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Abstract: Sorghum (Sorghum bicolor L.) is a promising biomass crop with high yields of cellulose,
hemicellulose, and lignin. Sorghum biomass has emerged as an eco-friendly industrial material
useful for producing biofuels and bioplastics. This study conducted genotyping-by-sequencing (GBS)-
based genome-wide association studies (GWAS) to establish the genetic basis of traits associated
with biomass. Specifically, the researchers evaluated agronomic traits and phenolic compounds
using 96 sorghum genotypes. Six phenolic compounds, luteolinidin diglucoside, luteolin glucoside,
apigeninidin glucoside, luteolinidin, apigeninidin, and 5-O-Me luteolinidin, were found to be the
major phenolic compounds in all genotypes. Out of our six detected phenolic compounds (luteolinidin
diglucoside, luteolin glucoside, apigeninidin glucoside, luteolinidin, apigeninidin, and 5-O-Me
luteolinidin), luteolinidin was the major phenolic compound in all genotypes. Next, a GWAS
analysis was performed to confirm significant associations between 192,040 filtered single-nucleotide
polymorphisms (SNPs) and biomass-related traits. The study identified 40 SNPs on 10 chromosomes
that were significantly associated with heading date (4 SNPs), plant height (3 SNPs), dry yield
(2 SNPs), and phenolic compounds (31 SNPs). The GWAS analysis showed that SbRio.10G099600
(FUT1) was associated with heading date, SbRi0.09G149200 with plant height, SbRio.06G211400
(MAFB) with dry yield, SbRi0.04G259800 (PDHA1) with total phenolic content and luteolinidin
diglucoside, and SbRio.02G343600 (LeETR4) with total phenolic content and luteolinidin, suggesting
that these genes could play key roles in sorghum. These findings demonstrate the potential value
of sorghum as a biomass resource and the potential for selecting sorghum genotypes with reduced
phenolic contents for use in the bioindustry.

Keywords: sorghum; biomass yield; phenolic compounds; mutation breeding; genome-wide association
studies (GWAS); single-nucleotide polymorphisms (SNP)

1. Introduction

Sorghum (Sorghum bicolor L.) is the fifth-most important cereal crop in the world. Itis a
new-generation crop with a highly efficient photosynthetic system (C4) that makes it ideal
for producing industrial materials, such as alcohol, fuel, and bioplastics [1]. Sorghum can
also serve as a source of lignocellulosic biomass for the production of bio-based chemicals
and bioplastic materials [2]. Since biomass yield is a quantitative trait with generally low
heritability, indirect selection has been reported to have similar efficiencies when selecting
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closely related traits with high heritability [3]. The primary and most essential components
of sorghum biomass are heading date [4], height [5-7], dry yield [7,8], and juiciness [4].
Additionally, sorghum sugar is an important ingredient for the food, biofuel, bioplastic, and
pharmaceutical industries. Increasing the biomass and sugar yield potential of sorghum
is one of the most important targets of breeding programs [2,3]. However, despite its
high importance to the bioindustry, sorghum variety development has been biased toward
improving seed yield and nutrient value [9]. Hence, there is a need for research focused
on biomass traits and the development of sorghum varieties suitable for utilization as a
bio-industrial material.

Mutation breeding techniques increase the probability of a mutation occurring in
nature. Natural mutations occur at a very low rate (107> to 10~%), whereas ionizing
radiation can increase the mutation rate by approximately 1000 to 1 million times compared
to natural mutations [10-12]. Ionizing radiation is a simple, economical, eco-friendly, and
convenient process that can be used under safe, well-defined, and controlled operating
parameters [13,14]. The advantage of mutation breeding is that only a subset of the original
traits can be modified, and it is particularly effective for changes in chemical compound
compositions [15]. To date, radiation breeding has resulted in the development of over
210 species and around 3402 varieties, including 20 sorghum varieties [16]. This approach
is widely employed in breeding programs due to its ability to rapidly enhance crops and
increase genetic diversity.

Sorghum is known for containing high amounts of diverse phenolic compounds, such
as flavonoids, condensed tannins, and phenolic acids, in its grains, stems, and leaves [17,18].
Lignocellulosic biomass, which is composed of hydrophilic carbohydrates, has been utilized
as a raw material for biomass-based production or as a source of sugar through a hydrolysis
process [19]. Sorghum is a versatile crop that can be used for various purposes, including
the production of bioplastics [20]. The fermentation of polyhydroxyalkanoates (PHA) is a
process used to produce biodegradable plastics that are environmentally friendly [21]. PHA
can be produced by fermenting various carbon sources with bacteria, but phenolic com-
pounds in the fermentation process can lead to decreased PHA yield and productivity [21].
Although phenolic compounds have beneficial effects on human health, such as antioxidant
and anticancer activities, they can make it difficult to utilize lignocellulosic biomass as a
material for biomass production [22].

Advances in next-generation sequencing (NGS) technology have made DNA sequenc-
ing cost-effective to the extent that genotyping-by-sequencing (GBS) is now feasible for
large-genome species with high genetic diversity [23]. Since GBS conducts SNP discovery
and genotyping simultaneously, prior genomic knowledge of the species is not required [24].
Genome-wide association studies (GWAS) have been adopted as a useful approach for
identifying the candidate genes underlying quantitative and qualitative traits [25]. The
single-nucleotide polymorphisms (SNPs) identified by GBS allow the analysis of genetic di-
versity and integration with GWAS into a single research project [26]. The basic principle of
GWAS is to integrate genotype and phenotype data through general linear models or mixed
linear models (MLM) [27]. Currently, GWAS have been successfully used with mutants in
various crops of interest, including for causal SNPs for agronomic and phytochemical traits
in Sorghum bicolor, Brassica napus, and Glycine max [28-30].

The aim of this study is to investigate the genetic variability of sorghum using high-
density SNP data from a sorghum population consisting of 59 radiation-induced mutant
lines and 37 sorghum genetic resources and to detect candidate genes for key bioindustry-
related traits that may affect biomass yield and chemical treatment through GWAS analysis.

2. Materials and Methods
2.1. Plant Materials and DNA Extraction

The genetic resources comprised 96 sorghum genotypes, including 37 selected geno-
types from the Rural Development Association GenBank (RDA) and International Crop Re-
search Institute for Semi-Arid Tropics (ICRSAT). These selected genotypes were evaluated
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for seed production feasibility and a wide range of agronomic and phenolic characteristics
for three years at the Advanced Radiation Technology Institute of the Korea Atomic Energy
Research Institute (KAERI) in Jeongeup, Jeollabuk, Republic of Korea (35.5699° N 126.9722°
E). Fifty-nine mutant lines of sorghum were induced by treating the original cultivar seeds
with various doses of gamma rays (°*Co) and proton beam irradiation at KAERI. Eighteen
mutant lines from Banwoldang (Republic of Korea), twelve mutant lines from Dansusu?2
(Republic of Korea), five mutant lines from KLS079125 (Republic of Korea), six mutant
lines from HDWb501 (Indonesia), four mutant lines from IS5718 (India), three mutant lines
from 1S645 (USA), three mutant lines from DINE-A-MITE (unknown), two mutant lines
from Moktak (Republic of Korea), one mutant line from Chalsusul (Republic of Korea), one
mutant line from High-land-sweet (unknown), one mutant line from 152868 (South Africa),
one mutant line from Mesusu (Republic of Korea), and two mutant lines from 152864 (South
Africa) were used in this study (Table 1). Briefly, the treated seeds were sown to obtain
the M; seeds from one plant, and the main spikes of each M; plant were harvested. In the
M, generation, all the individuals were investigated for agronomic mutations from the
original cultivar. Sorghum mutants were selected based on their agronomic characteristics
and phenolic compound contents, which were obtained from the M3 and M, generations.
The self-fertilization procedure was continued until the M5 generations. Finally, fifty-nine
mutants that varied in agronomic characteristics and phenolic compound content and
that exhibited stable inheritance of the mutated characteristics from M5 generations were
selected. Genomic DNA was extracted from the young leaves of each individual using
the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and quantified using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA). The DNA concentrations
were adjusted to 50-100 ng/uL (total of 30-50 puL per sample) for the GBS analysis.

Table 1. Origin, agronomic traits, and total phenolic content of the 96 sorghum genotypes used in

this study.
Lines Origin Types Accession HD' PH? sc? DY* TPC®
Numbers (days) (cm) (brix°) (ton/ha) (mg/100 g)
Gangwonsamcheok-2001-40 Republic of Korea Accession 17218409 * 70.0 311.0 18.5 9.5 7.31
High-land-sweet Republic of Korea Accession 1R139445 * 100.0 307.0 14.6 10.0 11.54
DINE-A-MITE Republic of Korea Accession 1R100992 * 97.0 362.0 9.3 17.4 5.87
Pioneer931 Republic of Korea Accession 1T033846* 115.0 348.0 16.7 15.2 8.04
Kingsorgo Republic of Korea Accession 1T033841 * 96.0 248.0 12.5 9.5 7.80
15645 United State Accession 1T124065 * 90.0 330.0 18.1 11.9 6.67
Ikumba Kenya Accession 1T262644 * 98.0 331.0 15.8 17.4 3.36
Olusi Kenya Accession 17262629 * 97.0 330.0 17.2 14.2 4.84
Sorghum-medovoe Russia Accession 11199372 * 74.0 234.0 13.3 8.8 6.59
152868 South Africa Accession 1T124094 * 89.0 273.0 8.0 13.5 8.29
155718 India Accession 1T124108 * 90.0 253.0 5.0 5.9 8.13
Andiwo-ma-rabour Kenya Accession 17262529 * 80.0 331.0 15.5 249 5.45
Sabina Kenya Accession 1T262628 * 90.0 340.0 15.2 14.2 7.09
1514131 Portugal Accession 1T143764 * 91.0 333.0 11.2 9.5 3.77
Is1211 China Accession 1T143846 * 77.0 295.0 7.0 7.1 6.64
KLS079168 Republic of Korea Accession 1T028417 * 75.0 347.0 8.5 10.3 7.03
KLS079125 Republic of Korea Accession 1T028385 * 90.0 338.0 15.7 10.7 10.83
KLS079075 Republic of Korea Accession 1T028358 * 71.0 275.0 12.2 6.6 6.02
JM4621 South Africa Accession 1527887 ** 110.0 307.0 17.2 23.7 4.01
JTM 4682 South Africa Accession 1527912 ** 85.0 307.0 17.2 16.6 4.33
Muansusu Republic of Korea Cultivar 1T028258 * 69.0 284.0 9.8 13.5 8.69
Nulsusu Republic of Korea Cultivar 1T185794 * 102.0 354.0 11.0 11.1 10.50
Chalsusul Republic of Korea Cultivar 1T191187 * 99.0 343.0 10.2 11.9 7.72
Shikyoung Republic of Korea Cultivar IT105551 * 100.0 341.0 115 9.5 6.27
Jangmok Republic of Korea Cultivar 1T103274 * 100.0 323.0 11.3 8.9 8.13
Hansan Republic of Korea Cultivar 1T101381 * 95.0 338.0 12.6 10.3 4.57
Moktak Republic of Korea Cultivar 1T124114* 95.0 302.0 13.0 17.8 6.34
Banwoldang Republic of Korea Cultivar IT124115* 75.0 301.0 9.0 14.2 7.96
Chalsusu2 Republic of Korea Cultivar 1T028260 * 67.0 308.0 13.1 14.2 7.69
Bitjaru Republic of Korea Cultivar 1T104110 * 95.0 348.0 9.3 11.1 8.70
Mesusu Republic of Korea Cultivar 1T028269 * 98.0 326.0 12.7 11.9 3.75
50G102 Republic of Korea Accession 1530507 ** 85.0 229.0 18.8 9.5 9.11
50G103 Republic of Korea Accession 1S30508 ** 82.0 233.0 16.0 13.5 4.47
SO0G129 Republic of Korea Accession 1S30533 ** 80.0 252.0 18.1 15.9 3.46
S0G132 Republic of Korea Accession 1530536 ** 75.0 320.0 18.8 19.0 5.27
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Table 1. Cont.

Lines Origin Types Accession HD! PH 2 sC3 DY* TPC >
8 YP Numbers (days) (cm) (brix°) (ton/ha) (mg/100 g)
S0G159 Republic of Korea Accession 1530562 ** 92.0 260.0 15.0 14.2 6.51
HDW501 Indonesia Accession 1520956 ** 100.0 265.0 129 11.9 3.27
Banwoldang-1 Banwoldang Mutant Gﬂ;‘g;fiy 100.0 329.0 15.3 1.1 6.76
Banwoldang-2 Banwoldang Mutant Ga;g{)“é;ay 62.0 137.0 12.1 95 8.22
Banwoldang-3 Banwoldang Mutant Gaggné—;ay 62.0 126.0 16.3 9.5 10.64
Banwoldang-4 Banwoldang Mutant Gaﬁ)‘{)“é’;ay 100.0 175.0 125 11.9 10.95
Banwoldang-5 Banwoldang Mutant Gaigg“é'yray 110.0 135.0 13.1 95 5.24
Banwoldang-6 Banwoldang Mutant Gaigg“é'yray 110.0 155.0 15.2 11.9 9.81
Banwoldang-7 Banwoldang Mutant Ga;gg“é;ay 58.0 125.0 13.0 95 8.19
Banwoldang-8 Banwoldang Mutant Gair(;(r)né;‘ay 62.0 215.0 17.2 14.2 3.86
Banwoldang-9 Banwoldang Mutant Ga;g(‘)“é';ay 59.0 112.0 15.3 11.9 7.70
Banwoldang-10 Banwoldang Mutant Gaigg“é'yray 110.0 369.0 145 11.9 4.00
Banwoldang-11 Banwoldang Mutant Gaﬁ)‘{)“é’;ay 110.0 374.0 14.2 11.9 2.59
Banwoldang-12 Banwoldang Mutant Ga;ggng—;ay 70.0 252.0 14.8 16.6 6.12
Banwoldang-13 Banwoldang Mutant Gaigg“é;ay 80.0 376.0 10.8 16.6 7.39
Banwoldang-14 Banwoldang Mutant Ga;gg“é;ay 80.0 365.0 125 16.6 7.06
Banwoldang-15 Banwoldang Mutant Gaggné—;ay 100.0 342.0 11.9 16.6 3.89
Banwoldang-16 Banwoldang Mutant Gaig{)“é;ay 100.0 4120 12.4 237 5.09
Banwoldang-17 Banwoldang Mutant Gaigg“é'yray 100.0 402.0 116 23.7 555
Banwoldang-18 Banwoldang Mutant Gaigg“é';ay 102.0 242.0 13.9 83 5.34
Proton
Dansusu2-1 SOG103 Mutant beam 300 100.0 294.0 16.8 19.0 7.78
Gy
Proton
Dansusu2-2 SOG103 Mutant beam 300 100.0 308.0 15.8 16.6 9.21
Gy
Proton
Dansusu2-3 SOG103 Mutant beam 300 79.0 282.0 12.6 95 11.05
Gy
Proton
Dansusu2-4 SOG103 Mutant beam 300 79.0 290.0 13.4 9.5 497
Gy
Proton
Dansusu2-5 SOG103 Mutant beam 300 110.0 268.0 14.2 9.0 5.02
Gy
Proton
Dansusu2-6 SOG103 Mutant beam 300 100.0 308.0 16.2 10.7 6.14
Gy
Proton
Dansusu2-7 SOG103 Mutant beam 300 100.0 310.0 16.8 14.2 4.10
Gy
Proton
Dansusu2-8 SOG103 Mutant beam 300 100.0 89.0 5.0 2.4 4.04
Gy
Proton
Dansusu2-9 SOG103 Mutant beam 300 90.0 138.0 13.2 7.1 2.85
Gy
Dansusu2-10 SOG103 Mutant Ga%‘g“é;ay 105.0 253.0 165 95 5.87
Dansusu2-11 SOG103 Mutant Ga;gg“gymy 105.0 308.0 16.1 16.6 8.83
Dansusu2-12 SOG103 Mutant Galrg‘g“é;ay 105.0 282.0 14.8 11.9 3.03
KLS079125-1 KLS079125 Mutant Ga;g{)“é;ay 69.0 270.0 12.3 142 8.63
KLS079125-2 KLS079125 Mutant Gaf&é“é‘ymy 69.0 214.0 16.3 11.9 8.87
KLS079125-3 KLSO79125 Mutant Ga;;g“é';ay 77.0 270.0 134 11.9 448
KLS079125-4 KLSO79125 Mutant Gammaray 45 352.0 13.3 142 3.94

200 Gy
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Table 1. Cont.

Lines Origin Types Accession HD! PH 2 sC3 DY* TPC >
8 yp Numbers (days) (cm) (brix°) (ton/ha) (mg/100 g)
KLS079125-5 KLS079125 Mutant Ga;gg“gymy 110.0 350.0 13.4 16.6 5.84
Pahat-1 HDWS501 Mutant Gamma-ray 90.0 240.0 17.8 142 321
200 Gy
Pahat-2 HDWS501 Mutant Gamma-ray 90.0 239.0 18.6 95 6.01
200 Gy
Pahat-3 HDWS501 Mutant Gamma-ray 69.0 100.0 10.7 7.1 423
200 Gy
Pahat-4 HDWS501 Mutant Gamma-ray 68.0 108.0 95 95 1.92
200 Gy
Pahat-5 HDWS501 Mutant Gamma-ray 110.0 95.0 10.1 76 534
200 Gy
Pahat-6 HDW501 Mutant Gamma-ray 71.0 132.0 12.1 95 221
200 Gy
1S5718-1 1S5718 Mutant Gamma-ray 62.0 220.0 142 8.1 9.00
200 Gy
185718-2 1S5718 Mutant Gamma-ray 61.0 192.0 15.0 83 11.11
200 Gy
15718-3 15718 Mutant Galrg(‘)“é;ay 61.0 240.0 12.6 83 6.55
185718-4 1S5718 Mutant Gaﬁ)‘éné'yray 62.0 242.0 135 83 6.11
1S645-1 15645 Mutant Gammaray g9 373.0 145 213 9.08
200 Gy
1S645-2 15645 Mutant Gamma-ray 75.0 371.0 11.0 11.9 13.10
200 Gy
15645-3 1645 Mutant Gamma-ray 61.0 348.0 12.8 26.1 3.95
200 Gy
DINE-A-MITE-1 DINE-A-MITE Mutant Galrg(r]“é';ay 102.0 465.0 6.0 237 422
DINE-A-MITE-2 DINE-A-MITE Mutant Gaﬁ)‘(‘]“é'yray 77.0 319.0 105 119 9.16
DINE-A-MITE-3 DINE-A-MITE Mutant Galrggnca;ay 105.0 410.0 85 16.6 5.99
Moktak-1 Moktak Mutant Gaﬁj‘gngyray 68.0 289.0 152 142 7.17
Moktak-2 Moktak Mutant Ga{gg“é';ay 100.0 390.0 15.3 26.1 6.96
Chalsusul-1 Chalsusul Mutant Ga;gg“é';ay 110.0 408.0 164 16.6 557
High-land-sweet-1 High-land-sweet Mutant Gag(‘)“é';ay 71.0 270.0 163 119 480
152868-1 152868 Mutant Galrg(‘)“é;ay 90.0 345.0 16.9 213 9.28
Mesusu-1 Mesusu Mutant Gaﬁ)‘éné'yray 105.0 375.0 12.8 142 2.85
152864-1 South Africa Mutant Ga%‘énca;ay 69.0 108.0 8.2 7.1 2.81
152864-2 South Africa Mutant Gal‘gg“é'yray 90.0 240.0 12.6 8.3 2.25

1 Heading date; 2 plant height; 3 soluble solids content; * dry yield, 5 total phenolic content. * Rural Development
Association GenBank in Republic of Korea (RDA) accession numbers, ** Research Institute for Semi-Arid Tropics
(ICRSAT) accession numbers, *** type and dose of radiation treated with seed.

2.2. Evaluation of Agronomic Traits and Soluble Solids Content

Agronomic traits, such as heading date (HD), plant height (PH), fresh yield (FY), dry
yield (DY), and soluble solids content (SC), were measured. The heading date was scored
as the number of days between sowing and 50% heading. The plant height, soluble solids
content, and fresh yield were measured at the seed harvest dates of each genotype. The
soluble solids content (brix°) was determined using a hand-held refractometer (OPT-I,
Bellingham & Stanley Ltd., London, UK) measured from the juice of the main stem at
15 cm above the ground. The fresh weight of the whole plant, except for the panicle,
was measured for each individual. Fresh yield was then determined by multiplying the
fresh weight yield per linear meter (6 m?) by the total linear meters grown per hectare.
Subsequently, the dry yield was calculated mechanically by multiplying the fresh yield by
the average percentage of dry matter. Dry yield was surveyed on 96 genotypes during two
generations. Fertilizer (N:P:K 4:2:2 w/w/w) was applied to 500 kg-ha~! at pre-sowing and
the plants were not fertilized after sowing.
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2.3. Ultra-High-Performance Liquid Chromatography (UPLC) Analysis

At seed harvest dates, whole-plant samples (excluding panicles) were collected from
96 sorghum genotypes. Fifty grams of fresh samples were placed into a 1000 mL glass
container with 100% ethanol and incubated at room temperature for 24 h. The extracts were
then filtered through a 0.45 um membrane filter using a syringe filter. The filtered samples
were analyzed using a UPLC and a photodiode array detector (DAD; Agilent 1260 series;
Agilent Technologies, Santa Clara, CA, USA) and a quadrupole liquid chromatograph/mass
spectrometer (Agilent 6130; Agilent Technologies, Santa Clara, CA, USA) equipped with
an XR-ODS column (3.0 x 100 mm, 1.8 um, Shimadzu, Japan) and a compatible C18
guard column (4 x 3 mm id.; 3 uM particle size; Phenomenex, Torrance, CA, USA).
The mobile phase was composed of water (solvent A, containing 0.05% formic acid) and
acetonitrile (solvent B, containing 0.05% formic acid). The gradient program was 0-3 min,
95% A and 5% B; 3-8 min, 100% B; and 18-24 min, 100% A. The flow rate of the mobile
phase was adjusted to 0.5 mL/min and the column temperature was set to 40 °C. The
injection volume was 10 pL. The optimal atmospheric pressure ionization—electrospray
ionization parameters were set. The detection of total phenolic content was performed at
320 nm. For the quantification of total phenolic content, a standard compound (luteolinidin;
Sigma Aldrich Co., St Louis, MO, USA) was dissolved in 80% ethanol (v/v). Luteolinidin
diglucoside, luteolin glucoside, apigeninidin glucoside, luteolinidin, apigeninidin, and
5-O-Me-luteolinidin were identified using the method described in a previous study [31].

2.4. Genotyping-by-Sequencing Analysis

Genotypic data from all 96 samples were obtained using a genotyping-by-sequencing
(GBS) strategy. GBS libraries were constructed using the restriction enzyme Apek I, and
barcoded adapters were ligated to the digested fragments. Supplementary Table S1 lists
the 96 barcode sequences used to tag the samples. The appropriate adapter concentration
was determined and used to construct the library according to the GBS protocol, with
minor modifications [23]. The GBS library was sequenced using the Illumina HiSeq X Ten
platform by SEEDERS Co. (Daejeon, Republic of Korea). Demultiplexing was performed
using the barcode sequences, and adapter sequences were removed. Low-quality sequences
were trimmed using cut adapt (version 1.8.3) for adapter trimming and DynamicTrim and
LengthSort of SolexaQA (version 1.13) for sequence quality trimming [32,33]. The retained
clean reads for each sample were aligned to the Sorghum bicolor Rio_v2.1 reference genome
using BWA software (version 0.7.17-r1188), and the alignment files were converted to
BAM files using SAMtools software (version 0.1.16) [34-36]. Before raw SNP detection,
SNP validation was performed using an in-house script developed by SEEDERS [37].
The SNPs were functionally and structurally annotated using the SnpEff tool (version
4.3) and the annotated sorghum genome available in the Phytozome database (https:
/ /phytozome-next.jgi.doe.gov/, accessed on 16 January 2023) [38]. The SNP positions
were classified as either intergenic or genic regions based on the position information of
the reference genome. The genic regions were further classified into CDS or intron regions.
Common SNPs from the reference sequence were selected to separate genotypes in the
SNP matrix, and polymorphic SNPs were selected by comparing the common SNPs with
the base sequence of each Sorghum bicolor Rio_v2.1 genotype.

2.5. Genome-Wide Association Study (GWAS) with Agronomic Traits and Phenolic Compounds

For the GWAS analysis, a total of 192,040 filtered SNPs with a minor allele frequency
greater than 5% and missing data lower than 30% were used. BLINK, Farm CPU, MLMM,
and MLM were used to perform GWAS analysis, with all parameters set to default values
in the genomic association and prediction integrated tool (GAPIT) R package [39]. The type
I error significance threshold p-value was set to 0.0001 for this study [40]. Significant SNPs
were classified based on their p-values using the quantile-quantile plot and Manhattan
plot. Among these, important SNPs located in genic regions were reselected, excluding
intergenic regions. Genomic position and candidate gene information were obtained from
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the NCBI database (https://www.ncbi.nlm.nih.gov, accessed on 16 January 2023) using the
reference genomes Sorghum bicolor Rio_v2.1 and OZ sorghum (https:/ /aussorgm.org.au,
accessed on 16 January 2023).

3. Results
3.1. Subsection Agronomic Traits in Sorghum Genotypes

Descriptive statistics were conducted on four agronomic traits (HD, PH, SC, and DY)
in 96 sorghum genotypes (Table 1). HD ranged from a minimum of 58.0 days (Banwoldang-
7) to a maximum of 115.0 days (Pioneer-931), with an average of 87.8 days. PH varied
from a minimum of 89.0 cm (Dansusu 2-8) to a maximum of 465.0 cm (DINE-A-MITE-1),
with an average of 282.0 cm. SC ranged from a minimum of 5.0 brix® (IS5718 and Dansusu
2-8) to a maximum of 18.8 brix® (Dansusul and Dansusu4), with an average of 13.4 brix°.
DY ranged from a minimum of 2.4 tons/ha (Dansusu 2-8) to a maximum of 26.1 tons/ha
(IS645-3 and Moktak-2), with an average of 13.0 tons/ha. The four agronomic traits had
continuous variation according to their kurtosis and skewness values (Table 2).

Table 2. Summary of agronomic traits of the 96 sorghum genotypes used in this study.

Trait 1 Min 2 Max 3 Mean Skew 4 Kurt > Cvé
HD 58.0 115.0 87.8 —0.29 -1.19 0.18
PH 89.0 465.0 282.0 —0.66 —0.06 0.30
SC 5.0 18.8 134 —0.53 0.08 0.23
DY 24 26.1 13.0 0.90 0.65 0.37

1HD, heading date; PH, plant height; SC, soluble solids content; DY, dry yield; 2 Min, minimum; 3> Max, maximum;
4 Skew, skewness; 5 Kurt, kurtosis; ¢ CV, coefficient of variation. The list of values for each genotype is shown in
Table 1.

3.2. UPLC Analysis in Sorghum Genotypes

The total phenolic content (TPC) of the sorghum lines is shown in Table 1. Detailed
information on the six phenolic compounds is presented in Table S2. The UPLC chro-
matograms revealed the presence of six peaks (Figure 1). Six phenolic contents—luteolinidin
diglucoside, luteolin glucoside, apigeninidin glucoside, luteolinidin, apigeninidin, and
5-O-Me-luteolinidin—were isolated. The six types of phenolic contents were as follows:
luteolinidin diglucoside, ranging from 0.09 (Ikumba) to 0.46 mg/100 g (Banwoldang), with
an average of 0.23 mg/100 g. Luteolin glucosides varied from 0.00 (Sorghum-medovoe,
etc.) to 1.24 mg/100 g (Pahat-5), with an average of 0.30 mg/100 g. The range of apigenini-
din glucoside was from 0.02 (Dansusu2-10) to 1.18 mg/100 g (Bitjaru), with an average
of 0.40 mg/100 g. Luteolinidin varied from 0.06 (Pahat-4, Figure 2A) to 5.20 mg/100 g
(High-land-sweet, Figure 2B), with an average of 1.64 mg/100 g. The range of apigeninidin
was from 0.00 (Dansusu2-12) to 0.75 mg (Bitjaru), with an average of 0.32 mg/100 g. The
5-O-Me-luteolinidin varied from 0.01 (Dansusu2-12) to 0.43 mg/100 g (High-land-sweet),
with an average of 0.21 mg/100 g. Total phenolic content ranged from 1.92 (Pahat-4) to
13.10 mg/100 g (15645-2, Figure 1B), with an average of 6.37 mg/100 g. IS645-2 increased
TPC by 6.43 mg/100 g compared to the original cultivar (Figure 1B). Luteolinidin accounted
for the largest proportion (26.8%) of TPC. The phenolic compounds showed continuous
variations with a normal distribution according to skewness and kurtosis (Figure 2C,
Table 3).

3.3. Correlation Analysis

To compare the correlation between agronomic and phytochemical traits, we analyzed
Pearson’s pairwise correlation coefficient between four agronomic traits (HD, PH, SC, and
DY) and phenolic compounds (TPC, luteolinidin diglucoside, luteolin glucoside, apigenini-
din glucoside, luteolinidin, apigeninidin, and 5-O-Me-luteolinidin) in the 96 sorghum lines
(Figure 3). Strong positive correlations were shown between PH and DY (r = 0.60, p < 0.001).
In comparing the correlations between TPC and the six phenolic compounds, they showed
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positive correlations overall, except for those between luteolin glucoside and luteolinidin
diglucoside. Strong positive correlations were seen between TPC and luteolinidin (r = 0.82,
p < 0.001), apigeninidin glucoside and apigeninidin (r = 0.79, p < 0.001), and luteolinidin
and apigeninidin (r = 0.75, p < 0.001).
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Figure 1. Ultra-performance liquid chromatography (UPLC) profiles of phenolic compounds were
detected at 320 nm: (A) IS645, original cultivar; (B) IS645-2, ! luteolinidin diglucoside, ? luteolin
glucoside, 3 apigeninidin glucoside, # luteolinidin, ® apigeninidin, ® 5-O-Me-luteolinidin; (C) chemical
structure of sorghum phenolics.
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Figure 2. Ultra-performance liquid chromatography (UPLC) 3D profiles of total phenolic content
(TPC): (A) High-land-sweet, TPC maximum value; (B) Pahat-4, TPC minimum value; ! Juteolinidin
diglucoside, ? luteolin glucoside, ® apigeninidin glucoside, # luteolinidin, °
luteolinidin; (C) Total phenolic content of 96 genotypes.

apigeninidin, ® 5-O-Me-



Agronomy 2023, 13, 1449

9o0f21

Table 3. Summary of total phenolic content and six phenolic compounds of 96 sorghum genotypes
used in this study.

Type Min 1 Max 2 Mean Skew?® Kurt? cvs
Luteolinidin diglucoside 0.09 0.46 0.23 1.08 213 0.29
Luteolin glucoside 0.00 1.24 0.30 1.33 2.02 0.90
Apigeninidin glucoside 0.02 1.18 0.40 1.01 2.29 0.49
Luteolinidin 0.06 5.20 1.71 0.76 0.39 0.67
Apigeninidin 0.00 0.75 0.32 0.25 —0.13 0.52
5-O-Me-luteolinidin 0.01 0.43 0.16 0.16 —0.81 0.50

Total phenolic content
(TPC)

1 Min, minimum; 2 Max, maximum; 3 Skew, skewness; 4 Kurt, kurtosis; ° CV, coefficient of variation. The list of
values for each genotype is shown in Table S2.
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Figure 3. Correlation analyses among individual agronomic traits and phenolic compounds. HD
(heading date); PH (plant height); SC (soluble solids content); DY (dry yield); TPC (total phenolic
content); *, **, and *** are significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

3.4. Genotyping-by-Sequencing of Sorghum Genotypes

The GBS library was constructed from 37 genetic resources and 59 sorghum mutant
lines that were sequenced using the Illumina HiSeq X Ten platform. A summary of these
sequencing results is in Table 4. In total, 684 million reads comprising 103,348,422,063
nucleotides (103.3 Gb) were generated, with 7.1 million reads (1.0 Gb) per genotype on
average. After removing low-quality sequences, 620,196,808 clean reads remained, with
6.4 million reads per genotype on average. The total length range of clean reads was
between 98.4 Mb and 2818.9 Mb, with an average read length of 673.3 Mb. The total number
of mapped reads was 599,168,188 in all lines, with an average of 6,241,335 reads per sample.
The mapped read rates (%) ranged from 91.76% to 97.84%. On average, 96.69% of the
filtered reads were mapped to the reference genome sequence. The total length of the
mapped region was 4968.2 Mb, with an average of 51.7 Mb per sample, which covered
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approximately 7.09% of the reference genome sequence. Among the 96 lines, the average
depth of the mapped region ranged from 5.00 to 30.17, with an average of 10.27 (Table S1).

Table 4. Summary of GBS sequence data and alignment to the reference genome sequence.

Total Average/Plant
Raw data
Reads 684,426,636 7,129,444
Bases (bp) 103,348,422,036 1,076,546,063
After trimming
Reads 620,196,808 6,460,383
Bases (bp) 64,640,661,227 673,340,221
Mapped reads on reference
genome !
Reads 599,168,188 6,241,335
Bases (bp) 4,968,266,855 51,752,780
Reference genome coverage (%) 7.0954%

I Reference genome; Sorghum bicolor Rio_v2.1.

3.5. Identification of SNPs

The SNPs for each line were selected from the filtered SNPs in the matrix posi-
tion between sorghum lines and the reference genome sequence (Table S3). A total of
10,369,812 SNPs ranged from 22,737 (152868-1) to 201,950 SNPs (I514131), with an average
of 108,019 SNPs. A total of 192,040 SNPs were identified in the genotypes of the 96 sorghum
lines using the GBS approach (Table 5). The chromosome length ranged from 60 million
(chromosome 9) to 89 million (chromosome 2). The number of SNPs varied from 13,830
(chromosome 7) to 25,265 (chromosome 1). The highest SNP density was observed on
chromosome 1 with 310.0 SNP markers per 1 Mb, whereas the lowest density was on
chromosome 7 with 196.8 SNP markers per 1 Mb. The average density was 246.7 markers
per 1 Mb. The highest SNP frequency was observed on chromosome 7 with 5.08 kb per SNP,
whereas the lowest frequency was on chromosome 1 with 3.23 kb per SNP. The average
frequency was 5.06 kb per SNP. The SNPs in the sorghum lines were functionally annotated
using the reference genome sequence. Most of the SNPs (82,279; 42.84%) were in genic
regions, but a few were in intergenic regions (109,761; 57.16%). In terms of the genic region,
the distribution of SNPs in the exon, CDS (35,499; 43.14%), introns (31,041; 37.73%), exon
(14,727;17.90%), exon and intron (517; 0.63%), and exon, CDS, and intron (495; 0.60%) was
determined (Table S4).

Table 5. Chromosomal distribution and frequency of SNPs identified using the GBS approach in 96
sorghum genotypes.

Chromosome Length (bp) No. of SNPs Kb/SNP SNPs/Mb
Chromosome 1 81,498,373 25,265 3.23 310.0
Chromosome 2 89,798,109 23,970 3.75 266.9
Chromosome 3 75,771,322 20,189 3.75 266.4
Chromosome 4 66,264,056 19,532 3.39 294.8
Chromosome 5 74,474,820 20,707 3.60 278.0
Chromosome 6 69,324,445 18,302 3.79 264.0
Chromosome 7 70,271,347 13,830 5.08 196.8
Chromosome 8 70,703,592 17,045 415 241.1
Chromosome 9 60,147,662 15,641 3.85 260.0
Chromosome 10 61,107,423 16,986 3.60 278.0

Scaffolds 10,018,713 573 17.48 57.2
Total 729,379,862 192,040

Mean 5.06 246.7
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3.6. GWAS Analysis for Agronomic Traits

A total of 34 significant SNPs (—logio(p) > 4.0) were detected in three agronomic traits
(HD, PH, and DY) for the 96 sorghum genotypes using GWAS analysis of the GBS combined
dataset (Table S5). In SC, there was not detected a significant SNP of —logjo(p) value of more
than 4.0. Of the 34 significant SNPs, 9 SNPs (HD, 4 SNPs; PH, 3 SNPs; and DY, 2 SNPs) were
co-detected in more than two models (Table 6, Figure S1). We annotated the significant SNPs in
HD, PH, and DY. The four SNPs for HD (—log;o(p)= 4.15-4.93) that were located in the exon
and CDS on chromosomes 2, 6, and 10 were Sb02_6876523, Sb02_6876524 (SbRio.02G064100;
benzyl alcohol O-benzoyltransferase), Sb06_8705823 (SbRio.06G036000; endo-1,4-beta-xylanase
4-like isoform X2), and Sb10_7471984 (SbRio.10G099600; galactoside2-alpha-L-fucosyltransferase-
like isoform X2). The three SNPs for PH (—logio(p) = 4.12-11.70) were located in the exon
and CDS on chromosomes 7, 8, and 9: Sb07_53523852 (SbRio.07G123800; nudix hydrolase 15,
mitochondrial), Sb08_63291752 (SbRio.08G141500; hypothetical protein BDA96_08G141500), and
Sb09_50399847 (SbRi0.09G149200; hypothetical protein BDA96_09G149200). The two SNPs for
DY (—logio(p) = 4.20-6.82) were located in the intron, exon, and CDS on chromosomes 4
and 8: Sb04_2143594 (SbRi0.04G031300; beta-amylase 8 isoform X2) and Sb06_62687750
(SbRi0.06G211400; transcription factor MafB). Of the nine SNPs associated with agronomic
traits, Sb10_7471984 was the only one co-detected in all four GWAS models. The effect of
the allele was estimated for the SNP marker with the lowest p-value for each agronomic
trait. The HD-associated SNP marker Sb10_7471984 on chromosome 10 had the alleles
A /G, and the average HD for the individuals with GG alleles was 84 days, 15 days shorter
than the average HD for the individuals with AA alleles (99 days). The PH-associated SNP
marker Sb09_50399847 on chromosome 9 had the alleles G/ A, and the average PH for the
individuals with AA alleles was 305 cm, which was 134 cm longer than the average PH for
the individuals with GG alleles (171 cm). The DY-associated SNP marker Sb04_2143594
on chromosome 4 had the alleles G/C, and the average DY for the individuals with CC
alleles was 11.60 tons per ha, which was 7.58 tons per ha lighter than the average DY for
individuals with GG alleles (19.18 tons/ha) (Figure 4). Phenotypic differences between
alleles for the detected SNPs in Table 6 are shown in Figure S3.

Table 6. Information about co-detected SNPs for agronomic traits (HD, PH, and DY) based on the
GWAS results.

SNP Trait!  Chr Po(s;lt;)o n Effect —logi(@) MAF? Allele Method®  Candidate Gene* Description
Sb02_6876523  HD 2 6,876,523 -8.14 415 0.42 G/A 1,2 SbRi0.02G064100 benzyl alcohol
O-benzoyltransferase
Sb02_6876524  HD 2 6,876,524 8.14 415 0.42 G/T 1,2 SbRi0.02G064100 benzyl alcohol
O-benzoyltransferase
Sb06_8705823  HD 6 8,705,823 —9.74 416 047 T/C 1,2 SbRi0.06G036000 ~ endo—l4-beta-xylanase
4-like isoform X2
galactoside 2-alpha-L-
Sb10_7471984 HD 10 7,471,984 ~12.67-12.19 420-4.93 0.16 A/G 1,2,3,4 SbRi0.10G099600 fucosyltransferase-like
isoform X2
Sb07 53523852 PH 7 53,523,852 —82.68-54.15 4.12-4.18 0.11 T/C 3,4 SbRi0.07G123800 nudix hydrolase 15,
mitochondrial
) hypothetical protein
Sb08_63291752  PH 8 63,291,752 —49.51-38.37 7.80-8.08 0.19 G/A 1,2 SbRi0.08G141500 BOAY%, 0BG141500
_ . . . hypothetical protein
Sb09_50399847  PH 9 50,399,847 127.68-117.14  577-11.70  0.18 G/A 3,4 SbRi0.09G149200 DDA, 09G 49200
Sb04 2143594 DY 4 2,143,594 1.32-3.97 4.40-6.82 0.15 G/C 1,2,4 SbRi0.04G031300 beta'amyle;(sze 8 isoform
Sb06_62687750 DY 6 62,687,750 1.79-4.02 4.20-6.08 0.17 G/A 2,4 SbRi0.06G211400  transcription factor MafB

1 HD (heading date); PH (plant height); DY (dry yield); 2 MAF (minor allele frequency); 3 methods 14 refer to
BLINK (1), FarmCPU (2), MLMM (3), and MLM (4);  reference genome, Sorghum bicolor Rio_v2.1.
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Figure 4. Phenotypic differences between lines with different alleles (left, reference genome; right,
alternative genome) for SNPs associated with heading date (HD), plant height (PH), and dry yield
(DY); *** are significant at the 0.001 probability level.

3.7. GWAS Analysis for Total Phenolic Content

A total of 117 significant SNPs (—logjo(p) > 4.0) were detected in TPC and 6 phe-
nolic compounds (luteolinidin diglucoside, luteolin glucoside, apigeninidin glucoside,
luteolinidin, apigeninidin, and 5-O-Me luteolinidin) for the 96 sorghum genotypes us-
ing GWAS analysis of the GBS combined dataset (Table S6). Of the 117 significant SNDPs,
31 SNPs (TPC, 6 SNPs; luteolinidin diglucoside, 8 SNPs; luteolin glucoside, 4 SNPs; api-
geninidin glucoside, 8 SNPs; luteolinidin, 3 SNPs; and 5-O-Me luteolinidin, 2 SNPs) were
co-detected in more than two models and involved two phenolic compounds (Table 7,
Figure S1). We annotated the significant SNPs of TPC and five phenolic compounds.
In apigeninidin, no SNPs were identified as being co-detected in more than two mod-
els. The three SNPs for TPC (—logio(p) = 4.03-14.04) were located in the intron, exon,
and CDS on chromosomes 2 and 4: Sb02_81797062 (SbRio.02G343600; ethylene recep-
tor 4), Sb04_1305322 (SbRio.04G019000; choline/ethanolaminephosphotransferase 1), and
Sb04_64461978 (SbRi0.04G361300; glycosyltransferase family protein 2). The seven SNPs for
luteolinidin diglucoside (—logio(p)= 4.04—22.41) were located in the intron, exon, and CDS
on chromosomes 2, 4, and 6: Sb02_79905727 (SbRio.02G316600; NEP1-interacting protein-
like 1), Sb04_59016630 (SbRio.04G289300; glutamic acid-rich protein-like isoform X1), and
Sb06_59065337, Sb06_59065351, Sb06_59065380, and Sb06_59065407 (SbRio.06G167800; Wall-
associated receptor kinase 4). The four SNPs for luteolin glucoside (—logio(p) = 4.01-4.27)
were located in the exon and CDS on chromosomes 1, 3, and 5: Sb01_14431763 (SbRi0.01G175100;
ARM repeat superfamily protein, calcium-transporting ATPase 3; plasma membrane-
type), Sb03_4939603 (SbRio.03G056200; hypothetical protein BDA96_03G056200), and
Sb05_9038134 and Sb05_9038126 (SbRio.05G076500; probable kinase CHARK). The eight
SNPs for apigeninidin glucoside (—logo(p) = 4.08-11.40) were located in the intron, exon,
and CDS on chromosomes 1, 3, 6, and 10: Sb01_1229036, Sb01_1229046 (SbRio.01G011000;
U2 small nuclear ribonucleoprotein A’), Sb03_68395304 (SbRio.03G375900; ruvB-like pro-
tein 1), Sb03_68358847 and Sb03_68358815, and Sb03_68358771 (SbRio.03G375100; pro-
tein GPR107), Sb06_55785073 (SbRio.06G125400; disease resistance protein Pik-1), and
Sb10_4609482 (SbRio.10G064200; proteasome subunit alpha type-4-2). The one SNP for lute-
olinidin (—logo(p) = 4.23—4.98) was located in an exon on chromosome 2: Sb02_81797139
(SbRi0.02G343600; ethylene receptor 4). The two SNPs for 5-O-Me luteolinidin (—logg
(p) = 4.23-7.23) were located in the intron, exon, and CDS on chromosomes 6 and 8:
Sb06_68347889 (SbRio.06G295300; multiple RNA-binding domain-containing protein 1)
and Sb08_65531987 (SbRio.08G160200; Os04g0380500). Notably, a total of four SNPs were
identified to contribute to two phenolic compounds, three of which contributed to TPC and
luteolinidin and one to TPC and luteolinidin diglucoside (Table S6). SNPs Sb02_81796960,
Sb02_81797062, and Sb02_81797139, which contribute simultaneously to TPC and luteolini-
din, were located at 81,796,960 to 81,797,139 bp and encode candidate gene SbRio.02G343600
that functions as ethylene receptor 4. SNP Sb04_56584914, which contributes simultane-
ously to TPC and luteolinidin diglucoside, was located at 56,584,914 bp and encodes
candidate gene SbRi0.04G259800 that functions as pyruvate dehydrogenase E1 compo-
nent subunit alpha-1, mitochondrial. Allele effects were estimated for SNP markers, with
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the lowest p-values for SNPs involved in two compounds. The TPC and luteolinidin
diglucoside-associated SNP marker Sb04_56584914 on chromosome 4 had the alleles C/G,
and the average TPC and luteolinidin diglucoside for the individuals with GG alleles
were 5.98 and 0.21 mg/100 g, which were 3.46 and 0.11 mg/100 g lower than the average
TPC and luteolinidin diglucoside for the individuals with CC alleles (TPC, 9.44 mg/100 g;
luteolinidin diglucoside, 0.32 mg/100 g), respectively. The TPC and luteolinidin-associated
SNP marker Sb02_81797062 on chromosome 2 had the alleles A/G, and the average TPC
and luteolinidin for the individuals with GG alleles were 5.82 and 1.38 mg/100 g, which
were 1.30 and 0.54 mg/100 g lower than the average TPC and luteolinidin for the indi-
viduals with AA alleles (TPC, 7.12 mg/100 g; luteolinidin, 1.92 mg/100 g) (Figure 5),
respectively. Phenotypic differences between alleles for the detected SNPs in Table 7 are
shown in Figure 54.

Table 7. Information on SNPs detected in two or more GWAS models or involved in two or more
compounds for TPC and five phenolic compounds (luteolinidin diglucoside, luteolin glucoside,

apigeninidin glucoside, luteolinidin, and 5-O-Me luteolinidin) based on GWAS results.

SNP Trait!  Chr P"g";)"“ Effect “logi()  MAF?  Allele  Method  Candidate gene Description
choline/
Sb04_1305322 1 4 1,305,322 —1.68-1.05 4.03-6.69 0.33 T/C 2,3 SbRi0.04G019000  ethanolaminephosphotransferase
1
Sb04_64461978 1 4 64461978  —0.88-1.16  7.28-7.67 0.30 C/A 1,2 SbRi0.04G361300 glycosylgj;‘;fi';r"‘zse family
pyruvate dehydrogenase E1
Sb04_56584914 1 4 56,584,914 —3.49 4.06 0.08 C/G 4 SbRi0.04G259800 component subunit alpha-1,
mitochondrial
pyruvate dehydrogenase E1
2 4 —0.11 4.40 0.08 C/G 4 SbRi0.04G259800 component subunit alpha-1,
mitochondrial
Sb02_81796960 1 2 81,796,960 1.85 410 0.28 T/C 4 SbRi0.02G343600 ethylene receptor 4
5 0.80 4.64 0.28 T/C 3 SbRi0.02G343600 ethylene receptor 4
Sb02_81797062 1 2 81,797,062  —229-143  6.55-14.04 0.24 A/G 1,2,3  SbRi0.02G343600 ethylene receptor 4
5 —0.87 4.58 0.24 A/G 3 SbRi0.02G343600 ethylene receptor 4
Sb02_81797139 1 2 81,797,139 2.18 456 0.26 G/C 4 SbRi0.02G343600 ethylene receptor 4
5 2 0.91 4.23-4.98 0.26 G/C 3,4 SbRi0.02G343600 ethylene receptor 4
Sb02 79905727 2 2 79905727  0.03-0.04 452-539 0.17 A/T 1,2,3  SbRi0.02G316600 ~NEPl-interacting protein-like 1
Sh04 59016630 2 4 59016630 014006 4042241 012 G/T 1,24  SbRio0dG289300 ~ BlMIAMicacidrich protein-like
Sb06_1797783 2 6 1,797,783 0.05-0.06 410-4.39 0.16 T/G 1,3,4  SbRi0.06G011700 fe‘%“é;igelr i;ﬁf)‘;%l{l ﬁfcmr
Sb06_59065337 2 6 59,065,337 —0.03 4.56-4.76 0.35 C/T 1,3 SbRi0.06G167800 Wall'aSSOCiated4recePt°r kinase
Sb06_59065351 2 6 59,065,351 0.03 4.81-4.85 0.36 T/G 1,3 SbRi0.06G167800 Wa”'ass"dated;eceptor kinase
Sb06_59065380 2 6 59,065,380 0.03 4.30-4.65 0.34 G/C 1,3 SbRi0.06G167800 W"‘”'assomated;eceptor kinase
Sb06_59065407 2 6 59,065,407 0.03 407442 0.34 T/A 1,3 SbRi0.06G167800 ~ Vall-associated receptor kinase
ARM repeat superfamily
Sb01_14431763 3 1 14,431,763 0.16 4.01 0.38 G/A 1,2 SRi0.01G175100 ~ Protein | calcium-transporting
ATPase 3, plasma
membrane-type
. hypothetical protein
Sb03_4939603 3 3 4,939,603 0.17 418-4.27 0.30 A/G 1,2,3  SbRi0.03G056200 DA%, 03Ca56200
Sb05 9038134 3 5 9,038,134 0.18 4.03 0.20 G/A 1,2 SbRi0.05G076500 probable kinase CHARK
Sb05 9038126 3 5 9,038,126 —0.20 412 0.18 C/G 1,2 SbRi0.05G076500 probable kinase CHARK
. U2 small nuclear
Sb01 1229036 4 1 1,229,036 0.09 4.08 0.18 G/C 1,3 SbRi0.01G011000 i car |
ribonucleoprotein A’
Sb01_1229046 4 1 1,229,046 ~0.09 4.08 0.18 A/C 1,3 SbRi0.01G011000 rﬂi iiﬁggpﬁ‘;f:ﬁr w
Sb06_55785073 4 6 55,785,073 0.16-0.25 5.52-11.40 0.09 G/C 1,2,3,4 SbRi0.06G125400  disease resistance protein Pik-1
Sb03_68395304 4 3 68,395,304 0.10 458 023 C/T 1,3 SbRi0.03G375900 ruvB-like protein 1
Sb03_68358847 4 3 68,358,847 0.09 446 027 G/T 1,3 SbRi0.03G375100 protein GPR107
Sb03_68358815 4 3 68,358,815 0.09 472 0.26 C/T 1,3 SbRi0.03G375100 protein GPR107
Sb03_68358771 4 3 68,358,771 —0.09 441 0.27 T/C 1,3 SbRi0.03G375100 protein GPR107
Sb10_4609482 4 10 4609482  —0.16-027  465-7.73 0.08 C/G 2,3,4  SbRi0.10G064200 Pr"teas"rtr;epz‘i‘zlnlt alpha
Sb06_68347889 6 68347889  —0.09-007  451-7.23 017 A/G 1,234  SbRi0o06G295300 multiple RNA-binding
omain-containing protein 1
Sb08_65531987 6 65,531,987  —0.07-0.05  4.23-594 031 A/G 1,2,4  SbRi0.08G160200 050480380500

! Traits 1-6 refer to TPC (1), luteolinidin diglucoside (2), luteolin glucoside (3), apigeninidin glucoside (4),
luteolinidin (5), 5-O-Me-luteolinidin (6); 2 MAF (minor allele frequency); 3 methods 14 refer to BLINK (1),
FarmCPU (2), MLMM (3), MLM (4); * reference genome, Sorghum bicolor Rio_v2.1.
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Figure 5. Phenotypic differences between lines with different alleles (left, reference genome; right,
alternative genome) for SNPs involved in two or more compounds in TPC and phenolic compounds;
* and *** are significant at the 0.05 and 0.001 probability levels, respectively.

4. Discussion

Sorghum cultivars have undergone improvements in yield and quality thanks to
modern breeding concepts and technologies. However, there is an urgent need to accelerate
the breeding of bioenergy or bioplastic sorghum varieties that possess high biomass, energy
conversion efficiency, sugar content, and juiciness [1-4]. Meeting industrial requirements
for sorghum biomass yield necessitates high sugar contents, and this has been recognized
by various breeders [2,3]. Mutation breeding has emerged as a powerful tool for developing
elite cultivars by augmenting genetic variation in terms of both qualitative and quantitative
traits [41]. Radiation-based mutation breeding has the potential to improve a wide range of
agronomic characteristics in sorghum, including heading date, seed maturity, and other
yield-related traits [42]. Previous studies on mutation breeding have demonstrated that
gamma rays can successfully induce mutations in quantitative traits of sorghum, such as
increased grain and biomass yields, as well as improved nutritional value for food and
fodder quality [43]. In our study, we found that the DINE-A-MITE-1 (PH), 1S645-3, and
Moktak-2 (DY) lines displayed high biomass production. These findings suggest that these
mutant lines could serve as valuable materials for developing novel sorghum cultivars.

HD, PH, SC, and DY are crucial agronomic characteristics that affect the practical
breeding and crop yield of sorghum. In this study, we observed HD (58.0-115.0 days), PH
(89.0-465.0 cm), SC (5.0-18.8 brix°), and DY (2.37-26.07 tons/ha) in 37 sorghum genetic
resources and 59 mutant lines (Table 1). In a previous study by Kawahigashi et al. (2013),
HD (64.0-114.0 days), PH (68.2-342.4 cm), and SC (2.2-20.5 brix°) were reported in 109
sorghum accessions from India and Japan [4]. Additionally, Shiringani and Friedt (2011)
reported a DY range of 2.56-15.86 tons per ha in their study, indicating that agronomic
traits are closely related to biomass in sorghum [2]. In our study, we selected sorghum lines
with superior agronomic characteristics to serve as high biomass sources.

Plant height and flowering time have already been considered in grain sorghum pro-
duction at temperate altitudes, and significant QTLs and/or genes controlling PH and
flowering have been identified, but the relationship between PH, photoperiod response,
and sorghum development is poorly understood [44,45]. Furthermore, the complex inheri-
tance of juice accumulation in sorghum is also far from understood. Although dry yield
can control the juicy content in sorghum, its regulation network is unknown yet. Grain
sorghums that have juicy stems usually vary in their final grain yields, but it is not clear
whether this is related to dry yield [46]. In addition, late maturing has been an essential trait
in sorghum breeding, and B35, SC56, and E36-1 are generally recognized as late-heading
sorghums [47]. Although many green genetic loci, including the major four stay-green
QTLs (Stgl, Stg2, Stg3, and Stg4), have been identified, the causal genes have not been
cloned yet [48,49]. More recently, Kiranmayee et al. (2020) identified seven QTLs and sev-
eral candidate genes controlling the stay-green trait in a FINE-mapping population, which
provides a reliable experimental and theoretical basis for understanding the mechanism
of stay-green [50]. In the future, in-depth investigations should be performed in terms of
unraveling the phenotypic variations and genetic variations, as well as characterizing the
novel alleles of important genes, molecular modules (MMs), and the functional networks
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conferring important agronomic traits. Further, targeting of the incorporation of these
super alleles of specific genes and functional MMs into superior lines could potentially
develop improved varieties. In biomass sorghum, the breeding goal is to increase PH
and DY while reducing the vegetative growth period. In this study, the major alleles of
HD-, PH-, and DY-associated SNPs detected in 96 sorghum genotypes were associated
with reduced heading date, lower dry yield, and increased plant height (Figure 4). When
we compared the alleles of each trait to the sorghum reference genome (Sorghum bicolor
Rio_v2.1), we discovered that many mutant lines had alternative alleles, indicating that
mutant breeding has the potential to provide diversity in breeding materials.

Sorghum is a promising biomass crop for producing polyhydroxyalkanoates (PHA)
due to its high yield of green biomass, drought tolerance, short growth period, and adapt-
ability to different soil conditions and climates [51]. Furthermore, sorghum is a lignocellu-
losic crop consisting of lignin and polysaccharides (cellulose and hemicellulose), making it
an excellent feedstock for fermentable sugar [52]. However, pretreatment such as hydrolysis
is necessary to use lignocellulose efficiently. During hydrolysis and pretreatment, phenolic
compounds may severely inhibit microbial growth and bioproduct production, leading to
low biomass conversion efficiency [21]. Total phenolic content (TPC) in sorghum stems,
including leaves, was identified by UPLC in this study to understand its potential negative
impact on pretreatment and subsequent processes in utilizing lignocellulose as biomass.
The UPLC analysis revealed that Pahat-4 exhibited the lowest TPC (1.92 mg/100 g), indicat-
ing that this line could serve as a potential breeding material for phytochemical sorghum
biomass. Therefore, TPC could be considered an important trait in sorghum biomass breed-
ing programs. However, high TPC levels in biomass sorghum may not be advantageous
as a breeding material. The study also found that major alleles of SNPs associated with
TPC and phenolic compounds in 96 sorghum genotypes were linked to increased TPC and
phenolic compounds (Figure 5). These findings could help identify key genetic resources
for biomass sorghum breeding.

Using the 109 accessions of sorghum, Kawahigashi et al. (2013) reported that a
relatively positive correlation was found in PH and DY (r = 0.323, p < 0.01), HD and PH
(r=10.358, p < 0.01), and SC and DY (r = 0.673, p < 0.01) [4]. Our studies showed a positive
correlation between PH and DY (r = 0.60, p < 0.001), HD and PH (r = 0.40, p < 0.001), and
SC and DY (r = 0.23, p < 0.01), stronger than that shown by Kawahigashi et al. (2013) [4]. As
a result of the correlation analysis between TPC and the six phenolic compounds, TPC and
luteolinidin showed the highest correlation (r = 0.82, p < 0.001). This research showed that
luteolinidin in TPC was the highest at 26.8%. This means that luteolinidin is highly involved
in TPC. Similarly, Petti et al. (2014) analyzed 3-deoxy anthocyanidins in the red leaf (RG)
and found that luteolinidin (68%) was the highest [31]. This study demonstrated that the
HD of sorghum had a positive correlation with PH and DY. In addition, it was shown that
there was a significant correlation between DY and PH and SC. In phytochemicals, there
was a strong correlation between TPC and luteolinidin. Our findings indicate a correlation
between agronomic traits and phenolic compounds that will be advantageous for breeding
programs focused on enhancing biomass production in sorghum.

We identified SNPs in 96 sorghum genotypes using GBS data, obtaining approximately
719 million reads with an average of 246.7 SNPs per Mb (ranging from 196.8 on chromosome
7 t0 310.0 on chromosome 1) (Table 5). In a previous study by Li et al. (2018), SNPs were
identified in 245 sorghum accessions using GBS, generating approximately 36 million reads
less than our study [53]. In a study by Li et al. (2018), the SNP density varied from 92.91
(chromosome 7) to 150.31 (chromosome 3) SNPs per Mb (an average of 124.04) [54]. Our
study showed about twice the number of reads in all chromosomes compared to the results
of Li et al. (2018) [53]. This finding will be beneficial for detecting significant SNPs related
to agronomic traits and phytochemicals in GWAS analyses.

In this study, we conducted GWAS analyses for three agronomic traits (HD, PH,
and DY) and six phenolic compounds (TPC, luteolinidin diglucoside, luteolin gluco-
side, apigeninidin glucoside, luteolinidin, and 5-O-Me luteolinidin) using four models
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(BLINK, FarmCPU, MLMM, and MLM). A total of 40 SNPs on 10 chromosomes were
found to be highly associated with three agronomic traits (9 SNPs) and six phenolic com-
pounds (31 SNPs) (Tables 6 and 7). We identified four candidate SNPs for HD on chro-
mosomes 2, 6, and 10. The two SNPs (Sb02_6876523, —log1(p) = 4.15 and Sb02_6876524;
—logio(p) = 4.15) identified on chromosome 2 encode a candidate gene, SbRi0.02G064100
(6,875,288-6,876,924), that functions as a benzyl alcohol O-benzoyltransferase (BEBT). The
BEBT gene has not been reported in sorghum, but it is expressed in various tissues, includ-
ing leaves, stems, and flowers, and its expression can be regulated throughout the plant
life cycle [54]. It has also been reported to play an important role in plant defense against
herbivores. The HD-associated SNP Sb06_8705823 (—logio(p) = 4.16) was on chromosome
6 and encoded SbRi0.06G036000 (8,702,846-8,706,870), which functions as endo-1,4-beta-
xylanase 4-like isoform X2. The function of the endo-1,4-beta-xylanase 4-like isoform is
to hydrolyze the beta-1,4 linkages between xylose units in xylan, producing shorter xy-
looligosaccharides (XOS) and xylose monomers in sorghum [55]. This process is important
for the degradation of plant cell walls, but there is no direct relationship between endo-1,4-
beta-xylanase and its 4-like isoform. The SNP marker Sb10_7471984 was selected for HD,
and the gene SbRi0.10G099600 (7,471,439-7,474,862) was detected as a strong candidate
gene. SbRio.10G099600 encodes the galactoside 2-alpha-L-fucosyltransferase (FUT1) gene.
FUT1 is involved in cell wall biosynthesis, which plays a crucial role in plant develop-
ment, disease resistance, and signal transduction [56]. This marker showed the highest
—log1o(p) = 4.20-4.93 for HD (Table 6); the variance between the major and minor alleles
for HD was as high as 15 days (Figure 4).

In a GWAS of NAM families, Mace et al. (2013) found a significant QTL (QDTFL10.9;
7,404,486—7,843,453; —log10(p) = 3.09) for days to flowering on chromosome 10 [57]. The SNPs
we identified belonged to the Mace et al. (2013) QTL region [57]. In addition, Sb10_7471984
was the only agronomic-trait-related SNP co-detected in four GWAS models. Therefore, we
suggest that Sb10_7471984 is a significant SNP involved in HD. We identified three PH-
related SNPs (Sb07_53523852, —log1o(p) = 4.12-4.18; Sb08_63291752, —logyo(p) = 7.80-8.08; and
Sb09_50399847, —logio(p) = 5.77-11.70) that were located in SbRi0.07G123800 (53,519,727-53,
524,825), SbRi0.08G141500 (63,291,201-63,292,248), and SbRio.09G149200 (50,399,626-50,401,297)
on chromosomes 7, 8, and 9, respectively. Madhusudhana and Patil (2013) identified a PH-
associated QTL (QHGHT?.14; 50,987,537-56,527,686; LOD = 3.7) on chromosome 7 using the
RIL population (296B" x ‘1S18551’), and Sb07_53523852 was located in the same region [44].
Sb08_63291752 and Sb09_50399847 encoded hypothetical proteins whose functions were
unknown. However, Sb09_50399847 was in the same region as the QTL (QDTFL9.14;
49,467,769-53,919,120; LOD = 4.2) in a study by Kong et al. (2013), and this QTL was asso-
ciated with maturity [45]. In addition, this marker had the highest —logo(p) = 5.77-11.70
for PH, with a difference of 99 days between the major and minor alleles (Figure 4). Thus,
we selected SNP marker Sb09_50399847 for PH, and SbRi0.09G149200 was detected as
a candidate gene. In this study, we detected two SNPs for DY on chromosomes 4 and
6. We identified a candidate SNP for DY (Sb04_2143594; —logio(p) = 4.40-6.82) that was
located in SbRio.04G031300 (2,139,572-2,145,536) on chromosome 4. Ortiz et al. (2017)
detected significant SNPs for cold tolerance and photosynthesis on chromosome 4 (QP-
SI14.11; 2,006,688-2,158,867; p = 7.09 x 10°; QLFTE4.1; 2,116,548-2,268,727; p = 1.00 x 10%)
in a sorghum association panel, and our SNPs were located within that region [58]. We
detected one novel SNP. The novel SNP (Sb06_62687750; —log1o(p) = 4.20-6.08) was located
in SbRi0.06G211400 (62,686,769-62,688,489) on chromosome 6, which is the region related
to transcription factor MafB (v-maf musculoaponeurotic fibrosarcoma oncogene homolog
B). MAFB is a Maf transcription factor encoding the bZIP (basic bucine zipper) protein.
The bZIP protein regulates various plant-specific phenomena, including germination, seed
maturation, photomorphogenesis, and floral induction and development [59,60]. It is
also involved in biotic and abiotic stress responses through the ABA signal transduction
pathway [60]. The SNP marker Sb06_62687750 for DY was selected based on the gene’s func-
tion, and SbRi0.06G211400 was detected as a candidate gene. Our agronomic-trait-related
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GWAS results suggest that genes in SbRi0.10G099600 (HD), SbRio.09G149200 (PH), and
SbRi0.06G211400 (DY) can be utilized as important molecular markers for plant breeding
programs targeting trait improvement and biomass materials. The GWAS analysis of grain-
and biomass-related plant architecture traits in sorghum identified 101 SNPs associated
with at least one of the nine traits, and KS3, a GA biosynthetic gene that is located in a
significant genetic locus on chromosome 6, was associated with seed number [61]. Recently,
a large-scale GWAS of a panel of 837 sorghum accessions and a BC-NAM population of
1421 individuals dissected 81 QTLs related to grain size [62]. Since the agronomical traits
of cereal crops have a similar physiological basis, further comparative studies of different
cereal crops can facilitate the research of the genetic basis of sorghum grain yield.

The GWAS analysis of TPC and six phenolic compounds revealed four SNPs associated
with two compounds, and we selected them as candidate SNPs for phenolic compounds.
Three candidate SNPs (Sb02_81796960, Sb02_81797062, and Sb02_81797139) contributed
to TPC and luteolinidin, and they are novel SNPs located in regions that have not been
previously reported. These SNPs co-localize in SbRio.02G343600 (81,787,329-81,797,324) on
chromosome 2, which encodes the ethylene receptor 4 (LeETR4) gene. LeETR4 is an ethylene
negative regulator and belongs to the ethylene receptor subfamily II [63]. The expression of
LeETR4 has been found to be inversely related to ethylene sensitivity, indicating that the
receptor can regulate ethylene response [64,65]. This suggests that LeETR4 may play a role
in controlling the synthesis of phenylpropanoid compounds, including flavonols, which are
synthesized by genes such as CHS, CHI, and FLS, as these genes are known to be induced
by ethylene [66]. The fact that these three SNPs contribute to both TPC and luteolinidin
is likely due to the strong positive correlation observed between these two compounds
(r =0.82, p < 0.001) (Figure 3). Furthermore, among the three SNPs, Sb02_81797062 had
the highest —logo(p) values of 6.55-14.04 for TPC and 4.58 for luteolinidin (Table 7).
The difference in TPC and luteolinidin between the major and minor alleles of this SNP
was 5.82 and 1.38 mg/100 g, respectively. (Figure 5). Therefore, the three novel SNP
markers found in this study are thought to be closely related to TPC and luteolinidin. We
suggest that SNP markers Sb02_81796960, Sb02_81797062, and Sb02_81797139 for TPC
and luteolinidin and the gene SbRi0.02G343600 were detected as strong candidate genes.
Candidate SNP Sb04_56584914, which contributes simultaneously to TPC and luteolinidin
diglucoside, was located in SbRio.04G259800 (56,584,076-56,588,610) on chromosome 4,
which encodes pyruvate dehydrogenase E1 component subunit alpha-1, mitochondrial
(PDHA1I). PDHAI is a protein that participates in the conversion of pyruvate to acetyl-CoA
within the pyruvate dehydrogenase complex (PDC), a critical step in cellular respiration
that occurs in the mitochondria of eukaryotic cells [67]. The E1 component of PDC is
responsible for the first step in converting pyruvate to acetyl-CoA, and its expression and
activity can affect the availability of acetyl-CoA, a precursor for flavonoid metabolites,
and therefore impact the production of phenylpropanoids in plants [68,69]. The SNP
marker Sb04_56584914 was identified as a strong candidate gene for TPC and luteolinidin
diglucoside, and the gene SbRio0.04G259800 was found to be associated with this marker.
With a —logi(p) value of 4.06 for TPC and 4.40 for luteolinidin (Table 5), this marker had
the highest significance for both compounds. Our results suggest that SbRi0.02G343600
(LeETR) and SbRi0.04G259800 are promising targets for plant breeding programs aimed at
developing crops with improved flavonoid compounds, which could have applications
in the food and feed industries or in the production of biomass products. These findings
are likely to aid in the precise breeding of agronomic and phytochemical traits in sorghum.
To better understand the genetic basis of bioenergy-related traits in sorghum, Brenton
et al. (2016) conducted a GWAS analysis on 390 diverse sorghum types, including sweet
and biomass varieties, and discovered that non-fibrous carbohydrate accumulation was
associated with cellulase enzymes and a vacuolar transporter [70]. In the realm of forage
quality traits, Li et al. (2018) analyzed the crude protein, neutral detergent fiber, acid
detergent fiber, hemicellulose, and cellulose contents of 245 sorghum lines, identifying
42 SNPs and 14 candidate genes [53]. Additionally, a recent GWAS of 206 forage sorghum
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accessions identified nine QTLs for lignin content, which covered 184 genes. Notably, 13 of
the 184 sorghum lignin-related loci showed high collinearity with gene families reported
in other crops [71]. These studies provide valuable information for the future genetic
improvement of sorghum as a bioenergy and forage crop.

5. Conclusions

In this study, a GWAS analysis was conducted on a sorghum population compris-
ing genetic resources and mutant lines for four agronomic traits (HD, PH, SC, and DY)
and seven phenolic compounds (TPC, luteolinidin diglucoside, luteolin glucoside, api-
geninidin glucoside, luteolinidin, apigeninidin, and 5-O-Me luteolinidin). The results
showed significant variations in three agronomic traits (HD, PH, and DY) and six phenolic
compounds (TPC, luteolinidin diglucoside, luteolin glucoside, apigeninidin glucoside, lute-
olinidin, and 5-O-Me luteolinidin) of 96 sorghum genotypes. The study demonstrated that
GWAS is a powerful tool for identifying potential genetic factors that contribute to these
important traits. Using 192,040 filtered SNPs obtained from GBS, significant association
signals were detected for agronomic traits and phenolic compounds, except for SC and
apigeninidin. A total of 40 SNPs were identified as highly associated with the investigated
traits. We selected five strong candidate genes from the 40 significant SNPs, of which five
genes (HD, SbRio.10G099600 (FUT1); PH, SbRio.09G149200; DY, SbRio.06G211400 (MAFB);
TPC and luteolinidin, SbRi0.02G343600 (LeETR4); and TPC and luteolinidin diglucoside,
SbRi0.04G259800 (PDHA1)) are thought to be closely related to each trait. These findings can
improve the molecular breeding of sorghum populations and help develop new cultivars
for biomass- and phytochemical-related breeding programs.
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