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The effects of plant color, pericarp thickness, pigmented testa, and spreader genes on phenols and
antioxidant activity levels of 13 sorghum genotypes were evaluated. Total phenols, condensed tannins,
flavan-4-ols, and anthocyanins were measured. Antioxidant activity levels using the 2,2'-azinobis(3-
ethyl-benzothiazoline-6-sulfonic acid) and 2,2-diphenyl-1-picrylhydrazyl assays were evaluated.
Sorghums with a pigmented testa and spreader genes (B;B>S) had the highest levels of phenols
and antioxidant activity. In addition, sorghums with purple/red plants (PQ) and thick pericarp (z) genes
had increased levels of phenols and antioxidant activity. Sorghums with a black pericarp had higher
levels of flavan-4-ols and anthocyanins than the other varieties. This suggests that genes for plant
color, pericarp thickness, presence of a pigmented testa, and spreader genes increase phenols and
antioxidant activity levels. This information can be useful in the production of sorghums with increased
phenols and antioxidant activity levels.

KEYWORDS: Sorghum bicolor (L.) Moench; total phenols; flavan-4-ols; anthocyanins; antioxidant activity;
ABTS; DPPH

INTRODUCTION gene with thin pericarp dominant to thick pericarp. Finally,
secondary plant color is controlled by tReandQ genes, which

Sorghum Borghum bicolo(L.) Moench] is the fifth leading interact epistatically to produce purple, red, and tan pigmented

cereal crop in the world and is used primarily in Asia and Africa

as a food cropl). The United States, however, uses sorghum plants 6).

mainly as a feed grain. More recently, several additional ~ Sorghum phenols protect plants against insects and diseases

potential health and pharmaceutical benefits of sorghum have(4), and they can also act as antioxidants in vitp 7). Free

been reported. These include slow digestibility, cholesterol radicals play a role in diseases such as cancer, atherosclerosis,

lowering, cardiovascular disease reduction, and anticarcinogenicrheumatoid arthritis, inflammatory bowel disease, and cataracts

properties 2, 3). (8), and phenolic compounds may decrease the risk of these
While all sorghums contain phenolic compounds, the amount diseases by lowering the amount of free radicals. Other roles

present in any particular cultivar is influenced by its genotype of antioxidants include antifungal, antibacterial, and antiviral

and the environment in which it is grown. In addition, these agents 9).

same factors affect the color, appearance, and nutritional quality ~Because sorghum is a source of phenols that have varying

of the grain and its productsi). The pericarp color of the  antioxidant potential, it is necessary to isolate and characterize

sorghum kernel is controlled by the and Y genes, which  {he phenolic compounds in sorghums to determine sources of
interact epistatically to produce red, yellow, and white pericarp compounds with unique attributes. Awika et &) found that

colors ©). A pericarp is white when the locus is homozygous i tannin and sumac sorghum brans have higher oxygen
recessiverfyy or R_yy; itis yellowin the presence of recessive radical absorbance capacity values than common fruits. There-

alleles at theR locus and at least one dominant allele at the fore, these sorghums are a good source of antioxidants, which

locus ¢rY_). When bothR andY loci possess a dominant allele : . - .
(R_Y), the pericarp is red. The presence of a pigmented testa.have the potential to be used in the functional food/nutraceutical

is controlled by thed; andB; genes, which interact in duplicate |ndu.stry. To date, there is limited data on the antioxidant activity
dominant epistasisBq_B, ) to produce a pigmented testa. The of different sorg.hum genotypes. o
spreader gens controls the presence of pigments and tannins ~ Because cultivar affects phenols content, the antioxidant
in the epicarp while pericarp thickness is controlled by Zhe  potentials of sorghum grains with clearly identified genotypes
were analyzed for total phenols, condensed tannins, flavan-4-

*To whom correspondence should be addressed. Tel: 979-845-2925.0|S’ anthocyanins, and antioxidant activity. _Th'S manuscrlpt
Fax: 979-845-0456. E-mail: Idykes@ag.tamu.edu. reports on the content of these compounds in sorghum grains
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Table 1. Genotypes and Physical Characteristics of Sorghum Varieties

Dykes et al.

plant pigmented
sample line designation genotype color testa pericarp grain appearance

1 02CA4796 b1b1B2B2SSRRyyZZPPqq tan absent white, thin pearly, white

2 B.01336 b1b1B,B2SSRRYYZZPPqq tan absent red, thin pearly, yellowish red

3 99GW092 b1b1B2B2SSRRYYZZPPqq tan absent red, thin pearly, orange-brown

4 98BRON155 b1b1B2B2SSRRYYZZPPqq tan absent red, thin pearly, yellowish red

5 98CA4779 b1b1B2B2SSRRYYZZPPQQ purple absent red, thin pearly, orange

6 B.9904 b1b1B2B2SSRRYYZZPPQQ red absent red, thin pearly, brown

7 SC103-12 x b1b1B2B2SSRRYYZZPPQQ purple absent red, thin pearly, yellowish-brown
SC748-5E (light)

8 Tx2911 b1b1B2B2SSRRYYzzPPQQ red absent red, thick chalky, red

9 99LGWO50 b1b1B2B2SSRRYYzzPPQQ red absent red, thick chalky, red

10 Tx430 Black b1b1B2B2SSRRYYzzPPQQ purple absent red, thick black

11 SC719-11E B1B1B:BssRRYYzzPPQQ red present red, thick chalky, red

12 SC103-12 x B1B1B,B;SSRRYYzzPPQQ purple present red, thick chalky, dark brownish-red
SC748-5E (dark)

13 Black PI Tall B1B1B:B,SSRRYYzzPPQQ purple present red, thick black

that vary in pericarp color, mesocarp thickness, and the presencdable 2. Cielab L* a* and b* Values of Sorghum Grains (Mean +

and intensity of the pigmented testa layer. SD, n=3)
sample L* ar b*
MATERIALS AND METHODS
1 62.24 +0.13 3.80+0.10 19.20+£0.18
Materials. Thirteen sorghum varieties were grown in a sorghum 2 42.64 +0.45 1258 £0.18 1344 +0.24
breeding nursery in College Station, TX, in 2003; their designations 3 41.96 +0.09 13.02£0.31 13.73+0.25
and genetic and physical descriptions are summariz&alite 1. The 4 46.45+0.14 12.38 £0.34 18.04 £0.17
line designations for the germplasm were given by breeders in the Texas 2 3‘1‘% f 882 iggg f 8(1)2 g;g f 812
Agricultural Experiment Station (TAES) Sorghum Improveme_nt Pro- 7 43244014 1252 4 0.16 1469 +0.17
gram, and the genotype of each line was based on observations made g 40.34 +0.14 17.87 +0.01 13.01+ 001
by TAES sorghum breeders. Sample 1, a tan plant white pericarp 9 39.14 + 0.23 16.17 +0.11 10.86 + 0.28
sorghum free of evident pigments, was used as the control. All sorghum 10 34.62 + 0.20 353+ 0.03 3.00 +0.07
samples were collected at maturity; they were air-dried and manually 11 41.70 £ 0.15 18.26 £ 0.13 14.90 £0.12
cleaned, and all glumes were removed from the grains. 12 36.48 +0.22 9.93+0.10 7.39+0.13
Gallic acid, catechin hydrate, and 2@inobis(3-ethyl-benzothia- 13 3261+0.07 229£0.09 141+0.06

zoline-6-sulfonic acid) (ABTS) were obtained from Sigma (St. Louis,
MO). The 2,2-diphenyl-1-picrylhydrazyl (DPPH) was obtained from
Acros Organics (Morris Plains, NJ), and Trolox was obtained from (apigeninidin). Antioxidant activities of sorghum extracts were assessed
Aldrich (Milwaukee, WI). All solvents were reagent grade. in vitro by the ABTS and DPPH assays as described by Awika et al.
Sample Preparation.Samples were ground for 1 min using a Braun (7).
KSM2 coffee grinder (Gillette Co., MA) prior to analysis. For all assays Statistical Analysis. All values are expressed as meanstandard
with the exception of the DPPH assay, samples 0.5 g) were deviation (SD) for three replicates. Mean values of sorghum phenols
extracted in 25 mL of 1% HCl/methanol (v/v)rf@ h while shaking at and antioxidant activity levels are presented in graphs in descending
low speed using an Eberbach shaker (Eberbach Corp., MI). For the order. The Pearson correlation was used to determine relationships
DPPH assay, samples (6:2.5 g) were extracted in aqueous 70% between sorghum phenols and antioxidant activity and between sorghum
acetone (v/v) fo 2 h while shaking at low speed. The extracts were phenols and grain color. Statistical analysis was done using SPSS
then centrifuged at 2790for 15 min in a Sorvall SS-34 centrifuge  version 11.0 (SPSS Inc., Chicago, IL).
(DuPont Instruments, Wilmington, DE) and were decanted. To avoid
oxidation, extracts were stored in the dark-820 °C and analyses
were performed within 24 h.

Analytical Procedures. Color measurements were obtained using Sorghum Grain Characteristics. Samples 10 and 13 had
a Minolta CR-310 Colorimeter (Osaka, Japan). Measurements werethe [owest* values (32.6-34.6), which means that they were
expressed as Commission Internationale de I'Eclaitage*, and b* the darkest in color while sample 1 had the higHestvalue
(CIELAB) (10). Total phenols of the acidified methanol extracts were (62.2) (Table 2). This was expected since the grains of samples

measured using the modified Foti€iocalteu method of Kaluza et al. : .
(12). One aliquot of the extract (0.1 mL) was diluted with 1.1 mL of 10 and 13 have a black pericarp while those of sample 1 have

water and was then reacted with 0.4 mL of Folin reagent and 0.9 mL & White pericarp and are grown on plants with a tan secondary
of 0.5 M ethanolamine. The reaction was allowed to stand for 20 min Plant color. All samples had positiv& values, which means

at room temperature, and the absorbance was read at 600 nmthat they were more red than green. With the exception of
Condensed tannins were measured using the modified vanillin/HCI sample 1, thea* value increased as tHe* value increased.
assay as described by Price et &P)( Flavan-4-ol content was measured ~ Sample 10 had a highe* value than was expected since the
using the modified method of Govindarajan and Mathé8).(One hilar area, which was covered by the glume during its develop-
aliquot (1 mL) of the extract was reacted with 5 mL of H@iutanol ment, was light red, which affected the redness value. This was
reagent, which was prepared by dissolving 0.0616 g of RE3€0 not observed with sample 13, which was completely black. The
in 5% HCI in secbutanol (v/v). The reaction was allowed to stand for b* value was also positive for all samples, which means that

1 h at room temperature, and the absorbance was read at 550 nmth llow than blue: the value i d as th
Anthocyanin content was measured using the method of Fuleki and ey were more yeliow than biue, valueé increased as the

Francis (4). One aliquot of each sample was diluted 2-fold using the P* value i'_wreased-
extraction solvent and was left to stand fbh atroom temperature in Evaluation of Sorghum Total Phenols.Plant color affected
the dark. Absorbance was read at 485 nm (luteolinidin) and at 465 nm total phenol contentigure 1). Sorghum grains grown on plants

RESULTS AND DISCUSSION
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Figure 1. Total phenol levels of sorghum grains with red pericarp (GAE,
gallic acid equivalents). Superscripts a and b represent varieties with
B;B,SS and B;B;ss genes, respectively.

B Purpleired plant, thick pericarp
[E Purplefred plant, thin pericarp
O Tan plant, thin pericarp

[ Tan plant, white thin pericarp

- =2} o

Phenols (mg GAE/g)

(X]

I

1

20

B Purple/red plant, thick pericarp
E Purplefred plant, thin pericarp
O Tan plant, thin pericarp

O Tan plant. white thin pericarp

@

Tannins (mg CE/g)
© <

0 - LEE - == N — —
12 13 11 ] 8 3 ] 5 7 4 2 1 10
Sample

Figure 2. Condensed tannin levels of sorghum grains with red pericarp
(CE, catechin equivalents). Superscripts a and b represent varieties with
B;B,SS and B;B;ss genes, respectively.

with purple/red secondary plant color, with the exception of
samples 5 and 6, had higher levels of total phenol{8.D mg
gallic acid equivalents (GAE)/g] than those from tan plants
(2.1-2.6 mg GAE/g). Sorghums with a thick pericarp had higher
total phenols (4.£8.9 mg GAE/g) than those with a thin
pericarp (2.+3.1 mg GAE/g). However, sorghums with a thin
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Figure 3. Flavan-4-ol levels of sorghum grains with red pericarp.
Superscripts a and b represent varieties with B;B8,SS and B;B,ss genes,
respectively.

and eriodictyol) and may be precursors of anthocyanidins in
sorghums 17). In addition to the possibility of reducing mold
damage in sorghumsl8—20), these compounds may act as
antioxidants and have health benefits; however, evidence on
their health-related benefits is lacking. Flavan-4-ols in tan plant
sorghums were lowest (2-2.7 abs/mL/qg), followed by purple/
red plant sorghums with a thin pericarp (38.6 abs/mL/g)
(Figure 3). Purple/red plant sorghums with a thick pericarp had
the highest levels of flavan-4-ols (4-3.3 abs/mL/g), especially
those with a black pericarp. A positive correlation between total
phenols and flavan-4-ols € 0.70,p < 0.01) (Table 3) suggests
that total phenols are contributed mostly by flavan-4-ols in red
pericarp sorghums. This was especially true among nontannin
sorghums, which showed a much stronger correlatien .94,

p < 0.001) Table 3).

Evaluation of Sorghum Anthocyanins.The most common
anthocyanins in sorghums are the 3-deoxyanthocyanidins, which
include orange luteolinidin and yellow apigeninidiy 8, 21—

24). Both compounds have good potential for use as natural
colorants due to their pH stability28, 24). The levels of
anthocyanins in the sorghums evaluated had the same pattern
as found for the flavan-4-ol$={gure 4). Sorghums with a black
pericarp (samples 10 and 13) contained the highest levels of
anthocyanins, followed by those from purple plants with a thick

pericarp from purple/red plants had total phenol levels similar pericarp. Sorghums with a black pericarp are genetically red,
to those from tan plants. This agrees with the results of Beta etbut when maturing in the presence of sunlight, their pericarp
al. (15 who found a positive relationship between pericarp turns black. In general, the varieties had higher levels of
thickness and total phenols. The presence of the pigmented testduteolinidin than apigeninidin; these compounds were strongly
geneB;B; and the spreader gerieincreased total phenols. correlated with each other & 0.99,p < 0.001) as found in
Grains withB;B,S genes had the highest levels of total phenols previous studies2Q, 25). Characterization of these compounds

(8.80-8.89 mg GAE/qg).

Evaluation of Sorghum Condensed TanninsOnly three
varieties (samples }113) contained a pigmented testa and had
significant amounts of condensed tanniRg(re 2). Sorghums

using high-performance liquid chromatography is necessary to
determine which ones are predominant in these genotypes. A
correlation between flavan-4-ol and anthocyanin contants (
0.87,p < 0.001) Table 3) was observed. The same was

without a pigmented testa did not show any significant quantities observed among nontannin varieties especially between flavan-
of condensed tannins. The low levels of absorbance were due4-ols and apigeninidinr(= 0.86,p < 0.001). No significant

to other phenolic compounds that react with vanillibg)(

correlation was found between total phenols and anthocyanin

Samples 11 and 13 had similar levels of condensed tanninscontent, which was previously reported by Awikz6).

[11.9-12.0 mg catechins equivalents (CE)/g] while sample 12

Correlations between Pericarp Color and Sorghum Phe-

contained 15.5 mg CE/g. This was not expected since samplenols. There were some significant correlations between pericarp

13 has a dominant spreader g&h&orghums with a dominant

color and sorghum phenol$#ble 4). The negative correlation

spreader gene usually have higher tannin levels than those withbetween the.* value and total phenols & —0.69,p < 0.01)

a recessive gend ).
Evaluation of Sorghum Flavan-4-ols.Red pericarp sor-

suggests that darker grains contain higher levels of phenolic
compounds. A stronger negative correlation betweenlLthe

ghums have flavan-4-ol compounds, such as luteoforol and value and flavan-4-ol content &= —0.84,p < 0.001) was
apiforol, which are produced from flavanones (i.e., naringenin observed, suggesting that dark pigments in the pericarp increase
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Table 3. Pearson’s Correlation Coefficients among Sorghum Phenols and Antioxidant Activity?
all sorghum varieties nontannin sorghum varieties
FL-4-OL LUT APIG ABTS DPPH FL-4-OL LUT APIG ABTS DPPH
PHE 0.70b 0.55 0.56 ¢ 099a 0.98a 0.94a 0.65¢ 0.67¢c 0.97a 097a
FL-4-OL 0.87a 0.87a 0.65¢c 0.62c 0.85h 0.86a 0.88a 0.96 a
LUT 0.99a 0.47 1.00 a 0.56 0.74c
APIG 0.48 0.58 0.75¢
ABTS 097a 0.94a

aPHE = total phenols; FL-4-OL = flavan-4-ol; LUT = luteolinidin; and APIG = apigeninidin. Letters a, b, and ¢ indicate p < 0.001, p < 0.01, and p < 0.05, respectively.
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Figure 4. Luteolinidin and apigeninidin levels of sorghum grains with red
pericarp. Superscripts a and b represent varieties with B;B,SS and B;B.ss
genes, respectively.

Table 4. Pearson’s Correlation Coefficients among Sorghum Phenols
and CIE L* a* and b%

PHE FL-4-OL LUT APIG
L* -0.69b -0.84a -0.61c -0.62¢
ar -0.15 -0.27 -0.59¢ -0.58¢
b* -0.72b -0.90a -0.85a -0.85a

2PHE = total phenols; FL-4-OL = flavan-4-ol; LUT = luteolinidin; and APIG
= apigeninidin. Letters a, b, and ¢ indicate p < 0.001, p < 0.01, and p < 0.05,
respectively.

the levels of flavan-4-ols. A weak correlation between Ithe
value and anthocyanin content was observed (-0.61,p <

0.05). This is in contrast to Gou23), who observed a much
stronger correlation between the value and anthocyanin
content ( = —0.82). Theb* value also correlated with flavan-

4-ol (r = —0.90,p < 0.001) and anthocyanim & —0.85,p <

0.001) contents as found by Gou3). No significant correla-
tions were found between tre& value and both total phenols

and flavan-4-ols.
Evaluation of Antioxidant Activity in Sorghums. Sorghums

with dominantB;B; genes had the highest antioxidant activity,

especially the varieties with the doming®gene Figure 5).

The antioxidant activity came mainly from condensed tannins,
which have demonstrated higher antioxidant activity in vitro

than other phenolic compound§, 7).
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Figure 5. ABTS and DPPH values of sorghum grains with red pericarp
(TE, Trolox equivalents). Superscripts a and b represent varieties with
B;B,SS and B;B;ss genes, respectively.

which is rich in phenolsZ6). A strong correlation between total
phenols and antioxidant activity was observed (total phenols
vs ABTS,r = 0.99; total phenols vs DPPIH= 0.98) indicating

an association between pericarp thickness and antioxidant
activity. Thick pericarp sorghum grains contain starch granules
in the mesocarp2@) and are more susceptible to molds and
weathering 15) causing the production of phytoalexins such
as 3-deoxyanthocyaningg, 30). This study shows that sorghum
grains with dominanPQ (purple/red plant) and recessizéthick
pericarp) genes increase antioxidant activity. To our knowledge,
this is the first time that this type of information is reported,
which is important for the selection of sorghums used for
functional foods.

The strong correlations between total phenols and antioxidant
activity could be due to samples 413, which contain
condensed tannins and therefore increase the correlations.
However, when samples 1.3 were removed from the set,
strong correlations were still observed (total phenols vs ABTS,
r = 0.97; total phenols vs DPPH,= 0.97) (Table 3), which
indicate other phenolic compounds such as flavan-4-ols or
anthocyanins are contributing to the antioxidant activity in
sorghums. These findings suggest that total phenol content is a
good predictor of in vitro antioxidant activity. Among all
sorghum varieties, a weak correlation was found between
antioxidant activity and flavan-4-ols while no correlation was
found between anthocyanins and antioxidant activigie 3).
However, when determining the correlations without samples

Plant color and pericarp thickness affect antioxidant activity. 11—13, the correlation between antioxidant activity and flavan-
Sorghums from purple/red plants had a higher antioxidant 4-ols increased. A weak correlation was found between antho-

activity than those from tan plants. From the purple/red plant cyanins and antioxidant activity among the nontannin sorghums.

category, sorghum grains with a thick pericarp had a higher

Among the nontannin sorghum samples, sampte$®Bhad

antioxidant activity than those with a thin pericarp. This confirms the highest antioxidant activity by the ABTS and the DPPH
that the antioxidant activity comes mainly from the pericarp, assaysKigure 5). Interestingly, samples 8 and 9 had a higher
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