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ABSTRACT: Extracts from leaf sheaths of farmers 0 varieties of dye sorghum cultivated and used in Benin as a source of biocolorings
were analyzed for their anthocyanidin and phenolic contents, as well as their antioxidant capacity. The aim was to identify and
quantify the types of anthocyanin and phenolic acids. The total anthocyanin content of the leaf sheaths ranged from 13.7 to 35.5 mg
of cyanidin 3-glucoside equivalent/g of dry matter (DM), with an average of 27.0 mg/g. The total anthocyanin content is 90 times
higher than levels usually reported in fruits and vegetables. Anthocyanin consisted essentially of apigeninidin and luteolinidin, two
3-deoxyanthocyanidins with many applications in food, beverage, and pharmaceutical industries. The apigeninidin content of the
leaf sheaths was 30 times higher than that in cereal bran and ranged from 14.7 to 45.8 mg/g, with an average of 31.3 mg/g. The
amount of luteolinidin ranged from 0.4 to 2.4 mg/g, with a mean of 1.2 mg/g. The total phenolic content expressed as gallic acid
equivalent averaged 95.5 mg/g. The free phenolic acids identified were benzoic acid, p-coumaric acid, and o-coumaric acid at
amounts of 801.4, 681.6, and 67.9 μg/g, respectively. The leaf sheaths of dye sorghum have an antioxidant capacity [3.8-5.6 mmol
of Trolox equivalent (TE)/g of DM] much higher than that reported for cereal bran and fruits and vegetables.
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’ INTRODUCTION

The increasing awareness of environmental pollution and
toxicity associated with the use of synthetic dyes has led to a revival
of interest in plant-derived dyes1 and a demand by consumers for
safe natural foods. Food industries use coloring agents to produce
foods with various organoleptic and therapeutic attributes. Some of
these coloring compounds are synthetic, while others are natural,
such as cochenille (E-120), beetroot red (E-162), and anthocyanins
(E-163). These natural colorants are safe and have attractive bright
colors. In addition, certain functional properties, i.e., antioxidant
activities and a reduction of chronic diseases, related to natural
pigments make them of particular interest to processors and
consumers. A challenge to the food industry is to replace synthetic
dyes by natural ones.2 Considerable research is currently directed
toward the identification and characterization of pigments from
plant sources, such as vegetables,3 fruits, and flowers.

Sorghum spp. are cereal crops, which are important as a food
crop in Africa.4 However, not all sorghum is mainly used for food;
in Benin, some farmers 0 varieties, referred to as dye sorghum, are
primarily grown for their pigments that are concentrated in the leaf
sheaths adjacent to the stem of the plant.5 Morphologically, dye
sorghum [Sorghum bicolor (L.) Moench] resembles grain sorghum;
the main difference is the ability to produce red pigments in the leaf
sheaths. Dye sorghum is in the field from May to December.
Harvesting of the leaf sheaths starts early, viz., 2 months after
planting, and is performed weekly until the plant reaches the
flowering stage and the production of the leaf sheath stops. As
much as 1.5 tons of leaf sheaths can be harvested per hectare under

traditional farming conditions. The production of dye sorghum is
primarily performed by rural women, who derive a direct benefit
from the commercialization of the leaf sheaths. Dye sorghum has
been used in Benin and other African countries for centuries. The
watery dye extracted from the leaf sheaths is used as biocolorings for
foods (e.g., local cheese and porridge), leather, wickerwork, and
ornamental calebashes, as lick stones for cattle, and in traditional
medicine. The derived food products have a reddish, bright, and
attractive color, which is highly appreciated by consumers. In
addition, local people use dye sorghum to prepare a red infusion
to treat anemia and menstrual disorders.

Sorghum is known to synthesize a unique class of flavonoid phy-
toalexins, 3-deoxyanthocyanidins, during defense responses.6,7 How-
ever, whether the concentration of pigments in the leaf sheaths of dye
sorghum is also a defense response has not yet been established.
Sorghum is the only plant known to contain significant quantities of
luteolinidin and apigeninidin (both 3-deoxyanthocyanidins), which
are not commonly found in higher plants. Commonly, anthocyanins
are isolated from either the grain or its pericarp. Nip and Burns8,9

isolated apigeninidin and luteolinidin from the seeds of red andwhite
sorghum varieties. Kouda-Bonafos et al.10 found apigeninidin in the
sheaths of Sorghum caudatum, and both 3-deoxyanthocyanidins are
also reported as the major anthocyanidins from black sorghum
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varieties.11,12 The 3-deoxyanthocyanidins offer many applications in
food, beverage, and pharmaceutical industries.13 They are recognized
as health-promoting phytochemicals; e.g., it has been demonstrated
that they are more cytotoxic on human cancer cells than the
3-hydroxylated anthocyanidin analogues. At 200 μM, luteolinidin
reduced the viability of HL-60 and HepG2 cells by 90 and 50%,
respectively.14 Recently Yang et al.15 demonstrated that the sorghum
3-deoxyanthocyanidins possess strong phase-II enzyme inducer acti-
vity and cancer cell growth inhibition properties. However, informa-
tion on contents and characteristics of pigments from dye sorghum
grown in West Africa is scarce.

In the present study, we assessed the anthocyanin and pheno-
lic contents in extracts from leaf sheaths of dye sorghum and their
antioxidant capacity. In addition, the anthocyanidins and phe-
nolic acids were characterized by high-performance liquid chro-
matography (HPLC).

’MATERIALS AND METHODS

Chemicals and Reagents. 6-Hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid (Trolox), 2,20-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid)diammonium salt (ABTS), 2,4,6-tripyridyl-s-triazine
(TPTZ), 2,20-diphenyl-1-picrylhydrazyl (DPPH), trifluoroacetic acid,
potassium persulfate, sodium hydroxide, Folin-Ciocalteu reagent, and
phenolic acid standards (gallic acid, protocatechuic acid, 4-OH-benzoic
acid, vanillic acid, caffeic acid, p-coumaric acid, o-coumaric acid, and
trans-ferulic acid) were purchased from Sigma-Aldrich (Vienna,
Austria), and anthocyanidin standards (apigeninidin, cyanidin 3-gluco-
side, cyanidin 3-galactoside, cyanidin, delphinidin, luteolinidin, malvidin,
peonidin 3-glucoside, pelargonidin, and peonidin) were purchased from
Extrasynthese (Genay, France). Acetonitrile was obtained from VWR
(Vienna, Austria). Ethyl acetate and methanol were purchased from

Roth (Graz, Austria). All chemicals and solvents used in the study were
of HPLC grade.
Plant Materials. Leaf sheaths of varieties of dye sorghum from

farmers were collected from fields in six communities in Benin, i.e.,
Parakou (latitude, 11� 150 N; longitude, 2� 230 E), Ketou (latitude, 7� 220
N; longitude, 2� 360 E), Toucountouna (latitude, 10� 270 N; longitude,
1� 220 E), Boukoumbe (latitude, 10� 100 N; longitude, 1� 60 E),
Paouingnan (latitude, 7� 340 N; longitude, 2� 20 E), and Dassa-Zounm�e
(latitude, 7� 550 N; longitude, 1� 580 E). The leaf sheaths were from dye
sorghum grown in 2008 under natural conditions, characteristic of
the Guinea Savannah climate of West Africa. The annual rainfall in
the region varies from 1000 to 1300 mm, and the average yearly
temperature is 26.5 �C.16 The soil is a tropical ferruginous type.17 After
harvesting, the leaf sheaths were dried to a moisture content of 7-9%
(w/w). The leaf sheaths were ground to powder using an Ultra
Centrifugal Mill (Retsch GmbH, Haan, Germany) with a 0.1 mm sieve
and, subsequently, stored at -20 �C until analysis.
Preparation of Extracts. Samples were extracted in either metha-

nol/HCl (85:15, v/v) for anthocyanin determination or methanol/H2O
(85:15, v/v) for the determination of total phenolics, phenolic acids, and
antioxidant capacity. A total of 30 mg of each sample was extracted at room
temperature with 10 mL of solvent under agitation using a magnetic stirrer
for 30 min. The mixtures were centrifuged at 2500g for 10 min, and the
supernatants were collected. The residues were re-extracted twice under the
same conditions, resulting in 30 mL of crude extract. All extracts were used
as they were after centrifugation for various analyses.
Total Anthocyanin Determination (ACY). ACY was calcu-

lated as described by Abdel-Aal andHucl18 using cyanidin 3-glucoside as
the standard pigment. The absorbance of the pooled extracts was
measured after centrifugation at 525 nm against a reagent blank. ACY
was expressed as milligrams of cyanidin 3-glucoside equivalent per 1 g of
powder based on dry matter (DM).

Table 1. Dimension Characteristics of Leaf Sheaths of Dye Sorghum Analysed

sample origin weight (g)a length (cm) basal width (cm) middle width (cm) terminal width (cm)

Parakou (n = 7)b 1.60( 0.44 25.66( 2.68 2.02( 0.50 1.48( 0.43 1.08( 0.43

Ketou (n = 10) 2.63( 0.54 26.69( 4.37 2.02( 0.56 1.40( 0.46 1.17( 0.31

Toucountouna (n = 5) 0.76 ( 0.55 22.28( 2.72 1.88( 0.82 1.38( 0.48 0.94( 0.27

Boukoumbe (n = 5) 0.90( 0.42 22.18( 3.32 1.96 ( 0.71 1.20( 0.24 0.80( 0.14

Paouingnan (n = 9) 2.54( 1.19 26.74( 3.56 1.70( 0.55 1.32( 0.63 1.03 ( 0.49

Dassa (n = 6) 2.05( 1.23 27.00( 2.19 1.63( 0.41 1.23( 0.27 0.90 ( 0.34

mean 1.75 25.09 1.87 1.34 0.99

CVc 45.9 9.02 8.95 7.98 13.5
aMean ( standard deviation. b n = number of leaf sheath measured. cCV = coefficient of variation.

Table 2. Total Anthocyanin and 3-Deoxyanthocyanidin Contents of Leaf Sheaths of Dye Sorghuma

spectrophotometry HPLC

sample origin ACY (mg of C-3-glc/g)b apigeninidin (mg/g) luteolinidin (mg/g) malvidin (mg/g)

Parakou 26.05( 0.35 c 28.83( 1.79 b 1.07( 0.10 c 0.79( 0.06 c

Ketou 35.51( 0.14 e 40.30 ( 0.87 c 2.35( 0.06 f 1.03 ( 0.04 d

Toucountouna 13.72( 0.28 a 16.67( 0.23 a 0.62( 0.01 b 0.59( 0.01 b

Boukoumbe 34.33( 0.28 d 45.76 ( 0.93 d 1.66( 0.02 e 0.59 ( 0.01 b

Paouingnan 18.57 ( 0.14 b 14.72( 0.11 a 0.43 ( 0.04 a 0.57( 0.00 a

Dassa 34.18( 0.85 d 41.46( 0.58 c 1.24( 0.02 d 0.84( 0.03 a

mean 27.06 31.29 1.23 0.70

CVc 32.53 40.68 54.79 31.67
aResults are based on DM. bMean( standard deviation; means with the same letter are not significantly different according to the LSD at the 0.05 level.
cCV = coefficient of variation.
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Total Phenolic Determination (TPC). Total phenolics were
measured following the method by Singleton and Rossi19 modified as
follows: To 300 μL of extract, 4.2 mL of distilled water, 0.75 mL of
Folin-Ciocalteu reagent (Merck, Germany), and 0.75 mL of sodium
carbonate solution (200 g L-1) were added. After incubation for 30 min,
the optical density was measured at 760 nm against a blank. Gallic acid
was used as the standard, and the results were expressed as gallic acid
equivalent (GAE) per gram of sample DM.
HPLC Determination of Anthocyanidins and Phenolic

Acids. The profile of anthocyanidins and corresponding glycosides
and phenolic compounds was determined using a HPLC system
(Shimadzu, Korneuburg, Austria) consisting of a SPD-M10AVP photo-
diode array detector, a chromatogram integrator, a LC-10ADVP pump,
and an online degasser. Data signals were processed on a personal
computer (PC) running the LC solution Multi software (Shimadzu,
Korneuburg, Austria). Analytical separation of anthocyanidins and
phenolic acids was carried out using a Phenomenex Luna 250 � 4.6
mm, 5 μm (HPLC Services, Breitenfurt, Austria) column.

For anthocyanidins, the solvent was removed from the extracts at
40 �Cusing a rotary evaporator and the resulting residues were suspended in
2 mL of methanol. Dissolved anthocyanidin concentrates were passed
through a 0.45 μm polytetrafluoroethylene (PTFE) filter, and a 20 μL
aliquot of the sample solution was injected. Elution for anthocyanidins was
executed under gradient conditions with (A) 4.5% formic acid in water and
(B) acetonitrile. The solvent gradient was programmed as follows: 10% B at
0 min, increasing to 12% within 9 min, to 13% within the next 7.5 min, 25%
within the next 13.5 min, 90% within the next 15 min, holding at 90% for
5min, followed by a decrease to 10%within the next 5min, before equilibra-
tion at 10%. The solvent flow rate was set at 0.8 mL/min, and the chro-
matogramwas recorded at 520 nm(anthocyanidins and glycosides) and 480
nm (deoxyanthocyanidins) at 35 �C. Peak areas were used for all calcula-
tions. Identification of compounds was performed by comparing the
retention time and the ultraviolet (UV) spectra to those of pure substances.
Diode array detector (DAD) response was linear for all anthocyanidins and
anthocyanins within the calibration range of 0.05-40.0 μg/mL, with
correlation coefficients exceeding 0.999. Coefficients of variation for sample
replicates were consistently below 10%.

Phenolic acids were quantified as described by Siebenhandl et al.20 A
total of 20 μL of sample was injected into the column and eluted under
gradient conditions performed with (A) 0.05% trifluoroacetic acid in
water and (B) 0.05% trifluoroacetic acid in acetonitrile. The solvent
gradient was programmed as follows: at 0 min, 10% B; increasing from 3
to 15 min, 15% B; 25 min, 20% B; 30 min, 40% B; 36-40 min, 80% B;
decreasing thereafter within the next 4 min, 10% B; and equilibrated
before the next injection. The flow rate was 1.0 mL/min. Analyte
detection was at 260 nm for 4-OH-benzoic and vanillic acids, at 270
nm for gallic and o-coumaric acids, and at 280 nm for caffeic, p-coumaric,
and trans-ferulic acids. DAD response was linear for all phenolic acids
within the calibration range of 0.06-125.0 μg/mL, with correlation
coefficients exceeding 0.999. Phenolic acids in the samples were
identified by comparing their relative retention times and UV spectra
to authentic compounds. Coefficients of variation for sample replicates
were consistently below 10%.
Determination of Antioxidant Capacity. Extracts obtained

with aqueous methanol were analyzed for their total antioxidant capacity
by the ABTS radical cation scavenging assay [Trolox equivalent anti-
oxidant capacity (TEAC)] and the ferric reducing antioxidant power
(FRAP) assay. Moreover, the 2,20-diphenyl-1-picrylhydrazyl (DPPH)
radical-scavenging ability of sample extracts was evaluated.

The TEAC assay was analyzed following a modified method by
Pellegrini et al.21 and Moore et al.22 A stable stock solution of ABTS
radical cation was produced by reacting a 7 mmol/L aqueous solution of
ABTS with 2.45 mmol/L potassium persulfate (final concentration) and
allowing themixture to stand in the dark at room temperature for 12-16

h before use. On the day of analysis, an ABTS radical cation working
solution was obtained by diluting the stock solution in ethanol to an
absorbance of 0.70( 0.02 AU (Absorbance Unit) at 734 nm. A total of
100 μL of extract wasmixed with 1.25mL of the ABTSworking solution,
and absorbance was read at 734 nm after a 1 min reaction time. Results
were expressed as TEAC inmillimoles of Trolox per gram based onDM.

Figure 1. HPLC profiles of anthocyanidins in extract from leaf sheaths of
dye sorghum: (1) cyanidin-galactoside, (2) cyanidin-glucoside, (3) pelargo-
nidin-glucoside, (4) delphinidin, (5) peonidin-glucoside, (6) luteolinidin,
(7) malvidin-glucoside, (8) apigeninidin, (9) cyanidin, and (10) malvidin.
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The FRAP assay is based on the reduction of the Fe3þ-TPTZ
complex to the ferrous form at low pH. This reduction is monitored by
measuring the absorption change at 595 nm.23 Briefly, 0.2 mL of sample
extract was mixed with 1.3 mL of the FRAP reagent. Absorption was
measured at 595 nm in a spectrophotometer (U-1100 type, Hitachi, Japan)
after 30 min of incubation at 37 �C. The FRAP reagent was prepared daily
and consisted of 0.3 M acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM
HCl, and 20 mM FeCl3 in a ratio of 10:1:1 (v/v/v). FRAP values were
obtained by comparing the absorption change in the test mixture to doses
obtained from increasing concentrations of Fe3þ and expressed as milli-
moles of Fe2þ equivalents per gram of leaf sheaths based on DM.

DPPH radical-scavenging activity of sample extracts was determined
according to the method reported by Brand-Williams et al.24 The
reaction mixture consisting of 1.5 mL of DPPH working solution
(4.73 mg of DPPH in 100 mL of HPLC-grade ethanol) and 300 μL
sample extract was shaken and incubated for 40 min in the dark at room
temperature. The absorbance was measured at 515 nm against a blank,
using a UV-vis spectrophotometer (Hitachi, Japan). DPPH free
radical-scavenging ability was calculated using the following formula:

scavenging ability ð%Þ ¼ ½absorbance515 nm of control

- absorbance515 nm of sample=absorbance of control� � 100

Statistical Analysis. Data were reported as the mean ( standard
deviation. The data were analyzed using the statistical program SPSS
11.0 (SPSS, Chicago, IL), and the one-way analysis of variation
(ANOVA) model was used applying the least significant difference
(LSD) test to evaluate significant difference among means.

’RESULTS AND DISCUSSION

The weights of the leaf sheaths collected in six farming
communities of Benin ranged from 0.8 to 2.6 g, with a mean of
1.75 g (Table 1), and their lengths ranged from 22.1 to 27 cm,
with an average of 25 cm. The mean values of the basal, middle,
and terminal width are 1.9, 1.3, and 1 cm, respectively.
Anthocyanidin Content. The anthocyanin contents, expressed

as cyanidin 3-glucoside, estimated by spectrophotometry were on
average 18.5% lower than the HPLC data (Table 2). The reason for
this underestimation lies in the different absorption maxima of
anthocyanidins and deoxyanthocyanidins, which are above 500 nm
at pH 1 for anthocyanidins and their glycosides and around 470 nm
for 3-deoxyanthocyanidins.25 However, both methods generally
correlated well (r = 0.961 and 0.852) for ACY and apigeninidin
or luteolinidin contents at pe 0.001, respectively. The ACY of leaf
sheaths ranged from 13.7 to 35.5 mg of C-3-glc/g, with an average
value of 27.1 mg/g. Analytical separation of anthocyanidins on the
HPLC system allowed us to detect apigeninidin, luteolinidin, and
malvidin as the major anthocyanidin compounds of the leaf sheaths
of dye sorghum (Figure 1). The level of apigeninidin ranged from
14.7 to 45.8mg/g, with an average value of 31.3mg/g. The luteolini-
din amount ranged from 0.43 to 2.35 mg/g, while the malvidin
content averaged 0.70 mg/g. Clearly, we observed uncommonly
high levels of 3-deoxyanthocyanindins in the leaf sheaths of dye
sorghum. Particularly, the level of apigeninidin was 30 times higher
than that in cereal bran, and the ACY is 90 times higher than levels
usually reported in fruits and vegetables (Table 5).
With respect to origin, leaf sheaths from Ketou showed the

highest content of ACY, luteolinidin, and malvidin. Apigeninidin
was highest in the sample originating from Boukoumbe, followed
by the samples from Dassa and Ketou. Apparently, the concen-
tration of 3-anthocyanindins is linked to the genetic makeup of
the crop and/or the environmental conditions. This result is
corroborated by Ortega-Regules et al.,26 who indicate that the
level and stability of these phenolic substances may vary accord-
ing to the genetic and environmental conditions. Likewise, a
study by Dykes et al.27 revealed that the phenolic concentration
in the sorghum grain is genetically determined. Thus, there might
be a possibility to increase the amount of these phytochemicals
through breeding and crop management. Further studies are
needed to determine the contribution of the individual factors to
the amount of anthocyanidins in the leaf sheaths of dye sorghum.
Phenolic Acid Content. TPC of the different extracts was

expressed as GAE per gram of DM. The highest TPC was found

Table 3. Total Phenolic and Phenolic Acid Contents of Leaf Sheaths of Dye Sorghuma

spectrophotometry HPLC

sample origin TPC (mg of GAE/g)b OH-benzoic acid (μg/g) p-coumaric acid (μg/g) o-coumaric acid (μg/g)

Parakou 100.11( 6.91 c 802.27( 3.18 a 772.76( 5.98 bc 67.86( 1.65 c

Ketou 105.19( 5.08 c 694.84( 2.86 c 773.26( 0.06 bc 94.44( 3.11 d

Toucountouna 65.43( 1.79 a 604.95( 10.52 b 594.75( 6.64 ab 32.73( 2.82 a

Boukoumbe 134.97( 13.69 d 1555.39( 18.48 f 833.62( 7.20 b 134.90( 7.05 e

Paouingnan 71.11( 3.69 ab 770.05( 13.71 d 512.12( 79.99 a 35.07( 2.09 ab

Dassa 96.28( 22.59 bc 381.01( 2.32 a 603.01( 181.17 ab 42.59( 3.27 b

mean 95.51 801.42 681.59 67.93

CVc 26.67 47.48 19.97 56.80
aResults are based on DM. bMean( standard deviation; means with the same letter are not significantly different according to the LSD at the 0.05 level.
cCV = coefficient of variation.

Table 4. Antioxidant Capacities in the Leaf Sheaths of Dye
Sorghuma

sample origin TEAC (mmol/g)b
FRAP

(mmol/g)

DPPH

(% remaining)

Parakou 5.55( 0.78 b 0.65( 0.01 c 84.49( 6.19 a

Ketou 4.47( 0.02 ab 0.81( 0.00 d 86.85( 0.49 a

Toucountouna 3.93( 0.23 a 0.49( 0.016 b 78.14( 5.76 a

Boukoumbe 5.58( 0.97 b 1.06( 0.06 e 80.23( 1.18 a

Paouingnan 3.76( 0.66 a 0.35( 0.02 a 81.46( 9.72 a

Dassa 4.53( 0.48 ab 0.78( 0.03 d 86.19( 1.42 a

mean 4.64 0.69 82.89

CVc 18.74 35.31 6.21
aResults are based on DM. bMean ( standard deviation; means with
the same letter are not significantly different according to the LSD at the
0.05 level. cCoefficient of variation.
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in the sample from Boukoumbe, followed by Ketou and Parakou
(Table 3), with 135, 105, and 100 mg of GAE/g of DM,
respectively. Only hydroxybenzoic, o-coumaric, and p-coumaric
acids were detected. However, leaf sheaths from Boukoumbe
contained 4 times more 4-OH-benzoic acid than samples from
Dassa, with 1555 versus 381 μg/g of DM. p-Coumaric acid was
found as the second dominant phenolic acid, ranging from 512 to
834 μg/g, whereas o-coumaric acid was on average 1 magnitude
lower. Co-pigmentation of deoxyanthocyanidins can improve
the anthocyanidin stability and color intensity in moderately
acidic environments as investigated by Awika.28

Antioxidant Capacity. The total antioxidant capacity de-
scribes the cumulative capacity of food components to scavenge
free radicals, and high intakes of dietary TAC have been related to
several health benefits in both cross-sectional and randomized
intervention studies. In this context, methanolic extracts of leave
sheaths were assessed for their antioxidant properties.
All samples showed very high antioxidant capacity (Table 4).

The highest ABTS radical-scavenging ability was found in the leaf
sheaths from Boukoumbe and Parakou, respectively, followed by
leaf sheaths from Ketou and Dassa. FRAP values were, in general,
lower than the respective TEAC values but followed the same
order. Despite the variation in TEAC and FRAP values, no
significant difference between the samples was found when

DPPH was used. As described by Arnao,29 color interference
of the sorghum extracts might have led to great variations within
the samples and masked the underlying differences. On the other
hand, phenolic acids react differently with different radicals. Table 5
summarizes TPC, ACY, and antioxidant capacity of other antho-
cyanin-rich plant sources. The dye sorghum largely surpasses the
other plant commodities for its TPC and anthocyanin content. It
also ranks first for antioxidant capacity among other anthocyanin-
rich plant species. Clearly, the dye sorghum showed a comparative
advantage as a deoxyanthocyanidin and antioxidant source com-
pared to cereal bran and fruits and vegetables.
Relationship between Anthocyanidin and Phenolic Acid

Content and Antioxidant Capacity of Dye Sorghum. TPC
correlated strongly with the ACY and the antioxidant capacity,
particularly when measured with the FRAP assay (Table 6). ACY
significantly correlatedwith levels of apigeninidin (r=0.96; pe 0.01)
and luteolinidin (r= 0.85; pe 0.01), while no significant relationship
could be found between apigeninidin and luteolinidin, as previously
reported in grain sorghum.27 Correlation experiments to predict the
antioxidant capacity have been performed by many others, with
different observations; a high correlation was found between TEAC
and TPC in strawberries (r = 0.95),30 red cabbage (r = 0.98),31 red
raspberries (r = 0.74),32 milling fractions of pigmented wheat and
barley (r = 0.96),20 and red and black rice varieties (r = 0.93).33

Table 5. Comparison of Leaf Sheaths of Dye Sorghum to Other Dye Sources for Their Anthocyanin Contents and Antioxidant
Properties

commodity TPC (mg/g) ACY (mg/g) total antioxidant activity reference

leaf sheaths of dye sorghum 65.4-135.0a 13.7-35.5b
FRAP: 350.0-1060.1 μmol/g of DM

this workDPPH: 78.1-86.8% remc

TEAC: 3760.6-5580.9 μmol/g of DM

black sorghum bran 4.7-11.0d TEAC: 261.0-400.0 μmol/g of DM Awika et al. (2004)

black rice 3.4-6.7e 1.1-2.6b
FRAP: 36.5-75.8 μmol/g of DM

Sompong et al. (2011)DPPH: 16.0-30.3% remc

TEAC: 49.8-120.3 μmol/g of DM

red rice 0.8-6.9e 0.0-0.01b
FRAP: 8.5-80.8 μmol/g of DM

Sompong et al. (2011)DPPH: 13.0-62.8% remc

TEAC: 20.8-122.9 μmol/g of DM

blueberry FRAP: 116 μmol/g of FW Dragovi�c-Uzelac et al. (2009)

commercial 2.2f 1.7g DPPH: 16 μmol of TEh/g of FW Garz�on et al. (2010)

wild type 7.6f 3.3g TEAC: 45.5 μmol/g of FW Denev et al. (2010)

sour cherry 2.6f 1.9g DPPH: 17 μmol of TE/g of FWh Dragovi�c-Uzelac et al. (2009)

blackberry

wild type 6.6-9.2b Cuevas-Rodríguez et al. (2010)

commercial 3.4b Cuevas-Rodríguez et al. (2010)

cultivar 0.16b Denev et al. (2010)

black currant 0.28b Denev et al. (2010)

red raspberry 1.49-3.48f 0.20i
FRAP: 19.8 μmol/g of FW

C-ekic- and €Ozgen (2008)
TEAC: 21.5 μmol/g of FW

strawberry 1.7-3.1f 0.10-0.30j TEAC: 14.18 μmol/g of FW Tulipani et al. (2008)

elderberry
2.0-10.0 wb

Denev et al. (2010)
0.63b

red cabbage 0.13-0.17f
0.60-0.85g

TEAC: 10-12.5 μmol/g of FW
Podse-dek et al. (2008)

0.76g Scalzo et al. (2008)

red onion 15.56a 0.45b
DPPH: 41.32 μM TE/g of DM

Gorinstein et al. (2009)
TEAC: 58.94 μM TE/g of DM

amg of GAE/g of DM. bmg of C-3-glc/g of DM. c% remaining DPPH at t = 40 min. dmg of luteolinidin equivalents/g of DM. emg of ferulic acid
equivalent/g of DM. fmg of GAE/g of FW. gmg of C-3-glc/g of FW. hTrolox equivalent (TE). img of C-3-soph/g of FW. jACY based on HPLC data,
mg/g of FW.



1183 dx.doi.org/10.1021/jf103963t |J. Agric. Food Chem. 2011, 59, 1178–1184

Journal of Agricultural and Food Chemistry ARTICLE

TEACand anthocyanins byHPLC (r= 0.90) correlated in a study of
red cabbage,31 and TEAC and total monomeric anthocyanidins (r =
0.74) correlated in a study of red raspberries,32 whereas Tulipani
et al.30 found no correlation betweenACY andTEAC (r=-0.07) in
strawberries. Denev et al.34 found that the antioxidant capacity
correlated in general better with the polyphenol content than the
anthocyanin content and was highest for TPC and FRAP (r = 0.95)
when different berries were compared.
Pair-wise correlations between the different assays to measure

the antioxidative capacity were found between TEAC and FRAP
at r = 0.81 in red raspberries,32 at r = 0.95 and p e 0.001 in
strawberries,30 at r = 0.90 and p < 0.0001 in milling fractions of
pigmented wheat and barley,20 and at r = 0.93 in red and black
rice varieties,33 where in addition to these findings, high negative
correlation coefficients were obtained betweenDPPH and FRAP
(r = -0.81) and between TEAC and DPPH (r = -0.66).
In conclusion, the analyzed dye sorghum contains a very high

level of anthocyanidins, which mainly consists of apigeninidin and
luteolinidin, two 3-deoxyanthocyanidins with high stability under
processing conditions. These two pigments are not common in plant
species. The crude extract from the leaf sheath also showed very high
antioxidant capacity. The exploitation of the dye sorghum as a
multipurpose crop to produce biocolorant and food grain could be
envisaged. Research initiatives are being taken to generate more
knowledge on this crop and to valorize it for the benefit of rural
farmers in Benin.
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