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ABSTRACT: Identifying natural variation of health-promoting compounds in staple crops and characterizing its genetic basis
can help improve human nutrition through crop biofortification. Some varieties of sorghum, a staple cereal crop grown
worldwide, have high concentrations of proanthocyanidins and 3-deoxyanthocyanidins, polyphenols with antioxidant and anti-
inflammatory properties. We quantified total phenols, proanthocyanidins, and 3-deoxyanthocyanidins in a global sorghum
diversity panel (n = 381) using near-infrared spectroscopy (NIRS), and characterized the patterns of variation with respect to
geographic origin and botanical race. A genome-wide association study (GWAS) with 404,628 SNP markers identified novel
quantitative trait loci for sorghum polyphenols, some of which colocalized with homologues of flavonoid pathway genes from
other plants, including an orthologue of maize (Zea mays) Prl and a homologue of Arabidopsis (Arabidopsis thaliana) TT16. This
survey of grain polyphenol variation in sorghum germplasm and catalog of flavonoid pathway loci may be useful to guide future

enhancement of cereal polyphenols.
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B INTRODUCTION

Polyphenols are a large diverse group of phytochemicals that
include phenolic acids, stilbenes, lignans, isoflavonoids, and
flavonoids." All flavonoids share a common C6-—C3—C6
backbone structure but differ in their oxidation level,
glycosylation, acylation, and hydroxyl and methyl substitutions,
allowing for an enormous variety of structure and function.” In
plants, flavonoid secondary metabolites are involved in growth,
pigmentation, pollination, and defense against pathogens,
predators, and physical factors.” In humans, dietary flavonoids
are thought to act as antioxidants and signaling molecules, and
their consumption is correlated with lower incidence of
cardiovascular disease, cancer, type II diabetes, neurodegener-
ative disease, and other chronic illnesses.* Most plant-based
foods contain flavonoids, making them some of the most
ubiquitous polyphenols in the human diet. Polymerization of
flavonoids yields complex compounds including proanthocya-
nidins, flavonoid polymers predominantly composed of flavan-
3-ols, which are abundant in food plants. Proanthocyanidins
contribute to the astringency and bitterness found in foods such
as wine, cocoa, beans, and fruits, but they are not present in
most commonly consumed vegetables and cereals.” They are
also often considered antinutrients due to their nutrient binding
capacity, especially to proteins and iron.’ In the past decade,
however, potential health protective effects of proanthocyani-
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dins have been studied extensively, with particular focus on
their contributions to observed health benefits of grape and
cranberry.”

Sorghum is one of the world’s major cereal crops and a
dietary staple for more than 500 million people in sub-Saharan
Africa and Asia.® In the Unites States, it is primarily used as
animal feed, but it is becoming more popular in food products
due to a rise in demand for specialty grains, especially those
that are gluten-free.” "> Domesticated sorghum has been
classified into five major races (bicolor, guinea, caudatum,
kafir, and durra) and 10 intermediate races (all combinations of
the major races), based on morphological differences.'* Two of
the major polyphenol compounds in sorghum grain are
proanthocyanidin and 3-deoxyanthocyanidin. Consumption of
these two polyphenols has been correlated with several health
benefits including protection against oxidative damage,
inflammation, obesity, and diabetes.'* Proanthocyanidins are
constitutively expressed, while 3-deoxyanthocyanidins are
phytoalexins, expressed only in response to fungal infec-
tion.">'® Sorghum grain is the only known dietary source of 3-
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deoxyanthocyanidins, which otherwise have only been found in
the flowers of sinningia (Sinningia cardinalis), the silk tissues of
maizle7 (I%ea mays), and the stalks of sugar cane (Saccharum
sp.).

In sorghum grains, polyphenol compounds can be found in
the pericarp (outer seed coat) and the testa (inner layer of
tissue between the pericarp and the endosperm). A number of
classical loci identified by their effects on grain color and testa
presence control the presence or absence of polyphenol
compounds in sorghum.”® Genotypes with dominant alleles
at the Bl and B2 loci have proanthocyanidins in the testa.
Genotypes with a dominant allele at the spreader (S) locus, as
well as dominant alleles at the Bl and B2 loci, have
proanthocyanidins in both the pericarp and the testa, often,
but not always, resulting in a brown appearance to the grain.
The base pericarp color is red, yellow, or white, and these
colors are controlled by the R and Y loci. The S locus and
additional loci, such as intensifier (I) and mesocarp thickness
(Z), modify the base pericarp color, resulting in a range of
colors from brilliant white to black with various shades of red,
yellow, pink, orange, and brown among sorghum genotypes
(see Figure 1). Using mutants for seed color traits, the
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Figure 1. Natural variation in sorghum grain color. Three accessions
(with three seeds of each accession) of grain with the appearance of
(A) brown (PI597965, P1533927, PI35038), (B) white (PI533755,
P1533845, PI534028), (C) yellow (P1659691, P1656011, P1533776),
and (D) red (PIS76418, P1534047, PIS64165) pericarps. The outer
coat has been scraped off of some samples, revealing the presence or
absence of a pigmented testa.

biochemical and regulatory pathways underlying flavonoids and
flavonoid products have been almost completely elucidated in
Arabidopsis and maize, and extensively studied in other species
(Table S1 in the Supporting Information).”’ Therefore,
homology can be used as a guide to discover genes involved
in the sorghum flavonoid pathway. The gene underlying the B2
locus was recently cloned and designated Tanninl, along with
two nonfunctional alleles of Tanninl, tanl-a and tanl-b.**
Tanninl encodes a WD40 protein homologous to the
Arabidopsis proanthocyanidin regulator transparent testa glabral
(TTG1). The gene underlying the Y locus has also been cloned
and designated Yellow seedl. Yellow seedl encodes a MYB
protein, orthologous to the maize 3-deoxyanthocyanidin
regulator PI, that is needed for accumulation of 3-
deoxyanthocyanidins in the sorghum pericarp.”® The R locus
has been mapped to chromosome 3 between 57 and 59 Mb,
and the Z locus has been mapped to chromosome 2 between
56 and 57 Mb,** but the underlying genes have not been
identified.

While the genetic controls of polyphenol presence/absence
have been well-studied using mutant lines and nonfunctional

polymorphisms, there has been little study of quantitative
natural variation in polyphenols.”® Polyphenol nonfunctional
mutations were strongly selected during cereal domestication,
when bitter tasting and/or dark compounds were partly or
completely lost in most cereals, including wheat, rice, and
maize.”® However, sorghum provides a valuable resource for
polyphenol diversity, as adaptation to different environments
has led to extensive phenotypic and genetic diversity in the
crop.">*” This diversity can be useful for biofortification and
crop improvement (e.g, desirable traits can be bred into
existing elite varieties), but quantitative phenotyping is needed
to identify alleles responsible for quantitative trait variation in
grain polyphenols (reviewed by Flint-Garcia®®). The goals of
this study were to quantify the natural variation of two of the
major sorghum grain polyphenols (proanthocyanidins and 3-
deoxyanthocyanidins) and to identify single-nucleotide poly-
morphisms (SNPs) that are associated with low or high
polyphenol concentrations using genome-wide association
studies (GWAS). GWAS are used to map the genomic regions
underlying phenotypic variation (known as quantitative trait
loci) by scanning the genome for statistical associations
between genetic variation and phenotypic variation.’’ In
contrast to the biparental linkage mapping approach, GWAS
takes advantage of historical recombinations in a diverse panel
and linkage disequilibrium between causal variants and nearby
SNP markers. Although it has been used extensively to identify
putative genetic controls of human disease,® it is a relatively
new but promising tool in plant genomics.””*"*> Here we
present a survey of the quantitative natural variation of
polyphenols in a diverse worldwide panel of sorghum and a
catalog of flavonoid-associated loci across the sorghum genome.

B MATERIALS AND METHODS

Plant Materials. We investigated a total of 381 sorghum
accessions, comprising 308 accessions from the Sorghum Association
Panel (SAP)** and an additional 73 accessions selected based on
presence of a pigmented testa using the U.S. National Plant
Germplasm System’s Germplasm Resources Information Network
(GRIN).** The SAP includes accessions from all major cultivated races
and geographic centers of diversity in sub-Saharan Africa and Asia, as
well as important breeding lines from the United States. The 73
additional accessions were included to increase the proportion of
accessions with high proanthocyanidins.

Seeds were obtained through GRIN and planted in late April 2012
at Clemson University Pee Dee Research and Education Center in
Florence, SC. A 2-fold replicated complete randomized block design
was used. Panicles from each plot were collected at physiological
maturity (signified by a black layer at the base of the seed that
normally forms about 35S days after anthesis). Due to differences in
maturity among these accessions, harvest occurred between September
and October. Once harvested, panicles were air-dried in a greenhouse
and then mechanically threshed, and any remaining glumes were
removed with a wheat head thresher (Precision Machine Company,
Lincoln, NE).

Phenotyping. Twenty grams of cleaned whole grain from one
replicate was scanned with a FOSS XDS spectrometer (FOSS North
America, Eden Prairie, MN, USA) at a wavelength range of 400—2500
nm. To determine reproducibility, duplicates on a subset of 218
accessions available from replicate plots were also scanned. The NIR
reflectance spectra were recorded using the ISIscan software (Version
3.10.05933) and converted to estimates of total phenol, proanthocya-
nidin, and 3-deoxyanthocyanidin concentrations. The spectrometer,
software, and calibration curves used in this study were recently
described.*> Samples with unusual reflectance were visually inspected,
and near-infrared spectroscopy (NIRS) was repeated. Seventeen
samples were removed from further analysis either because they
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contained mixed grain (mixed size, shape, or color) or because their
readings were outside the range of the available NIRS calibration
curve. Total phenol, proanthocyanidin, and 3-deoxyanthocyanidin data
are expressed as mg gallic acid equivalents (GAE)/g, mg catechin
equivalents (CE)/g, and absorbance (abs)/mL/g, respectively. These
were the units used in creating the calibration curves, which measured
total phenols with the Folin—Ciocalteu method, 3-deoxyanthocyani-
dins with the colorimetric method of Fuleki and Francis, and
proanthocyanidins with the modified vanillin/HCl assay.>® For the
purposes of this study, we use a cutoff of greater than 10.00 mg CE/g
to define proanthocyanidin-containing varieties and greater than 50.00
abs/mL/g to define 3-deoxyanthocyanidin-containing varieties.

Visual appearance of grain was classified independently by two
people by visually scoring three seeds per accession as white, yellow,
red, or brown. Testa presence was identified with three seeds per
accession by cutting a thin layer off the pericarp and examining under a
dissecting microscope. The total grain weight of 100 seeds per
accession was recorded.

Genomic Analysis. Genotypes were available for the 324
accessions that were part of the SAP.>” Genotyping-by-sequencing
(GBS) was performed for the 73 additional accessions by the Institute
for Genomic Diversity using the methods by Elshire et al.* Briefly, we
provided seeds of the 73 additional accessions (the same seeds
obtained from GRIN that we used to grow our panel) to the Institute
for Genomic Diversity, where the following work was performed:
Seedlings were grown to obtain tissue, DNA was isolated using the
Qiagen DNeasy Plant kit, genomic DNA was digested individually
using ApeKI, 96X multiplexed GBS libraries were constructed, and
DNA sequencing was performed on the Illumina Genome Analyzer
IIx. To extract SNP genotypes from sequence data, the GBS pipeline
3.0 in the TASSEL software package®” was used, with mapping to the
BTx623 sorghum reference genome.>” Missing genotype calls were
imp31§ted using the FastImputationBitFixedWindow plugin in TASSEL
4.0.

GWAS was carried out on 404,628 SNP markers, using the
statistical genetics package Genome Association and Prediction
Integrated Tool (GAPIT)* with both a general linear model
(GLM) and a mixed linear model (MLM) with kinship. In a previous
study we found that an MLM™* with kinship (K), which controls for
relatedness among the accessions in the panel, performs well to
identify causative loci for sorghum polyphenols.*! Bonferroni
correction (family wise P-value of 0.01, P < 107°) was used to
identify significant associations. Pseudoheritability (proportion of
phenotypic variation explained by genotype) was estimated from the
kinship (K) model in GAPIT** as the R-squared of a model with no
SNP affects. A previously developed a priori candidate gene list was
used, and 35 additional candidate genes were added (see Supporting
Information).*!

B RESULTS

Quantitative Variation in Grain Polyphenols. We first
sought to determine the reliability of the NIRS estimates across
the diverse material in the panel. Phenotypic variation for grain
polyphenol concentrations was determined using a diverse
association panel with 381 accessions (Figure 2). The standard
deviation between the duplicates was similar across all
concentrations of polyphenols (* = 0.06, P = 0.0001) and
proanthocyanidins (r* = 0.01, P = 0.12), with an average
difference of 47% and 4%, respectively. However, the standard
deviation between the 3-deoxyanthocyanidin duplicates be-
comes much larger for samples with higher 3-deoxyanthocya-
nidin concentrations (r* = 0.32, P = 107"7), with an average
difference of 72% (Figure 2C). To determine if the NIRS
measurements of proanthocyanidin concentration were con-
cordant with the known distribution of testa and tanl-a
nonfunctional allele,”* we plotted proanthocyanidin concen-
tration of accessions with or without a pigmented testa (Figure

Min and Max Phenols (GAE/g)
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Min and Max PAs (CE/g)

Min and Max 3-DAs (abs/mL/g)

-20 0 20 40 60 80 100

Mean 3-DAs (abs/mL/g)

Figure 2. Phenotypic variation of grain polyphenol concentrations in
381 sorghum varieties. Samples are ordered on the x-axis according to
their mean value for the accession. The observed value for each
replicate is given on the y-axis, with the higher value of the duplicates
in red and the lower value of the duplicates in blue. (A) Total
polyphenols, (B) proanthocyanidins (PAs), and (C) 3-deoxyantho-
cyanidins (3-DAs).

S1A in the Supporting Information), and accessions with the
wild-type Tanninl allele or the tanl-a allele (Figure S1B in the
Supporting Information). As expected, the absence of a testa
and presence of tanl-a were primarily found in accessions
containing less than 10 mg CE/g of proanthocyanidins. The
mean proanthocyanidin concentrations in accessions with a
pigmented testa were significantly higher than in accessions
without a pigmented testa (18.17 versus 1.45 mg CE/g; P =
107"7), and the mean proanthocyanidin concentrations in
accessions with the wild-type Tanninl were significantly higher
than in accessions with tanl-a (12.28 versus 0.86 mg CE/g; P =
1071,

Next we investigated the range of total phenol, proantho-
cyanidin, and 3-deoxyanthocyanidin concentrations and their
covariation with each other and grain weight (Figure 3).
Overall, proanthocyanidins were detected in 55% of the
samples, while only 13% contained 3-deoxyanthocyanidins,
and only 6% contained both polyphenols. The mean total
polyphenol concentration was 7.00 mg (GAE)/g, the mean
proanthocyanidin concentration was 7.73 mg CE/g, and the
mean 3-deoxyanthocyanidin concentration was 27.40 abs/mL/
g (Table 1 and Figure 3). Pearson’s correlations were calculated
between total phenols, proanthocyanidins, and 3-deoxyantho-
cyanidins. There was no significant correlation between
proanthocyanidins and 3-deoxyanthocyanidins (0.02, P =
0.7), consistent with independent genetic control. In contrast,
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Figure 3. Relationship within and between grain polyphenol traits in a
global sorghum germplasm collection. The center diagonal presents
histograms of the mean concentrations of each trait (n = 381). The
lower corner contains scatter plots with regression lines showing the
relationships between the traits. The upper corner shows Pearson’s
correlations between the traits. Units are mg GAE/g for total phenols,
mg CE/g for proanthocyanidins, and abs/mL/g for 3-deoxyanthocya-
nidins.

Table 1. Polyphenol Concentrations in 373 Sorghum
Varieties

constituent mean range SD
total phenols (mg GAE/g) 7.00 ND-37.46 5.92
proanthocyanidins (mg CE/g) 7.73 ND-78.51 15.45
3-deoxyanthocyanidins (abs/mL/g) 27.40 ND-149.21 24.05

there were a strong positive correlation between total phenols
and proanthocyanidins (0.95, P < 107"%) and a weak positive
correlation between total phenols and 3-deoxyanthocyanidins
(0.12, P = 0.02). Variance in proanthocyanidins accounted for
90% of all the variance in total phenols (Figure 3). Since the
seed coat (pericarp and testa) contains most of the polyphenols
in the grain, and the ratio of seed coat (surface area) to
endosperm is generally greater in smaller grains, we wondered

if differences in grain size might be underlying variation in
polyphenol concentrations. In other words, are high grain
polyphenol concentrations limited to small-grain varieties,
which have a high proportion of seed coat to endosperm?
No significant correlation was found between grain weight and
either proanthocyanidins (—0.02, P = 0.7) or 3-deoxyantho-
cyanidins (—0.02, P = 0.7), and a small negative correlation was
found between grain weight and total polyphenols (—0.10, P =
0.04). Pseudoheritability was 81.7% for proanthocyanidins and
66.5% for 3-deoxyanthocyanidins.

Population Structuring of Polyphenol Concentra-
tions. To determine the distribution of polyphenol traits
with respect to global genetic diversity, we conducted a
principal component analysis and highlighted the variation in
polyphenol concentration (Figures S2A and S2B in the
Supporting Information), as well as morphological races
(Figure S2C in the Supporting Information). At least some
high proanthocyanidin accessions were found in most
subpopulations, whereas high 3-deoxyanthocyanidin accessions
were more restricted (Table 2). Bicolor (21.18 mg CE/g) and
guinea-caudatum (17.89 mg CE/g) had the highest mean
concentration of proanthocyanidins. Caudatum had moderate
concentrations (13.20 mg CE/g), and the other botanical races
and intermediate groups showed an average less than 10.00 mg
CE/g. The highest mean concentrations of 3-deoxyanthocya-
nidins were found in bicolor-durra (36.95 abs/mL/g) and
guinea (35.63 abs/mL/g) accessions (Table 2). We also
determined the mean concentrations by country to better
understand the geographic patterns for sorghum polyphenols
(Table 3). Accessions from Uganda (19.03 mg CE/g) had the
highest mean proanthocyanidin concentrations, accessions
from South Africa (12.23 mg CE/g) and Sudan (10.33 mg
CE/g) had moderate concentrations, while accessions from the
other countries showed an average less than 10.00 mg CE/g.
The highest mean concentrations of 3-deoxyanthocyanidins
were found in accessions from Nigeria (36.39 abs/mL/g) and
Ethiopia (32.87 abs/mL/g).

Genome-Wide Association Studies. To investigate the
genetic basis of natural variation in sorghum grain polyphenols,
we conducted GWAS using 404,628 SNP markers. We were
able to obtain genotype data for 373 out of the 381 phenotyped
accessions. As a data quality check, we first collapsed the
quantitative proanthocyanidin data to qualitative (presence or
absence) data, and were able to repeat findings from previous
GWAS and linkage studies (Figures S3 and S4 and Tables S2
and S3 in the Supporting Information). Next, to identify novel
alleles associated with quantitative variation of proanthocyani-

Table 2. Polyphenol Concentrations by Race

total phenols (mg GAE/g)

PA (mg CE/g) 3-DA (abs/mL/g)

race” n mean range
bicolor 15 13.68 + 6.69 0.74—24.49
bicolor-durra 19 6.59 + 4.28 ND-13.38
caudatum 86 9.08 + 5.86 ND-27.32
caudatum-kafir 20 627 + 541 ND-15.68
durra 15 217 + 3.61 ND-11.68
guinea 11 1.95 £ 525 ND-15.44
guinea-caudatum 15 10.01 + 3.13 2.54—15.87
kafir 29 6.02 + 4.05 1.32—-14.71

mean range mean range
21.18 + 17.68 ND-50.16 2691 + 33.65 ND-102.96
3.89 + 12.06 ND-23.35 36.95 + 28.24 1.30-113.42
13.20 + 14.15 ND-52.83 28.22 + 21.06 ND-110.73
7.00 + 15.13 ND-31.98 26.65 + 16.87 6.70—58.25
ND ND-17.64 22.17 £ 21.33 ND-71.10
ND ND-33.45 35.63 + 36.88 0.93—135.34
17.89 + 9.76 ND-34.92 19.72 £ 15.69 0.40—60.10
6.50 £+ 10.20 ND-28.72 17.59 + 20.65 ND-94.49

“If a race contained a small sample size (less than 10 accessions), it was not included in this analysis. PA, proanthocyanidins; 3-DA, 3-
deoxyanthocyanidins; ND, not detected (absorbance was less than 0.001).
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Table 3. Polyphenol Concentrations by Geographic Origin

total phenols (mg GAE/g)

PA (mg CE/g) 3-DA (abs/mL/g)

country” n mean range
Uganda 44 10.99 + 5.17 1.17-27.32
South Africa 31 9.11 £+ 5.21 1.11-20.63
Sudan 31 7.50 + 3.34 ND-14.67
Nigeria 21 5.0 + 6.46 ND-24.49
Ethiopia 29 S.71 + 543 ND-15.94
India 21 3.90 + 5.09 ND-16.98
USA 71 5.09 + 5.25 ND-29.93

mean range mean range
19.03 + 12.02 ND-52.83 27.37 = 20.8 1.30—-110.73
12.23 + 12.37 ND-43.75 13.52 + 14.1 ND-38.82
10.33 + 8.93 ND-25.26 27.1S = 1S8.1 4.13—60.10
1.21 + 21.36 ND-50.16 36.39 + 35.8 ND-135.34
1.83 + 13.13 ND-23.53 32.87 £ 21.1 ND-77.59
ND ND-32.13 28.74 + 28.7 ND-113.42
3.6 + 12.55 ND-63.80 27.50 + 24.2 ND-95.20

“If a country contained a small sample size (less than 10 accessions), it was not included in this analysis. PA, proanthocyanidins; 3-DA, 3-
deoxyanthocyanidins; ND, not detected (absorbance was less than 0.001).

dins, we conducted a GWAS on the 373 accessions (Figure 4;
Table S4 in the Supporting Information). A GLM identified
3,272 significant SNPs (Figure 4A), while the MLM identified
24 significant SNPs after accounting for population structure
(Figure 4B). The genomic locations of the association peaks
were generally similar between methods. A peak on
chromosome 4 at ~61 Mb colocalized with Tanninl
(Sb04g031730), as well as three a priori candidate genes in
the region: a putative Zml homologue (Sb04g031110), a
putative TTGI homologue (Sb04g030840), and a putative
TT16 homologue (Sb04g031750) (Figure 4C). The GLM
identified a peak at 58.6 Mb on chromosome 7 (S7_58603858;
P < 107"%), which was not present in the MLM.

In order to reduce the effects of known Tanninl nonfunc-
tional alleles and identify additional quantitative loci, samples
with the tanl-a and tanl-b alleles were removed and a GWAS
was conducted on the remaining samples (Figure S and Table
SS in the Supporting Information). The GLM identified 2,641
significant SNPs (Figure SA). The association peak on
chromosome 7 was again identified in the GLM and not in
the MLM (Figure SB). Additionally, there was a peak on
chromosome 2 around 8 Mb (S2_8258226; P < 107'%)
identified in the GLM, near a putative TT8 homologue
(Sb02g006390). Both the GLM and the MLM identified a peak
on chromosome 4, again around 61 Mb, and another peak on
chromosome 4 between 53 Mb and 55 Mb, close to an F3'H
Pr1 coorthologue.

To further map loci controlling quantitative proanthocyani-
din variation, we ran a GWAS only on samples that contained
proanthocyanidins (greater than 10.00 mg CE/g) and/or had a
visible pigmented testa (Figure 6 and Table S6 in the
Supporting Information). With this subset, there were 676
significant SNPs identified in the GLM, but association peaks
were more diffuse (Figure 6A). The most significant SNP was
on chromosome 6 (S6_ 56992521, P < 3 X 107'%) near a TT16
a priori candidate (Sb06g028420). The MLM identified two
significant SNPs, with a peak on chromosome 4, again around
61 Mb, and another peak on chromosome 4 between 53 Mb
and S5 Mb (Figure 6B). Both the GLM and the MLM
identified significant SNPs around 61.1 Mb on chromosome 1,
which is near yellow seedl.

Next, a GWAS was conducted to identify genetic controls of
3-deoxyanthocyanidin variation among the 373 accessions
(Figure 7 and Table S7 in the Supporting Information). The
GLM identified 233 significant SNPs, with distinct association
peaks on chromosomes 3 and 4 (Figure 7A). The peak on
chromosome 3 was between 71 and 72 Mb and colocalized
with a gene (Sb03g045170) homologous to both TT18 (ANS)
and TT6 (F3H). The peak on chromosome 4 was between 53
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Mb and 55 Mb, close to TT1 and TT2 homologues, and an
F3'H Prl1 coorthologue. While there was not a distinct peak on
chromosome 1, the strongest association signal in the GWAS
was found in a diffuse peak on chromosome 1 around 55 Mb (P
< 107°). The closest a priori candidates were putative TTG2
(Sb01g032120) and TT2 (Sb01g032770) homologues. There
were no distinct peaks or significant associations identified in
the MLM (Figure 7B).

Grain Color. Since grain color is commonly used as a visual
marker for sorghum polyphenol content, we used our data set
to better understand both the correlation between visually
scored grain color and polyphenol concentration, and the
potential shared genetic basis for these traits. Based on visual
assessment of grain appearance, we designated 142 white, 35
yellow, 48 red, and 152 brown grain accessions. An analysis of
variance (ANOVA) showed significant variation among the
grain color groups, so we conducted a post hoc Tukey test.
Grain classified as red contained significantly more 3-
deoxyanthocyanidins than brown (P < 107°) or white grain
(P < 107°) accessions, but no significant difference was found
between red and yellow accessions (Figure 8A and Table 4).
Brown grain accessions contained significantly more proantho-
cyanidins than accessions with red (P = 0.0001), white (P =
0.001), or yellow (P = 0.001) grain (Figure 8B and Table 4).
This was expected as most of the sorghums with testa layers
were classified as brown (57%). We also compared
proanthocyanidin concentrations between grain color in
proanthocyanidin-containing (greater than 10.00 mg CE/g or
presence of pigmented testa) accessions. Brown grain color
classes contained significantly more proanthocyanidins than
nonbrown (brown n = 120, nonbrown n = 85, P < 107%3).
However, when brown grain color classes were compared to
each color class individually, they only contained significantly
more proanthocyanidins than white color classes (P < 107%).
Red and lemon-yellow grain color classes also contained
significantly more proanthocyanidins than white in the
proanthocyanidin-containing accessions (P = 0.001 and P =
0.02).

To identify genes associated with brown grain, we conducted
a presence/absence (brown versus nonbrown) GWAS on all
373 of the accessions (Figures SSA and SSB and Table S8 in
the Supporting Information) and another presence/absence
(brown versus nonbrown) GWAS on the 203 proanthocyani-
din-containing accessions (Figures SSC and SSD and Table S9
in the Supporting Information). A distinct association peak on
chromosome 8 at 52.9 Mb was observed in both GWAS. The
nearest a priori candidate was a putative TTI12 homologue
within 400 Kb (Sb08g021640). The GWAS conducted on all
373 accessions identified a peak on chromosome 3 at 63.6 Mb,
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Figure 4. GWAS for proanthocyanidin concentration in sorghum
grain. Manhattan plot of association results from (A) a GLM analysis,
(B) an MLM analysis, and (C) a closeup of the peak on chromosome
4 showing Tanninl and other candidate genes in the region, using
404,628 SNP markers and 373 accessions. Axes: the —log,, p-values (y
axis) plotted against the position on each chromosome (x axis). Each
circle represents a SNP. The dashed horizontal line represents the
genome-wide significance threshold as determined by Bonferroni
correction. Regions with —log,, p-values above the threshold are
candidates. The vertical lines indicate the location of Tanninl and a
priori candidate genes in the Tanninl region (~61 Mb).
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Figure S. GWAS for proanthocyanidin concentration in sorghum grain
with accessions containing tanl-a and tanl-b nonfunctional alleles
removed. Manhattan plot of association results from (A) a GLM
analysis and (B) an MLM analysis, using 404,628 SNP markers and
312 accessions. Axes: the —logy, p-values (y axis) plotted against the
position on each chromosome (x axis). Each circle represents a SNP.
The dashed horizontal line represents the genome-wide significance
threshold as determined by Bonferroni correction. Regions with
—log,o p-values above the threshold are candidates. The red vertical
lines highlight the location of candidate genes. (TT8 on chrm. 2 and
TTGI, Zml, and TT16 on chrm. 4)

within 100 Kb of another putative TT12 homologue
(Sb03g035610), and also a peak on chromosome 6
(S6_56992521, P < 3 X 107'°) near a TT16 a priori candidate
(Sb06g028420) (Figures S4A and S4B in the Supporting
Information). The GWAS conducted on the proanthocyanidin-
containing accessions identified a peak on chromosome 2
around 69.6 Mb, very near another TTI2 homologue
(Sb02g034720) (Figures SSC and SSD in the Supporting
Information). This peak was also identified in the GWAS
conducted on all 373 accessions, but was more diffuse. There
were no peaks on chromosome 4 around Tanninl or on
chromosome 2 around the Z locus.

To identify genes associated with red grain, we conducted a
presence/absence (red versus nonred) GWAS on all of the
samples (Figure S6 and Table S10 in the Supporting
Information). Two association peaks on chromosome 4 were
identified by both the GLM and MLM, in the same region as
the peak in the 3-deoxyanthocyanidin GWAS. The first peak, at
54.5 Mb, colocalized with a priori candidate Sb04g024710, the
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Figure 6. GWAS for proanthocyanidin concentration in proanthocya-
nidin-containing sorghum grain (greater than 10.00 mg CE/g or
pigmented testa). Manhattan plot of association results from (A) a
GLM analysis and (B) an MLM analysis, using 404,628 SNP markers
and 208 accessions. Axes: the —log,, p-values (y axis) plotted against
the position on each chromosome (x axis). Each circle represents a
SNP. The dashed horizontal line represents the genome-wide
significance threshold as determined by Bonferroni correction. Regions
with —log;, p-values above the threshold are candidates. The red
vertical lines highlight the location of candidate genes (TT16, Tanninl
region, Pr1/ TT7).

F3'H Prl coorthologue that was also in one of the 3-
deoxyanthocyanidin GWAS peaks. The second peak, at 55.9
Mb, was very close to a priori candidate Sb04g026480, a
putative MYB homologue. There was also a peak around 72 Mb
on chromosome 3, in the same region as the peak in the 3-
deoxyanthocyanidin GWAS, near a priori candidate
Sb03g044980, a putative TTI19 homologue. A peak was
identified on chromosome 6 between 7 and 8 Mb, which was
not near any a priori genes, but was near a putative vacuolar
sorting protein gene (Sb06g003780). There were no peaks on
chromosome 3 around the R locus.

B DISCUSSION

Genetic Controls of Sorghum Polyphenols. The genetic
controls of the flavonoid pathway (Figure 9) have been well
studied in many economically important food plants, including
grape (Vitis vinifera), barley (Hordeum vulgare), maize (Zea
mays), rice (Oryza sativa), and wheat (Triticum spp.).43 Much
of our understanding of flavonoid genetics, including
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Figure 7. GWAS for 3-deoxyanthocyanidin concentration in sorghum
grain. Manhattan plot of association results from (A) a GLM analysis
and (B) an MLM analysis, using 404,628 SNP markers and 373
accessions. Axes: the —log), p-values (y axis) plotted against the
position on each chromosome (x axis). Each circle represents a SNP.
The dashed horizontal line represents the genome-wide significance
threshold as determined by Bonferroni correction. Regions with
—log,o p-values above the threshold are candidates. The red vertical
lines highlight the location of candidate genes (TT18/ANS, TT6/F3H,
Pr1/TT?7).

biosynthetic enzymes, transporters, and regulatory proteins,
come from analysis of Transparent Testa (TT) mutants in
Arabidopsis.** Transcriptional regulation occurs through a
ternary complex made up of TT2, TT8, and TTGI, which
encode for MYB, bHLH, and WD40 proteins (MBW complex),
respectively.** This ternary complex is highly conserved among
plant species.*® In the sorghum proanthocyanidin pathway, the
WD40 (Tanninl) component of the MBW complex has been
identified, as well as a likely candidate for the bHLH; several
studies have found a significant linkage and association on
sorghum chromosome 2 around 8 Mb, near a putative bHLH
transcription factor orthologous to Arabidopsis TT8.2>***4647
The MYB transcription factor that would complete the ternary
complex has not been found in sorghum. The ZmI homologue
on chromosome 4 at 61.1 Mb (Sb04¢031110, 66.8% similarity),
which was mapped in all of our proanthocyanidin GWAS, is a
possible candidate for the missing MYB. The maize Zml gene
is a MYB transcription factor, homologous to classical maize
grain pigmentation gene CI that can induce transcription of
DFR, an essential structural enzyme in the flavonoid pathway.*®
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Figure 8. Polyphenol differences between grain colors. Mean
concentrations of (A) proanthocyanidins and (B) 3-deoxyanthocya-
nidins in accessions of each grain color. Color categories share the
same letter if they are not significantly different from each other, based
on a post hoc Tukey HSD test (brown, n = 152; red, n = 48; white, n =
142; yellow, n = 35).

Another possible explanation for the significant SNPs at this
location is an indirect association with an undescribed allele at
Tannin-1.

About two-thirds of the SAP accessions we studied were
“converted” tropical accessions, meaning that alleles for
reduced height and early flowering have been introgressed so
they can be grown in temperate regions.* Surprisingly, the
proanthocyanidin GWAS association peak on chromosome 7
(~58.6 Kb) precisely colocalizes with dw3 (Sb07g023730), a
dwarfing loci used in the conversion, in conjunction with dwl,
dw2, and dw4.>” Smaller peaks on chromosomes 6 (~39 Kb)
and 9 (~57 Kb) were near the dw2 and dwl loci. The
association peaks on chromosomes 6, 7, and 9 may be artifacts
arising from a lower mean proanthocyanidin concentration in
the converted lines (4.4 mg CE/g) which all shared the same
dw alleles, compared to the unconverted lines (11.0 mg CE/g).
Accordingly, when we conducted a proanthocyanidin GWAS
using only converted accessions to control for this spurious
phenotypic covariation between proanthocyanidin and height,
the peaks near dwl, dw2, and dw3 disappeared, while the
Tanninl peak remained (Figure S7 in the Supporting
Information).

As a phytoalexin, the effect of the environment may
make it more difficult to map the genetic basis of 3-
deoxyanthocyanidins than the genetic basis of proanthocyani-
dins. Although the GLM was able to identify significant SNP
associations for 3-deoxyanthocyanidins, there were few peaks,
and the MLM did not identify any significant associations.
Detection of alleles contributing to variance of 3-deoxyantho-
cyanidins may require a larger sample size, additional
replication, a biparental mapping population, or controlled
fungal inoculations to induce biosynthesis of polyphenol
compounds.”> However, our results did provide a promising
candidate for followup. A Prl orthologue (Sb04g024750) lies
within a distinct peak on chromosome 4, about 400 Kb from
the top SNP identified in the 3-deoxyanthocyanidin GWAS
(S4_54975391; P < 107®), and 100 Kb from the top SNP in the
red grain GWAS (S4_ 54555458, P < 107"). Prl is a maize
F3'H enzyme, homologous to TT7 in Arabidopsis. The F3'H
enzyme is essential for production of 3-deoxyanthocyanidins, as
well as the red phlobaphene pigments visible in maize,"® and
has been implicated in production of these compounds in
sorghum (Figure 9).°° Overall, we observe a 1.6-fold difference
in 3-deoxyanthocyanidin concentrations between accessions
carrying the high concentration alleles and low concentration
alleles for the top red grain-associated SNP (P = 0.001). F3'H
is necessary for proanthocyanidin production as well, and,
indeed, significant associations with SNPs in the ~54 Mb
region on chromosome 4 were also identified in the GWAS
with tanl-a and tanl-b samples removed, as well as the GWAS
with only proanthocyanidin-containing samples.

Our study identified many peaks and SNPs significantly
associated with proanthocyanidins and 3-deoxyanthocyanidins,
hence there appear to be many small effect genes controlling
natural variation of these traits. Consequently, a larger
association panel, or a targeted biparental mapping population,

15,16

Table 4. Polyphenol Concentrations by Color

total phenols (mg GAE/g)

PA (mg CE/g) 3-DA (abs/mL/g)

color n mean range

white 142 4.0 £ 3.10 ND-14.67
yellow 35 6.03 +6.18 ND-23.69
red 48 6.97 £ 7.30 ND-27.32
brown 152 10.01 + 6.01 ND-37.46

mean range mean range
2.00 + 8.84 ND-25.26 22.74 + 14.03 ND-58.41
4.60 + 15.98 ND-42.30 29.30 + 27.89 ND-98.90
448 + 21.10 ND-52.83 42.21 + 30.43 ND-135.34
14.74 + 15.63 ND-78.51 26.46 + 26.64 ND-149.21
10923 dx.doi.org/10.1021/jf503651t | J. Agric. Food Chem. 2014, 62, 10916—10927
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; MYB-bHLH-WD40 (MBW).

may be more effective in precisely identifying causal alleles.
Moving forward, sequence analysis and expression analysis of
the candidate genes are needed to identify causal poly-
morphisms and lay the groundwork for the use of polyphenol
genetic variation in crop improvement.

Crop Improvement for Sorghum Polyphenols. Efforts
to characterize polyphenols, with the goal of producing high
polyphenol specialty varieties, have been undertaken in several
grain crops, including purple wheat,*" black rice,** multicolored
maize,>® multicolored barley,54 and black sorghum.55 Our
diverse association panel contained a wide range of
proanthocyanidin and 3-deoxyanthocyanidin concentrations,
and this genetic variation may be useful in breeding programs
to produce high polyphenol specialty varieties. Bicolor
sorghums had the highest mean proanthocyanidin concen-
trations, but their grain weight is significantly less (20% less)
than that of non-bicolor sorghums (P < 107?). Combined with
low yield potential, the small grain size makes it difficult to use
bicolor race sorghums in a grain sorghum breeding program,
but may still be of interest to breeders wanting to produce
specialty varieties. In addition to bicolor sorghums, caudatum
and guinea-caudatum sorghums also had high mean proantho-
cyanidin concentrations, and are promising sources for
increasing proanthocyanidin concentrations in sorghum. In
particular, among the caudatum and guinea-caudatum sor-
ghums, caudatum sorghums from tropical climates such as
Uganda had the highest mean proanthocyanidin concentra-
tions, so they may be good material for breeding high
polyphenol sorghums. While bicolor-durra and guinea sor-
ghums had the highest mean 3-deoxyanthocyanidin concen-
trations, the difference among all the races was not significant,

so it may be more important to simply identify unique
genotypes across the sorghum collection. Chemical analysis is
underway on the samples that were outside of the NIRS
calibration curves, and true biological outliers may open up new
avenues for future work on sorghum varieties with extreme
polyphenol concentrations.

Increasing 3-deoxyanthocyanidin production may be chal-
lenging, since, as phytoalexins, they are not constitutively
expressed, but rather synthesized by plants under pathogen
attack.">'® We note in our comparison of 3-deoxyanthocyani-
din concentrations from duplicate samples that the difference
between duplicates becomes larger for accessions with higher 3-
deoxyanthocyanidin concentrations. One possibility is that
there is greater technical variation in the 3-deoxyanthocyanidin
NIRS estimates, but Dykes et al.*® demonstrated the same
correlation coefficient between the NIRS-predicted values and
the values in the validation set for proanthocyanidins (r = 0.81)
and 3-deoxyanthocyanidins (r = 0.82). Therefore, we would not
expect to see differences in accuracy of the NIRS predictions
for proanthocyanidins and 3-deoxyanthocyanidins in our study.
As this was a field study, another possibility is that uncontrolled
environmental variation may have contributed to the difference
between the duplicate samples. Accessions with the genetic
capability to produce grain 3-deoxyanthocyanidins may be
producing low or high 3-deoxyanthocyanidin concentrations
depending on the exposure to inducing agents on a given
panicle. Controlled inoculation studies are needed to further
explore this possibility.*

The spreader gene is a promising target for increasing grain
proanthocyanidin concentrations, and a previous report using a
small number of varieties has shown higher proanthocyanidin
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concentrations in varieties with a functional spreader.*® Given
that three peak SNP associations in the brown grain GWAS
were near putative MATE transporter TT12 homologues, we
propose that the spreader gene may be a MATE transporter. A
biparental mapping population segregating the spreader gene
would be needed to confirm this hypothesis. To get a sense of
the effect these loci may have on proanthocyanidin
concentrations, we compared concentrations of each allele in
proanthocyanidin-containing accessions. There was a 1.8-fold
(S3_63633634, P = 0.04), a 1.5fold (S2 69656067, P =
0.0003), and a 1.7-fold (S8 52906014, P = 0.0002) difference
between accessions carrying the high concentration alleles and
low concentration alleles. When the three polymorphisms are
considered together, accessions with all three high-alleles
(S2_69656067 = “A”, S3_63633634 = “A”, S8_52906014 =
“G”) have 1.7- to 2.7-fold higher proanthocyanidin concen-
trations (P = 107%), consistent with an additive effect more than
doubling the concentration of proanthocyanidins in sorghum
grain.

Appearance of grain color is predominantly due to
polyphenols, but can also be influenced by endosperm color
and grain weathering. Taken in total, the color classes used for
our analysis represent general groups and are not definitive
descriptors of any specific trait. For example, it is possible to
have a sorghum classified as brown that does not have a testa
layer, as well to have a sorghum classified as white that has a
testa layer (see Figure 1). However, our results support the use
of visual categorization of grain color as a simple assessment of
polyphenol concentrations in crop improvement programs;
brown grain has significantly higher proanthocyanidin concen-
trations than nonbrown, red grain has significantly higher 3-
deoxyanthocyanidin concentrations than nonred, and white
grain has significantly lower concentrations of these poly-
phenols than nonwhite. Additionally, the genetic architecture of
grain color reflects, to an extent, that of the polyphenols with
which they are associated. For instance, the red grain GWAS
and the 3-deoxyanthocyanidin GWAS produced similar
association peaks on chromosome 4 (~54 Mb), which may
map to the sorghum Prl orthologue, and chromosome 3 (~72
Mb), which colocalizes with putative homologues of ANS, F3H,
and TTI19. The brown grain GWAS and the proanthocyanidin-
containing GWAS produced similar association peaks on
chromosome 6 (~57 Mb) near a priori candidate TTI6, a
key regulatory protein in the proanthocyanidin branch of the
flavonoid pathway. Overall, to increase sorghum proanthocya-
nidin and 3-deoxyanthocyanidin concentrations quantitatively,
there are many associated alleles available, but none of them
have large effect. This survey of grain polyphenol variation in
sorghum germplasm and catalog of flavonoid pathway-
associated loci contributes toward the goal of producing
sorghum crops that will contribute to marker-assisted breeding
of sorghum crops that will benefit human health.
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