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Abstract: Millions of people depend on sorghum (Sorghum bicolor (L.) Moench) as a staple food
crop. Due to the ever-changing climate, more focus should be placed on sorghum as it can grow in
environments that are marginal for maize (Zea mays L.) and other grain crops. Identification of unique
accessions with desirable phenotypic variations allow plant breeders to use the accessions as parental
material in a breeding program. The objectives of this study were to determine the extent of diversity
in sorghum accessions based on grain yield and quality traits, as well as to identify accessions with
high grain yield. One hundred sorghum accessions were evaluated at Potchefstroom (South Africa)
in two consecutive growing seasons. The experiment was laid out in a 20 × 5 alpha lattice design
with three replications. ANOVA showed highly significant (p = 0.01) variation among the accessions
for all traits. There was a positive correlation (r = 0.209) between starch and grain yield. Seven
high-yielding accessions with high protein and seven accessions with high starch were identified.
These accessions could be used for improving yield, protein and starch in the grain. Tannin content
ranged from zero to 24.40 mgCE/100 mg; 75 accessions were characterized as type I. Seven accessions
were characterized as type II, and 18 accessions were characterized as type III. The 100 sorghum
accessions were grouped into five distinct clusters that offer a wide range of phenotypic variation for
the traits studied.

Keywords: crude protein; sorghum bicolor; starch; tannin

1. Introduction

In developing countries, especially Africa, millions of people depend on sorghum
as an important food crop. Sorghum has a high nutritional value and is one of the main
sources of carbohydrates, proteins, minerals, fiber and vitamins. It is traditionally used
in various food products [1–3]. In South Africa, sorghum meal is often eaten as a stiff
porridge which is referred to as Mabele, and also known as brown porridge [4–6]. Sorghum
is adapted to a wide range of environmental and climatic conditions and is known to be
drought tolerant. Due to the ever-changing climatic conditions around the world, and
also for soils that are marginal for maize and other grain crops, sorghum offers better
adaptive opportunities.

Increased levels of malnutrition have been reported in some areas in sub-Saharan
Africa where the cultivation of crops with good nutritional value can form part of the
solution [7–9]. To close the gap between the demand and supply of food with good
nutrition, crops with potential adaptation need to be screened and evaluated for traits of
interest before the intensive cultivation of genotypes with high yielding potential. Sorghum
is one such crop, ranking fifth worldwide, and has the ability to serve as a staple food
not only to millions of people, but also to those with gluten allergens and people with
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diabetes [10–12]. Sorghum has high protein content, starch and minerals. However, the
levels of these nutritional quality traits vary with genotypes. Hence, there is a need to screen
and evaluate accessions kept in the national gene banks to identify the best candidates for
future use in breeding and crop improvement programs.

The nutritional quality traits that are commonly assessed on various sorghum geno-
types include protein, starch, moisture and tannin contents. Sorghum has approximately
70% starch content, making it a good energy source [1]. Sorghum starch does not con-
tain gluten, making it an alternative grain for gluten-sensitive people. Protein content in
sorghum grain generally ranges from 6–18%, which is slightly higher than that of maize
(8–11%). However, these percentages vary depending on the variety and growing condi-
tions [13]. Sorghum genotypes are classified into three types, depending on the level of
grain tannin content, namely Type I, Type II and Type III. The presence of a high level of
tannin content in sorghum grain makes sorghum starch and protein have poor digestibil-
ity [14], as they increase precipitation when tannins bind to proteins and various other
organic compounds including amino acids and alkaloids [15,16]. Although higher levels of
tannins might have disadvantages, they also have advantages in protecting the grain from
grain mold and bird damage. Sorghum tannins have also been used in many traditional
products, which include porridges and alcoholic beverages [17,18].

Understanding the extent of nutritional quality variation present in the South African
National Sorghum Germplasm Bank forms the pre-requisite for successful breeding to
improve nutritional quality and fully exploit the genetic variation for grain yield and
component related traits such as grain moisture, grain protein, starch and tannin contents.
Knowledge of nutritional diversity information could also be useful in increasing the
types and levels of nutritional composition in commercial sorghum cultivars through
breeding. Therefore, the main objective of the current study was to determine (1) the extent
of phenotypic diversity in sorghum accessions based on grain yield and quality traits, as
well as (2) to identify accessions with high grain yield.

2. Materials and Methods
2.1. Plant Material and Experimental Site

One hundred sorghum accessions used for morpho-agronomic diversity analysis [19]
were used to assess the levels of grain quality traits and how they relate with grain yield.
These accessions were randomly selected from over 4000 sorghum accessions maintained
at the National Sorghum Germplasm Bank at Agricultural Research Council—Grain Crops,
Potchefstroom [19]. The field trials were conducted over two consecutive growing seasons,
2016/17 and 2017/18 at the Agricultural Research Council Experimental Farm, Potchef-
stroom (26◦43′00” S latitude and 27◦06′00” E longitude, 1335 m above sea level). The area
receives an annual average rainfall of 615 mm with an average temperature of 16.9 ◦C
(ranging from 9.61 ◦C to 25.48 ◦C). In each season, the experiment was laid out in a 20 × 5
alpha lattice design with three replications. Seeds of each accession were planted in single
5 m long rows, with 0.75 m inter-row spacing. Fertilizer application and trial management
were performed according to the recommendations for the area.

2.2. Yield Determination

Before heading, five plants per accession in each replication were tagged for data
collection. Because the studied accessions have different physiological maturity, they were
left to dry in the field and harvested when uniformly dry. Soon after field harvest, the
panicles were further dried in a drier for 24 h. Grain yield per panicle (g) was measured by
taking the average grain weight of five representative panicles of the main plants in the
plot, then the average yield of each plot in the three replicates was obtained.

2.3. Moisture, Protein, and Starch Content Determination

The bulk grain samples from five randomly selected plants in each accession (used
for grain yield) were used for the determination of moisture, starch and protein. Moisture,
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starch and protein contents were analyzed using the seed phenotyping instrument NIR
DA 7250 Perten (PerkinElmer, Waltham, MA, USA). The grains from each accession were
placed in a sample plate and the whole grain was analyzed for moisture, starch and crude
protein contents. Each accession was analyzed in triplicate.

The instrument exploits the absorbance of light from the near-infrared region
(700–2500 nm) by various chemical bonds to estimate sample concentration for a given
chemical constituent of interest. The light beam of near-infrared wavelengths, which differ
in width between instruments of different manufacturers, is emitted through a sample
and is differentially absorbed based on the sample’s distinct chemical composition. The
wavelengths that are not absorbed by the sample are reflected back to a detector on the NIR
instrument, resulting in a unique fingerprint for each sample. These spectral fingerprints
are then modelled against predetermined reference chemistry values of the same samples to
develop algorithms, called calibrations, that are capable of predicting sample concentration
in minutes or seconds. The calibrations used in this study were developed and updated by
the manufacturer for protein and starch, having R-squared (R2) values of 0.96 for protein
and 0.89 for starch on 390 diverse sorghum grain accessions.

2.4. Tannin Content Determination

Tannin content was determined by the Modified Vanillin HCl method. The grain
sample for each accession was milled using a Cyclotec milling machine (FOSS, Hillerød,
Sweden) for tannin extraction and determination [20]. Tannins were extracted in duplicate,
in which 0.5 g flour sample was weighed into 50 mL centrifuge tubes, and 25 mL of 1%
concentrated HCl in methanol was added. The extraction was conducted for 20 min at
room temperature. After extraction, the samples were centrifuged for 10 min at 1200× g
to obtain the supernatant. Extract determination was performed in triplicate for both
sample and standard, in which 1 mL of extract and/or catechin standard was transferred
to test tubes containing 5 mL mixed A and B Vanillin—HCl reagent [21]. The samples were
vortexed and incubated at room temperature for 20 min. Color blank was also determined
in triplicate for both sample and standard. One milliliter of extract and catechin standard
was transferred to test tubes containing 5 mL of 4% HCl in methanol and incubated at room
temperature for 20 min. The spectrophotometer was then blanked with a reagent blank
(mixed Vanillin HCl reagent) and the absorbance of the samples, catechin standard and the
color blank was read at 500 nm.

2.5. Data Analysis

Analysis of variance was performed on the measured traits with GenStat 18th edi-
tion [22] for both growing seasons, except for tannin content which was analyzed for the
2017/18 season. This was followed by the multiple comparison or posthoc test (Bonferroni).
The percentage contribution of each trait to the total genetic variation was also performed
through principal component analysis (PCA) using GenStat software. Pearson’s correlation
test was carried out to examine the degree of association between grain yield, moisture,
crude protein, total starch and tannin contents using IBM SPSS Statistics 24 software [23].
The genetic relationships among sorghum accessions based on Euclidean distances as
similarity measures and the unweighted pair-group method with arithmetic averages
(UPGMA) was analyzed using GenStat 18th edition software [22]. The average linkage
method overcomes the limitations presented by both single and complete linkage methods
where the chaining effect result from the analysis of both methods (single and complete),
which negatively impacts the overall result of the cluster analysis if there exists some noise
in the dataset. Therefore, the average linkage takes the average of the distance between
various data point pairs as the distance between the clusters. This makes average linkage
the method of choice in the current study. Variance components for genotype and genotype-
environment were used to obtain estimates of the broad sense heritability (h2

B) as follows:
h2

B = σ2
g/[σ2

g + (σ2
ge/e) + (σ2

e/re)] or 1-[MSge/MSg], where MSg and MSge represent
the genotype and genotype-environment interaction mean squares, respectively, σ2

g is the
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genotypic variance = (MSgenotype −MSge)/re, σ2
ge is the G x E interaction variance = (MSge

−MSe)/r, σ2
e is the error variance = MSe, r is number of replications and e is the number

of environments [24].

3. Results
3.1. Protein, Starch, Moisture and Grain Yield under First and Second Growing Seasons

For the first growing season, the accessions had a high mean protein content of 14.09%,
in which SA0597 recorded the highest protein content (16.75%), while SA0390 recorded the
lowest protein content (10.28%). In the second growing season, accessions recorded lower
mean protein content of 13.82%. Accession SA1278 recorded the highest protein content
(17.84%), while SA0109 had the lowest protein content (9.90%). It was noted that SA0390
was among the accessions with lowest protein content in both seasons. Furthermore, starch
content ranged from 44.89% to 71.62%, with a mean of 61.80% for the first season. The
highest starch content was recorded for accession SA0109 (71.62%), while accession SA0560
recorded the lowest (44.89%). Like protein in the second season, the accessions recorded
lower means for starch content of 61.00%. Accession SA2721 recorded the highest starch
content of 67.61%. On the other hand, accession SA0560 recorded the lowest starch content
of 48.90%. It was also interesting to note that SA0560 recorded the lowest starch content in
both seasons (data not shown).

In the first growing season, accession SA2097 recorded the highest grain yield (109 g)
per panicle. At the same time, SA1278 had the lowest (31.2 g/panicle), with an overall mean
of 58.8 g/panicle. In the second growing season, accession SA0954 recorded the highest
grain yield (128.46 g/panicle), while SA0347 was the lowest yielder with 22.53 g/panicle
and the average mean yield was 71.76 g/panicle. Moreover, the accessions had an average
moisture content of 10.50% in the first growing season. Accession SA0020 recorded the
highest moisture of 11.47%, while SA0597 recorded the lowest moisture content of 9.13%.
For grain moisture content in the second planting season, accession Mmamolokwane
recorded the highest (11.50%), while SA1732 recorded the lowest moisture content of 9.23%.
Unlike protein and starch, the grain yield and moisture content in the second planting
season was higher than the values obtained in the first growing season (data only shown
for combined data).

3.2. Analysis of Variance

Analysis of variance across the two seasons showed highly significant (p < 0.01)
variations among the 100 sorghum accessions for grain yield, moisture, starch and protein
content (Table 1). Season showed highly significant differences for protein, starch, grain
yield and moisture content. Genotype showed highly significant differences for protein,
tannin and starch contents, grain yield, and moisture. The genotype by season interaction
revealed highly significant differences for protein, starch, grain yield and moisture content.
Replication showed non-significant differences for protein, starch, tannin and moisture,
except for grain yield which was highly significant. The trait with the highest heritability
was the grain yield h2

B = 70.00%, whilst protein and starch showed moderate heritability
estimates (40.00% < h2

B < 60.00%).
Grain yield ranged from 36.7 g/panicle in accession SA0530 to 114.9 g/panicle in

SA2097, with an average of 64.03 g/panicle. Protein content ranged from 10.41% to 16.59%
with an average of 13.95%. The accessions that recorded the highest protein content were
SA1278 (16.59%), SA0615 (16.52%), SA0671 (16.22%) and SA1092 (16.20%). Moreover, starch
content had an average mean of 61.0%, with a range of 48.90% to 67.61%. Accessions
SA2721, SA0213, SA2748 and SA0109 recorded the highest starch content of 67.61%, 67.43%,
66.97% and 66.58%, respectively. Furthermore, tannin content had an average mean of
2.24 mg CE/100 mg with the range of zero in 34 accessions to 24.40 mg CE/100 mg in
SA0223. Moisture content ranged from 9.36% in SA1278 to 11.28% in SA0037 and SA0213,
with an average of 10.37% (Table 2).
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Table 1. Mean squares from the analysis of variance of 100 sorghum accessions evaluated for grain
yield, protein, starch, moisture and tannin contents.

Source of Variance d.f.
Grain Yield and Quality Traits

Protein Starch Tannin Grain Yield Moisture

Season 1 11.27 ** 431.51 ** - 20,769.63 ** 9.79 **
Replication 2 0.19 ns 4.75 ns 0.24 ns 1507.50 ** 0.02 ns

Genotype 99 9.38 ** 80.43 ** 78.17 ** 1330.36 ** 0.87 **
Genotype × Season 99 4.83 ** 44.49 ** - 395.30 ** 0.57 **

Residual 298 1.03 11.67 0.80 50.03 0.03
h2

B 49 45 - 70 34
SE 1.01 3.42 0.80 7.07 0.17

CV (%) 7.26 5.60 1.8 11.04 1.61
** = highly significant at p < 0.01; ns = non-significant; d.f. = degrees of freedom; SE = standard error; CV = coeffi-
cient of variance; h2

B = broad sense heritability estimate.

Table 2. Mean values of grain protein, starch, tannin, moisture and yield, and sorghum types based
on tannin content.

No. Accession Protein (%) Starch (%) Tannin (mg CE/100 mg)

4 Lenthate 14.81 ± 0.4122 hijklmnopqrstu 62.33 ± 1.404 cdefghijklmnopqr 0.00 ± 0.4552 a

6 Mabele a sesotho 13.92 ± 0.4122 cdefghijklmnopqrst 62.40 ± 1.404 cdefghijklmnopqr 0.34 ± 0.4552 ab

8 Mammopane 13.89 ± 0.4130 cdefghijklmnopqrst 65.37 ± 1.407 jklmnopqr 0.48 ± 0.4552 ab

10 Manthate 13.87 ± 0.4122 cdefghijklmnopqrs 57.74 ± 1.404 bcdefghijklmno 0.87 ± 0.4552 ab

11 Mapimkana 13.09 ± 0.4122 bcdefghijklmno 59.92 ± 1.404 bcdefghijklmnopqr 0.25 ± 0.4552 a

12 Maseka a swere 14.54 ± 0.4122 fghijklmnopqrstu 65.12 ± 1.404 ijklmnopqr 0.35 ± 0.4552 a

13 SA 0009 13.65 ± 0.4132 bcdefghijklmnopqrs 60.88 ± 1.407 cdefghijklmnopqr 0.00 ± 0.4552 bcde

16 SA 0062 13.91 ± 0.4130 cdefghijklmnopqrst 60.51 ± 1.407 bcdefghijklmnopqr 0.34 ± 0.4552 a

22 SA 0133 11.77 ± 0.4122 abcde 61.98 ± 1.404 cdefghijklmnopqr 4.27 ± 0.4552 cde

24 SA 0213 14.40 ± 0.4130 fghijklmnopqrstu 62.94 ± 1.407 cdefghijklmnopqr 0.00 ± 0.4552 a

25 SA 0223 12.02 ± 0.4122 abcdef 59.72 ± 1.404 bcdefghijklmnopqr 24.40 ± 0.4552 k

26 SA 0260 14.53 ± 0.4122 fghijklmnopqrstu 61.47 ± 1.404 cdefghijklmnopqr 0.13 ± 0.4552 a

30 SA 0390 10.41 ± 0.4130 a 61.05 ± 1.406 cdefghijklmnopqr 10.4 ± 0.45521 ghi

38 SA 0567 15.53 ± 0.4122 nopqrstu 54.83 ± 1.404 abcd 4.52 ± 0.4552 de

49 SA 0672 13.75 ± 0.4130 bcdefghijklmnopqrs 63.94 ± 1.406 efghijklmnopqr 0.00 ± 0.4552 ab

50 SA 0673 11.23 ± 0.4130 ab 67.43 ± 1.406 qr 0.00 ± 0.4552 a

53 SA 0696 11.98 ± 0.4122 abcdef 65.05 ± 1.404 ijklmnopqr 13.05 ± 0.4552 i

55 SA 0718 14.20 ± 0.4122 efghijklmnopqrstu 57.04 ± 1.404 abcdefghijkl 2.61 ± 0.4552 abcd

61 SA 0954 12.59 ± 0.4130 abcdefghijk 64.78 ± 1.406 hijklmnopqr 0.00 ± 0.4552 a

73 SA 1730 13.44 ± 0.4122 bcdefghijklmnopq 61.78 ± 1.404 cdefghijklmnopqr 1.67 ± 0.4552 abcd

80 SA 2097 12.00 ± 0.4122 abcdef 65.33 ± 1.404 jklmnopqr 9.69 ± 0.4552 gh

91 SA 2913 13.87 ± 0.4130 cdefghijklmnopqrs 62.68 ± 1.406 cdefghijklmnopqr 7.58 ± 0.4552 fg

93 SA 3710 14.48 ± 0.4122 fghijklmnopqrstu 57.82 ± 1.404 bcdefghijklmno 11.32 ± 0.4552 hi

94 SA 3711 12.39 ± 0.4130 abcdefghi 60.90 ± 1.407 cdefghijklmnopqr 8.68 ± 0.4552 fgh

100 Wahi 12.96 ± 0.4130 abcdefghijklm 64.79 ± 1.407 hijklmnopqr 0.29 ± 0.4552 a

Mean 13.95 60.91 2.24
Ranges 10.41–16.59 48.90–67.61 0–24.40
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Table 2. Cont.

No. Accession Grain yield (g/panicle) Moisture (%) Grain Color Sorghum Type

4 Lenthate 96.50 ± 6.065 nop 10.60 ± 0.1607 fghijklm Brown I
6 Mabele a sesotho 75.34 ± 6.065 bcdefghijklmno 10.48 ± 0.1607 bcdefghijklm Red I
8 Mammopane 84.30 ± 6.066 ghijklmnop 10.82 ± 0.1611 hijklm Brown I

10 Manthate 81.98 ± 6.054 fghijklmnop 10.81 ± 0.1607 hijklm Red I
11 Mapimkana 96.48 ± 6.065 mnop 10.75 ± 0.1607 hijklm Red I
12 Maseka a swere 88.10 ± 6.065 hijklmnop 10.55 ± 0.1607 cdefghijklm White I
13 SA 0009 87.05 ± 6.072 jklmnop 10.88 ± 0.1611 ijklm White I
16 SA 0062 81.73 ± 6.065 efghijklmnop 10.48 ± 0.1611 bcdefghijklm Brown I
22 SA 0133 86.49 ± 6.065 jklmnop 10.98 ± 0.1607 klm Brown III
24 SA 0213 84.51 ± 6.072 ghijklmnop 11.08 ± 0.1611 lm Red I
25 SA 0223 73.38 ± 6.065 abcdefghijklmno 10.50 ± 0.1607 bcdefghijklm Brown III
26 SA 0260 86.50 ± 6.065 ijklmnop 10.26 ± 0.1607 abcdefghijkl White I
30 SA 0390 84.50 ± 6.072 ghijklmnop 10.88 ± 0.1610 ijklm Brown III
38 SA 0567 66.76 ± 6.065 abcdefghijklmno 9.55 ± 0.1607 abcd White II
49 SA 0672 88.13 ± 6.072 lmnop 10.26 ± 0.1610 abcdefghijkl Brown I
50 SA 0673 84.89 ± 6.065 hijklmnop 11.28 ± 0.1610 m Brown I
53 SA 0696 73.38 ± 6.066 abcdefghijklmno 10.61 ± 0.1607 ghijklm Brown III
55 SA 0718 86.78 ± 6.065 ijklmnop 10.19 ± 0.1607 abcdefghijkl White II
61 SA 0954 89.30 ± 6.074 ghijklmnop 10.65 ± 0.1610 ghijklm White I
73 SA 1730 45.96 ± 6.066 abcdefg 10.85 ± 0.1607 ijklm White II
80 SA 2097 114.90 ± 6.065 p 10.59 ± 0.1607 efghijklm Brown III
91 SA 2913 56.00 ± 6.065 abcdefghijkl 10.58 ± 0.1610 efghijklm White II
93 SA 3710 101.12 ± 6.066 op 10.52 ± 0.1607 bcdefghijklm White II
94 SA 3711 87.20 ± 6.072 klmnop 10.48 ± 0.1611 bcdefghijklm Red III
100 Wahi 75.09 ± 6.074 abcdefghijklmno 10.50 ± 0.1611 bcdefghijklm White I

Mean 64.03 10.37
Ranges 36.7–114.9 9.36–11.28

Data represent mean ± standard error (SE). Different letters indicate significant differences (p < 0.05; Bonfer-
roni test).

3.3. Tannin Content, Grain Color and Sorghum Type Characterization

Tannin content ranged from zero to 24.40 mg CE/100 mg. Most accessions (75) were
characterized as type I sorghums in which 39 had white grain color, 28 had brown grain
color and only five had red grains. Tannin contents in this group ranged from zero to
0.90 mg CE/100 mg. Notably, 34 accessions in type I sorghums recorded zero or no tannin
content. Only seven accessions were characterized as type II sorghums and consisted
of only white grains. Tannin contents in this group ranged from 1.04 mg CE/100 mg to
11.32 mg CE/100 mg. Furthermore, 18 accessions were characterized as type III sorghums
which consisted of colored grains (17 brown and one red). Tannin content in this group
ranged from 1.01 mg CE/100 mg to as high as 24.40 mg CE/100 mg (Table 2). The list of all
accessions is shown in Supplementary Table S1.

The average tannin contents per sorghum type and grain color are presented in
Figure 1. Brown and white grains recorded zero tannins while red grains recorded 0.26 mg
CE/100 mg in type I sorghums. Type I sorghums do not have tannins or at least contain
slight tannins, below 1 mg CE/100 mg. White grains in type II sorghum recorded average
tannins of 4.73 mg CE/100 mg. In type III sorghum, brown grain recorded the highest
tannin content of 10.97 mg CE/100 mg, followed by red grains (8.68 mg CE/100 mg).
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Figure 1. Mean tannin content for different grain colors and sorghum types.

3.4. Correlation Coefficients

The correlation among the five traits evaluated is presented in Table 3. Positive and
highly significant correlations (p < 0.01) were recorded for starch and moisture contents, and
significant correlation was observed between starch and grain yield. Negative and highly
significant correlations were observed between protein and grain yield, starch, tannin and
moisture contents. Negative and highly significant correlation was also observed for starch
and tannin. The highest negative and significant correlation was observed between protein
and moisture contents (r = −0.609), while the lowest negative and significant correlation
was observed between starch and tannin content (r = −0.265). Furthermore, the highest
positive and significant correlation was observed between grain yield and moisture (0.440).

Table 3. Pearson’s correlation among crude protein, total starch and tannin contents in 100 sorghum
accessions.

Crude Protein Starch Tannin Grain Yield

Starch −0.356 **
Tannin −0.300 ** −0.265 **

Grain yield −0.273 ** 0.209 * 0.142
Moisture −0.609 ** 0.428 ** 0.056 0.440 **

*, ** Significant at the 0.05, 0.01 probability level, respectively.

3.5. Potential Accessions Selected for Future Breeding

From 100 sorghum accessions evaluated in the current study, 17 high yielding ac-
cessions were identified as potential value for future sorghum breeding (Table 4). The
accessions were selected based on their varied end usage and/or quality trait (starch,
protein and tannin). Seven accessions were selected for starch content and had over 64%
starch, with SA0213 recording the highest starch content of 67.43%. For crude protein,
seven accessions were selected and had over 14% protein content, with SA0572 recording
the highest protein content of 16.02%. It was interesting to note that the 14 accessions
selected for both starch and protein contents had no tannins or very little tannins (<1 mg
CE/100 mg). Only three accessions were selected for tannin content and had over 9 mg
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CE/100 mg of tannin content, with SA3710 recording the highest tannin content of 11.32 mg
CE/100 mg.

Table 4. Potential accessions selected for breeding.

No. Accession Protein
(%)

Starch
(%)

Tannin
(mg CE/100 mg)

Grain Yield
(g/Panicle)

Moisture
(%)

Selected accessions for starch content
24 SA 0213 11.23 67.43 0.00 84.89 11.28
98 SA0139 12.13 66.10 0.30 77.75 10.71
49 SA 0672 13.89 65.37 0.48 84.30 10.82
50 SA 0673 14.54 65.12 0.35 85.34 10.55
9 Mamolokwane 13.89 64.80 0.48 81.86 10.99

11 Mapimkana 12.96 64.79 0.29 75.09 10.50
100 Wahi 12.59 64.78 0.00 82.15 10.65

Selected accessions for crude protein content
39 SA 0572 16.02 56.10 0.00 79.17 10.13
70 SA 1564 15.65 57.26 0.00 75.22 10.56
21 SA 0126 14.94 57.64 0.00 78.73 10.16
61 SA 0954 14.81 62.33 0.00 98.26 10.60
26 SA 0260 14.53 61.47 0.13 86.50 10.26
92 SA 3125 14.49 61.78 0.09 81.48 10.16
78 SA 2080 14.21 61.54 0.46 80.43 10.22

Selected accessions for tannin content
93 SA 3710 14.48 57.82 11.32 101.12 10.52
30 SA 0390 10.41 61.05 10.41 84.50 10.88
80 SA 2097 12.00 65.33 9.69 114.90 10.59

3.6. Principal Component Analysis

The first two principal components (PC) had eigenvalues greater than 1 and cu-
mulatively explained about 95.72% of the total variation within the sorghum accessions
(Supplementary Table S2). The first PC accounted for the largest total variation (86.96%)
with the highest eigenvalue of 2.20. The variation in the first PC was due to protein (54.00%).
The second PC had an eigenvalue of 1.27 and accounted for 8.76% of the total variation due
to tannin (81.00%) and starch (54.00%).

The bi-plot analysis shows the positioning of accessions in the first two principal
components (Figure 2). Most accessions were plotted in the left quadrants and close to
each other, which included SA2453 (82) and SA2692 (85), and also SA0671 (48) and SA2690
(84). This indicates that the accessions that are very close to each other share common
ancestry. There were also accessions plotted far apart from one another, including SA0223
(25) and SA0221 (99). This indicates that the accessions are not closely related as they have
different ancestry. The bi-plot analysis also shows the contribution of the five traits in
the first two PCs. These traits were plotted in three different quadrants, reflecting their
negative correlation toward each other. However, a positive correlation was observed
between tannin and grain yield and between moisture and starch, plotted in the same
quadrants. Moisture content explained the most variation in PC1, while tannin explained
the most variation in PC2. The traits close to one in the biplot explain most of the variation
in each PC, like protein content in PC1 and tannin content in PC2.
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3.7. Cluster Analysis

Analysis of grain yield and grain quality contents clearly separated the 100 accessions
into five different clusters (Figure 3). Cluster I was the largest, consisting of 39 accessions,
of which 17 accessions were from South Africa (SA) and 16 were from United States
(US). The inclusions in the cluster were three accessions from Botswana followed by three
accessions each from Australia, Kenya and Lesotho. Cluster II was the second largest
group of 28 accessions. This cluster was dominated by 19 accessions from the US, seven
accessions from SA, and the two inclusions from Botswana. The third cluster (III) was the
smallest, with only two accessions, SA0221 (99) and SA0560 (37), from Eswatini and the
US, respectively. Nine accessions clustered together in cluster IV, in which five accessions
were from SA while four were from US. The last cluster (V) comprised 22 accessions, which
was dominated by 14 accessions from SA and four accessions from US. The other three
accessions were from the Southern African Development Community (SADC) region, each
from Botswana, Lesotho and Zimbabwe, respectively. Only one accession was from East
Africa (Kenya).

Accessions in cluster I recorded high average starch content of 62.02% and the lowest
grain yield of 54.64 g/panicle, while those in cluster II recorded the highest average protein
and lowest tannin contents of 15.15% and 0.67 mg CE/100 mg, respectively. Moreover,
accessions in cluster III recorded the highest average tannin content of 20.36 mg CE/100 mg
and the lowest moisture content of 9.75%, while cluster IV recorded high average moisture
and the lowest protein contents of 10.66% and 12.09%, respectively. It was also interesting
to note that the accessions in the last cluster (V) recorded the highest average grain yield of
85.74 g/panicle, starch of 62.74% and moisture content of 10.66% (Supplementary Table S3).
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4. Discussion
4.1. Variation in Grain Yield, Protein and Starch Contents

Analysis of variance showed highly significant differences for protein, starch, grain
yield and moisture content among the sorghum accessions across the two growing seasons
(G × S). A highly significant interaction between planting seasons and genotypes was
observed for protein, starch, grain yield and moisture content. This indicated that genotypes
(accessions) reacted differently to different planting seasons. Protein and starch contents
had slightly lower means in the second planting season as compared to the first planting
season. Unlike protein and starch, grain yield and moisture content in the second planting
season were higher than in the first planting season. This could be attributed to the relatively
high rainfall in the second growing season (2017/18). This phenomenon is brought by
the fact that sorghum grain quality is affected by several factors, including environmental
climate, soil type, genotype and fertilization across different growing seasons. This can
then affect the nutritional composition of grain sorghum.

In the current study, the best yielders were SA2097 (114.9 g/panicle), SA3710
(101.1 g/panicle), SA0954 (98.3 g/panicle), Lenthate (96.5 g/panicle) and Maseka a swere
(88.1 g/panicle) across seasons (as reported by Sejake et al. [19]). These accessions could
be included as parents in crossing programs to improve the yield with desirable traits like
protein and/or starch contents. Protein content showed a highly significant difference
across two seasons. For combined analysis, protein content ranged from 10.41% (SA0390)
to 16.59% (SA1278) with an average mean of 13.95%. Hamaker and Bugusu [13] reported
that protein content in sorghum grain ranges from 8 to 16%, which is similar to the findings
of the current study. This is also similar to the study reported by Mofokeng et al. [25], who
reported crude protein content of South African genotypes varying from 7.69 to 16.18%
compared to a mean of 13.07%. Ng’uni et al. [26] and Shegro et al. [27] also reported
crude protein content ranging from 9.7% to 16.3% and 8.08% to 15.26%, respectively. The
current study selected seven good yielding accessions based on their protein content as the
potential for future breeding. These accessions had very little tannins (<1 mg CE/100 mg)
and could be used in animal feed where protein is needed.

Highly significant differences were observed in starch content over both seasons
among sorghum accessions. Perez-Maldonado and Rodriguez [28] reported that starch
content in sorghum grain ranges from 63 to 74%, which is higher than the current finding. In
the present study, total starch ranged from 48.90% in SA0560 to 67.61% in SA2721 compared
to the average mean of 61.0%. Seven good yielding accessions were selected as potential
for future improvement of starch through breeding. These accessions also had no tannins
(or at least had less than 1 mg CE/100 mg) and can be used in nutrition where starch is
vital. Differences in starch content were also reported by Shegro et al. [27], who reported
starch content ranging from 32.11 to 57.09%, which was lower than the range in the current
study. Shegro et al. [2] also reported results similar to the current study, in which the starch
content ranged from 44.39 to 68.08%. Sorghum starch is very important in various food
and industrial products. The resistance of sorghum starch (slowly digestible) makes it ideal
for feeding people with obesity and diabetes [29]. Sorghum starch does not contain gluten,
making it a possible grain for gluten-sensitive people. Sorghum starch is also beneficial in
bio-ethanol production. Therefore, due to their high starch content, the seven accessions
selected for starch could also be used in bio-ethanol production.

The wide genotypic variability based on grain yield, crude protein and starch content is
essential to sorghum breeders as it provides them with nutritional information for parental
selection in crop improvement. Different sorghums have different end-use products, and
it is therefore vital to understand the market’s needs in order to develop new and high
yielding varieties with good nutritional quality traits like protein and starch. Furthermore,
the 14 accessions selected for both protein and starch were high yielders and did not have
tannins (if any, very little) because tannin is undesirable in nutrition. In the current study,
grain yield was positively correlated with starch content, which would be beneficial in
simultaneously improving both traits through breeding.
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4.2. Tannin Content

There were highly significant differences in tannin content, indicating a wide genetic
variation among the sorghum accessions. The tannin content had an average mean of
2.24 mg CE/100 mg with a range of zero in 34 accessions to as high as 24.40 mg CE/100 mg
in SA 0223. Identification of tannin content in sorghum was also determined by Re-
ichert et al. [30] who reported a wide variation among 1768 sorghum lines with tannin
content ranging from 0 to 11%, which is lower than the current study. Cheng et al. [18]
also conducted a similar study on 24 sorghum varieties using the vanillin-HCl method and
reported tannin contents ranging from 0 to 12.8%.

In the current study, 75 sorghum accessions were classified as type I sorghums, includ-
ing white, brown and red colored grains. The tannin content in this group ranged from
zero to 0.90 mg CE/100 mg. Type I sorghums are characterized by non-tannins (or those
less than 1 mg CE/100 mg) and lack a pigmented testa. Seven accessions (white grain)
were characterized as type II sorghums and recorded tannin contents ranging from 1.04 to
11.32 mg CE/100 mg. Type II sorghums have a pigmented testa with condensed tannins
which can only be extracted by acidified methanol, and they do not have the spreader gene.
Furthermore, 18 accessions (17 brown and 1 red) were characterized as type III sorghums
with tannin contents ranging from 1.01 to 24.40 mg CE/100 mg. Sorghums in type III
contain tannins in the testa and pericarp, and they have the spreader gene. Type I sorghums
had an average mean of 0.01 mg CE/100 mg, type II had 4.73 mg CE/100 mg and type III
had a mean of 9.83 mg CE/100 mg. Similar results were reported by Dykes and Rooney [31]
who recorded tannin contents of 0.28 g/kg (in type I), 4.48 g/kg (in type II) and 11.95 g/kg
(in type III). Cheng et al. [18] reported results that were lower than the current study, in
which type I had 0.08%, type II had 1.9%, and type III had 5.3% tannin contents.

The presence of tannins in sorghum grains affect the protein digestibility by binding
to the proteins, making them indigestible. Generally, tannins are not desirable in nutritive
value, especially as food for humans or animal feed [14]. From the current study, accessions
in type I without tannins, which included SA0213, SA0572, Maseka a sware and Mam-
mopane, could be used in nutrition. However, sorghums with moderate tannin (0.1 to
0.6 mg CE/100 mg) can also be used as forage to provide better animal growth [18]. Lu and
Sun [32] reported that many areas in China use sorghums with moderate tannins for high
quality liquors. Apart from disadvantages, tannins protect sorghum grains from insect
pests, grain mold and bird damage [18], especially in humid areas (disease fest) like Cedara
in KwaZulu-Natal and also in Potchefstroom (North West) where bird damage is severe.
Therefore, accessions with high tannins could be suitable for these areas. Tannins are also
desirable in the leather tanning industries [30]. Therefore, accessions SA3710, SA0390 and
SA2097 selected for tannin, which had high tannin contents, will be suitable in the leather
tanning industry.

4.3. Heritability Estimates

Broad sense heritability plays a key role in selection of the genotypes in crop improve-
ment because it indicates ability of a trait of interest to be transferred from one generation to
the next [24]. The moderate h2

B recorded for protein and starch suggests that the impact of
the genes and the environment is equally expressed in the phenotype. Therefore, selection
of these traits can be performed with average levels of efficiency. On the other hand, h2

B for
grain yield was unexpectedly high, probably due to the fact that only grain yield per panicle
(g) was measured in this study. Grain yield is a product of different yield components
and agronomic traits, with a larger proportion of the phenotypic variability due to the
environment. It will therefore be interesting to explore and quantify the magnitude of
genetic variation and heritability for all the different grain yield components and agronomic
traits in the studied sorghum panel in different environments. The magnitude of variance
components will be important in understanding the level of trait expression and mode of
gene action controlling important traits, hence better adoption of efficient selection.
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4.4. Correlations

Positive and highly significant correlations were observed between starch and grain
yield. This phenomenon suggests that there is significant starch content in high grain
yielders, indicating the possibility of simultaneous improvement of these traits. This study
showed strong negative and highly significant correlations between starch and protein
traits. Ng’uni et al. [26] also reported negative correlations between these traits. Although
Ng’uni et al. [26] reported a negative correlation between protein and starch, the traits were
non-significant, disagreeing with a highly significant correlation between the two traits
in the current study. Shegro et al. [27] also reported non-significant correlation between
protein and starch, also disagreeing with the findings in the current study. This negative
correlation between starch and protein implies that improving starch content will have
a negative effect on protein content, and this phenomenon is beneficial in breeding and
selecting sorghum cultivars for bioethanol production where high starch content is desired.
Furthermore, observing the negative correlation of tannin content with both protein and
starch contents was of interest. This negative correlation means that the presence of tannins
affects protein and starch digestibility by binding to and precipitating proteins and starch
components, making them poorly digestible [16]. The relationship between traits helps
breeders in simultaneous selection of traits of interest.

4.5. Principal Component Analysis

The five traits (starch, protein and tannins, moisture and grain yield) were analyzed
using multivariate analysis to investigate the contribution of each trait to total variation
among accessions. Eigenvalues greater than one are significant, while the component
loadings greater than 0.3 are regarded as informative [33,34]. Therefore, the first two PCs
with eigenvalues greater than 1 cumulatively explained about 95.72% of the total variation
within the sorghum accessions. Similar results were also reported by Felix et al. [35],
showing the first two PCs with eigenvalues greater than 1 and explained 69.6% of the total
variation among the sorghum accessions. Shegro et al. [2] reported on the first three PCs
with eigenvalues greater than one and cumulatively explained about 99.62% of the total
variation among sorghum accessions.

In the current study, the first PC accounted for most of the variation (86.96%) which
was due to crude protein content. The second PC accounted for 8.76% of the variation,
which was due to starch and tannins. It was interesting to note that in both PC1 and PC2
the starch content had large negative loadings. This is similar to the study reported by
Shegro et al. [2], in which starch content also had large negative loadings. These negative
loadings indicate the inverse relation between factor and variable. The accessions were
scattered across all four quadrants on the first and second PCs, indicating a wide genetic
diversity among sorghum accessions based on grain yield and quality traits. Felix et al. [35]
suggested that close accessions on the scatter plot share common traits, whereas those that
are far apart are extremely different. Although most of the accessions were positioned
near the origin, SA0223 (25), SA0560 (37) and SA0221 (99) were extreme accessions which
could be used in breeding for extreme traits that are uncommon in other accessions. These
accessions recorded the highest tannin contents of 24.40, 18.33 and 22.38 mg CE/100 mg,
respectively. Although these accessions recorded relatively higher protein contents of
12.02%, 14.14% and 15.59% respectively, their use in breeding is, however, channeled
towards improvement for leather tannin since they have the highest tannin contents.

Accessions on the top left quadrant had similar protein contents, the bottom left had
similar starch and moisture contents, and the bottom right had similar grain yield and
tannin contents. These multivariate analyses help plant breeders to identify traits that
contribute highly to genetic variability among accessions. Therefore, they can then easily
select parents for crop improvement.
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4.6. Cluster Analysis

Understanding the genetic basis and nutritional composition of sorghum germplasm
is of great importance to plant breeding and food security. In the current study, the
100 sorghum accessions were grouped into five distinct clusters. The largest cluster (I)
comprised 39 accessions characterized by high starch content and the lowest grain yield. In
this cluster accessions from the SADC region grouped together while the ones from USA
grouped together. Cluster II had 28 accessions characterized by highest protein and lowest
tannin contents. This cluster was dominated by accessions from USA, which were grouped
together, but with exceptions of accessions from the SADC region. The two accessions in
cluster III had the highest tannin contents and the lowest moisture content. Cluster IV
had nine accessions characterized by high moisture and lowest protein contents. In this
cluster, accessions from SA were grouped together while the other accessions from USA
grouped together. Cluster V had 22 accessions characterized by the highest grain yield,
starch and moisture contents. Accessions from SA dominated the cluster and they were
grouped together with a few exceptions.

Similar accessions clustered together while dissimilar accessions clustered differently
or in different clusters. The differences in the accessions is due to their genetic makeup and
nutritive composition. Clustering of sorghum accessions based on biochemical traits was
also reported by Shegro et al. [2], who grouped 22 sorghum accessions into three major
clusters. Felix et al. [35] also used biochemical traits to cluster 30 sorghum accessions into
four distinct clusters. In the current study, there was a wide genetic variability among the
studied sorghum accessions, which could be helpful to the breeding program in parental
selection for crop improvement with traits of interest. Genetic diversity serves as a foun-
dation to plant breeding, and it is therefore important to understand the genetic basis of
sorghum germplasm for crop improvement.

5. Conclusions

The sorghum accessions assessed were significantly diverse in yield and nutritional
traits, as revealed by crude protein, starch, moisture and tannin contents in this study.
Combined ANOVA showed highly significant (p = 0.01) variations among 100 sorghum
accessions for grain yield, moisture, starch, protein and tannin contents. Grain quality
contents (protein and starch) had slightly lower mean values in the second growing season
as compared to the first growing season, which is attributed to the relatively high rainfall
in the second growing season. Seven high yielding accessions SA0213, SA0139, SA0672,
SA0673, Mmanolokwane, Mapinkana and Wahi were identified as potential for future
sorghum starch improvement through breeding. This includes the potential to feed people
with obesity and diabetes and also in bio-ethanol production. Another seven high yielding
accessions SA0572, SA1564, SA0126, SA0954, SA0260, SA3125 and SA2080 were identified
for high grain protein. The presence of tannins in sorghum grains affects protein digestibil-
ity, so sorghum with tannins is not desirable in nutritional value. However, tannins have
other industrial benefits, like leather tanning. As such, the current study recommended
accessions with high protein but very low in tannin content for human consumption and
those with high tannins for industrial use (e.g., leather tannin). The variability observed
in grain yield and quality traits among the sorghum accessions maintained at ARC justify
their continuous safeguarding for future use through regeneration and maintenance. Seeds
of these studied accessions are part of the National Sorghum Germplasm Bank in South
Africa and can be made available upon request for the purpose of research and or breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123089/s1, Table S1: Mean values of grain protein,
starch, tannin, moisture, grain yield and sorghum types based on tannin content; Table S2: Prin-
cipal component analysis of biochemical traits among sorghum accessions showing eigenvectors,
eigenvalues, individual and cumulative percentage of variation explained by the first two principal
components (PC) axes; Table S3: Cluster-wise mean values for all the accessions.
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