Some multicollinearity between markers in the consensus map was expected, and indeed
660  for two traits (zeaxanthin and zeinoxanthin), two pairs and one pair of markers present in the
661  final JL model, respectively, had a Pearson’s correlation coefficient (r) with magnitude greater
662  than 0.8 between their SNP genotype states. In these cases, the marker with smaller sum of

663  squares within the JL model was removed. A re-scan procedure was then conducted in the

664  vicinity of any of the remaining peak markers for a given trait to test whether the removal of the
665  multicollinear marker(s) meant a shift in the association signal. Specifically, if another marker
666  within the support interval now had a larger sum of squares than the original peak marker, that
667  marker would replace the original peak marker in the model, and this process was repeated

668  (including with re-calculation of the support interval) until a local maximum in the sum of

669  squares was found. The final peak JL markers following re-scan, along with the family term,
670  were then re-fitted to obtain final statistics from the JL analysis of each trait. Allelic effect

671  estimates for each QTL, nested within family, were generated with the ‘lm’ function (R, Ime4
672  package) as in DIEPENBROCK et al. (2017), with the false discovery rate controlled at 0.05 via the
673  Benjamini-Hochberg procedure (BENJAMINI AND HOCHBERG 1995).

674 Support intervals (a = 0.01) were calculated for the JL-QTL in each final model as

675  previously described (T1AN et al. 2011). Logarithm of the odds (LOD) scores were calculated (R,
676  ‘logLik’ base function). The phenotypic variance explained (PVE) by each joint QTL was

677 calculated using previous methods (L1 et al. 2011), with some modifications as described in

678  DIEPENBROCK et al. (2017) to account for segregation distortion across the families. While

679  transformed data were used throughout the analyses in the present study, including in all steps
680  that required statistical inference, it was also desired to more closely examine the signs and

681  magnitudes of QTL allelic effect estimates on the original trait scale and in directly interpretable
682 units of nutrition. For this single purpose, the final JL model determined using transformed

683  BLUEs was refit with untransformed BLUESs without further model selection or re-scan.

684

685  Genome-wide association study

686  Chromosome-specific residuals for each trait were obtained from the final transformed JL

687  models with the family term and any joint QTL located on the given chromosome removed.
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These residuals were used as the response variable in GWAS, whereas the genetic markers tested
as explanatory variables consisted of the 26.9 million HapMap v. 1 and 2 variants (SNPs and
indels <15 bp), as previously described (WALLACE et al. 2014), that were upliftable to
RefGen_v4 coordinates. Uplifting of HapMap markers from the B73 RefGen_v2 to RefGen_v4
assembly was conducted by clipping 50 nucleotides from each side of a given marker in its v2
position (101 nucleotides of flanking sequence in total). These were then aligned to the B73
RefGen_v4 assembly using Vmatch (v2.3.0; KurTz 2019), with the options of -d -p -complete -
h1. The resulting alignments were then filtered to keep the highest scoring and unique alignment
for each marker. If a marker did not have a high-confidence, unique alignment, it was omitted
from the set of upliftable markers.

The upliftable markers were projected onto the NAM RILs using the dense 0.1 cM
resolution linkage map, and GWAS was conducted in the NAM-GWAS plugin in TASSEL
version 4.1.32 (BRADBURY et al. 2007) as previously described (WALLACE et al. 2014,
DIEPENBROCK et al. 2017). Briefly, a forward selection regression procedure was conducted 100
times for each chromosome, with 80% of the RILs from every family sub-sampled each time.
For each trait, the model entry threshold was empirically determined by conducting GWAS on
1000 permutations of chromosome-specific residuals for each trait and averaging the results
across chromosomes (WALLACE et al. 2014) to control the genome-wide Type I error rate at o =
0.05 (Supplemental Data Set 12). The significance threshold used for a marker in GWAS was its
resample model inclusion probability (RMIP) value, or the proportion of the 100 final GWAS
models in which that marker was included (i.e. meeting the model entry threshold). Markers
having an RMIP> 0.05 were considered in downstream analyses.

RNA sequencing

RNA-seq reads from DIEPENBROCK et al. (2017) were downloaded from the National Center for
Biotechnology Information Sequence Read Archive (BioProject PRINA174231) and processed
using the same pipeline as described in Hoopes et al. (2018). In brief, read quality was assessed
using FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC
(EweLs et al. 2016) and then cleaned using Cutadapt (Martin 2011) to remove adaptors and low
quality sequences, aligned to AGPv4 of B73 using TopHat2 (Kim et al. 2013) with the
parameters -i 5 -1 60000 --library-type fr-unstranded, and expression abundances determined
using Cufflinks (TRAPNELL et al. 2012) in the unstranded mode with a maximum intron length of
60 kb and the AGPv4 annotation. Expression data is available via the MSU Maize Genomics
Resource (HOOPES et al. 2018; http://maize.plantbiology.msu.edu/index.shtml) via a JBROWSE
installation and as a downloadable expression matrix.

FPKM filtering

The gene set was filtered (as in DIEPENBROCK et al. 2017) such that at least one of the kernel
developmental samples in at least one sampled founder line had an FPKM greater than 1.0; a
total of 30,121 genes remained upon filtering with this criterion. Expression data for genes
passing the specified threshold were transformed according to log2(FPKM + 1), where the
constant of 1 was added to allow the transformation of ‘0’ values. These log.-transformed values
are herein specified as “gene expression levels” (Supplemental Data Set 8).

Triangulation analysis
The JL support intervals from two or more individual-trait models that were physical
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overlapping were merged to form common support intervals, as in DIEPENBROCK et al. (2017).
Physically distinct support intervals detected for a single trait were also retained. Triangulation
analyses were conducted as in DIEPENBROCK et al. (2017), based on all pairwise Pearson
correlations between trait JL-QTL effect estimates; marker genotype state for each significant
GWAS marker in the interval for the respective trait(s); and log>-transformed expression values
of genes within £ 100 kb of any of these significant GWAS markers. The search space of 100 kb
was selected based on LD decay (Supplemental Figure 4). For those correlations involving one
of the five traits with a negative optimal lambda for the Box-Cox transformation (i.e., an inverse
power transformation was applied for these traits), the sign of the correlation was reversed in
graphical and tabular representations (Figure 3 and Supplemental Figure 3 for master gene
summaries, Supplemental Figure 2 and Supplemental Data Set 6 for pleiotropy) to represent the
true directionality of the relationship between traits.

Epistasis

For the peak markers in the final JL model for each trait, each possible additive x additive
pairwise interaction was individually tested for significance in a model containing all marker
main effects as in DIEPENBROCK et al. (2017). This procedure was conducted both in all 25
families and in the 14 families having non-B73 parents with non-white endosperm. The model
entry thresholds for these interaction terms was determined (separately for the 25- and 14-family
data sets) by modeling 1000 null permutations of transformed trait BLUES with only additive
terms in the model, and selecting the P-value approximating a Type I error rate at a = 0.05. Final
epistatic models were then fit with all marker main effects and any significant interactions. PVE
was calculated as described above, except that pairwise genotype scores were collapsed into
three classes for interaction terms as previously described (DIEPENBROCK et al. 2017).
Significant interactions in the 25-family analysis were graphically depicted using the Circos
software package (KrRzywinskiI et al. 2009) (Figure 4).

Pleiotropy

Pleiotropy was assessed as previously described (BUCKLER et al. 2009), by applying the JL QTL
model for each trait to every other trait. Pearson correlations between the allelic effect estimates
for the original trait and the trait to which its model was applied were evaluated for significance
at o= 0.01 after FDR correction via the Benjamini-Hochberg method. Significant pleiotropic
relationships were visualized using the network R package (BuTTs 2008; BUTTs 2015)
(Supplemental Figure 2). Pleiotropy was also examined within each common support interval
(Supplemental File 1) to validate the merging of individual-trait intervals, a step conducted in
previous NAM JL analyses (TIAN et al. 2011). In this QTL-level analysis, each peak JL marker
within the interval was fit for every other trait that had a peak JL marker in the interval.

Linkage disequilibrium analysis

The same imputed genotypic data set of 26.9 million segregating markers used in JL-GWAS was
used to estimate LD. Specifically, pairwise linkage disequilibrium (LD) of each significant
GWAS marker with all other markers within + 250 kb was estimated through custom Python and
R scripts as previously described (WEIR 1996; WALLACE et al. 2014; DIEPENBROCK et al. 2017).
A null distribution was generated by performing the same estimation for 50,000 markers selected
at random. LD was examined in both v2 and uplifted v4 coordinates; in the latter case, the small
minority of flanking markers that moved outside of the = 250 kb region upon uplifting were
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dropped from the v4 analysis for that given marker.
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