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Abstract: Sorghum is a major cereal food worldwide, and is considered a potential source of minerals
and bioactive compounds. Its wide adaptive range may cause variations in its agronomic traits,
antioxidant properties, and phytochemical content. This extensive study investigated variations in
seed characteristics, antioxidant properties, and total phenolic (TPC) and flavonoid contents (TFC) of
sorghum collected from different ecological regions of 15 countries. The antioxidant potential of the
seed extracts of various sorghum accessions was determined using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) and 2,2′-azinobis 3-ethylbenzothiazoline-6-sulfonate (ABTS) radical scavenging assays. Sig-
nificant variations in TPC were observed among the sorghum accessions. All 78 sorghum accessions
used in this study exhibited significant variations in TFC, with the lowest and highest amount
observed in accessions C465 and J542, respectively. DPPH scavenging potential of the seed extracts
for all the accessions ranged from 11.91 ± 4.83 to 1343.90 ± 81.02 µg mL−1. The ABTS assay results
were similar to those of DPPH but showed some differences in the accessions. Pearson’s correlation
analysis revealed a wide variation range in the correlation between antioxidant activity and TPC,
as well as TFC, among the sorghum accessions. A wide diversity range was also recorded for the
seed characteristics (1000-seed weight and seed germination rate). A dendrogram generated from
UPGMA clustering, based on seed traits, antioxidant activity, TPC, and TFC was highly dispersed for
these accessions. Variations among the accessions may provide useful information regarding the phy-
toconstituents, antioxidant properties, and phytochemical contents of sorghum and aid in designing
breeding programs to obtain sorghum with improved agronomic traits and bioactive properties.

Keywords: Sorghum bicolor; seed characteristics; antioxidant properties; total phenolic contents;
flavonoid contents

1. Introduction

Sorghum (Sorghum bicolor L.) Moench, belonging to the Poaceae family and inhabiting
arid and semi-arid tropical regions, is one of the most important crops worldwide. It is
recognized as an excellent source of nutrition, containing minerals, starch, proteins, vitamin
E bioactive compounds, phytosterols, and policosanols, in addition to having a high fiber
content [1–8]. Compared to other main crops such as rice, wheat, and corn, sorghum is
ranked fifth in terms of crops that are the most produced and consumed globally [9]. The
average production cost of sorghum is low. Further, a high resistance to high temperature
and drought stress makes it an important food and feed crop [10,11]. Owing to its wide
range of adaptability and ease of growth, sorghum is largely produced in Asian and African
countries, and is a good alternative source of animal feed and human food [3,12]. Moreover,
it contains various nutrients and bioactive compounds [13,14], such as phenolic acids
(ferulic, tannic, and p-coumaric acids), flavonoids (luteolin, apigenin, catechin gallate, and
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epigallocatechin [15,16]), tannins [3,17], and lipids [18]. The presence of these valuable
bioactive compounds may be responsible for its high LDL inhibition potential [19,20],
antioxidant and antibacterial effects [21], anticancer activity that prevents gastrointestinal
tract cancer [22–25], and role in preventing obesity, diabetes, and cardiovascular diseases, in
addition to reducing hypertension [5]. Moreover, there is an increased interest in identifying
the active ingredients in plants that can act as natural antioxidants and contribute to food
preservation without damaging human health and the environment [26].

The stability of sorghum production, as well as its agronomic traits, chemical com-
position, and antioxidant properties may vary owing to the strong influence of abiotic
factors during the growing stages. Authors of previous studies attributed the variation
in the antioxidant properties of plant accessions to differences in geographical origin and
genetic variations [27,28]. In addition, variations in precipitation, temperature, altitude,
and edaphic factors influence the mineral content and phytochemical accumulation in
plants [29,30]. Changes in the quality and composition of phytochemicals and biological
activity of plant accessions that have originated and adapted to a broad geographical
range have been reported by Awika et al. [17], Choi et al. [31], Davila-Gomez et al. [32],
Luo et al. [33], Rhodes et al. [34], and Kil et al. [21]. However, all earlier reports were
based on a small number of accessions collected from single/particular locations. To the
best of our knowledge, comprehensive and comparative studies on multiple accessions
concerning antioxidant activity and the TPC and TFC of sorghum have not been reported.
Therefore, sorghum accession characterization is an important step for breeding programs
to investigate novel and superior traits, which are useful for improving the agronomic
traits of crops with increased abiotic and biotic resistances [35,36].

Phytochemicals such as phenolic acids and flavonoids are the most diverse sources of
natural antioxidants, commonly present in plant species, and are typically safe for consump-
tion as dietary supplements [37–39]. Several studies have shown that the disease preventive
potential of plant-based dietary food is associated with the polyphenol constituents present
in the plant [40]. ROS overproduction during the metabolic process has been implicated
in various degenerative diseases, including diabetes, heart diseases, Alzheimer’s disease,
and aging [41]. Phenolic compounds play an important role in scavenging radicals by
absorbing and neutralizing oxygen and peroxide radicals [42]. Importantly, phenolic acids
play an important role in preventing numerous degenerative diseases [43]. Flavonoids
also possess significant antioxidant properties [44–48]. Besides their antioxidative proper-
ties, these compounds play a significant role in plant adaptation under different growth
conditions [49–57]. Oxidation causes degradation of food quality and nutrition levels [24].
Numerous synthetic antioxidant compounds are used in the health sector and food indus-
tries for scavenging free radicals; however, the application of these compounds has been
limited, owing to their toxicity and possible deleterious health effects [58].

Based on this hypothesis, the objectives of the present study were to determine the
TPC, TFC, and antioxidant activity of sorghum accessions collected from 15 different
countries. An additional aim of the study was to determine the correlation between the
1000-seed weight and germination rate, and that of TPC and TFC of accessions with
antioxidant properties. This would help breeders select new accessions based on their
useful traits, high concentrations of bioactive compounds, and health benefits.

2. Results
2.1. Percentage of Seed Germination and 1000-Seed Weight

In this study, the mean germination percentage of S. bicolor accessions showed a
wide variation range with geographical origin and ranged from 8 to 100% (Table 1). In
comparison, the majority of accessions with higher germination rates showed different
seed colors (Figure 1). Of the 78 accessions, 34 showed high germination rates of 90–100%.
Of the accessions with high germination rates, three (J543, A592, and K378) achieved
100% germination whereas six, including P526, Z330, E530, I337, I341, and R506, had the
lowest germination rates (less than 50%). As shown in Table 1, the germination rate of
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seeds was more than 90% in most accessions from Korea, the USA, China, and Russia.
Conversely, a poor germination rate was observed in accessions from the Philippines. A
single accession from Australia (A592, D555, and G584) had high germination rates (100%,
98%, and 94%, respectively).

Table 1. Germination rate and 1000-seed weight in S. bicolor accessions with different origins.

Country Accession 1000-Seed Weight (g) 1 Germination Rate (%)

Korea

K303 18.00 ± 1.00 g 74.00 ± 3.00 k

K304 23.00 ± 1.10 l 52.80 ± 2.00 f

K307 20.00 ± 1.50 i 98.00 ± 2.00 bb

K384 23.20 ± 1.00 l 95.70 ± 4.00 y

K665 26.00 ± 1.30 n 98.00 ± 2.10 bb

K675 18.00 ± 1.50 g 66.50 ± 2.00 i

K378 11.00 ± 0.90 b 100.0 ± 0.0 dd

K386 15.00 ± 0.70 d 84.80 ± 2.00 p

K356 16.07 ± 1.00 e 82.00 ± 1.50 n

K376 14.05 ± 1.11 c 94.00 ± 3.00 x

K666 20.70 ± 1.50 i 68.50 ± 2.00 j

USA

U309 21.00 ± 1.00 j 92.90 ± 4.00 w

U311 15.03 ± 1.00 d 90.50 ± 3.00 u

U312 17.05 ± 1.50 f 90.70 ± 2.00 u

U313 19.00 ± 2.00 h 90.40 ± 3.00 u

U320 20.00 ± 2.00 i 82.70 ± 2.00 n

U327 21.06 ± 2.50 j 72.90 ± 3.00 k

U322 19.03 ± 1.50 h 98.40 ± 2.00 bb

U452 22.90 ± 2.00 k 86.90 ± 1.50 q

U308 18.00 ± 1.90 g 74.40 ± 3.00 k

U316 17.00 ± 1.00 f 72.00 ± 2.00 k

India

I318 21.00 ± 1.00 j 92.00 ± 3.00 v

I336 24.00 ± 1.11 m 86.00 ± 3.00 q

I337 17.00 ± 1.50 f 8.00 ± 0.50 a

I339 16.00 ± 1.00 e 86.00 ± 3.00 q

I340 18.00 ± 1.30 g 86.00 ± 3.00 q

I341 10.00 ± 0.80 a 18.90 ± 1.00 c

I353 20.00 ± 1.10 i 72.60 ± 2.00 k

I350 22.00 ± 1.50 k 92.40 ± 4.00 v

I351 15.00 ± 1.10 d 94.30 ± 4.00 x

China

C465 17.20 ± 1.500 f 96.00 ± 3.00 z

C470 22.00 ± 2.00 k 88.80 ± 4.90 r

C481 10.00 ± 0.80 a 75.90 ± 5.00 l

C482 17.00 ± 1.00 f 94.00 ± 2.00 x

C491 26.00 ± 2.00 n 96.50 ± 3.00 z

C489 23.90 ± 2.90 l 97.40 ± 2.10 aa

C472 16.00 ± 1.00 e 99.00 ± 1.00 cc

C473 19.00 ± 1.20 h 92.99 ± 4.00 w

C480 10.00 ± 0.90 a 72.00 ± 5.00 k

C476 14.00 ± 1.00 c 86.00 ± 5.00 q

Zimbabwe ZW328 17.00 ± 1.00 f 62.00 ± 3.00 h

United
Kingdom G584 22.00 ± 2.00 k 94.00 ± 3.00 x
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Table 1. Cont.

Country Accession 1000-Seed Weight (g) 1 Germination Rate (%)

Russia

R498 28.00 ± 2.90 p 97.80 ± 2.00 aa

R500 19.00 ± 1.90 h 98.00 ± 1.50 bb

R505 34.90 ± 2.50 t 95.90 ± 4.00 y

R506 22.00 ± 2.00 k 10.00 ± 0.50 b

R507 30.00 ± 3.00 r 91.90 ± 4.00 v

R511 18.00 ± 1.50 g 82.80 ± 3.00 n

R502 21.00 ± 2.00 j 86.60 ± 5.00 q

R503 27.00 ± 1.50 o 96.90 ± 2.00 z

R509 22.00 ± 2.00 k 88.70 ± 4.00 r

R512 18.00 ± 2.50 g 97.60 ± 2.00 aa

Hungary
H556 15.40 ± 1.55 d 72.00 ± 4.00 k

H558 22.50 ± 2.00 k 96.00 ± 2.20 z

H565 29.60 ± 3.00 q 90.00 ± 5.50 u

Germany D555 16.00 ± 1.00 e 98.00 ± 1.10 bb

Japan

J540 23.00 ± 1.50 l 83.00 ± 4.90 o

J547 26.00 ± 2.00 n 82.00 ± 5.00 n

J551 28.00 ± 2.00 p 96.00 ± 2.00 z

J541 14.00 ± 1.50 c 75.00 ± 5.00 l

J542 23.00 ± 1.50 l 83.00 ± 4.00 o

J543 19.00 ± 1.00 h 100.00 ± 0.0 dd

J550 23.80 ± 2.00 l 97.00 ± 2.00 aa

J553 32.00 ± 1.00 s 74.00 ± 2.00 k

J554 29.00 ± 2.00 q 80.00 ±4.00 m

Philippines P526 26.00 ± 1.50 n 42.90 ± 3.00 e

P527 27.63 ± 2.00 o 54.89 ± 4.60 g

South Africa
Z329 21.00 ± 1.50 j 98.00 ±2.00 bb

Z330 35.80 ± 2.00 u 10.00 ± 0.50 b

Ethiopia E530 23.00 ± 2.90 l 26.70 ± 2.00 d

E531 19.00 ± 1.00 h 94.00 ± 3.00 x

Botswana

B533 18.00 ± 1.40 g 98.00 ± 1.50 bb

B534 16.00 ± 1.50 e 96.00 ± 3.00 z

B535 12.00 ± 1.00 b 86.40 ±4.50 q

B536 17.00 ± 1.50 f 88.00 ± 4.60 r

B537 28.13 ± 1.40 p 66.00 ± 3.00 i

B538 30.80 ± 3.00 r 89.00± 4.00 t

Australia A592 18.00 ± 1.00 g 100.00 ± 0.0 dd

1 Data with the same letter in a row did not differ significantly according to Duncan’s multiple comparison test (p
< 0.05). Mean values within a column with the same lowercase letters were not significantly different (p < 0.05)
according to Duncan’s multiple comparison test.

In this study, the mean germination percentage of S. bicolor accessions showed a wide
variation range with geographical origin and ranged from 8% to 100%. In comparison, the
majority of accessions with higher germination rates showed different seed colors (Figure 1).
Of the 78 accessions, 34 showed high germination rates of 90–100%. Of the accessions with
high germination rates, three (J543, A592, and K378) achieved 100% germination whereas
six, including P526, Z330, E530, I337, I341, and R506, had the lowest germination rates (less
than 50%). As shown in Table 1, the germination rate of seeds was more than 90% in most
accessions from Korea, the USA, China, and Russia. Conversely, poor germination rate
was observed in accessions from the Philippines. A single accession from Australia (A592,
D555, and G584) had high germination rates (100%, 98%, and 94%, respectively).
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Figure 1. Diversity in S. bicolor accessions with different origins based on seed characteristics. 2 Figure 1. Diversity in S. bicolor accessions with different origins based on seed characteristics.

2.2. Total Phenolic Content (TPC)

Significant variations in TPC were observed among the sorghum accessions collected
from the 15 countries, ranging from 9.97 ± 0.05 to 333.58 ± 1.49 mg GAE g−1 of dry
material (Table 2). The highest TPC was observed in the J551 accession, accounting for
333.58 ± 1.49 mg GAE g−1 of dry material. Variations in TPC were also observed within
the accessions of different countries. For instance, a wide TPC range was observed in the
Korean accessions, ranging from 18.98 ± 0.68 to 171.50 ± 3.80 mg GAE g−1 of dry material.
A similar trend was observed in the accessions collected from America, China, Japan, India,
Russia, Botswana, Hungary, Philippines, South Africa, Ethiopia, the United Kingdom,
Germany, Australia, and Zimbabwe. When compared with accessions from other countries,
the Chinese accessions showed the highest TPC, followed by the Russian accessions. This
is especially true for accessions C80, C472 and C476, which had exceptionally high TPC
(299.52 ± 2.72, 268.82 ± 0.95 and 259.52 ± 2.71 GAEg−1 of dry material, respectively).
Compared with the TPC of accessions from different country samples, except I318, I341,
and I336, the TPC of the Indian SB accessions was low; the lowest TPC was observed in
the I339 accession. Single accessions collected from Australia, Germany, and Zimbabwe
contained higher TPC (188.55 ± 1.35, 141.14 ± 1.22, 149.61 ± 1.63, mg GAE g−1 of dry
material, respectively) than that from the United Kingdom (50.60. 0.41 mg GAE g−1 of
dry material).
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Table 2. Antioxidant activity, total phenolic and total flavonoid content of the selected S. bicolor accessions.

Country 1 Accession DPPH (µg mL−1) ABTS (µg mL−1) Total Flavonoid
Content (mg QE g−1)

Total Phenol Content
(mg GAE g−1)

Korea

K303 83.98 ± 17.97 h 586.85 ± 3.37 y 56.35 ± 3.53 q 127.63 ± 1.76 t

K304 359.06 ± 6.19 xy 413.53 ± 7.72 lm 19.02 ± 0.27 cd 156.91 ± 1.09 y

K307 65.21 ± 2.09 f 1605.56 ± 10.74 tt 37.89 ± 3.30 k 115.65 ± 1.47 r

K384 23.81 ± 0.43 b 609.07 ± 6.34 bb 30.98 ± 1.97 g 96.01 ± 1.95 o

K665 667.98 ± 11.72 hh 2097.07 ± 5.04 ww 38.75 ± 2.66 l 18.98 ± 1.68 c

K975 742.74 ± 18.23 ii 1011.19 ± 16.50 ii 35.52 ± 1.03 j 62.86 ± 17.53 j

K378 107.37 ± 7.02 kl 1025.35 ± 18.88 jj 45.05 ± 2.09 mn 104.12 ± 1.31 pq

K386 38.67 ± 7.08 c 594.21 ± 5.84 z 77.48 ± 4.61 w 144.12 ± 1.83 x

K356 350.18 ± 11.21 wx 469.40 ± 3.70 pq 21.30 ± 1.46 d 150.60 ± 1.41 xy

K376 94.9 ± 4.06 j 339.58 ± 12.57 f 25.37 ± 1.42 ef 107.00 ± 1.27 pq

K666 46.9 ± 5.99 de 548.63 ± 7.30 w 81.13 ± 4.57 x 171.50 ± 3.80 aa

USA

U309 127.79 ± 3.05 lm 591.70 ± 3.96 yz 30.47 ± 1.88 g 101.95 ± 1.16 p

U311 375.72 ± 17.60 z 659.69 ± 2.85 dd 51.82 ± 2.88 o 62.77 ± 1.87 j

U312 12.09 ± 3.14 a 529.13 ± 7.01 v 50.32 ± 2.18 no 139.25 ± 1.68 v

U313 293.95 ± 8.06 t 644.95 ± 8.52 cc 38.75 ± 1.31 l 111.68 ± 1.56 q

U320 57.66 ± 3.3 e 194.16 ± 8.95 b 100.88 ± 1.85 cc 184.66 ± 1.80 cc

U327 43.23 ± 2.29 d 774.55 ± 14.86 ff 23.85 ± 1.71 e 255.11 ± 1.77 ii

U322 103.78 ± 1.47 k 531.96 ± 11.41 v 66.13 ± 4.42 s 97.45 ± 3.13 o

U452 61.44 ± 3.71 ef 601.44 ± 3.20 aa 216.67 ± 8.19 gg 149.88 ± 1.80 xy

U308 408.18 ± 5.21 bb 2524.47 ± 30.70 yy 105.71 ± 6.46 ee 43.94 ± 1.41 g

U316 345.00 ± 9.34 wx 536.50 ± 11.16 w 24.86 ± 2.90 ef 140.24 ± 1.27 vw

India

I318 355.35 ± 8.08 x 492.8 ± 5.57 r 15.84 ± 0.24 bc 230.87 ± 1.13 gg

I336 44.22 ± 2.49 d 588.65 ± 16.05 y 23.46 ± 0.11 e 109.52 ± 1.41 q

I337 206.93 ± 9.35 q 512.08 ± 14.19 u 47.09 ± 2.13 n 70.96 ± 1.31 l

I339 1343.90 ± 8.02 mm 3775.43 ± 11.91 ccc 28.31 ± 1.85 fg 9.97 ± 1.00 a

I340 430.53 ± 10.46 cc 1197.80 ± 20.82 ll 10.98 ± 1.09 a 26.01 ± 1.16 d

I341 11.91 ± 0.83 a 592.20 ± 2.11 yz 83.21 ± 6.06 y 146.55 ± 1.49 x

I353 544.25 ± 7.09 ff 1220.9 ± 7.65 nn 86.55 ± 2.32 z 31.77 ± 1.83 f

I350 124.86 ± 5.55 l 498.94 ± 10.07 s 16.72 ± 0.53 bc 92.32 ± 1.31 n

I351 366.6 ± 9.15 y 780.79 ± 9.93 gg 22.36 ± 3.02 de 66.28 ± 1.62 k

China

C465 349.87 ± 7.94 wx 443.08 ± 9.48 n 10.35 ± 0.57 a 194.84 ± 1.72 dd

C470 46.90 ± 5.99 de 1299.65 ± 20.71 oo 70.42 ± 4.27 u 135.47 ± 1.63 uv

C481 838.02 ± 26.48 kk 1011.17 ± 6.28 ii 57.99 ± 2.87 q 177.27 ± 1.24 bb

C482 174.5 ± 5.21 p 988.66 ± 16.75 hh 67.94 ± 2.17 s 127.18 ± 1.87 t

C491 74.71 ± 6.50 g 419.10 ± 8.51 m 53.26 ± 2.48 p 110.78 ± 1.27 q

C489 152.57 ± 5.04 n 452.53 ± 1.96 o 23.38 ± 1.19 e 175.83 ± 5.82 bb

C472 346.85 ± 9.71 wx 480.08 ± 9.02 qr 25.32 ± 1.79 ef 266.82 ± 1.95 kk

C473 353.10 ± 7.41 x 344.85 ± 10.54 g 49.14 ± 1.50 no 103.49 ± 1.27 pq

C480 349.81 ± 5.27 wx 563.03 ± 3.31 x 69.39 ± 1.16 st 299.52 ± 2.72 ll

C476 344.86 ± 5.48 w 524.67 ± 12.73 v 72.50 ± 4.74 uv 259.52 ± 2.71 jj

Zimbabwe ZW328 87.09 ± 6.43 i 2780.69 ± 17.73 zz 30.81 ± 1.31 g 149.61 ± 1.63 xy

United
Kingdom G584 364.16 ± 7.12 y 1078.97 ± 41.26 kk 30.25 ± 1.43 g 50.60 ± 1.41 h

Russia

R498 57.14 ± 31.68 e 3284.10 ± 30.91 aaa 23.36 ± 1.29 e 125.92 ± 1.47 t

R500 355.07 ± 5.85 x 217.87 ± 11.95 c 27.06 ± 2.29 f 213.31 ± 1.74 ff

R505 15.52 ± 1.44 ab 1551.00 ± 13.31 rr 30.17 ± 1.88 g 131.05 ± 1.54 gg

R506 73.78 ± 4.64 g 1543.58 ± 5.26 qq 22.97 ± 1.29 de 107.90 ± 1.33 pq

R507 217.77 ± 4.08 r 1724.58 ± 9.09 uu 32.89 ± 1.81 h 140.33 ± 1.62 vw

R511 125.36 ± 7.70 l 477.77 ± 6.44 q 48.85 ± 1.41 n 117.81 ± 2.21 rs

R502 349.33 ± 2.93 wx 514.64 ± 12.75 uv 24.34 ± 1.74 ef 229.52 ± 1.62 gg

R503 351.00 ± 12.50 wx 359.94 ± 4.10 h 39.86 ± 2.03 lm 228.17 ± 1.54 gg

R509 156.34 ± 6.73 no 400.78 ± 11.26 k 63.34 ± 1.46 r 178.80 ± 1.16 bb

R512 258.02 ± 10.70 s 1128.02 ± 21.71 ll 10.17 ± 0.91 a 57.90 ± 0.87 i



Molecules 2021, 26, 3964 7 of 20

Table 2. Cont.

Country 1 Accession DPPH (µg mL−1) ABTS (µg mL−1) Total Flavonoid
Content (mg QE g−1)

Total Phenol Content
(mg GAE g−1)

Hungary
H556 765.75 ± 10.46 jj 1200.10 ± 12.81 mm 71.62 ± 2.83 u 20.69 ± 1.41 cd

H558 128.43 ± 5.81 lm 2379.52 ± 16.38 xx 43.43 ± 4.23 m 118.98 ± 2.25 rs

H565 343.86 ± 6.59 w 511.37 ± 11.73 u 92.48 ± 4.08 aa 97.72 ± 1.09 o

Germany D555 346.27 ± 9.44 wx 239.14 ± 6.11 d 56.25 ± 0.42 q 141.14 ± 1.22 vw

Japan

J540 556.10 ± 14.06 gg 595.17 ± 15.20 z 17.33 ± 0.13 c 168.26 ± 1.33 z

J547 346.48 ± 10.19 wx 69.99 ± 2.76 a 217.50 ± 11.77 hh 158.71 ± 1.09 yz

J551 994.01 ± 10.31 ll 386.62 ± 3.12 hi 50.17 ± 3.82 no 333.58 ± 1.49 mm

J541 557.48 ± 10.72 gg 2379.52 ± 16.38 xx 98.24 ± 4.99 bb 196.37 ± 2.60 dd

J542 344.68 ± 11.11 w 326.91 ± 8.60 e 252.67 ± 24.99 ii 213.85 ± 0.68 ff

J543 342.59 ± 6.76 w 462.01 ± 14.35 p 26.64 ± 1.38 f 260.60 ± 2.25 jj

J550 344.81 ± 11.57 w 585.24 ± 12.88 y 24.78 ± 3.42 ef 62.32 ± 0.16 j

J553 302.97 ± 13.68 u 1403.41 ± 9.23 pp 25.00 ± 9..84 ef 13.94 ± 0.31 b

J554 320.72 ± 12.33 v 355.24 ± 3.26 h 34.32 ± 7.61 i 224.30 ± 2.34 gg

Philippines P526 512.91 ± 10.72 ee 1584.08 ± 5.43 gg 16.03 ± 4.00 bc 27.90 ± 0.68 de

P527 356.90 ± 5.41 x 3551.25 ± 40.29 bbb 57.40 ± 29.08 q 62.05 ± 0.41 j

South
Africa

Z329 400.39 ± 7.010 aa 405.33 ± 11.98 l 44.93 ± 0.56 m 166.91 ± 0.68 z

Z330 346.59 ± 4.93 wx 524.71 ± 6.50 v 28.80 ± 0.29 fg 207.99 ± 4.60 ee

Ethiopia E530 215.37 ± 5.66 r 450.24 ± 1.97 o 27.18 ± 5.41 f 133.58 ± 0.87 u

E531 562.18 ± 7.49 gg 5517.65 ± 9.35 eee 24.78 ± 1.36 ef 30.51 ± 0.00 f

Botswana

B533 268.54 ± 7.57 s 717.82 ± 8.81 ee 17.72 ± 0.15 c 75.11 ± 0.00 m

B534 467.05 ± 9.60 dd 4352.41 ± 8.11 ddd 15.27 ± 0.64 bc 50.15 ± 0.41 h

B535 347.75 ± 8.13 wx 528.56 ± 4.23 v 141.30 ± 82.31 ff 258.08 ± 2.21 jj

B536 206.69 ± 5.13 q 1429.32 ± 10.36 pp 14.27 ± 0.19 b 56.28 ± 1.49 i

B537 173.08 ± 8.87 p 1558.49 ± 8.21 gg 15.74 ± 2.82 bc 74.12 ± 0.41 m

B538 131.57 ± 6.65 m 500.47 ± 9.55 t 103.41 ± 43.76 dd 103.04 ± 0.87 pq

Australia A592 351.50 ± 6.72 wx 480.43 ± 4.90 qr 21.74 ± 0.87 d 186.55 ± 1.33cc

1 Data with the same letter in a column did not differ significantly according to Duncan’s multiple comparison test (p < 0.05). Mean values
within a column with the same lowercase letters were not significantly different (p < 0.05) according to Duncan’s multiple comparison test.

2.3. Total Flavonoid Content (TFC)

From the ANOVA analysis, the sorghum accessions collected from different countries
exhibited a significant variation in the TFC, which can be used in crop improvement
programs. The flavonoid contents of the sorghum accessions are presented in Table 2. All
78 accessions of sorghum used in this study showed significant variation in TFC, ranging
from 10.35 ± 0.07 to 252.67 ± 24.99 (mg QE g−1) of dry material, with the lowest and
highest content observed in accessions C465 and J542, respectively. Variations in TFC were
also observed within the accessions of different countries. For instance, a low variation
in TFC content was observed in the Russian accessions (ranging from 22.97 ± 1.29 to
63.34 ± 1.46 mg QE g−1). Statistical analysis revealed no significant difference (p > 0.05)
in TFC in the R498, R506, and R502 accessions. In contrast, a large variation in TFC
was observed in the accessions originating from Japan (ranging from 17.33 ± 0.13 to
252.67 ± 24.99 mg QE g−1 of dry material). Within this group, accessions such as J543, J550
and J553 showed no significant difference (p > 0.05) in the TFC. American accessions had a
relatively high TFC among the whole accession domain studied, ranging from 24.86 ± 2.90
to 216.67 ± 18.19 mg QE g−1 of dry material. Similar trends in variation were noticed in
TFC contents in the accessions from other countries.

2.4. Screening of Antioxidant Potential in Sorghum Accessions

Sorghum has a wide geographical range, which results in variations in polyphenol
content and biological activity. However, to date, the TPC, TFC, and antioxidant activity of
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sorghum accessions from the 15 different geographical regions have not been constructed.
In this study, the antioxidant properties of 78 sorghum accessions collected from different
countries and regions were estimated using DPPH and ABTS radical scavenging assays
(Table 2). DPPH radical scavenging analysis revealed significant differences among the
studied accessions. DPPH scavenging potential of the seed extracts from all the accessions
ranged from 11.91 ± 4.83 to 1343.90 ± 81.02 µg mL−1, both figures observed in Indian
accessions (I341 and I339, respectively). A wide variation range in DPPH scavenging activ-
ity was observed in the Korean accessions; at a concentration of 50 µg mL−1, their DPPH
scavenging activity ranged from 23.81 ± 0.43 to 742.74 ± 18.23 µg mL−1. This is especially
true for accession K384, which had an exceptionally high DPPH radical scavenging activity,
with the highest RC50 value of 23.81 ± 0.43 µg mL−1, followed by accessions K386 and
K666, with RC50 values of 38.67 ± 27.08 and 46.90 ± 5.99 µg mL−1, respectively. Similarly,
a wide variation range (from 12.09 ± 3.14 to 408.18 ± 21.21 µg mL−1) in the antioxidant
activity was observed within the American accessions. Notably, the antioxidant poten-
tial of accessions such as K384, U302, I341, and R505 was stronger than that of synthetic
antioxidant compounds such as BHT (34.0 µg mL−1).

A large variation in the DPPH radical scavenging activity was also observed in the
accessions from other countries. The results of the ABTS radical scavenging activity were
similar to those of DPPH but showed some differences in the accessions. J547 showed the
highest (69.99 ± 2.76 µg mL−1) ABTS radical scavenging activity, whereas I339 showed the
lowest activity (3775.43 ± 311.91 µg mL−1). The ABTS value was higher than the DPPH
value for most sorghum accessions, and a strong and positive correlation was observed
between the two assays. A large variation (from 03.72 ± 0.40 to 28.98 ± 2.06 µmol TE g−1)
in the ABTS scavenging activity was also observed in the Korean accessions; this variation
could be due to differences in the ecological regions where the sorghum varieties were
grown. A similar trend of variation in ABTS radical scavenging activity was observed for
sorghum accessions collected from other countries.

2.5. Pearson’s Correlation Analysis between Antioxidant Activities, TPC, and TFC

Pearson’s correlation analysis between antioxidant activity, TPC, and TFC was per-
formed (Figure 2). The results showed a wide variation range in the correlation between
antioxidant activities and TPC, as well as TFC. A weak positive association was observed
between ABTS and TPC, as well as TFC (r = 0.1014 and r = 0.2185, respectively, p < 0.05)
in the selected S. bicolor accessions, suggesting that both TPC and TFC contribute to the
antioxidant activities of the sorghum accessions. Moreover, in this study, significant weak
positive correlations were observed between DPPH scavenging and TPC, as well as TFC, in
sorghum accessions. The significant variations in the total phenolic and flavonoid content
in different accessions can be attributed to the acclimation of S. bicolor accessions to climatic
conditions, which stresses the importance of their origins.

2.6. Principal Component Analysis (PCA)

PCA is a multivariate technique that is useful for identifying patterns in produced data
and elucidating possible relationships between parameters, which enables us to understand
the association between characteristics and accessions. PCA was performed to reduce the
dimensions of data and to elucidate the relationships among data items in 78 accessions of
sorghum, collected from different geographical origins with distinct climatic conditions.
The first and second principal components yielded 47.27% and 19.23% of the total variance,
respectively (Figure 3). As shown in Figure 2, we identified accession groups using TPC,
TFC, antioxidant activity, germination rate, and 1000-seed weight. Along axis 1 of the PCA
analysis, the Russian accessions (R498, R505, and R5-6), Philippines accessions, (P526 and
P527), Japanese accessions (J550 and J553), and Zimbabwe accession (ZW328) formed a clear
group on the positive side and were associated with a higher 1000-seed weight. A majority
of the Chinese accessions (C465, C472, C473, C476, C480, and C482) and Korean accessions
(K356, K376, K378, and K386) contributed to the negative region of axis 1 (PC1) and were
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related to a higher seed germination rate and total phenolic and flavonoid content. Along
axis 2 of the PCA analysis, four Indian accessions (I339, I340, I351, I353, and I-353), Japanese
accession (J540 and J541), USA accessions (U311 and U308), Korean accessions (K665 and
K675) and Botswana accessions (B533, B34 and B536) were primarily characterized by high
antioxidant properties (DPPH and ABTS), indicating that accessions in this group have
closely related genotypes. These results suggest that the antioxidant activity, TPC, and
TFC profiles of sorghum accessions could be used as potential biomarkers for studying
its biodiversity.
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2.7. UPGMA Cluster Analysis

A hierarchical cluster analysis (HCA) dendrogram was produced to measure the simi-
larity between the clustered accessions, using Ward’s method in PAST software. Genetic
divergence was observed mainly by UPGMA cluster analysis, with great dispersion of
these accessions (Figure 4). All 78 accessions of sorghum were clustered into two main
clusters. Cluster one was further divided into two subclusters: cluster 1A and cluster 1B.
Subcluster 1A consisted of nine accessions, agglomerated mostly with low TPC and TFC.
Subcluster 1B showed two distinct minor groups, represented by 1B-1 and 1B-2, in which
the former minor group (1B-1) comprised 49 accessions, mainly from Korea, Russia, China,
India, Japan, and the USA, and were mainly characterized by higher TPC and TFC. The
latter minor group (1B-2) consisted of 19 accessions, mainly characterized by identical TPC,
TFC, and antioxidant activity. Most accessions that collected a high level of diversity had
been verified, although R502, of the A592 accession, had met under a single sub-grouping.
The second group comprised a single accession (E531), which was mainly characterized by
weaker antioxidant activity and lower amounts of TPC and TFC. The groups formed by
the above methods were similar to those formed by principal component analysis.
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3. Discussion

Rapid and uniform seed germination is an important factor that influences crop yield
and seedling establishment [59]. This is the first report that assesses seed germination
responses of a larger number of SB accessions. In the present study, high inter-accession
variation was observed in the germination pattern of seed from various population of S.
bicolor. Our results agree with the studies of Jung et al. [60], who showed a wide variation
range (67–92%) in the germination percentage of Korean cultivars. Substantial variation in
the germination rate of sorghum was also reported by Harris et al. [61], who observed a
close association between seed size and seed germination rate in sorghum.

Understanding the grain weight (1000-seed weight) is required for the large-scale
production of crops [62]. Seed weight is an important agronomic trait that may be helpful
in breeding programs for the development of desired cultivars [63–65]. As expected, a
significant variation in the 1000-seed weight and seed color was observed in the different
accessions. This study is well correlated with the report of Alfieri et al. [62], who observed a
wide 1000-seed weight range in sorghum genotypes. In this study, the correlation between
1000-seed weight and TPC was significant and positive in the Chinese and Japanese
accessions, suggesting that phenolic compounds are important ingredients in increasing the
1000-seed weight; however, it was not significant in the Indian and Russian accessions. The



Molecules 2021, 26, 3964 12 of 20

contents of phenolics and flavonoids are highly influenced by various factors such as genetic
factors, climatic conditions, a plant’s origin, a plant’s environment, altitudinal variation,
and the duration of plant maturity [66–68]. In the present study, a wide range of variation
was observed in the total phenolic and flavonoid contents in the S. bicolor accessions.

A wide variation range in the TPC of sorghum accessions has also been reported in
the literature. Choi et al. [31] reported a significant variation in TPC of sorghum accessions,
ranging from 1.56 ± 0.10 to 11.99 ± 2.01 e µg GAE/mg. Alferi et al. [62] had also observed
a significant variation range in the TPC, ranging from 0.60 to 20.73 g GAE kg−1 dm−1. In
another study, Dykes et al. [69] observed a similar variation range (1.35–37.73 mg GAE
g−1 dm−1) in TPC of sorghum accessions. Using acetone solvent, increased TPC (ranging
from 662 to 638 mg mg/GAE/100 g dry weight) was reported in sorghum cultivars.
According to previous studies, the variation in TPC could be due to different factors,
including extraction methods, solvent types, and ecological region, which could explain
the wide variation range in the antioxidant activity and antioxidant accumulation patterns
of sorghum accessions [70–73]. Large variations in the TFC was observed in the collected
accessions. Total flavonoid content was significantly lower in Indian accessions than in
accessions from other regions. High TFC variation was observed in the accessions collected
from China, America, Japan, and Russia. In contrast, accessions including K384, U309, I339,
ZW328, G584, R505, and Z330, originated from different geographic locations including
Korea, America, India, Zimbabwe, United Kingdom, Russia, and South Africa, respectively,
have similar trends of TFC accumulation with no significant difference at p > 0.05. The
results indicate that these features are more genetically controlled as the environmental
growing conditions were the same for all the tested accessions. High variability in the TPC
content was also observed in the accessions originating from the same country with similar
geographical landscape. For example, a high concentration and wide range in TPC was
observed in the Chinese accessions. Within the group, the statistical analysis revealed a
similar pattern of TPC content in the C481 and C489 accessions. Similarly, TPC content in
the R505, R502 and R503 Russian accessions were not significantly different at p < 0.05. The
variation between the sorghum accessions could be due to micro-evolutionary adaptations
to different environments during the long-term evolutionary process. Moreover, it has
been observed that the phenolic contents of plants can be influenced by various factors,
including environmental conditions and temperature [74,75].

Previous studies reported that plants growing in extremely cold environmental con-
ditions developed strong antioxidant properties to scavenge the ROS [76]. In the present
study, the majority of accessions originating from Japan, Russia and Korea had a higher
concentration of total phenolic content compared to the accessions from the Philippines
and India. It is likely that S. bicolor growing in the colder environmental conditions of these
countries might have developed strong antioxidants by accumulating more phytochemicals
to scavenge the ROS. According to Zykova et al. [77], low temperature causes oxidative
stress to the cells and causes elevation of ROS formation in the cells. Thus, to survive from
the deleterious effect of ROS, plants accumulate larger amounts of phenolic compounds,
which are efficient antioxidants [78]. Several studies observed elevated PAL activity (key
enzymes in the biosynthesis of phenolic compounds increased during cold acclimation [79]
and higher levels of phenolic compounds in the cells, which helps to reduce the freezing
temperature of cellular components, thus improve the plant resistance to extreme colds [80].

Moreover, Jeon et al. [81] observed variations in the phenolic compounds and antiox-
idant properties owing to differences in the harvesting time of sorghum genotypes. In
another study, the irradiance period of the growing sorghum genotypes influenced the
phenolic content and antioxidant activity of sorghum plants [82–84]. Similarly, Przybylska-
Balcerek et al. [85] observed variations in antioxidant activity and phenolic compound
accumulation due to differences in the air temperature and precipitation rate during
sorghum growth. In this study, since the environmental conditions experienced by the
accessions were the same, variations in their TPC and TFC could be attributed to the genetic
variation of individual sorghum accessions. A number of factors including climate, habitat,
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and genetic makeup influence the antioxidant properties of plants [86]. In the present
study, we assessed the antioxidant potential of S. bicolor accessions using DPPH and ABTS
radical scavenging assays. There was wide variation in the antioxidant activity within
the accessions. In a similar study [31], a significant variation in DPPH in the range of
2.51 ± 0.28 to 40.18 ± 0.97 µmol TE/g was observed in the different sorghum accessions;
their range varies largely with that of the present study, and this difference could be due
to differences in the ecological regions of the collected sorghum. The antioxidant data
obtained by the two assays were notably different, but were highly correlated, which was
also corroborated by the results of Dykes et al. [87]. A wide variation in the antioxidant
activity (DPPH and ABTS) of sorghum accessions was also reported by Awika et al. [17]
and Contrera [88] in sorghum genotypes grown in different ecological regions of Texas,
USA. Phytochemicals conduct various biological activities, including biochemical and
pharmacological properties [89], and have a high polyphenol antioxidant potential [90].
Several studies have reported the presence of various bioactive compounds, including
flavonoids (flavanonols and flavan-3-ol derivatives), phenylpropane glycerides, dicaffeoyl
spermidine, condensed tannins, flavanones, and flavonols, which act as radical scavengers
in sorghum [25,91,92].

It has been argued that the antioxidant properties and biosynthesis of phenolic com-
pounds are affected by agronomic conditions, including climate patterns and geographical
origin of the region [67]. Additionally, other factors, such as antioxidant assays and solvent
types used in the assays, also contribute to the reported variations in plant antioxidant
properties [93]. Further, agronomic manipulation, such as proper irrigation, increases the
antioxidant activities of sorghum genotypes [71]. In the present study, a wide range of
variation in antioxidant properties was observed within populations originating from same
region. This trend was more visible in the accessions collected from India (ranging from
11.91µg mL−1 in I341 to 1343.92 µg mL−1 in I339), China (ranging from 46.90 µg mL−1

in C470 to 838.02 µg mL−1 in C481), and Korea (ranging from 23.81 µg mL−1 in K384 to
742.74 µg mL−1 in K975). In contrast, sorghum accessions including K304, U316, I318,
C465, R500, D55, J547, P527, Z330, B535, and A592 originated from different countries but
revealed similar trends of antioxidant properties and did not vary significantly (p > 0.05) in
terms of DPPH radical scavenging activity. Higher variability in the antioxidant properties
within the accessions from the same region or across entire accessions could be due to the
different genetic features of individual accessions under the same environmental growing
conditions. In this study, some sorghum accessions, such as I341, contained high TPC
and TFC and showed strong DPPH radical scavenging activities, whereas the I339 acces-
sion contained low TPC and TFC and showed weak antioxidant activities. Further, some
sorghum accessions, such as I341, contained high TPC and TFC and showed strong DPPH
radical scavenging activities, indicating that phenolic compounds significantly contributed
to antioxidant activity in the sorghum accessions. However, accessions such as BWA534
and BWA536 recorded similar TPC and TFC but varied significantly in DPPH and ABTS
radical scavenging properties. The results further indicate that different accessions have
varying phenolic compound components, which could be the reason for the variability
of the antioxidant activities of sorghum accessions. The J542 sorghum accession, which
contains high TPC and TFC, exhibited weak DPPH and ABTS radical scavenging activities.
These variations indicate that phytochemicals other than the phenolic compounds may
contribute to the antioxidant properties of sorghum accessions.

In this study, the white-colored accession (E531) showed low TPC and TFC and exhib-
ited the weakest antioxidant activity (ABTS) among all the studied sorghum accessions.
This was in agreement with the results of Wu et al. [71], who observed a low antioxidant
activity in white sorghum. Moreover, Chung et al. [94], Awika and Rooney [4], and Dykes
et al. [87] observed wide variation in the antioxidant compounds, such as tannins, in the
sorghum accessions. John et al. [95] observed the presence of large amounts of carotenoids,
phenolic acids, flavonoids, and tannins [8,96,97] in sorghum accessions, contributing to
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antioxidant activity. Moreover, in a similar study, high concentrations of phenolic acids,
flavonoids, and carotenoids in sorghum grains were observed [85,98–100].

4. Materials and Methods
4.1. Chemicals

All solvents used in this study were of analytical grade. Methanol was obtained from
Baker (Phillipsburg, NJ, USA). Sodium carbonate, gallic acid, potassium acetate, aluminum
nitrate, and aluminum chloride were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). 1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,2-azino-bis-3-ethylbenzthiazoline-
6-sulphonic acid (ABTS+), Folin–Ciocalteu reagent, quercetin, and tert-butyl-4-hydroxy
toluene (BHT) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Ultra-
pure distilled water was obtained from the Zeneer power 1 system (Human Corporation,
Seoul, Korea).

4.2. Cultivation of S. italica

For morphological characterization, TPC, TFC, and antioxidant activity evaluation,
78 sorghum accessions were sown at the experimental farmland of Kangwon National
University, at Chuncheon, Kangwon-Do, South Korea, located at 20◦45′ S, 42◦51′ W with
an average altitude of 650 m, on the first week of June and harvested in mid-November of
2018, 2019 and 2020. These S. italica accessions originated from Korea, U.S.A., India, China,
Zimbabwe, United Kingdom, Russia, Hungary, Germany, Japan, Philippines, South Africa,
Ethiopia, Botswana, and Australia. All the experiments were carried out in a completely
randomized block design. The experimental plots consisted of rows of 80 m in length,
spaced 1.5 m apart with 1m between the planted seedlings. Seeds of each S. italica accession
were sown in each plot. The mean minimum and maximum field temperatures during the
cultivation period were 20 ◦C and 35 ◦C, respectively, with an approximate rainfall rate
of 200 nm. The sandy loam texture of the experimental field was maintained at a pH of
6.1. The cultivated field was irrigated regularly once weekly by installing a drip-irrigation
system. The recommended doses of compound chemical fertilizers were applied to the
experimental field (Nitrogen: Phosphorus: Potassium = 15%:15%:15%) at a rate of 120 kg
ha−1 before the seedlings were planted. Landscape fabric was used as a weed blocker
to cover space between the rows. Weeds were manually removed regularly during the
seedling growth. Diseases were controlled by recommended pesticides. Morphological
traits such as seed colour, 1000-seed weight, days to flower and plant height were recorded
from ten selected plants of each accession, prior to harvesting the plants.

4.3. Germination Test of Sorghum Accessions

Seeds of the 15 sorghum accessions were kindly provided by RDA, South Korea, in
2018, 2019, and 2020. The collected seeds were stored in the dark at 4 ◦C until further
use. Fifty seeds from each accession were placed in a Petri dish (SPL Life Sciences Co.,
Ltd., Pocheon, Korea) on wet filter paper. Sterile deionized water was used to wet the
filter paper. Three replicates of each treatment were performed, and all treatments were
maintained at 25 ± 1 ◦C for 40 days in a growth chamber with an 8:16 light and dark cycle.
Germination rate was calculated as the percentage of seeds that germinated out of the total
number of seeds.

4.4. Plant Material Extractions

Approximately 10 g of the seeds from each accession were finely ground using a
homogenizer. The powdered samples were mixed with 80% methanol at room temperature
(25 ◦C) for 24 h. The mixture was then filtered to remove debris using Whatman No.42
filter paper. The obtained extracts were then evaporated at 40 ◦C in a rotary evaporator
(Eyela, SB-1300, Shanghai Eyela Co. Ltd., Shanghai, China). The extracts were suspended
in distilled water and used for further analysis.
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4.5. Determination of Total Phenolic Compounds (TPC)

TPC of individual sorghum accession seed extracts was determined using the Folin–
Ciocalteu spectrophotometric method (Singleton et al., 1999, as described elsewhere [101]).
TPC estimation was carried out in triplicate in 10 mL test tubes. Initially, 100 µL of
diluted seed extract (1 mg mL−1) was mixed with 50 µL of Folin–Ciocalteu reagent (1 M).
Subsequently, 1.85 mL of distilled water was added to the mixture and allowed to stand in
the dark at room temperature (25 ◦C) for 5 min. After incubation, 1.0 mL of Na2CO3 (20%
w/v) was added to the mixture and shaken slowly with intermittent agitation. After 1 h,
the absorbance value of each seed extract was recorded using a spectrophotometer (Jasco
V530 UV-VIS spectrophotometer, Tokyo, Japan) at 725 nm wavelength against the blank,
without extracts. The results were expressed as gallic acid equivalents (GAE) per gram of
dry sample.

4.6. Determination of Total Flavonoid Content (TFC)

The TFC of the seed extracts of sorghum accessions was quantified using the colori-
metric method proposed by Moreno et al. [102]. Briefly, 250 µL of seed extract sample
(1 mg mL−1) was mixed with 100 µL of 10% AlNO3 and 100 µL of potassium acetate (1 M),
and 4.3 mL of 80% ethanol was added to the mixture to achieve a final volume of 5 mL. The
reaction mixture was shaken well and allowed to react for 10 min. The absorbance value of
the mixture was recorded in triplicate at 410 nm wavelength using a spectrophotometer.
The standard curve was made of quercetin. The TFC of the seed extracts of each accession
was expressed in terms of quercetin equivalent (QE) per gram of dry sample.

4.7. Antioxidant Activity
4.7.1. Evaluation of DPPH Radical Scavenging Assay

DPPH radical scavenging capacity was determined as previously described [103], with
some modifications. Initially, 200 µL aliquots of the seed extract at different concentrations
(ranging from 0.05 to 10 mg mL−1) were mixed with 4.5 mL of DPPH methanolic solution
(0.004% in methanol). The mixture was shaken thoroughly and incubated at room tempera-
ture (25 ◦C) for 40 min in the dark. The absorbance of the mixture was measured using a
spectrophotometer at 517 nm with methanol as the blank. The DPPH radical scavenging
activity of seed extracts of SB accessions was calculated as follows:

DPPH scavenging activity = (Abscontrol − Abssample)/Abscontrol

where Abscontrol indicates the absorbance value of the reaction mixture without seed
extracts. Abssample represents the absorbance of the reaction mixture with SB seed extracts.

4.7.2. Evaluation of ABTS+ Assay

The ABTS radical scavenging activity assay was carried out according to a previously
described method [104] with modifications. Briefly, the oxidation reaction mixture was
prepared by mixing 7.4 mM·L−1 ABTS with 2.6 mM·L−1 potassium persulfate (final con-
centration). Subsequently, the reaction mixture was incubated at room temperature (25 ◦C)
for 12 h in the dark. The mixture was diluted with methanol (80%), and the absorbance of
the mixture was measured at 734 nm using a spectrophotometer. Trolox (acid 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic) was used as a standard to construct the standard
calibration curve. The results were expressed as trolox equivalents (TE) per gram dry
weight (µmol TE·g−1 DW). The ABTS radical scavenging activity of seed extracts of SB
accessions was calculated as follows:

ABTS scavenging activity = (Abscontrol − Abssample)/Abscontrol × 100

where Abscontrol indicates the absorbance of the ABTS solution without seed extracts.
Abssample is the absorbance of the ABTS solution in the seed extract sample.
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4.8. Statistical Analysis

Data were obtained in triplicate and reported as the mean ± standard deviation. For
the statistical analysis, one-way analysis of variance (ANOVA) was used, followed by
Duncan’s multiple comparison tests at p < 0.05 and p < 0.01. Principal component analysis
(PCA) of morphological traits and phenolic compounds was conducted and Pearson’s
correlation coefficient between TPC, TFC, and antioxidant activity of sorghum accessions
was determined using SPSS version 20 (SPSS, 2011).

5. Conclusions

This study is the first to report the seed characteristics, antioxidant activity, and
polyphenol contents of 78 sorghum accessions collected from 15 countries. Pearson’s
correlation revealed a wide variation range in these parameters, which may contribute
significantly to their antioxidant activity. TPC, TFC, and antioxidant properties of the ac-
cessions were not related to the geographical origins of the samples. Among the accessions
characterized by DPPH analysis, K334, U312, I341, and R505 presented higher antioxidant
values with relatively high TPCs and suitable 1000-seed weights and germination rates,
thus acting as potentially useful sorghum accessions for large-scale food production and
as sources of antioxidant compounds. Improved accessions with high levels of pheno-
lic constituents and higher antioxidant properties are of great interest to the producers
and consumers of nutraceutical supplements. Further studies are required to isolate and
identify phytochemicals from diverse accessions to determine the major contributors to
antioxidant activity. This study presented the variability in agronomic traits, antioxidant ac-
tivity, TPC, and TFC among the 78 sorghum accessions, which can be used as baseline data
in breeding programs and germplasm management to develop sorghum with beneficial
traits and improved nutritional value, for potential positive effects on human health.
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