FLAVONOID COMPOSITION AND ANTIOXIDANT ACTIVITY OF PIGMENTED

SORGHUMS OF VARYING GENOTYPES

A Dissertation
by
LINDA DYKES

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

May 2008

Major Subject: Food Science and Technology



FLAVONOID COMPOSITION AND ANTIOXIDANT ACTIVITY OF PIGMENTED

SORGHUMS OF VARYING GENOTYPES

A Dissertation
by
LINDA DYKES

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Approved by:

Chair of Committee, Lloyd W. Rooney

Committee Members, Luis Cisneros-Zevallos
William L. Rooney
Rosemary Walzem

Chair of Interdisciplinary

Faculty, Jimmy Keeton

May 2008

Major Subject: Food Science and Technology



ABSTRACT

Flavonoid Composition and Antioxidant Activity of Pigmented Sorghums of
Varying Genotypes. (May 2008)
Linda Dykes, B.S., University of Mary Hardin-Baylor

Chair of Advisory Committee: Dr. Lloyd W. Rooney

A wide variety of sorghum genotypes with a pigmented pericarp were
grown in varying environments and were analyzed for total phenols, condensed
tannins, flavan-4-ols, and in vitro antioxidant activity. In addition, sorghum
flavonoids were separated, characterized, and quantified using HPLC-PDA and
LC-MS. Total phenols and in vitro antioxidant activity increased when sorghums
had a pigmented testa causing the presence of condensed tannins. Flavan-4-ol
levels were highest in sorghums with a black pericarp (5.8-16.1 abs/mL/g),
followed by those with a red pericarp (1.1-9.2 abs/mL/g).

Sorghums with a black pericarp had the highest 3-deoxyanthocyanin
levels (173-1054 pg/g) and these were increased when the grain had minimal
weathering and was darkest in color. Sorghums with a lemon-yellow pericarp
had the highest flavanone levels (134-1780 pg/g) with eriodictyol being the main
flavanone. Flavanone levels were increased when the grain was bright yellow
with minimum weathering and were high compared to those found in common

sources (106-574 ug/g, fresh wts.). No flavonoids were predominant in



sorghums with a red pericarp. Flavonoid composition varied when all sorghums
were grouped by secondary plant color. Sorghums with tan secondary plant
color, including those with a white pericarp, had higher levels of flavones (19-
386 ug/g) than those with red/purple secondary plant color (0-57 ug/g). On the
other hand, 3-deoxyanthocyanin levels were higher in red/purple plant sorghums
(8-1054 pg/g) than in tan plant sorghums (0-12 pg/g). Among red/purple plant
sorghums, lemon-yellow pericarp sorghums had the highest levels of flavones
(20-67 pg/g). Environment and weathering had an effect on flavonoid levels.
The 3-deoxyanthocyanins were reduced for sorghums grown in a dry
environment (i.e. Lubbock, TX) and flavonoid levels were increased in grains
with minimum weathering or molding.

This study reports that all sorghums, including those with a white
pericarp, have flavonoids and their levels and compositions are affected by the
genotype. This information will be helpful for plant breeders, food scientists, and
the pharmaceutical/nutraceutical industries in selecting sorghums with desired

healthy components.
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CHAPTER |

INTRODUCTION

Sorghum is the fifth leading cereal crop in the world and it is used
primarily in Asia and Africa as a food crop (Gous 1989; Anglani 1998). The
Western Hemisphere uses sorghum mainly for feed. It is grown in arid and
semi-arid regions and is one of the most drought-resistant cereal crops (Elkin et
al 1996). All sorghums contain phenols, which affect the color, appearance and
nutritional quality of the grain (Hahn et al 1984). The phenolic compounds in
sorghum are classified into three classes: phenolic acids, flavonoids, and
condensed tannins.

Black sorghums contain a significant amount of the rare 3-
deoxyanthocyanins (Awika et al 2004a, b); the lack of the hydroxyl group at the
C-3 position renders them more stable than the common anthocyanins
(Sweeney et al. 1983). Due to increasing concerns over the use of synthetic
colorants in foods/beverages, sorghum 3-deoxyanthocyanins could have great
potential as natural food colorants. In addition, these compounds have
antioxidant activity in vitro (Awika et al 2003b; Shih et al 2007).

Consumers have an increased interest in antioxidants found in plants

because of the chemoprotection they are thought to provide. Sorghum contains

This dissertation follows the style of Cereal Chemistry.



phenolic compounds in the bran layer that protect plants against insects and
diseases (Hahn and Rooney 1986; Awika et al 2005). These non-nutrient
compounds also act as antioxidants in vitro (Hagerman et al 1998; Awika et al
2003b) and some are more potent than vitamins found in plants (Rhodes and
Price 1997). For example, caffeic acid, a phenolic acid found in sorghum (Hahn
1984), has a higher antioxidant activity than vitamin C, which protects against
degenerative diseases in which reactive oxygen species (i.e. superoxide anion,
hydroxyl radicals, and peroxy radicals) are involved (Rhodes and Price 1997,
Harborne and Williams 2000). Free radicals play a role in diseases such as
cancer, atherosclerosis, rheumatoid arthritis, inflammatory bowel disease and
cataracts (Parr and Bolwell 2000). Antioxidants may decrease the risk of these
diseases by lowering the amount of free radicals. Other roles of antioxidants
include antifungal, antibacterial, and antiviral agents (Harborne and Williams
2000).

Since sorghum is a source of phenols that have varying antioxidant
potential, it is necessary to isolate and characterize the phenolic compounds in
sorghums to determine sources of compounds with unique attributes. Phenolic
acids were reported in sorghums of varying genotypes (Hahn et al 1983).
However, studies on sorghum flavonoids have been limited to identification and
characterization (Nip and Burns 1969, 1971; Kambal and Bate-Smith 1976;
Gujer et al 1986; Pale et al 1997; Wu and Prior 2005); information on the

quantification of these compounds is limited. Awika et al (2004a, b) reported



data on luteolinidin and apigeninidin for a limited number of sorghum brans;
several 3-deoxyanthocyanins were quantified but not identified. Using HPLC-
PDA and LC-MS, Seitz (2004) identified and quantified six 3-deoxyanthocyanins
in nine sorghum samples with a white or red pericarp with different secondary
plant colors. The two flavones, luteolin and apigenin, were also quantified, but
data on luteolin was unavailable for sorghums with purple secondary plant color
due to interference with other compounds (Seitz 2004).

Phenols in sorghums are affected by their genotypes. For example,
sorghums with B;_B; genes for the presence of a pigmented testa increase
phenol levels since these genotypes contain condensed tannins. Pericarp color
may be a reliable indicator for the type and levels of flavonoids present. For
example, a black sorghum contains higher levels of 3-deoxyanthocyanins than a
sorghum with a red pericarp (Awika et al 2004a, b). Sorghums come in a wide
variety of pericarp colors to include white, lemon-yellow, red, brown, and black.
Seitz (2004) reported that secondary plant color may affect the type of
flavonoids present. Sorghums with tan and purple secondary plant color had
high levels of flavones and 3-deoxyanthocyanins, respectively. However, in
sorghums with purple secondary plant color, flavone levels were underestimated
since only apigenin was quantified.

Flavanones were identified in a previous study but description of the
sorghum sample was lacking (Gujer et al 1986). There is a necessity to

determine whether the genes that control pericarp color and secondary plant



color affect flavonoid composition. Since environment also has an effect on
phenol levels (Chaves et al 1997; Connor et al 2002; Lee et al 2005; Downey et
al 2006), there is also a necessity to determine which environments are best to
produce sorghums with maximum levels of the desired compounds. This
information will help plant breeders, food scientists, and the
pharmaceutical/cosmoceutical industries select cultivars with maximum levels of
these compounds for the production of functional foods and for
pharmarceutical/cosmoceutical applications.
The objectives of this research were:
e To evaluate total phenols, condensed tannins, flavan-4-ols, anthocyanins,
and in vitro antioxidant activity levels in sorghum genotypes;
e To characterize and quantify flavonoids using HPLC-PDA and LC-MS and
to compare flavonoid composition in sorghum genotypes;
e To determine which environment maximizes levels of desired flavonoids

and to determine whether environment changes flavonoid composition.



CHAPTER I

LITERATURE REVIEW*

Overview of Sorghum Genetics and Kernel Structure Relevant to Tannins
and Phenols

Sorghum genetics relevant to tannins and phenols were reviewed by
Rooney and Miller (1982). The pericarp color of the sorghum kernel is controlled
by the R and Y genes. A pericarp is white when Y is homozygous recessive (rryy
or R_yy), whereas a yellow pericarp has recessive R and dominant Y genes
(rrY_). When both R and Y genes are dominant, the pericarp is red. Black
pericarp sorghums are also genetically red; their pericarp turns black when the
grain is exposed to sunlight. The intensifier gene | affects the intensity of the
pericarp color especially in red sorghums. Pericarp thickness is controlled by
the Z gene. A pericarp is thick when the genes are homozygous recessive (zz)
and thin when it is dominant (ZZ). Sorghums with a thick pericarp have starch
granules in the mesocarp; sorghums with a thin pericarp do not contain starch
granules in that area (Earp and Rooney 1982; Earp et al. 2004b). Secondary
plant color is controlled by the P and Q genes. Plants with PPqq and PPQQ

genes produce red- and purple-pigmented plants, respectively, while the ppqq

*Portions of this chapter were reprinted with permission from “Sorghum and millet phenols and
antioxidant” by Dykes, L. and Rooney, L.W., 2006, J. Cereal Sci., Vol. 46, Pages 236-251,
Copyright (2006) by Elsevier. DOI: 10.1016/j.jcs.2006.06.007.



and ppQQ genes produce tan-pigmented plants. All of the aforementioned
genes affect phenol content.

Pericarp color is not a reliable indicator of tannins in sorghums. Boren
and Waniska (1992) investigated tannin content in a wide variety of sorghums
varying in pericarp color. They showed that pericarp color and its intensity was
not a good indicator of tannin content. It is erroneously believed that all
sorghums with a red/brown pericarp contain tannins. Sorghums with white,
yellow, red, or brown color pericarp may or may not have tannins depending
upon the presence of a pigmented testa, which is controlled by B; and B, genes.
Sorghums with a pigmented testa require dominant genes (B;_B,_). The
spreader gene S controls the presence of brown pigments, possibly tannins in
the epicarp and endocarp when a pigmented testa is present. (Blakely et al
1979). Testa color is controlled by the Tp gene. A testa is purple when Tp is
homozygous recessive (tptp) and brown when it is dominant (Tp_). The levels
of condensed tannins are highest in sorghums containing dominant B;_B, SS
genes; these sorghums have high bird and mold resistance.

Sorghum varieties are divided into three groups based upon their
genetics and chemical analyses (Rooney and Miller 1982). Type | sorghums
(b1b1B2_, B1_bsb,, bibibyb,) do not have a pigmented testa, and contain low
levels of phenols and no tannins. Types Il and Il both have a pigmented testa
and contain tannins. The tannins in Type Il sorghums (B;_B,_ss) are extracted

with acidified methanol (1% HCI methanol) while the tannins in Type Il



sorghums (B;_B,_S ) are extracted with either methanol or acidified methanol
when using the vanillin/HCI assay. Earp et al (2004a) showed that the tannins in
the Type Il sorghums are deposited differently in the testa layer. In the grain of
Type Il sorghums, tannins are deposited in vesicles within the testa layer,
whereas the tannins in type lll are deposited along the cell walls of the testa and
some are present in the pericarp. This may explain why acid is required to
disrupt the structure of the vesicles, which releases tannins in Type Il sorghums

(Earp et al 2004a).

Sorghum Phenolic Acids
All sorghums contain phenolic acids, which are located in the pericarp,
testa, aleurone layer, and endosperm (Hahn et al 1984). Phenolic acids consist

of two classes: hydroxybenzoic and hydroxycinnamic acids (Fig. 1).

: _COOH ©/\/COOH

Benzoic Acid Cinnamic Acid

Fig. 1. Basic structure of phenolic acids.

Hydroxybenzoic acids are directly derived from benzoic acid and include gallic,

p-hydroxybenzoic, vanillic, syringic, and protocatechuic acids, among others.



The hydroxycinnamic acids have a Cg-C3 structure and include coumaric,
caffeic, ferulic, and sinapic acids. The phenolic acids reported in sorghum are

listed in Table 1.

TABLE 1

Phenolic Acids Detected in Sorghum
Phenolic Acid References

Hydroxybenzoic Acids

Gallic
Protocatechuic
p-Hydroxybenzoic
Gentisic

Salicylic

Vanillic

Syringic

Hydroxycinnamic Acids:

Ferulic
Caffeic
p-Coumaric
Cinnamic
Sinapic

Hahn et al (1983)
Hahn et al (1983)
Hahn et al (1983)
Waniska et al (1989)
Waniska et al (1989)
Hahn et al (1983)
Waniska et al (1989)

Hahn et al (1983)
Hahn et al (1983)
Hahn et al (1983)
Hahn et al (1989)
Waniska et al (1989)

Hahn et al (1983) identified free and bound phenolic acids in sorghum
(Table 2). Free and bound phenolic acids are extracted in methanol and in
boiling 2N HCI respectively. Free phenolic acids are found in the outer layers of
the kernel (pericarp, testa, and aleurone), whereas the bound phenolic acids are
associated with the cell walls (Hahn et al 1984). According to Hahn et al (1983),

the phenolic acids in sorghum are present mostly in bound form with ferulic acid



TABLE 2

Free and Bound Phenolic Acid Composition of Some Sorghum Varieties®

Sorghum Varieties

Lemon
White Yellow Red Brown
(CS3541) (SC0748) (SC0630) (SC0719)
Phenolic Acid Free Bound Free Bound Free Bound Free Bound
Gallic b 19.7 ND° 13.2 -- 46.0 -- 26.1
Protocatechuic 74 1339 11.0 11.5 13.0 83.0 8.0 15.8

p-Hydroxybenzoic 4.0 11.4 10.1 23.7 6.7 16.0 9.3 24.2
Vanillic 8.3 ND 15.5 - 7.7 19.2 233 274
Caffeic 3.4 22.2 6.0 44.6 4.1 48.0 8.7 26.8

p-Coumaric 457 138.5 109.1 123.0 135 725 6.4 79.9
Ferulic 454 297.2 740 213.0 8.9 95.7 26.0 919
Cinnamic 94 - 47 - 10.7 - - 19.7

Ref.: Data from Hahn et al (1983).

®Values are expressed as ug/g, dry weight basis.
®Value not available.

°ND = Not detected.
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being dominant (24-47%). In addition, gallic acid is found only in bound form
(12.9-46.0 pg/g, dry wt), whereas cinnamic acid is found only in free form
(2.0-10.7 pg/g, dry wt.) with the exception of one variety (SC0719, red pericarp
with pigmented testa), which is also reported to contain that compound in bound
form only (19.7 pg/g, dry wt.) (Hahn et al 1983). The other phenolic acids are
present in free (54.1-230.4 ug/g, dry wt.) and bound (276.7-622.9 ug/g, dry wt.)

forms.

Sorghum Flavonoids

Flavonoids have the Cgs-C3-Cg skeleton and these include anthocyanins,
flavones, flavonols, flavanones, and flavanols (Fig. 2). The biosynthetic
pathways of the major sorghum flavonoids are illustrated in Fig. 3.
Many sorghum flavonoids have been isolated and identified over the years
(Table 3). The maijor class of flavonoids studied in sorghum are the
anthocyanins. In general, this class of compounds contributes the blues,
purples, and reds in plants. The six common anthocyanidins are cyanidin,
delphinidin, malvidin, pelargonidin, petunidin, and peonidin (Fig. 4). Unlike these
common anthocyanins, sorghum anthocyanins are unique since they do not
contain the hydroxyl group in the 3-position of the C-ring (Fig. 4) and thus are
called 3-deoxyanthocyanins. This unique feature increases their stability at high
pH compared to the common anthocyanins (Sweeney and lacobucci 1983;
Mazza and Brouillard 1987; Gous 1989; Awika et al 20044, b), which confer to

these compounds the potential to serve as natural food colorants. They are also



Anthocyanidins Flavones Flavonols

OH OH
HO l o O HO l o O
OH
OH O OH

Flavanones Flavanols

Fig. 2. Chemical structures of flavonoids.

Ll
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PAL
—> Other Phenylpropanoids
P

-Coumaric
Phenylalanine Cinnamic Acid
Acid
4CL
Phenolic Esters ¢ Cell-Wall Esters

Benzoic Acids =—— p- Coumaroyl CoA — Lignins
+
3 Malonyl CoA
CHS l

CHI l

Naringenin: R=H
Eriodictyol: R =0OH

Apigenin: R=H
Luteolin: R = OH Flavanones

OH O
R
Flavones
HO
DFR O
OH - OH

HO
OH O Dihydrokaempferol: R =H OH OH
Apiforol: R=H Dihydroquercetin: R = OH
Luteoforol: R=0H LCR
OH OH Dihydroflavonols Flavan-3,4,-diols

(Leucoanthocyanidins)

Flavan-4-ols

—

Apigeninidin: R=H
Luteolinidin: R = OH Flavan-3-ols

3-Deoxyanthocyanins

Condensed Tannins
(Proanthocyanidins)

Fig. 3. The biosynthetic pathways for the major sorghum flavonoids. C4H = Cinnamic acid 4-
hydroxylase; 4CL = 4-Hydroxycinnamic acid:CoA ligase; CHS = Chalcone synthase; CHI =
Chalcone isomerase; FS = Flavone synthase; DFR = Dihydroflavonol 4-reductase; LCR =
Leucoanthocyanidin reductase. Refs. Lo et al (1998); Winkel-Shirley (2001).
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TABLE 3
Flavonoids Reported in Sorghum
Compound References
Anthocyanins:
Apigeninidin Nip and Burns (1971); Gous (1989)
Apigeninidin 5-glucoside Nip and Burns (1969, 1971); Wu and Prior (2005)
Luteolinidin Nip and Burns (1971); Gous (1989)

5-Methoxyluteolinidin
5-Methoxyluteolinidin 7-glucoside
7-Methoxyapigeninidin
7-Methoxyapigeninidin 5-glucoside
Luteolinidin 5-glucoside
5-Methoxyapigeninidin
7-Methoxyluteolinidin

Seitz (2004); Wu and Prior (2005)

Wu and Prior (2005)

Pale et al. (1997); Seitz (2004); Wu and Prior (2005)
Wu and Prior (2005)

Nip and Burns (1971); Wu and Prior (2005)

Seitz (2004)

Seitz (2004)

Flavan-4-ols:

Luteoforol Bate-Smith (1969)

Apiforol Watterson and Butler (1983)

Flavones:

Apigenin Guijer et al. (1986); Seitz (2004)

Luteolin Seitz (2004)

Flavanones:

Eriodictyol Yasumatsu et al 1965; Kambal and Bate-Smith (1976)
Eriodictyol 5-glucoside Guijer et al. (1986)

Naringenin Guijer et al. (1986)

Flavonols:

Kaempferol 3-rutinoside-7-glucuronide

Nip and Burns (1969)

Dihydroflavonols:
Taxifolin
Taxifolin 7-glucoside

Gujer et al. (1986)
Gujer et al. (1986)




A) B)

R1 R1
OH OH
+ +
HO 0] HO @)
AN R2 AN
= =
OH
OH R2
Pelargonidin: R1=H; R2=H Apigeninidin: R1 = H; R2 = OH
Luteolinidin: R1 = OH; R2 = OH

Cyanidin: R1=0H; R2=H
Delphinidin: R1 = OH; R2 = OH
Peonidin: R1 = OCH;; R2=H
Petunidin: R1 = OCHj; R2 = OH
Malvidin: R1 = OCH,; R2 = OCH,

Fig. 4. Chemical structure of A) the six common anthocyanins and B) the 3-deoxyanthocyanins.

142
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phytoalexins since they are produced as a response to mold invasion or other
stresses in sorghum (Lo et al 1999; Waniska and Rooney 2000; Seitz 2004).
Seitz (2004) reported these compounds were more prevalent in purple plant
than in tan plant sorghum hybrids. The two common sorghum 3-
deoxyanthocyanidins are the yellow apigeninidin and the orange luteolinidin (Nip
and Burns 1971; Gous 1989; Awika et al 2004a, b; Wu and Prior 2005). Other
3-deoxyanthocyanins identified in sorghum grains include apigeninidin 5-
glucoside (Nip and Burns 1969, 1971; Wu and Prior 2005), luteolinidin 5-
glucoside (Nip and Burns 1971; Wu and Prior 2005), 5-methoxyluteolinidin (Seitz
2004; Wu and Prior 2005), 5-methoxyluteolinidin 7-glucoside (Wu and Prior
2005), 7-methoxyapigeninidin (Pale et al 1997; Seitz 2004; Wu and Prior 2005),
7-methoxyapigeninidin 5-glucoside (Wu and Prior 2005), 5-methoxyapigeninidin
(Seitz 2004), and 7-methoxyluteolinidin (Seitz 2004).

Sorghums with a black pericarp have the highest levels of 3-
deoxyanthocyanins (Gous 1989; Awika et al 2004a, b), which are concentrated
in the bran (Awika et al 2005). Using the pH differential method of Fuleki and
Francis (1968), Awika et al (2004b) reported the anthocyanin content of a black
sorghum bran was 3-4 times higher than the whole grain and had at least twice
the levels of anthocyanins (10.1 mg/g) compared to red (3.6 mg/g) and brown
(3.6 mg/g) sorghum brans. In addition, Awika et al (2004a, b) reported
luteolinidin and apigeninidin represented 36-50% of the total anthocyanin

content in black (Tx430 Black) and brown (Hi Tannin) sorghum brans using
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HPLC (Table 4). They also reported that apigeninidin represented 19% of the
total anthocyanin in a red sorghum (Tx2911) and detected trace amounts of
luteolinidin. These data suggest that black sorghum bran is a major source of 3-

deoxyanthocyanins for potential use in natural food colorants.

TABLE 4

3-Deoxyanthocyanin levels® in Pigmented Sorghum
Brans Measured by HPLC
Luteolinidin Apigeninidin Total”

Black 1999 1.8 0.4 6.1
Black 2001 1.3 1.4 5.4
Black 2002 1.5 1.3 6.0
Red tr¢ 0.3 1.6
SC103 (brown) 0.3 0.4 1.6
Sumac (brown) 0.7 0.6 2.8
CSC3*R28 (brown) 0.4 0.6 2.0
CV%* 1.4 1.4 1.4

®Values are expressed as mg/g luteolinidin equivalents (dry basis).

®Includes unidentified anthocyanin peaks.

°tr = trace.

“Coefficient of variation (percent relative standard deviation of each sample within column).
Ref: Data from Awika et al. (2004b).

Red pericarp sorghums have flavan-4-ol compounds, such as luteoforol
and apiforol, which are produced from flavanones (i.e., naringenin and
eriodictyol) and may be precursors of sorghum anthocyanidins (Wharton and
Nicholson 2000). Flavan-4-ols may play an important role in mold resistance, as
several studies report a correlation between flavan-4-ols concentration and mold

resistance in sorghums (Jambunathan et al 1990, 1991; Melake-Berhan et al
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1996; Menkir et al 1996; Audilakshmi et al 1999). However, the concentration of
flavan-4-ols has been ineffective in selecting sorghums that have resistance to
molds.

Flavan-4-ol levels vary among sorghum genotypes. Gous (1989)
reported that black pericarp sorghums have the highest levels of flavan-4-ols
(11.8-13.6 abs/mL/g) compared to red pericarp sorghums (8.7-9.0 abs/mL/g).
Dicko et al (2005) reported that red-plant sorghums with a red pericarp and
pigmented glumes generally have higher levels of flavan-4-ols (0.20-0.42%, w/w,
cyanidin, dry wt.) than the other varieties studied.

Other flavonoids isolated and identified in sorghum grains include the
flavones, apigenin and luteolin, which are predominant in tan plant sorghum
hybrids (Seitz 2004). The flavanones eriodictyol (Yasumatsu et al 1965; Kambal
and Bate-Smith 1976) and eriodictyol 5-glucoside (Gujer et al 1986) have been
reported. Naringenin was also reported (Gujer et al 1986) and was found as a
major peak in the red sorghum Tx2911 (Awika 2003). The flavonol kaempferol
3-rutinoside-7-glucuronide (Nip and Burns 1969) and the dihydroflavonols
taxifolin (Gujer et al 1986), and taxifolin 7-glucoside (Gujer et al 1986) have also

been isolated.

Methods of Analysis of Sorghum Phenols and Antioxidant Activity
Many methods have been used to measure phenolic compounds and
these have been reviewed in several papers (Shahidi and Naczk 1995;

Hagerman et al 1997; Rohr et al 2000; Schofield et al 2001; Naczk and Shahidi
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2004). Only major methods used in the analysis of sorghum phenols are
discussed.

Conventional Methods. Colorimetric methods give an estimate of phenol
content and are rapid and economical to perform compared to other methods
requiring expensive equipment. Total phenol content has been measured using
the Folin-Ciocalteu assay (Singleton and Rossi 1965; Kaluza et al 1980) or the
Prussian Blue assay (Price and Butler 1977). These methods are based on
oxidation-reduction reactions, are not specific to a class of phenols, and suffer
from interference by the amino acid tyrosine (Ring 1984; Hahn and Rooney
1986) and non-phenolics such as ascorbic acid (Hagerman et al 1997). The
Folin-Denis assay and the ferric ammonium citrate of the International
Organization for Standardization (ISO) have been used to measure total phenols
and tannins in sorghum using tannic acid as the standard (Bate-Smith and
Rasper 1969; Maxson and Rooney 1972; Beta et al 1999). Values were given in
tannic acid equivalents, which led some scientists to erroneously conclude that
tannin sorghums contain tannic acid/hydrolysable tannins.

Condensed tannins are measured using the vanillin/HCI or the
butanol/HCI assays. The modified vanillin/HCI method of Price et al (1978)
involves the condensation of the aromatic aldehyde vanillin (4-hydroxy-3-
methoxy benzaldehyde) with monomeric flavanols and their oligomers to form a
red adduct that absorbs at 500 nm. Type | sorghums give low tannin values due

to the interference of other non-tannin phenolics (Table 5) (Waniska and Rooney
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Table 5
Tannin Levels of Type |, Il, and Ill Sorghums
Tannins References

(Vanillin/HCI)®

Type | (b1b:B,_; B1_boby):

02CA4796 0.1° Dykes et al. (2005)
77CS2 1.8 Boren and Waniska (1992)
BTx3197 0.5 Boren and Waniska (1992)
BTx378 1.4° Boren and Waniska (1992)
Combine Shallu 0.6° Boren and Waniska (1992)
CS3541 x SC630-11E 0.7° Boren and Waniska (1992)
TX2911 0.3" Dykes et al. (2005)
TX430 Black 0.0 Dykes et al. (2005)
Type ll (B1_B,_ss):

(Combine Shallu x Hegari)OP5 15.5 Boren and Waniska (1992)
Feterita SA664-7-2 10.5 Boren and Waniska (1992)
Hegari 6.6 Boren and Waniska (1992)
(Hegari x Dobbs)OP5 8.9 Boren and Waniska (1992)
IRAT202 13.0 Boren and Waniska (1992)
Koro Kolla 12.8 Boren and Waniska (1992)
TAM-2566 11.4 Boren and Waniska (1992)
SC109-14E 6.4 Boren and Waniska (1992)
SC719-14E 10.9 Dykes et al. (2005)
Type lll (B1_B,_SS):

Dobbs 201 Boren and Waniska (1992)
SC103-12E 11.2 Boren and Waniska (1992)
SC103 x SC748 (dark) 15.5 Dykes et al. (2005)
SC156-14E 36.7 Boren and Waniska (1992)
SC574-14E 18.3 Boren and Waniska (1992)
Pl Black Tall 11.0 Dykes et al. (2005)

Hi Tannin 35.3 Awika (2003)
Sumac 50.2 Awika (2003)
NK121 16.6 Unpublished data
NK121A 26.0 Unpublished data
NK180 18.2 Unpublished data
NK8810 47.7 Unpublished data
NK8830 56.3 Unpublished data
XM217 35.1 Unpublished data

®Values are expressed as mg catechin equivalents/g.

®Value is below detection limit.
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2000). Sorghums that do not have a pigmented testa contain non-tannin
phenolics that react with the reagents and give some “tannin values” that are not
really tannins (Earp et al 1981; Hahn and Rooney 1986). These values are
widely reported as tannins in the literature and give rise to the myth that all
sorghums have tannins (Rooney 2005). Thus, significant confusion exists. The
vanillin/HCI assay does not measure tannin content accurately. The lack of an
appropriate standard for condensed tannins is a major problem due to the
heterogeneity of these compounds (Schofield et al 2001). Attempts to prepare a
pure tannin standard from sorghum or other tannin-containing material (i.e.
quebracho) are difficult and time-consuming (Hagerman and Butler 1980; Butler
1989). The standard mostly used for the vanillin/HCI assay is catechin but it
gives values that are unrealistically high (Rohr et al 2000; Schofield et al. 2001).
In sorghum, the tannins reside mainly in the pigmented testa, which is only a
portion of the outer covering that comprises approximately 5-6% (dry weight) of
the kernel. Thus, catechin equivalent values of 5-6% (Table 5) are much too
high. Therefore, tannin values from this assay are only relative indices of tannin
content among samples. The butanol/HCI assay also measures tannin content
and it involves the depolymerization of condensed tannins in boiling acidic
butanol to yield anthocyanidins (Porter et al. 1986).

Flavan-4-ols are measured by a modification of the butanol/HCI assay
as described by Butler (1982) or by Gous (1989). Total anthocyanin content is

determined using the pH differential method of Fuleki and Francis (1968).
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In vitro antioxidant activity in sorghums had been measured using the
2,2’-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid (ABTS), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), and oxygen radical absorbance capacity (ORAC)
methods (Awika et al 2003b, 2004a, b; Kamath et al 2004; Dicko et al 2005). A
summary of each method is given in Table 6. These methods are useful at
assessing antioxidant activity potential but they cannot predict how the
compounds will act in the body. Among cereals, sorghums with a pigmented
testa had the highest antioxidant activity potential followed by Chinese black rice
and sorghums with a pigmented pericarp (Dykes and Rooney 2006).
Instrumental Methods. Reversed-phase high-performance liquid
chromatography (RP-HPLC) with UV-Vis or photodiode array (PDA) detection is
the best method to separate, identify, and quantify sorghum phenolic acids and
flavonoids (Hahn et al 1983; Gujer et al 1986; Awika et al 2004a, b). Mobile
phases are usually binary, which consists of a polar solvent (i.e. aqueous formic
or acetic acid) and a less polar solvent (i.e. methanol or acetonitrile) (Merken
and Beecher 2000). RP-HPLC has been used to measure condensed tannins,
but separation could only be accomplished on tannins up to tetramers and these
were not separated according to their degree of polymerization (Prior and Gu
2005). Normal-phase HPLC with fluorescence detection allows the separation
and quantification of tannins according to their degree of polymerization
(Hammerstone et al 1999; Gu et al 2002; Awika et al 2003a). Tannins up to

decamers were successfully separated; tannins with higher degrees of



Table 6

Common Methods Used to Measure Antioxidant Capacity in Sorghum

Method Reaction Radical Quantitation Advantages Disadvantages
Mechanism
ABTS Single ABTS ©  Measures the decrease of ABTS Method can be performed at a wide pH Radical does not exist in biological systems
electron absorbance in the presence of range ) ) ) .
transfer antioxidants Radical used is not commercially available
Radical is soluble in both aqueous and and thus has to be generated by reacting
Trolox used as the standards and the organic solvents ABTS with a strong oxidizing agent (i.e.
results are expressed as trolox potassium persulfate), which may take a long
equivalents Reaction occurs within 30 min time (16 hrs for potassium persulfate)
Does not require expensive Radical is not stable for long periods of time
instrumentation; a UV-Vis
spectrophotometer is used
DPPH Single DPPH  Measures the decrease of DPPH’ Radical used is commercially available Long analysis time (up to 8 hours for
electron absorbance in the presence of and thus does not need to be generated  sorghum)
transfer antioxidants _ _ _ o
Radical used is stable Radical used does not exist in biological
Results are expressed as ECs, (sample ) ] systems
concentration that causes initial DPPH’ _Does not req_wr.e expensive L .
concentration to decrease by 50%); instrumentation; a UV-Vis Interference can occur by antioxidants (i.e.
results are also expressed a); troIE»& spectrophotometer is used anthocyanins) having spectra that overlap
oauvalonts p with DPPH at 515 nm
Method sensitive to low pH
Antioxidants may react slowly or not all with
DPPH’ due to steric hindrance
Reducing agents decolorize DPPH’
ORAC Hydrogen ROO’ Peroxyl radical reacts with a fluorescent  Radical exists in biological systems Expensive instrumentation
atom probe (B-phycoerythrin, fluorescin, Detects both hydrophilic and lipophilic
transfer dichloroflueorescin) to produce a non- antioxidants Long analysis time (around 1 hr.)

fluorescent product that is measured by
fluorescence. Antioxidant capacity is
determined by the decreased rate and
amount of product formed over time

Trolox used as the standard and results
are expressed as trolox equivalents

Method is readily automated

Uses of B-phycoerythrin as the fluorescent
probe causes high variability of results and
causes false low ORAC values

Reaction temperature-sensitive; temperature
variation causes low reproducibility of results

Refs: Awika et al 2003b; Prior et al 2005.

(44
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polymerization were shown as one single peak (Gu et al 2002; Awika et al
2003a).

Sorghum phenols are difficult to identify and characterize due to lack of
standards. Methods used to determine structural characterization of these
compounds include mass spectrometry, 'H and *C nuclear magnetic resonance
spectrometry, and infrared spectroscopy (Gujer et al. 1986; Watanabe 1999;

Krueger et al. 2003; Wu and Prior 2005).
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CHAPTER 1lI

MATERIALS AND METHODS

Samples

For the red pericarp sorghum study, thirteen sorghum varieties were
grown in a sorghum breeding nursery in College Station, TX in 2003, 2004, and
2005. A tan plant white-pericarp sorghum free of evident pigments (02CA4796)
was used as the control. For the lemon-yellow pericarp sorghum study, twelve
sorghum varieties were grown in Lubbock, TX in 2005 and in College Station,
TX in 2006. Dorado, a tan plant white-pericarp sorghum, was used as the
control. For the black pericarp sorghum study, eight sorghum varieties with
black pericarps were grown in College Station in 2006; Tx430 Black was used
as the control. Tx430 Black, Black PI Tall, Hyb116, Hyb117, and Hyb118 were
then grown in College Station, TX and Corpus Christi, TX in 2007. Tx430 Black,
Hyb116, and Hyb118 were also grown in Puerto Rico in 2007. The samples’
genetic and physical descriptions are summarized in Tables 7-9. The line
designations for all germplasms were given by breeders in the Texas
Agricultural Experiment Station (TAES) Sorghum Improvement Program; the
genotype of each line was based on observations made by TAES sorghum
breeders. All sorghum samples were collected at maturity; they were air-dried,

manually cleaned, and all glumes were removed from the kernels.



TABLE 7

Genotypes and Physical Characteristics of Varieties Used for the Red Pericarp Sorghum Study

Variety Genotype Plant Color Pigmented Testa Pericarp Kernel Appearance
02CA4796 b1b1B2B,RRYyZZppQQ Tan Absent White, thin Pearly, white
B.01336 b1b1B2B2RRYYZZppQQ Tan Absent Red, thin Pearly, yellowish-red
99GWO092 b1b1B2B2RRYYZZppQQ Tan Absent Red, thin Pearly, orange-brown
98BRON1555 b1b1B2B2RRYYZZppQQ Tan Absent Red, thin Pearly, yellowish-red
99LGWO50 b1b1B2B2RRYYZZppQQ Tan Absent Red, thick Chalky, red
98CA4779 b1b1B2B2RRYYZZPPQQ Purple Absent Red, thin Pearly, orange
B.9904 b1b1B2B,RRYYZZPPqq Red Absent Red, thin Pearly, brown
SC103 x SC748 (light) b1b1B2B2RRYYZZPPQQ Purple Absent Red, thin Pearly, yellowish-brown
Tx2911 b1b1B2B,RRYYzzPPqq Red Absent Red, thick Chalky, red
Tx430 Black b1b1B2B2RRYYZzzPPQQ Purple Absent Red, thick Chalky, mostly black
SC719-11E B1B1B2B2RRYYzzPPqq Red Present Red, thick Chalky, reddish-orange
SC103 x SC748 (dark) B1B1B2B,RRYYzzPPQQ Purple Present Red, thick Chalky, dark brownish-red
Black PI Tall B1B1B,B2RRYYzzPPQQ Purple Present Red, thick Chalky, black

14



TABLE 8

Genotypes and Physical Characteristics of Varieties Used for the Lemon-Yellow Pericarp
Sorghum Study

Variety Genotype Plant Color Pigmented Testa Pericarp Kernel Appearance
Dorado b1b1B2B2RRYyZZppQQ Tan Absent White, thin Pearly, white
BRON176 b1b1B2BarrYYZZppQQ Tan Absent Yellow, thin Pearly, lemon-yellow
B35 b1b1B2B2rrYYzzPPQQ Purple Absent Yellow, thick Pearly, light yellow
EBA3 b1b1B2BrrYYzzPPqq Red Absent Yellow, thick Chalky, lemon-yellow
SC979 b1b1B2B2rrYYzzPPQQ Purple Absent Yellow, thick Chalky, lemon-yellow
SC35-14E b1b1B2BarrYYZZPPQQ Purple Absent Yellow, thin Pearly, lemon-yellow
SC1038 b1b1B2BrrYYzzPPQQ Purple Absent Yellow, thick Chalky, brownish yellow
New B Line b1b1B2B2rrYYzzPPQQ Purple Absent Yellow, thick Chalky, brownish yellow
SC748 b1b1B2BarrYYZZPPQQ Purple Absent Yellow, thin Pearly, lemon-yellow
BTx399 b1b1B2B,RRYYzzPPQQ Purple Absent Red, thick Chalky, light red
Tx2911 b1b1B2B2RRYYzzPPqq Red Absent Red, thick Chalky, red
SC1155 B1B1B2B,RRYYzzPPQQ Purple Present Red, thick Chalky, dark brown

9c



TABLE 9

Genotypes and Physical Characteristics of Varieties Used for the Black Pericarp Sorghum Study

Variety Genotype Plant Color Pigmented Testa Pericarp Kernel Appearance
Tx430 Black b1b1B2B2RRYYZzzPPQQ Purple Absent Red, thick Chalky, black
Shawaya Black b1b1B2B,RRYYZzzPPQQ Purple Absent Red, thick Chalky, black
Black PI Tall B1B1B2B2RRYYzzPPQQ Purple Present Red, thick Chalky, black
Hyb107 B1B1B2B,RRYYzzPPQQ Purple Present Red, thick Chalky, mostly black
Hyb115 B1B1B2B,RRYYzzPPQQ Purple Present Red, thick Chalky, mostly black
Hyb116 B1B1B.B,RRYYzzPPQQ Purple Present Red, thick Chalky, mostly black
Hyb117 B1B1B2B,RRYYzzPPQQ Purple Present Red, thick Chalky, mostly black
Hyb118 B1B1B2B2RRYYzzPPQQ Red-Purple Present Red, thick Chalky, dark brown with black spots

yx4
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Standards and Reagents

Gallic acid, catechin hydrate, and 2,2’-azinobis (3-ethyl-benzothiazoline-
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 Aldrich (Milwaukee, WI). Caffeic acid,
ferulic acid, and naringenin were obtained from Sigma-Aldrich (St. Louis, MO).
Apigenin and luteolin were obtained from Indofine Chemical Co., Inc.
(Hillsborough, NJ). Eriodictyol, luteolinidin chloride, and apigeninidin chloride
were obtained from ALSACHIM (Strasbourg, France) and 7-methoxyapigeninidin
chloride was obtained from ChromaDex (Santa Ana, CA). Sec-butanol was

reagent grade and all other solvents were HPLC grade.

Pericarp Color Determination

Color measurements of whole grains were obtained using a Minolta CR-
310 Colorimeter (Osaka, Japan). Measurements were expressed as
Commission Internationale de I'Eclairage L*, a*, and b* (CIELAB) (Commission

Internationale de I'Eclairage 1986).

Extraction for Colorimetric Assays

Samples were ground for 2 minutes using a Cuisinart DCG-20 coffee
grinder (East Windsor, NJ) prior to analysis. For all assays with the exception of
the DPPH assay, samples (0.1-0.5 g) were extracted in 25 mL 1% HCl/methanol

(v/v) for two hours while shaking at low speed using an Eberbach shaker
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(Eberbach Corp., MI). For the butanol assay, samples were extracted in 10 mL
of 1% HCI in methanol (v/v). For the DPPH assay, samples (0.2-0.5 g) were
extracted in aqueous 70% acetone (v/v) for two hours while shaking at low
speed. All extracts were then centrifuged at 2790g for 10 minutes in a Sorvall
SS-34 centrifuge (DuPont Instruments, Wilmington, DE) and were decanted. To
avoid oxidation, extracts were stored in the dark at -20°C and analyses were

performed within 24 hours.

Extraction for HPLC and LC-MS Analyses

Ground samples (1 g) were extracted in 10 mL of 1% HCl/methanol (v/v)
for two hours in a shaker. The extracts were centrifuged at 27909 for 10
minutes and then decanted. For the lemon-yellow and black pericarp sorghum
studies, a second set of extracts were prepared for flavanone analysis. Samples
(1g) were extracted in 10 mL of 1% HCl/methanol (v/v) for two hours in a shaker.
Each supernatant was then transferred to glass tubes, sealed, and placed in a
water bath for 90 minutes at 80°C. All extracts were immediately filtered using a
0.45 uym nylon membrane filter (Whatman Inc., Maidstone, UK) prior to HPLC

and LC-MS analyses.

Colorimetric Assays
Total phenols of the acidified methanol extracts were measured using the
modified Folin-Ciocalteu method of Kaluza et al (1980). One aliquot of the

extract (0.1 mL) was dissolved in 1.1 mL of water and reacted with 0.4 mL of
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Folin reagent and 0.9 mL of 0.5M ethanolamine. The reaction was allowed to
stand for 20 minutes at room temperature and the absorbance was read at 600
nm. Condensed tannins were measured using the modified vanillin/HCI assay as
described by Price et al (1978). Flavan-4-ol content was measured using the
modified method of Govindarajan and Mathew (1965) as described by Gous
(1989). One aliquot (1 mL) of the extract was reacted with 5 mL of HCI-butanol
reagent, which was prepared by dissolving 0.0616 g of FeSO4-7H,0 in 5% HCI
in sec-butanol (v/v). The reaction was allowed to stand for 1 hour at room
temperature and the absorbance was read at 550 nm. Anthocyanin content was
measured using the method of Fuleki and Francis (1968). Briefly, one aliquot of
each sample was diluted two-fold using the extraction solvent and was left to
stand for 2 hours at room temperature in the dark. Absorbance was read at 485
nm. Antioxidant activity of sorghum extracts were measured in vitro by the

DPPH and ABTS assays as described by Awika et al (2003b).

HPLC Analysis

Extracts were analyzed on an Alliance 2695 system (Waters Corp.,
Milford, MA) connected to a Waters 996 photodiode array detector (PDA).
Sorghum phenolics were separated using a Luna C18 column (150 mm x 4.6
mm i.d., 5 ym) from Phenomenex (Torrance, CA). Column temperature was
maintained at 35 °C. Injection volume was 20 yL. The mobile phase consisted
of 4% formic acid in water (v/v) (Solvent A) and acetonitrile (Solvent B). The

solvent flow rate was 1.0 mL/min. The 3-deoxyanthocyanins were separated



31

using the following gradient: 0-20 min., 12-20% B; 20-40 min., 20-50% B; 40-50
min., 50% B. Flavones and flavanones were separated using the following
gradient: 0-45 min., 15-41% B; 45-50 min., 41% B. The 3-deoxyanthocyanins,
flavones, and flavanones were detected at 485 nm, 340 nm, and 280 nm
respectively. Identification of sorghum flavonoids was determined based on
commercial standards’ retention times, UV-Vis spectra, and LC-MS data.
Quantification of each compound was accomplished by comparing peak areas
with that of a standard curve of each authentic standard. Molecular weight
correction factors (Chandra et al 2001; Wu et al 2006) were used to quantify 5-
methoxyluteolinidin and 7-methoxyapigeninidin. Data was collected and

processed using the Empower software version 1.0 (Waters Corp., Milford, MA).

LC-MS-ESI Analysis

Structural information on 5-methoxyluteolinidin, eriodictyol glucoside, and
naringenin glucoside was obtained by LC-MS analysis, which was performed on
a Thermo Finnigan LCQ Deca XP Max MS" ion trap mass spectrometer
equipped with an ESI ion source (ThermoFisher, San Jose, CA). Separation
was conducted using the same Luna C18 column mentioned earlier. Column
temperature was maintained at 20°C. The mobile phase consisted of 0.5%
formic acid in water (v/v) (Solvent A) and 0.5% formic acid in acetonitrile (v/v)
(Solvent B). The solvent flow rate was 0.4 mL/min. The compounds were
separated using the following gradient: 0-5 min., 15-40% B; 5-15 min., 40-85%

B. Electrospray ionization was conducted in the negative (flavanone glucosides)
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and positive (3-deoxyanthocyanin) modes under the following conditions:
sheath gas (N2), 40 units/min; auxiliary gas (N2), 5 units/ min; spray voltage 3.5

kV; capillary temperature, 250°C; capillary voltage, -29 V; tube lens offset, -60 V.

Statistical Analysis

All values are expressed as means + standard deviation for three
replicates. One-way ANOVA was used to determine significant differences
between phenols, antioxidant activity, and pericarp color. Pearson correlation
was used to determine relationships between sorghum phenols and antioxidant
activity and between sorghum phenols, antioxidant activity, and pericarp color.
Genetics x environment (G x E) interaction was analyzed using a general linear
modeling option. Statistical analysis was done using SPSS version 15.0 (SPSS

Inc., Chicago, IL).
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CHAPTER IV

FLAVONOID PROFILE OF RED SORGHUMS*

Sorghum Grain Characteristics

In 2003, Tx430 Black and Black PI Tall had the lowest L* values (32.6-
34.6), which means they were the darkest in color while 02CA4796 had the
highest L* value (62.2) (Table 10). This was expected since the grains of Tx430
Black and Black PI Tall were black while those of 02CA4796 were white. All
samples had positive a* values, which means they were more red than green.
With the exception of 02CA4796, the a* value increased as the L* value
increased. Tx430 Black had a higher a* value than was expected since the hilar
area, which was covered by the glume during its development, was light red
which affected the redness value. This was not observed with Black PI Tall,
which was completely black. The b* value was also positive for all samples,
which means they were more yellow than blue; the L* value increased as the b*
value increased.

When comparing grains grown in 2003 with those grown in 2004 and
2005, sorghums in 2003 had the least weathering whereas those harvested in

2005 had the most weathering, especially for Tx430 Black and Black PI Tall

*Portions of this chapter were reprinted with permission from “Phenolic compounds and
antioxidant activity of sorghum grains of varying genotypes” by Dykes, L. and Rooney, L.W.,
Waniska, R.D., Rooney, W.L. 2005, J. Agric. Food Chem., Vol. 53, Pages 6813-6818, Copyright
(2005) by American Chemical Society. DOI: 10.1021/jf050419e.



TABLE 10

CIELAB L*, a*, b* Values of Sorghums Grown in

College Station, TX 2003-2005

Variety Year L* a* b*
02CA4796 2003 62.24+0.13 3.80+0.10 19.20+0.18
2004 62.94+0.77 3.79+0.31 19.36+0.40
2005 59.33+0.08 4.66+0.03 19.91+0.04
B.01336 2003 4264 +045 1258+0.18 13.44+0.24
2004 42.07+0.25 12.23+0.18 12.84+0.07
2005 42.06+£0.25 13.32+0.09 13.28+0.19
99GW092 2003 4196+0.09 13.02+0.31 13.73+0.25
2004 41.14+0.26 11.78+0.03 12.06 +0.26
2005 40.56+0.25 12.21+0.13 11.40+0.27
98BRON155 2003 46.45+0.14 12.38+0.34 18.04+0.17
2004 46.05+0.30 12.67+0.21 17.21+0.26
2005 4498 +0.42 12.08+0.19 16.26+0.34
99LGWO50 2003 39.14+0.23 16.17+0.11 10.86+0.28
2004 37.62+0.13 14.04+0.17 9.29+0.07
2005 37.74+0.31 11.95+0.22 7.80+0.38
98CA4779 2003 4482 +0.08 16.36+0.13 17.73+0.13
2004 45.06 £0.17 16.96+0.09 18.29+0.30
2005 44.67 £0.07 1544 +0.06 16.65+ 0.06
B.9904 2003 41.78+0.06 12.76 £0.56 12.30+0.16
2004 40.71+0.21 13511024 12.11+0.16
2005 39.00+0.10 11.93+0.13 9.60+0.17
SC103 x 2003 4324 +0.14 1252+0.16 14.69+0.17

SC748 (light)

2004 4176 +0.12 13.06+0.26 13.57+0.13
2005 40.83+0.23 11.54+0.13 12.05+0.27



TABLE 10 - Continued

Variety Year L* a* b*
Tx2911 2003 40.34+0.14 17.87+0.01 13.01+0.01
2004 40.62+0.08 18.20+0.27 13.45+0.20
2005 38.46+0.06 16.90+0.26 10.67 +0.21
Tx430 Black 2003 3462+020 3.53+0.03 3.00z0.07
2004 3595+0.05 553+0.14 475+0.19
2005 3484+0.29 3.73+0.22 237+0.20
SC719-11E 2003 4170+ 0.15 18.26+0.13 14.90+0.12
2004 41.32+0.11 18.38+0.42 1550+0.16
2005 4127 +0.17 17.47+0.06 14.02+0.20
SC103 x 2003 36.48+022 993+0.10 7.39+0.13
SC748 (dark)
2004 36.12+0.11 9.82+0.12 6.34+0.11
2005 3478+0.07 827+0.12 4.88+0.09
Black PI Tall 2003 32.61+0.07 229+0.09 1.41+0.06
2004 31.48+0.26 2.60+0.10 0.93+0.12
2005 3424+028 4.01+0.02 1.99%0.10
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SC103 x SC748 (Light)

98CA4779 SC103 x SC748 (Dark)

Fig. 5. Sorghum varieties grown in College Station, TX 2003.

Tx2911
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Tx430 Black
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SC719-11E SC103 x SC748 (Dark)

Fig. 6. Sorghum varieties grown in College Station, TX 2004.
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Tx430 Black
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98BRON155 99LGWO50

98CA4779 B.9904 SC103 x SC748 (Light) Tx2911 Tx430 Black

SC719-11E SC103 x SC748 (Dark) Black PI Tall

Fig. 7. Sorghums varieties grown in College Station, TX 2005.
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(Figs. 5-7). The elevated L* value for Black PI Tall in 2005 (34.2) showed that it
was less black. Some variation was observed in the L*, a*, and b* values in
2003-2005 (Table 10); however, the same aforementioned trends were
observed. Black sorghums had the lowest L* values while those of 02CA4796
were highest. All a* and b* values were positive. With the exception of

02CA4796, the a* and b* values increased as the L* value increased.

Evaluation of Sorghum Total Phenols

Plant color affected total phenol content (Fig. 8). Sorghum grains grown
on plants with red/purple secondary plant color, with the exception of 98CA4778
and B.9904, had higher levels of total phenol (3.1-8.9 mg GAE/g) than those
from tan plants with a thin pericarp (2.1-2.6 mg GAE/g). Sorghums with a thick
pericarp had higher total phenols (4.1-8.9 mg GAE/g) than those with a thin
pericarp (2.1-3.1 mg GAE/g). However, sorghums with a thin pericarp from
red/purple plants had total phenol levels similar to those from tan plants. This
agrees with the results of Beta et al (1999) who found a positive relationship
between pericarp thickness and total phenols. The presence of the pigmented
testa gene B1B, and the spreader gene S increased total phenols. Grains with

B1B2S genes had the highest levels of total phenols (8.8-8.9 mg GAE/qg).

Evaluation of Sorghum Condensed Tannins
Only three varieties (SC719-11E, SC103 x SC748-E (dark), Black PI Tall)

had a pigmented testa and had significant amounts of condensed tannins (Fig.
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9). Sorghums without a pigmented testa did not show any significant quantities
of condensed tannins. The low levels of absorbance were due to other phenolic
compounds that react with vanillin (Hahn and Rooney 1986). SC719-11E and
Black PI Tall had similar levels of condensed tannins (11.9-12.0 mg CE/g) while
sample SC103 x SC748 (dark) contained 15.5 mg CE/g. This was not expected
since Black PI Tall has a dominant spreader gene S. Sorghums with a dominant
spreader gene usually have higher tannins levels than those with a recessive

gene (Hahn and Rooney 1986).

Evaluation of Sorghum Flavan-4-ols

Red pericarp sorghums have flavan-4-ol compounds, such as luteoforol
and apiforol, which are produced from flavanones (i.e. naringenin and
eriodictyol) and may be precursors of 3-deoxyanthocyanidins in sorghums
(Wharton and Nicholson 2000). In addition to the possibility of reducing mold
damage in sorghums (Jambunathan et al 1990; Jambunathan et al 1991; Menkir
et al 1996), 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 with a thin pericarp were lowest (2.3-2.7 abs/mL/g), followed by
red/purple plant sorghums with a thin pericarp (3.0-3.6 abs/mL/g) (Fig. 10).
Red/purple plant sorghums with a thick pericarp had the highest levels of flavan-
4-ols (4.3-9.3 abs/mL/g), especially those with a black pericarp. A positive
correlation between total phenols and flavan-4-ols (r = 0.70, p < 0.01) (Table 11)

suggests total phenols are contributed mostly by flavan-4-ols in red pericarp
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Table 11

Pearson’s Correlation Coefficients of Sorghum Phenols and
Antioxidant Activity
All Sorghum Varieties Non-tannin Sorghum Varieties

FL-4-OL ANTH ABTS DPPH| FL-4-OL ANTH ABTS DPPH

PHE 0.70° 0.55 0.99* 0.98% 0.94% 0.65° 0.97* 0.97°
FL-4-OL 0.87% 0.65° 0.62° 0.85° 0.88* 0.96°
ANTH 0.47 0.50 0.56 0.74°
ABTS 0.97% 0.94°

PHE = Total phenols; FL-4-OL = Flavan-4-ol; ANTH = Anthocyanins.
2 * “indicate p < 0.001, p < 0.01, and p < 0.05, respectively.

i
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sorghums. This was especially true among non-tannin sorghums, which showed

a much stronger correlation (r = 0.94, p < 0.001) (Table 11).

Evaluation of Sorghum Anthocyanins

The most common anthocyanins in sorghums are the 3-
deoxyanthocyanidins, which include the orange luteolinidin and the yellow
apigeninidin (Nip and Burns 1969; Nip and Burns 1971; Gous 1989; Awika et al
2004a, b; Rooney and Awika 2005). Both compounds have good potential for
use as natural colorants due to their pH stability (Gous 1989; Awika et al 2004b).
The levels of anthocyanins in the sorghums evaluated had the same pattern as
found for the flavan-4-ols (Fig. 11). Sorghums with a black pericarp (Tx430
Black and Black PI Tall) had the highest levels of anthocyanins, followed by the
other varieties with red/purple plants and a thick pericarp. Sorghums with a
black pericarp are genetically red but when maturing in the presence of sunlight,
their pericarp turns black. A correlation between flavan-4-ol and anthocyanin
content (r = 0.87, p < 0.001) (Table 11) was observed. The same was observed
among non-tannin varieties (r = 0.85, p < 0.001). No significant correlation was
found between total phenols and anthocyanin content, which was previously

reported by Awika (2000).

Correlations Between Pericarp Color and Sorghum Phenols
There were some significant correlations between pericarp color and

sorghum phenols. The negative correlation between the L* value and total
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phenols (r =-0.69, p < 0.01) suggests that darker grains contain higher levels of
phenolic compounds. A stronger negative correlation between the L* value and
flavan-4-ol content (r = -0.84, p < 0.001) was observed, suggesting that dark
pigments in the pericarp increase the levels of flavan-4-ols. A weak correlation
between the L* value and anthocyanin content was observed (r = -0.61, p <
0.05). This is in contrast to Gous (1989), who observed a much stronger
correlation between the L* value and anthocyanin content (r = -0.82). The b*
value also correlated with flavan-4-ol (r = -0.90, p < 0.001) and anthocyanin (r =
-0.85, p < 0.001) contents as found by Gous (1989). No significant correlations

were found between the a* value and total phenols.

Evaluation of Sorghum Antioxidant Activity

Sorghums with dominant B;B, genes had the highest antioxidant activity,
especially the varieties with the dominant S gene (Fig. 12). The antioxidant
activity came mainly from condensed tannins, which have demonstrated higher
antioxidant activity in vitro than other phenolic compounds (Hagerman et al
1998; Amarowicz et al 2003).

Plant color and pericarp thickness affected antioxidant activity. Sorghums
from red/purple plants had higher antioxidant activity than those from tan plants
with a thin pericarp. From the red/purple plant category, sorghum grains with a
thick pericarp had higher antioxidant activity than those with a thin pericarp.
This confirms that antioxidant activity comes mainly from the pericarp, which is

rich in phenols (Awika et al 2005). A strong correlation between total phenols
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and antioxidant activity was observed (total phenols vs. ABTS, r = 0.99; total
phenols vs. DPPH, r = 0.98) indicating an association between pericarp
thickness and antioxidant activity. Thick pericarp sorghum grains contain starch
granules in the mesocarp (Earp et al 2004b) and are more susceptible to molds
and weathering (Beta et al 1999) causing the production of phytoalexins such as
3-deoxyanthocyanins (Lo et al 1999; Seitz 2004). This study shows sorghum
grains with PPqq or PPQQ genes (red/purple plant) and recessive z (thick
pericarp) genes increase antioxidant activity. This type of information is
important for the selection of sorghums used for functional foods.

The strong correlations between total phenols and antioxidant activity
could be due to the presence of tannins in SC719-11E, SC103 x SC748 (dark),
and Black PI Tall, which increased the correlations. However, when those
samples were removed from the set, strong correlations were still observed
(total phenols vs. ABTS, r = 0.97; total phenols vs. DPPH, r = 0.97) (Table 11),
which indicated other phenolic compounds such as flavan-4-ols or anthocyanins
were 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 activity (Table 11). However, when determining the correlations
without the tannin sorghums, the correlation between antioxidant activity and

flavan-4-ols increased. No correlation was found between anthocyanins and
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antioxidant activity among the non-tannin sorghums.

Among the non-tannin sorghum samples, Tx2911, 99LGWOS50, and
Tx430 Black had the highest antioxidant activity (Fig. 12). Interestingly, Tx2911
and 99LGWOS0 had higher antioxidant activity than Tx430 Black despite the
fact the grains of Tx2911 and 99LGWO50 were bright red while those of Tx430
Black were black. These results suggest the intensity of redness of non-tannin
sorghum grains cannot predict their antioxidant activity potential. Tx2911 and
99LGWOS0 may contain compounds that increase the antioxidant activity.

DPPH values were lower than the ABTS values for all samples. This
could be due to the different extraction solvents used for both assays. Aqueous
acetone and acidified methanol were used as extraction solvents for the DPPH
and ABTS assays, respectively. Acidified methanol could not be used for the
DPPH assay since the method is sensitive at low pH (Awika et al 2003b). In
addition, pigments, such as anthocyanins, cause interference leading to
underestimation of antioxidant activity when using the DPPH assay (Arnao 2000;
Awika et al 2003b). However, there was a strong correlation between ABTS and
DPPH (r = 0.97, p < 0.001) (Table 11), which was also observed in previous

studies (Awika et al 2003b; De Beer et al 2003).

Evaluation of Sorghum 3-Deoxyanthocyanins
Four major 3-deoxyanthocyanins were detected: luteolinidin (LUT),
apigeninidin (AP), 5-methoxyluteolinidin (5-MeO-LUT), and 7-

methoxyapigeninidin (7-MeO-AP) and their retention times were 8.2, 11.1, 11.8,
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and 15.3 minutes respectively (Fig. 13). These compounds were identified using
commercial standards with the exception of 5-MeO-LUT, which was identified
based on its UV spectra (Amax = 485 nm) and LC-MS data ([M]’, m/z 283;
MS/MS, m/z 269). The common anthocyanins (i.e. cyanidin) were not detected.
Sorghums with red/purple secondary plant color had the highest levels of 3-
deoxyanthocyanins (32-680 ug/g) with the black sorghums (Tx430 Black and
Black PI Tall) having the highest amounts (Fig. 14). The presence of a
pigmented testa did not increase the levels of 3-deoxyanthocyanins.

A strong correlation between the 3-deoxyanthocyanin levels measured by
the colorimetric method of Fuleki and Francis (1968) and by HPLC (r = 0.99, p <
0.001) was observed. This suggested that the anthocyanins measured using
the colorimetric method consisted mostly of the four 3-deoxyanthocyanins
detected by HPLC. The strong correlation also suggested that the colorimetric
method is a quick, inexpensive, and reliable method to screen 3-
deoxyanthocyanin levels in sorghums.

The 3-deoxyanthocyanin profiles varied among samples (Fig. 15). AP
and 7-MeO-AP were the predominant 3-deoxyanthocyanins in red plant
sorghums (B.9904, Tx2911, and SC719-11E), which accounted for 67-89% of
the total. On the other hand, all purple plant sorghums, with the exception of
Tx430 Black, had a higher proportion of the LUT compounds, which accounted
for 61-75% of the total. The 3-deoxyanthocyanins in Tx430 Black were almost

evenly distributed with LUT and 5-MeO-LUT accounting for 52% of the total.
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Fig. 14. 3-Deoxyanthocyanin levels in sorghums grown in College Station, TX 2003.
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These results suggest that 3-deoxyanthocyanin profile can be predicted by
secondary plant color and not by pericarp color.

It had been reported that these compounds are concentrated in the
pericarp (Awika et al 20044, b; Seitz 2004). When looking at the samples,
red/purple plant sorghums had purple specks or stains while tan plant sorghums
did not (Fig. 5). These stains could be the source of the extractable 3-
deoxyanthocyanins. However, due to their high levels of 3-deoxyanthocyanins,
it was unclear whether these compounds were produced as phytoalexins in the
black sorghums. It is believed that these compounds were produced when the
grain was exposed to sunlight. To test this hypothesis, panicles of the Tx430
Black were covered with a brown paper bag from anthesis to physical maturity

during the crop year of 2004. When the bags were removed, the grains of

Fig. 16. Tx430 Black grains from panicles that were A) covered and B)
uncovered.
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Fig. 17. 3-Deoxyanthocyanin levels of Tx430 Black (C.S. 2004) from uncovered
and covered panicles.

Tx430 Black were red (Fig. 16). Grains from the uncovered panicles had three
times more 3-deoxyanthocyanins than those that were left covered (Fig. 17),
which suggested these compounds were produced while the panicles were

exposed to sunlight.

Evaluation of Sorghum Flavones
The two flavones detected in the varieties were luteolin and apigenin (Fig.
18). The separation method efficiently separated luteolin even in red/purple

plant sorghums, which was not achieved by Seitz (2004) due to interference with
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Fig. 18. HPLC chromatograms of A) 02CA4796; B) 99LGWO50; C) 99GWQ092;
D) 98CA4779. 1 = Luteolin; 2 = Apigenin; * = |dentified as cinnamic acids (i.e.
caffeic and ferulic acids) on the basis of their UV spectra. PDA = 340 nm.
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other phenolics. Three major peaks at 4.4, 4.8, and 19.8 minutes were identified
as cinnamic acids (i.e. caffeic and ferulic acids) on the basis of their UV spectra
(shoulder 245 nm; Amax = 321-327 nm). Red sorghums with tan secondary plant
color had higher flavone levels (60-386 ug/g) than red/purple plant sorghums (0-
41 ug/g) (Fig. 19). Flavones were not detected in SC719-11E. The elevated
flavone levels for 99LGWO50 could explain its elevated total phenols and
antioxidant activity levels (Figs. 8, 12). Among the red/purple plant sorghums,
black sorghums had the highest flavone levels.

Information on the cause of the presence of these compounds is limited.
Since luteolin and apigenin are yellow and pale yellow respectively, it was
difficult to conclude whether these compounds contributed to pericarp color as it
was observed for the 3-deoxyanthocyanins in black sorghums. These
compounds are concentrated in the pericarp and are reported as phytoalexins
(Seitz 2004). There is the possibility that these compounds were leached from
the glumes to the grain however this was not supported by Seitz (2004). Further
work is needed in this area.

Flavone profiles varied among the samples. Tx2911 and 98CA4779 had
only luteolin (Fig. 20). Apigenin was the main flavone in 02CA4796 and
B.01336, which accounted for 85-91% of the total. Luteolin and apigenin were
almost evenly distributed for B.9904 and 99LGWOS50. On the other hand,
luteolin was the main flavone in the remaining samples which accounted for (76-

100%) of the total. Flavone profile was not affected by secondary plant color.
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Fig. 19. Flavone levels in sorghums grown in College Station, TX 2003.
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The results showed that tan plant sorghums are a source of flavones,
which have potential health applications. These compounds have anticancer,
anti-inflammatory, antiallergic, and analgesic properties (Block et al 1998; Hirano
et al 2004; Horinaka et al 2005; Matsui et al 2005; Cherng et al 2007; Ziyan et al
2007). They are also effective as vascular relaxation agents and can be used

for the treatment of corneal neovascularization (Block et al 1998; Xu et al 2007).

Evaluation of Sorghum Flavanones

Flavanone levels ranged from 0-48 ug/g with BRON155 having the
highest levels (Fig 21). These compounds were not detected in 02CA4796,
Tx430 Black, and Black PI Tall. Secondary plant color did not have an effect on
flavanone levels.

Flavanone profile varied among the samples. Naringenin was the only
flavanone detected in some sorghums (i.e. 98BRON155, Tx2911, 99GWQ92)
(Fig. 22). Naringenin was not detected as the major peak (Fig. 23), which
contradicts the findings by Awika (2003). Both eriodictyol and naringenin were
detected in some samples (i.e. B.01336, SC103 x SC748 (light), B.9904) and
their proportions varied. Eriodictyol was the predominant flavanone in B.9904
and B.01336, which accounted for 54-57% of the total. Naringenin was the main
flavanone in SC103 x SC748 (light) and SC103 x SC748 (dark) which accounted

for 69-80% of the total.
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Fig. 23. HPLC chromatogram of Tx2911. *Naringenin. PDA = 280 nm.

Effect of Environment on Phenols and Antioxidant Activity Levels

The phenol and antioxidant activity levels of varieties grown in College
Station, TX in 2003-2005 were compared. Panicles started to flower in May-
June and the samples were collected in late August. Monthly rainfalls and
temperatures are reported in Table 12. Temperatures did not vary among the
years; however, rainfall pattern did. In 2003, rainfall occurred throughout the
sorghum development. In 2004, rainfall was heaviest during panicle anthesis
and development of the grain (May-June). In 2005, on the other hand, rainfall
was heaviest when the grain reached maturity (July-August).

Even though sorghums were grown in the same location, variation in
phenol and antioxidant activity levels was observed in 2003-2005. In general,
sorghums grown in 2004 had higher condensed tannin, flavan-4-ol, and
anthocyanin levels compared to those grown in 2003 and 2005 (Table 13). Only
one sample, 99LGWO50, had higher total phenols, flavan-4-ols, and

anthocyanins in 2003. SC103 x SC748 (light) from 2005 showed detectable
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TABLE 12

Monthly Rainfalls and Temperatures for College
Station, TX 2003-2005

May June July August

2003 Rainfall (in.) 06 6.6 4.1 4.5
Temperature (°F) 78.7 81.1 83.0 84.8
2004 Rainfall (in.) 78 11.8 23 2.5
Temperature (°F) 76.3 80.5 83.0 82.3
2005 Rainfall (in.) 25 05 46 3.3

Temperature (°F) 74.9 839 84.8 84.5

Data obtained from the National Weather Service Forecast Office, 2007.

condensed tannins (4.4 mg CE/g), which explains its elevated total phenol and
antioxidant levels. Since that sample was a hybrid, two possibilities could
explain the presence of condensed tannins. First, some panicles collected had
the pigmented testa and thus increased the catechin equivalent value. Second,
the seeds that were planted were from the 2004 crop year, and when planted,
grains with a pigmented testa were developed.

Environment did have an effect on 3-deoxyanthocyanin levels. Sorghums
from 2003 and 2004 had higher levels of 3-deoxyanthocyanins than those from
2005 (Table 14). In 2005, the 3-deoxyanthocyanin levels for Tx430 and Black Pl
Tall were 523 pg/g and 304 pg/g, respectively, which were lower than the 2003
and 2004 samples. When looking at the grains from 2005, the black sorghums
had severe weathering causing the kernels to have a grayish-brown appearance

(Fig 7). As reported in Table 12, the heaviest rainfall in the summer of 2005
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Phenol and Antioxidant Activity Levels in Sorghum Varieties Grown in

College Station, TX 2003-2005

Total Phenols Tannins Flavan-4-ols Anthocyanins ABTS DPPH

Variety Year (mg GAE/g)? (mg CE/g)™° (Abs/mL/g) (Abs/mL/g) (umol TE/g)® (umol TE/g)
02CA4796 2003 0.92+0.08 0.05+0.05 0.19 +0.03 0.33 +0.08 8.96 +0.44 3.23+0.33
2004 1.45+0.02 0.14 £ 0.08 0.17 £ 0.01 0.77 £0.10 11.68 £ 0.64 5.30+0.18

2005 1.51+£0.08 0.07 £ 0.03 0.27 + 0.01 1.79 £ 0.09 12.11 £ 0.47 477 £0.12
B.01336 2003 1.90 £ 0.08 0.09 + 0.08 2.39+0.27 5.61+0.20 24.77 £0.93 10.51 £ 0.56
2004 2.51+0.02 0.36 + 0.05 2.52 +0.05 6.81+ 0.06 26.48 +0.75 13.69 £ 0.20
2005 242 +0.05 0.29+£0.15 1.99+0.05 5.40 £ 0.20 22.26+0.75 11.07 £ 0.25
99GW092 2003 2.05+0.09 0.19+0.06 2.04 +0.08 5.30 £ 0.22 26.40 £ 0.90 11.00 £ 0.26
2004 3.08+0.17 0.36 + 0.05 2.93 +0.04 9.93+0.21 34.14 +0.53 14.18 £ 0.41
2005 2.89+0.15 0.47 +0.16 2.85+0.11 7.78+0.21 30.19+1.23 13.63+0.13

98BRON155 2003 2.29+0.29 0.12 +£0.08 2.39+0.13 8.30+ 0.14 29.58 + 0.54 7.93 £0.09
2004 3.08 £ 0.06 0.44 £ 0.06 3.79+0.04 12.53 £ 0.23 3742+ 049 9.56 + 0.30
2005 3.27+0.04 0.68+0.10 3.85+0.05 12.16 £ 0.44 39.69+1.17 10.81+0.14
99LGWO50 2003 4.36 £ 0.05 0.36 + 0.03 576+ 0.34 26.33+0.14 79.91+1.52 25.55 +0.38
2004 3.26 £ 0.05 0.44 +0.03 2.97 £ 0.04 10.07 £ 0.15 31.43+1.36 16.04 £ 0.58
2005 4.05 +£0.05 0.84 +0.08 4.42+0.08 14.23 £ 0.66 48.66 + 0.53 20.92+0.79

98CA4779 2003 2.09+0.16 0.14 +0.11 2.63+0.13 23.66 + 0.88 30.47 £ 0.39 8.58 + 0.11
2004 2.78+0.00 0.41+0.09 3.41+0.02 23.79 £ 1.09 30.11+0.25 8.71+0.48

2005 2.93+0.09 0.64 +0.10 3.63+0.03 19.01£0.15 35.48 + 0.69 8.46 +0.19
B.9904 2003 2.33+0.13 0.17+0.13 3.20+0.15 13.63 £ 0.46 30.59+0.24 12.82+0.45
2004 2.97+0.08 0.56 + 0.09 3.87 £0.07 16.16 £ 0.25 32.73+1.57 13.18 £ 0.63
2005 3.04+0.11 0.56 + 0.05 3.15+0.09 12.66 £ 0.71 28.73 £ 1.14 13.36 £ 0.52
SC103 x 2003 2.76+0.12 0.12+0.08 2.99+0.19 14.92 £ 0.30 38.43+0.80 16.48 £ 0.46

SC748 (light)

2004 3.69+0.04 0.44 + 0.06 3.99+0.04 16.40 £ 0.32 44.37 £0.52 17.50 £ 0.70
2005 5.38+0.15 4.37£0.27 3.82+0.07 15.19+0.53 63.05 + 1.09 29.72 +1.28
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Variety Year  Total Phenols Tannins Flavan-4-ols Anthocyanins ABTS DPPH
(mg GAE/g) (mg CE/qg) (Abs/mL/g) (Abs/mL/g) (umol TE/g) (umol TE/g)
Tx2911 2003 3.68+0.40 0.30+0.15 5.19+0.13 59.79+1.12 74.98 + 1.47 24.68 + 0.53
2004 4.32+0.04 1.19+0.10 9.02+0.12 57.95+ 0.54 66.05 + 0.42 14.37 £ 0.39
2005 5.27+0.22 1.19+0.13 8.12+0.27 46.48 £+ 0.70 71.18 + 0.86 23.97 £ 0.30
Tx430 Black 2003 4.14 +£0.31 ND® 8.14+0.33 193.70 £ 0.75 64.39 + 1.89 29.19 £ 0.85
2004 5.12+0.09 0.86 + 0.20 9.84 +0.25 152.31 £ 5.01 64.35 + 1.02 62.74 + 1.53
2005 5.83+0.13 1.10£0.30 10.34 £ 0.05 174.25 £ 2.39 66.69 + 0.64 35.02+2.29
SC719-11E 2003 6.24 +0.22 9.77 £ 0.26 3.84+0.23 35.73+0.70 130.81 £ 3.65 50.43 + 1.45
2004 9.57 +0.30 18.37 £ 0.33 4.24 +0.04 50.28 + 0.70 137.72 £ 4.91 75.21 +4.51
2005 8.14+0.24 10.84 £0.23 3.79+0.11 32.92+0.21 106.47 + 3.26 56.87 +2.73
SC103 x 2003 7.91+0.25 13.96 £ 0.51 4.79+0.18 30.06 + 0.66 155.21+£6.13 80.07 £ 2.79

SC748

(dark) 2004 10.18 £ 0.11 16.03 £ 0.69 4.87 £0.03 39.45+0.23 125.78 £ 4.14 88.09 + 2.61
2005 9.19+0.17 12.18 £ 0.51 4.58 +0.09 36.69 + 0.60 123.66 + 5.99 77.21+4.65
Black Pl Tall 2003 7.49+0.37 9.44 +0.42 7.45+0.48 192.89 + 3.03 132.81+248 65.96 + 3.48
2004 11.45+0.14 12.87 £0.48 12.40 £ 0.11 229.64 £ 4.49 151.83 + 1.66 89.65 + 0.97
2005 9.63+0.08 11.75+0.71 10.08 + 0.04 14411 £3.79 142.53 £ 1.02 83.03 £ 4.07

*GAE = Gallic acid equivalents.
°CE = Catechin equivalents.
“Varieties with values lower than 2.00 are considered tannin-free.

TE = Trolox equivalents.

°ND = Not detected.
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Variety Year LUT AP® 5-MeO-LUT® 7-MeO-AP® Total

02CA4796 2003 ND' 0.38 £ 0.09 ND 0.36 £ 0.06 0.74 £ 0.04
2004 0.22+0.03 ND ND ND 0.22 +0.03

2005 ND ND ND ND ND

B.01336 2003 ND ND ND ND ND
2004 0.36+0.07 1.01+0.13 0.12+0.10 0.92 +0.10 2.41+0.07
2005 ND 0.75 +0.02 ND 0.37 +0.34 1.12£0.36
99GWO092 2003 0.48 +0.08 ND 0.32+0.18 ND 0.80 +0.26
2004 4.07+027  2.39+0.19 3.31+0.16 2.03+0.10 11.80 + 0.67

2005 ND ND ND ND ND

98BRON155 2003 ND ND ND ND ND
2004 0.87+0.02  264+0.54 1.06 +0.18 0.63+0.10 5.20 £ 0.70
2005 0.27 +0.04 1.73+0.42 0.39+0.13 ND 2.39+0.47
99LGWO50 2003  0.40 +0.04 ND ND ND 0.40 + 0.04
2004 0.71+0.11 0.99+0.23 0.32+0.10 0.93 + 0.31 2.95+0.46

2005 ND ND ND ND ND
98CA4779 2003 29.17+0.87 18.23+1.54 30.21 £0.39 8.55 + 0.21 86.16 + 2.99
2004 16.76+0.45 16.83+0.74 10.93 + 0.30 6.07 £ 0.26 50.59 + 0.85
2005 819+047  923+0.25 4.65+0.11 2.10 + 0.08 2417 £ 0.41
B.9904 2003 2.04+0.14 19.39+1.06 1.58 + 0.09 9.40 +0.30 32.41+1.40
2004 1.88+0.02 17.08+0.86 1.47 +0.09 8.51 +0.52 28.94 +1.45
2005 221+0.15 12.86+0.08 2.27+0.18 7.12+0.10 24.46 + 0.44
SC103x 2003 13.52+0.17 571+0.23 14.12 £ 0.48 3.54 +0.09 36.89 + 0.92
S(licgrh‘t;3 2004 13.26+027 6.22+0.21 1413+ 0.57 454 +£0.12 38.15+ 1.03
2005 527+022  3.39+0.19 7.34+0.38 2.48+0.33 18.48 + 1.06
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Variety Year LUT AP 5-MeO-LUT 7-MeO-AP Total

Tx2911 2003 19.97 £ 0.51 42.36 £1.27 26.97 £ 0.16 49.81 + 0.61 139.11 £ 1.50
2004 11.22£0.31 46.77 £ 1.59 11.51+£0.59 41.08 £1.25 110.58 £ 0.35

2005 10.93 £+ 0.32 44.56 £ 1.09 16.40 £ 0.63 32.75+0.68 104.64 + 2.56
Tx430 2003 174.16 £ 2.00 165.41 £ 1.96 153.45 + 3.05 137.38 £ 3.10 630.40 + 10.03
Plack 2004 188.58 + 2.71 162.74 £ 0.65 146.62 + 2.69 119.46 £ 0.45 617.40 £ 6.19
2005 149.79 £ 1.66 118.64 £ 3.18 148.89 + 1.32 105.97 £ 1.38 523.29 + 6.97

SC719-11E 2003 6.10 £ 0.21 24.95+0.94 8.20 £ 0.32 23.12+1.15 62.37 £ 2.59
2004 9.22 £ 0.04 4514 £ 0.42 9.29+0.14 38.38 £ 0.49 102.03 £ 0.82

2005 4.01+0.27 20.32+0.87 3.63+0.34 11.50 £ 0.63 39.46 + 2.02

SC103 x 2003 29.14 £ 0.84 16.37 £ 0.74 11.89 £ 0.66 6.33 £ 0.30 63.73+2.26
S((?aii? 2004 52.30+1.15 34.99 + 1.86 8.38+0.13 5.72 + 0.50 101.39 £ 3.34

2005 40.70+0.94 21.72+0.62 20.66 + 0.24 7.96 £ 0.04 91.04 £ 1.72

Black PI 2003 282.56 + 3.29 166.19 £ 1.24 126.01 £ 1.87 104.93 £ 1.81 679.69 £ 6.15
el 2004 264.90 + 8.84 21479 £ 8.25 106.00 £ 1.62 98.24 + 2.61 683.93 + 20.47
2005 110.76 £ 0.83 71.98 £ 1.67 72.66 + 0.74 48.52 £ 0.66 303.92 + 3.45

Levels are expressed as ug/g.
°LUT = Luteolinidin.

°AP = Apigeninidin.

95-MeO-LUT = 5-Methoxyluteolinidin.
¢7-MeO-AP = 7-Methoxyapigeninidin.
'ND = Not detected.
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occurred in the later stage of the sorghum development. Black sorghums turned
black 21 days after anthesis (DAA). The heavy rainfall occurred when the
pericarp was already black and thus caused molding of the grain. In 2004, on
the other hand, the heavy rainfall occurred when the grain was at its early
development; no severe weathering was observed (Fig. 6). In 2003, rainfall
occurred throughout the grain development and no severe weathering was
observed (Fig. 5). Itis possible that grains are more prone to produce
phytoalexins at early stages of development as a means of defense against
physical stresses. On the other hand, if the grain is not attacked at its early
stage of development, then it is not adapted to produce these compounds
throughout its development. When reaching its later stage of development and it
is exposed to physical stress (i.e. heavy rainfall and high temperature), it
produces less phytoalexins and thus grain damage occurs. Further work is
needed to confirm this hypothesis.

The general linear model showed a genotype x environment interaction,
which means that environment did have an effect on 3-deoxyanthocyanin levels
(p <0.001) (Table 15). The 3-deoxyanthocyanin profiles of tan plant sorghums
differed when grown in different years whereas those of the red/purple plant
sorghums did not.

Flavone levels were consistently highest in tan plant sorghums (Table 16)
over the three crop years. There was a sample x environment interaction (p <

0.001) (Table 17), which showed that environment had an effect on flavone
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Table 15

Genotype (Variety) x Environment (Year) Interaction of 3-Deoxyanthocyanins in
Sorghums Grown in College Station, TX 2003-2005

Source Type Il Sum of df Mean Square F Sig. Partial Eta
Squares Squared
Corrected Model 4873113.371° 38 128239.826 6999.177 .000 1.000
Intercept 1642802.712 1 1642802.712  89662.221 .000 .999
Variety 4549710.486 12 379142.541 20693.150 .000 1.000
Year 57530.192 2 28765.096 1569.965 .000 .976
Variety * Year 265872.693 24 11078.029 604.626 .000 .995
Error 1429.126 78 18.322
Total 6517345.209 117

Corrected Total 4874542.497 116
®R Squared = 1.000 (Adjusted R Squared = 1.000)

levels. However, based on the information from Table 12, it was difficult to
explain what could be the cause since there was no trend as was observed for
the 3-deoxyanthocyanins. For example, flavone levels were highest in 2003 for
99L.GOWS5O0 (386 pg/g) and Tx2911 (21 ug/g) while levels were highest in 2004
for B.01336 (91 pg/g) and 99GWO92 (153 pg/g). Flavone levels were highest in
2005 for 02CA4796 (62 pg/g) and 98BRON155 (104 pg/g). Flavone levels for
Black PI Tall in 2005 were three times less (10 pg/g) than those in previous
years (32-36 pg/g). The luteolin level for that sample in 2005 was also three
times less (10 pg/g) than in previous years (27-32 ug/g) and apigenin was not
detected. The proportions of luteolin and apigenin did not change for most
samples during 2003-2005. A small amount of luteolin was found in 98CA4779
in 2003 whereas no flavone levels were detected in 2004 and 2005. Apigenin

was detected in SC719-11E in the 2004 crop year. The luteolin and apigenin



Table 16

Flavone Levels in Sorghum Varieties Grown in

College Station, TX 2003-2005%

Variety Year Luteolin Apigenin Total
02CA4796 2003 449 +£0.17 25.44 +2.24 29.93 +£2.42
2004 6.92 +0.29 37.42 £0.39 44.34 + 0.54
2005 12.55 + 0.40 50.14 + 2.59 62.69 +2.99
B.01336 2003 5.60 +£0.27 54.51 +1.86 60.11 £ 2.02
2004 7.31+£0.10 83.47 £0.13 90.78 £ 0.18
2005 3.38+0.15 22.66 +0.70 26.04 + 0.80
99GWO092 2003 88.10 + 3.67 11.70 £ 0.65 99.80 +4.26
2004 122.90 £ 2.32 29.71+0.38 152.61 £ 2.69
2005 72.16 + 0.66 15.49 + 0.06 87.65+0.71
98BRON155 2003 75.73+1.42 13.89+0.15 89.62+1.43
2004 73.78 £ 1.00 22.48+0.16 96.26 + 1.08
2005 92.81+1.94 10.89+0.25 103.70 £ 1.90
99LGWO50 2003 182.23 £ 7.00 203.68 + 5.50 385.91+ 12.48
2004 39.01+1.58 101.53 £5.79 140.54 £ 7.31
2005 57.81+0.91 68.04 + 1.65 125.85 £ 2.49
98CA4779 2003 8.43+0.16 ND" 8.43+0.16
2004 ND ND ND
2005 ND ND ND
B.9904 2003 2.63+0.10 3.16 £ 0.07 5.79+£0.14
2004 2.98 + 0.06 3.83 £0.05 6.81 £ 0.11
2005 1.76 £ 0.06 1.55+0.08 3.31+£0.08
SC103 x 2003 11.18+0.19 3.45+0.09 14.63+0.29
SC748
(light) 2004 10.11+£0.32 3.62 £0.02 13.73+0.30
2005 3.37+£0.16 1.15+0.02 452+0.18



Table 16 - Continued

Variety Year Luteolin Apigenin Total
Tx2911 2003 20.79 + 0.37 ND 20.79 + 0.37
2004 9.08 + 0.09 ND 9.08 + 0.09
2005 8.84 +0.19 ND 8.84 +0.19
Tx430 2003 34.23+0.45 6.73 £ 0.08 40.96 + 0.48
Black
2004 29.79 + 0.47 7.12£0.17 36.91 £ 0.64
2005 29.58 + 1.23 4.39+0.16 33.97 £1.37
SC719-11E 2003 ND ND ND
2004 ND 10.64 +0.22 10.64 +0.22
2005 ND ND ND
SC103x 2003 11.02 £ 0.26 2.81+0.21 13.83 + 0.46
SC748
(dark) 2004 12.92 £ 0.09 3.37 £0.03 16.29 £ 0.10
2005 7.93+0.36 2.34+0.25 10.27 + 0.61
Black P! 2003 31.62+0.49 4.63 £0.08 36.25  0.50
T 2004 27.11 £ 0.68 513+ 0.16 32.24 +0.83
2005 10.29 + 0.33 ND 10.29 + 0.33

Levels are expressed as pg/g.
°ND = Not detected.

73



74

Table 17

Genotype (Variety) x Environment (Year) Interaction of Flavones in Sorghums Grown
in College Station, TX 2003-2005

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model ~ 556466.481% 38 14643.855 2094.192 .000 .999
Intercept 287531.381 1 287531.381 41119.363 .000 .998
Variety 410878.361 12 34239.863 4896.583 .000 .999
Year 12495.839 2 6247.919 893.504 .000 .958
Variety * Year 133092.281 24 5545.512 793.054 .000 .996
Error 545.423 78 6.993
Total 844543.285 117

Corrected Total 557011.904 116
R Squared = .999 (Adjusted R Squared = .999)

proportions for 99LGWO50 of 2004 were different from those of 2003 and 2005.
In 2004, apigenin accounted for 72% of the total whereas in 2003 and 2005, it
was accounted for 53-54% of the total.

Environment affected flavanone levels (p < 0.001) (Table 18) although the
environmental factor(s) were not evident. Flavanone levels were highest in
samples grown in 2004 and 2005 (Table 19). Two samples (99LGWO50 and
SC103 x SC745 (light)) had higher flavanone levels in 2003 than in the following
years with levels of 19 and 27 ug/g, respectively. Flavanones were not detected
in 02CA4796 for all three crop years. Eriodictyol was detected in B.01336,
B.9904, and SC103 x SC748 (dark) in 2003-2005. Naringenin was consistently
detected in the remaining samples from all three crop years with the exception of
Tx430 Black in 2003 and Black PI Tall in 2003 and 2004. The naringenin

proportion was consistent throughout the three crop years for SC103 x SC748
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Table 18

Genotype (Variety) x Environment (Year) Interaction of Flavanones in Sorghums Grown
in College Station, TX 2003-2005

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model 26412.686% 38 695.071 1173.964 .000 .998
Intercept 46830.645 1 46830.645 79096.291 .000 .999
Variety 19382.564 12 1615.214 2728.073 .000 .998
Year 1374.800 2 687.400 1161.009 .000 .968
Variety * Year 5655.322 24 235.638 397.990 .000 .992
Error 46.182 78 .592
Total 73289.513 117

Corrected Total 26458.868 116
®R Squared = .998 (Adjusted R Squared = .997)

(dark), which accounted for 69-75% of the total.

This study showed that sorghum genetics affected phenol content, profile,
and antioxidant activity of sorghums with the R_Y__ genes for red/black pericarp.
The colorimetric methods showed that phenol and antioxidant activity levels
were increased when sorghums had red/purple secondary plant color, a black or
dark red pericarp, and a pigmented testa. Flavone levels were increased when
sorghums had the gene for tan secondary plant color while 3-deoxyanthocyanin
levels were increased when sorghums had the red/purple secondary plant color
gene. Environment affected sorghum phenolic levels. These findings provide
useful guidelines to produce sorghums with the greatest antioxidant activity
levels and desired compounds, which are potentially quite important sources of

healthy components in foods.



Table 19

Flavanone Levels in Sorghum Varieties Grown in
College Station, TX 2003-2005%

Variety Year Eriodictyol Naringenin Total
02CA4796 2003 ND” ND ND
2004 ND ND ND
2005 ND ND ND
B.01336 2003 6.53 £ 0.38 5.57 £ 0.51 12.10+0.88
2004 8.13+0.23 5.84 £ 0.08 13.97 £0.29
2005 2.74£0.16 2.64+£0.18 5.38 £ 0.34
99GWO092 2003 ND 8.08 £ 0.77 8.08 £0.77
2004 ND 9.16 £ 0.28 9.16 £ 0.28
2005 4.03+0.33 6.71+0.22 10.74 £ 0.55
98BRON155 2003 ND 48.40 £ 0.49 48.40 £ 0.49
2004 ND 49.30 + 1.99 49.30 + 1.99
2005 ND 22.14 +0.52 22.14 £ 0.52
99LGWO50 2003 ND 19.16 £ 0.13 19.16 £ 0.13
2004 ND 7.91+0.33 7.91+£0.33
2005 ND 11.41+£0.13 11.41+£0.13
98CA4779 2003 ND 19.10 £ 1.02 19.10 £ 1.02
2004 ND 37.01+1.23 37.01+1.23
2005 ND 32.40+0.93 32.40+0.93
B.9904 2003 9.45+0.82 7.17 £0.88 16.62 £ 1.70
2004 17.15+£0.82 18.69 + 0.66 35.84+1.48
2005 8.96 + 0.49 9.97 £0.18 18.93 £ 0.66
SC103 x 2003 5.56 + 0.46 21.75+0.71 27.31+1.16
SC748
(light) 2004 ND 22.19+0.58 22.19+0.58

2005 4.70 £0.32 12.87 +0.27 17.57 £ 0.54
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Table 19 - Continued

Variety Year Eriodictyol Naringenin Total
Tx2911 2003 ND 25.97 £ 0.32 25.97 £0.32
2004 ND 28.44 +0.37 28.44 +0.37
2005 ND 43.70 £ 0.69 43.70 £ 0.69
Tx430 2003 ND ND ND
Black
2004 10.62 +0.16 9.33+0.10 19.95+0.22
2005 7.75+0.61 6.53 + 0.04 14.28 + 0.58
SC719-11E 2003 ND 15.80+0.72 15.80 £ 0.72
2004 ND 26.32 +0.47 26.32 + 0.47
2005 ND 20.69+0.74 20.69 + 0.74
SC103 x 2003 12.86 + 0.23 28.76 £ 0.74 41.62 +0.93
SC748
(dark) 2004 15.83 £ 0.44 47.34+£0.80 63.17 £1.23
2005 6.83 £ 0.07 15.92 +0.37 22.75+0.31
Black PI 2003 ND ND ND
Tall
2004 9.55+0.84 ND 9.55+0.84
2005 3.33+0.24 ND 3.33+0.24

“Levels are expressed as ug/g.
°ND = Not detected.
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CHAPTER V

FLAVONOID PROFILE OF LEMON-YELLOW SORGHUMS

Sorghum Grain Characteristics

White pericarp sorghums with a yellow endosperm are often called yellow
sorghums due to their appearance. However, these sorghums are not
genetically yellow in terms of pericarp color and therefore much confusion exists.
A lemon-yellow sorghum has a bright yellow pericarp once it reaches maturity.
As the grains become more mature and are subjected to weathering, they turn
light brown, tan or bronze.

Among the varieties grown in Lubbock, TX, SC1155 had the lowest L*
value (36.9) while Dorado had the highest L* value (65.0) (Table 20). This was
expected since the grains of SC1155 had a dark brown pericarp while those of
Dorado had a white pericarp (Fig. 24). Dorado, which is grown on plants with
tan secondary plant color, was free of pigments (Fig. 24). All samples had
positive a* values, which means they were more red than green. The a* values
for the red pericarp sorghums were, in general, higher (7.6-18.8) than the other
sorghums (3.4-7.8). The b* value was positive for all samples, which means that
they were more yellow than blue; the L* values increased as the b* values
increased with the exception of Dorado and B35.

The twelve samples were also grown in College Station, TX. At the time

of harvest, no grains were available for B35 and SC35-14E since the panicles



Table 20

CIELAB L*, a*, b* Values of Sorghums Grown in Lubbock,

TX 2005 and in College Station, TX 2006

Variety Location® L* a* b*
Dorado LB 2005 65.01£0.30 3.39+0.10 18.47+0.32
CS 2006 62.58+0.32 346+0.27 19.00+0.04
BRON176 LB 2005 5140025 6.75+£0.11 21.88+0.19
CS 2006 44.38+0.38 6.72+0.04 14.81+0.32
B35 LB 2005 51.32+0.15 6.82+0.15 19.28+0.08
EBA3 LB 2005 56.02+0.18 6.67+0.11 24.21+0.24
CS 2006 5219+0.15 7.84+0.08 23.31+0.22
SC979 LB2005 4946+0.05 7.76+0.12 20.67+£0.11
CS2006 4480+0.05 8.16+0.13 17.72+0.02
SC35-14E LB 2005 52.20+0.12 555+0.08 21.33+£0.10
SC1038 LB2005 4588+0.18 6.80+0.10 16.84+0.14
CS 2006 4272+028 6471012 11.97+0.28
New B Line LB2005 49.09+0.29 7.13+0.07 18.94+0.15
CS 2006 48.27+0.78 6.56+0.16 18.64+0.71
SC748 LB 2005 50.76 £ 0.10 7.21+£0.09 20.88+0.21
CS 2006 46.05+0.16 7.78+0.09 17.63+0.15
BTx399 LB 2005 53.73+0.22 1142+0.15 21.12+0.04
CS 2006 49.61+0.36 11.37+0.17 19.13+0.23
Tx2911 LB 2005 4198+0.24 18.82+0.08 15.34+0.33
CS 2006 39.15+0.10 17.95+0.22 12.89+0.28
SC1155 LB 2005 36.93+0.17 7.63+0.11 6.85+0.13
CS 2006 36.19+0.17 7.99+0.19 6.61+0.12

LB = Lubbock; CS = College Station.
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had been attacked by sorghum midge [Stenodiplosis sorghicola (Coquillett)].
The adult sorghum midge lays its eggs between the glumes of the flowering
spikelets. The sorghum midge larva feeds on fertilized ovaries causing the
prevention of sorghum kernel development (Teetes and Pendleton 2000).
Overall, grains grown in Lubbock were brighter in color and had less weathering
than those grown in College Station (Fig. 24, 25). This was due to Lubbock’s
drier environment with less rainfall compared to College Station. During the
period of sorghum development, total rainfall for Lubbock in 2005 and College
Station in 2006 were 7 and 14 inches, respectively (National Weather Service
Forecast Office 2007). All sorghums grown in College Station had lower L*
values than those from Lubbock which confirmed that the former were darker in

color.

Evaluation of Sorghum Total Phenols

Dorado had the lowest total phenol levels (1.4 mg GAE/g) while SC1155
had the highest levels (11.9 mg GAE/qg) (Fig. 26). The high levels for SC1155
was due to the presence of condensed tannins as was confirmed by the
vanillin/HCI assay, which gave a value of 25.1 mg CE/g (Fig. 27). Total phenol
levels for red and lemon-yellow sorghums ranged from 2.0-11.9 mg GAE/g and
2.3-3.4 mg GAE/qg, respectively. Secondary plant color did not have an effect on
total phenols. BRON176, a tan plant sorghum, had the third highest total phenol

levels among lemon-yellow sorghums.
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Evaluation of Sorghum Flavan-4-ols

Red pericarp sorghums had the highest flavan-4-ol levels (1.1-4.5
abs/mL/g) followed by lemon-yellow (0.3-0.5 abs/mL/g) and white pericarp (0.2
abs/mL/g) sorghums (Fig. 28). These results were in agreement with Menkir et
al (1996) who found higher flavan-4-ol levels in red sorghums. Tan plant
sorghums (Dorado and BRON176) had the lowest flavan-4-ol levels (0.2-0.3
abs/mL/g). The low flavan-4-ol levels in the lemon-yellow sorghums could
increase mold damage in those genotypes (Jambunathan et al 1990, 1991;

Menkir et al 1996); however, further studies are needed to confirm this.

Evaluation of Sorghum Anthocyanins

Using the colorimetric method of Fuleki and Francis (1968), sorghums
with a red pericarp had the highest anthocyanin levels (14.7-28.9 abs/mL/g) with
the exception of BTx399, which had levels (5.5 abs/mL/g) comparable to the
lemon-yellow sorghums (1.6-11.4 abs/mL/g) (Fig. 29). The two tan plant
sorghums (Dorado and BRON176) had the lowest anthocyanin levels (0.6-1.6
abs/mL/g). These results suggested that red/purple plant sorghums produced
higher levels of anthocyanins, which was consistent with the results found in the
previous chapter. A strong correlation between flavan-4-ols and anthocyanins

was found (r = 0.93, p <0.001).

Evaluation of Sorghum Antioxidant Activity

SC1155 had the highest antioxidant activity (Fig. 30). This was due to the
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presence of condensed tannins, which have shown higher antioxidant activity in
vitro than other phenolic compounds (Hagerman et al 1998; Amarowics et al
2003). ABTS and DPPH values for SC1155 were 172.1 and 111.8 ymol TE/g
respectively. The antioxidant activity levels from the ABTS assay for lemon-
yellow and red sorghums were 24.6-48.2 and 18.7-172.1 ymol TE/qg,
respectively. From the DPPH assay, antioxidant levels for lemon-yellow and red
sorghums were 9.1-16.4 and 7.1-111.8 uymol TE/g respectively. Secondary
plant color did not have an effect on antioxidant activity; however, the ANOVA
analysis showed that pericarp color had a significant effect on antioxidant activity
(p =0.001). A strong correlation between total phenols and antioxidant activity
was observed (total phenols vs ABTS, r = 0.99; total phenols vs DPPH, r =
0.99), which indicated that antioxidant activity was contributed by phenolic
compounds. This strong correlation could be due to SC1155, which had
condensed tannins and therefore increased the correlations. When that variety
was removed from the analysis, strong correlations were still observed (total
phenols vs ABTS, r = 0.94; total phenols vs DPPH, r = 0.97), which indicated
that the antioxidant activity was contributed by non-tannin phenols such as

phenolic acids and flavonoids.

Evaluation of Sorghum 3-Deoxyanthocyanins
The four major 3-deoxyanthocyanins detected were luteolinidin (LUT),
apigeninidin (AP), 5-methoxyluteolinidin (5-MeO-LUT), and 7-apigeninidin (7-

MeO-AP) (Fig. 31); the common anthocyanins (i.e. cyanidin) were not detected.
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Fig. 31. HPLC chromatograms of 3-deoxyanthocyanins in lemon-yellow
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Methoxyapigeninidin. PDA =485 nm.
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Red/purple plant sorghums had higher 3-deoxyanthocyanin levels (8-62 ug/g)
than tan plant sorghums (1 ug/g) with New B Line having the highest levels
among the varieties (Fig. 32). This confirmed that tan plant sorghums produce
low levels of these compounds as found in the previous chapter. Pericarp color
had no effect on the 3-deoxyanthocyanin levels since there were no significant
differences between red and lemon-yellow sorghums (p > 0.05). The presence
of a pigmented testa did not increase 3-deoxyanthocyanin levels.

Two possibilities could explain the presence of these compounds. The 3-
deoxyanthocyanins are phytoalexins that are formed once the grain undergoes
fungal attack (Lo et al 1996; Nicholson and Wood 2001; Seitz 2004) or other
damages. Red/purple plant sorghums have red/purple “stains” or “spots” on the
pericarp; tan plant sorghums do not have these stains (Fig. 24). For the lemon-
yellow sorghums, the extractable 3-deoxyanthocyanins could be coming from
these “stains”. Another possibility is that these compounds were coming from
the red/purple glumes, which were attached to the grains during their
development. These compounds could have leached to the pericarp as seen in
EBA3 where red pigmentation was observed on the hilar area (Fig. 24). It was
observed in our laboratory that purple glumes of black sorghum (Tx430 Black)
are a rich source of 3-deoxyanthocyanins [(8000 ug/g), unpublished data]. This
phenomenon could have contributed to the detection of these compounds;
however, this was not supported by Seitz (2004).

The 3-deoxyanthocyanin profile varied among samples (Fig. 33). Red
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plant sorghums (EBA3 and Tx2911) had high proportions of AP and 7-MeO-AP,
which accounted for 74-85% of their total. The yellow AP was the main 3-
deoxyanthocyanin in EBA3 which accounted for 73% of the total. All purple
plant sorghums, with the exception of SC748, had high proportions of LUT and
5-MeO-LUT, which accounted for 62-81% of their total. For SC748, only 48% of
the total was accounted by the two compounds. These results suggested that
secondary plant color had an effect on 3-deoxyanthocyanin composition as

observed in the previous chapter.

Evaluation of Sorghum Flavones

Two flavones were detected in the samples: luteolin and apigenin (Fig.
34). Lemon-yellow sorghums had higher levels of flavones (34-268 ug/g) than
those from white/red pericarp sorghums (4-19 ug/g) (Fig. 35) suggesting that
pericarp color had an effect on flavone levels. Unsurprisingly, BRON176 had
the highest flavone levels (268 ug/g) since it was a tan plant sorghum, which
further supports the findings reported in the previous chapter.

Information on the cause of the presence of these compounds is limited.
Since luteolin and apigenin are yellow and pale yellow respectively, it was
difficult to visually see them on the grain. Seitz (2004) reported that these
compounds are concentrated on the pericarp and it was suggested that these
compounds are phytoalexins. There is the possibility that these compounds are
leached from the glumes to the grain however it was not supported by Seitz

(2004). Apigenin was the predominant flavone in BRON176 and Dorado, which
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Fig. 34. HPLC chromatograms of flavonoids in A) Dorado; B) BRON176; C)
SC748 before acid hydrolysis. 1 = Eriodictyol; 2 = Luteolin; 3 = Naringenin; 4 =
Apigenin. PDA = 340 nm.
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accounted for 80% of the total (Fig. 36). On the other hand, luteolin was the
main flavone in red/purple plant varieties, which accounted for 77-100% of the
total. SC1038 had the highest luteolin levels (65 pg/g) while apigenin was not

detected in Tx2911.

Evaluation of Sorghum Flavanones

Flavanones were first extracted using the same extraction method as for
the other flavonoid analysis. However, for the lemon-yellow sorghums, it was
observed that the flavanones, eriodictyol and naringenin, were synthesized as
the extracts were sitting in queue to be analyzed. It was therefore necessary to
identify the original compounds that were turning into flavanones. The first
possibility is that the two starting materials could have been eriodictyol and
naringenin chalcones which, in the presence of HCI, turned into eriodictyol and
naringenin, respectively (Gujer et al 1986; Tomas-Barberan and Clifford 2000).
The second possibility is that the two starting materials were flavanone
glucosides which lost their glucose moiety while being exposed to the acidic
extraction solvent.

To determine the cause of the flavanone syntheses, a ground sample
(SC748) was extracted in methanol for two hours and the extract was injected
into the HPLC. Two maijor peaks were found (Fig. 37 A) and their PDA spectra
showed their lambda max was at 283-284 nm (Fig. 38), which were typical for
flavanones (Merken and Beecher 2001). The possibility that the starting

materials were chalcones was eliminated since these compounds absorb
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strongly at 340-390 nm (Gujer et al 1986; Waterman and Mole 1994).
Hydrochloric acid was then added to the extract so that its composition was 1%
and the extract was injected into the HPLC at one-hour intervals for a total of 24
hours. It was observed that the peaks of the two flavanone glucosides
decreased while the peaks of eriodictyol and naringenin increased over time
(Fig. 37 B-D).

Characterization of the two compounds was achieved by LC-MS-ESI.
Peak 1 (Fig. 37) was identified as eriodictyol glucoside ([M], m/z 449; MS/MS,
m/z 287). Peak 2 (Fig. 37) was identified as naringenin glucoside ([M], m/z 433;
MS/MS, m/z 271). Since both flavanone glucosides were still reacting to
produce their aglycones even after 24 hours, it was necessary to end the
reaction in a shorter period of time. The best method is to perform acid
hydrolysis (Merken and Beecher 2001). The acidified methanol extract was
boiled for 90 minutes at 80°C to hydrolyze both eriodictyol and naringenin
glucosides to their aglycones (Fig. 39).

Lemon-yellow sorghums had the highest flavanone levels (474-1780
pg/g) with EBA3 having the highest (Fig. 40). Red sorghums had flavanone
levels of 68-238 ug/g. No flavanones were detected in the white pericarp
sorghum. These compounds were concentrated in the pericarp since
decorticating the grain to produce bran concentrated these compounds almost
ten-fold (Fig. 41).

Eriodictyol was the predominant flavanone in the lemon-yellow sorghums,
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Fig. 39. HPLC chromatogram of SC748 after acid hydrolysis. 1 = Eriodictyol; 2
= Naringenin. PDA =280 nm.

which accounted for 62-92% of the total (Fig. 42). EBA3 had the highest levels
of eriodictyol (1504 ug/g) followed by BRON176 (987 ug/g) and SC35-14E (946
Mg/g). In red pericarp sorghums, eriodictyol accounted for 0-69% with SC1155
having the highest levels (163 ug/g). Eriodictyol was not detected in Tx2911.
SC748 had the highest level of naringenin (567 ug/g) followed by SC979 (479

ug/g) and BRON176 (441 pg/g) (Fig. 42).

Effect of Environment on Phenols and Antioxidant Activity Levels

Overall, samples from College Station had higher total phenol, condensed
tannin, flavan-4-ol, and anthocyanin levels than those from Lubbock (Table 21).
Only one sample from College Station (BRON176) had lower total phenol levels
(3.2 mg GAE/g) than the one from Lubbock (2.9 mg GAE/g). Flavan-4-ol levels
in Dorado, New B Line, and BRON176 did not differ among locations. The
antioxidant activity levels of samples from College Station were mostly lower

than those from Lubbock even though their total phenols were higher than those
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Table 21
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Phenol and Antioxidant Activity Levels in Sorghums Grown in Lubbock, TX 2005 and in
College Station, TX 2006

Total Phenols Tannins Flavan-4-ols Anthocyanins ABTS DPPH
Variety ~ Location®  (mg GAE/g) (mg CE/g)~* (Abs/mL/g) (Abs/mLI/g) (umol TE/)®  (umol TE/g)
Dorado LB 2005 1.35+£0.02 0.06 + 0.06 0.19+0.04 0.58 £ 0.00 10.45 +1.04 5.48 +0.25
CS 2006 1.65 £ 0.02 0.02 +0.03 0.18 £ 0.00 0.52+0.12 9.67 +0.15 3.97 £ 0.11
BRON176 LB 2005 3.19+£0.09 0.10 + 0.06 0.25+0.01 1.55+0.09 48.07 £+ 0.48 13.90 + 0.48
CS 2006 2.91+0.04 0.10 £ 0.00 0.28 £ 0.03 2.60 £0.12 33.89+0.31 8.86 £ 0.13
EBA3 LB 2005 3.39+0.11 0.08 + 0.09 0.29 £ 0.02 6.34+0.18 48.16 £ 1.90 16.36 £ 0.51
CS 2006 3.69+0.07 0.11 +£0.07 0.40 £ 0.03 14.51 £ 0.97 39.16 £ 0.90 14.71 £ 0.30
SC979 LB 2005 2.90 +0.06 0.06 + 0.06 0.30 + 0.00 3.23+0.16 43.45 +2.03 12.23 + 0.60
CS 2006 3.47 £0.08 0.06 + 0.07 0.60 + 0.03 14.35+0.75 40.90 £ 0.51 13.46 £ 0.76
SC1038 LB 2005 2.27 £0.09 0.08 £ 0.03 0.33+£0.01 6.37 £ 0.37 26.08 + 0.84 9.12+0.45
CS 2006 2.52+0.03 0.07 £ 0.03 0.79 £ 0.03 22.41+£0.76 18.90 £ 0.87 8.11+0.05
le,\_w B LB 2005 2.84+0.13 0.08 + 0.09 0.54 + 0.06 11.35+0.53 35.31+0.74 12.06 + 0.48
in
° CS 2006 3.04 £ 0.11 0.12+0.03 0.56 + 0.03 12.16 £ 0.29 28.71+£0.83 9.86 + 0.41
SC748 LB 2005 3.23 £ 0.06 0.07 £0.13 0.36 £ 0.03 4.64£0.14 44.58 + 0.84 13.31 £ 0.06
CS 2006 3.62+0.04 0.05 + 0.09 0.50 + 0.03 10.44 £ 0.86 42.92 £ 0.55 13.84 £ 0.44
BTx399 LB 2005 2.02+0.10 0.08 + 0.09 1.14 £0.09 5.48 + 0.09 18.71+£0.81 7.07£0.21
CS 2006 2.52+0.06 0.19 £ 0.00 1.82 £ 0.06 13.31 £ 0.58 20.14 £ 0.15 9.01+£0.20
Tx2911 LB 2005 4.33+0.17 0.13+0.12 4.52 £ 0.06 28.92+0.71 55.90 £ 0.83 20.74 £ 0.49
CS 2006 4.80 £ 0.09 0.85+0.05 6.99 £ 0.16 61.99+1.15 71.02 £ 0.80 23.02+0.73
SC1155 LB 2005 11.90 £ 0.45 25.08 + 0.99 3.05+0.05 14.66 + 0.28 17213+393 111.80+1.76
CS 2006 15.03 £ 0.30 33.64 + 0.51 2.84 +0.06 23.64 £0.24 173.15+6.27  144.69 £+ 3.62

LB = Lubbock; CS = College Station.
®GAE = Gallic acid equivalents.

°CE = Catechin equivalents.
%Varieties with values lower than 2.00 are considered tannin-free.

°TE = Trolox equivalents.
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from Lubbock. After removing the tannin sorghum (SC1155), a strong
correlation between total phenols and antioxidant activity was observed for the
College Station samples (total phenols vs ABTS, r = 0.97; total phenols vs
DPPH, r = 0.98).

Samples from College Station had higher 3-deoxyanthocyanin levels than
those from Lubbock with the exception of Dorado and New B Line (Table 22).
This was expected since Lubbock has a drier climate with less rainfall than
College Station. The environmental conditions in College Station would render
the grains more prone to mold damage and, as a result, increase the production
of 3-deoxyanthocyanins. The general linear model showed a genotype x
environment interaction (p < 0.001) (Table 23), which suggested that
environment had an effect on 3-deoxyanthocyanins. The 3-deoxyanthocyanin
proportions in the College Station samples did not differ from those of Lubbock
except for Dorado, SC979, BTx399, and SC1155.

Environment also had an effect on flavone levels (p < 0.001) (Table 24)
although no trend was shown (Table 25). Some samples from College Station
(BRON176 and SC979) had higher flavone levels than those from Lubbock
whereas the opposite was observed for other samples (i.e. SC1038, New B
line). The flavone levels for SC748 did not vary among locations. Pericarp color
did not have an effect on flavones (p > 0.05) as was observed in the samples
from Lubbock. The flavone proportion did vary among locations however. Most

samples from College Station had a lower proportion of luteolin than those from
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Table 22

3-Deoxyanthocyanin Levels in Sorghums Grown in Lubbock, TX 2005 and in
College Station, TX 2006°

Variety Location® LUT® AP* 5-MeO-LUT® 7-MeO-AP' Total
Dorado LB 2005 0.46 £ 0.06 0.43+0.15 0.41+0.04 0.18 + 0.31 1.48 £0.54
CS 2006 ND?® 0.34 £ 0.05 ND 0.27 +0.26 0.61+0.30
BRON176 LB 2005 ND ND ND 0.63 £ 0.04 0.63 £ 0.04
CS 2006 ND ND ND 0.75 + 0.07 0.75 + 0.07
EBA3 LB 2005 2.90 +0.14 16.44 + 0.61 0.52+0.13 2.56 +0.26 2242 +1.12
CS2006  7.84+0.03 58.11 + 1.56 2.02 +0.30 6.76 + 0.15 7473+ 1.70
SC979 LB 2005 2.83+0.08 1.96 + 0.10 217 £0.17 1.15£0.07 8.11+0.10

CS 2006 17.57 £ 0.53 19.77 £ 1.69 12.82+0.30 11.82+0.35 61.98 +2.47

SC1038 LB 2005 7.40 £ 0.67 2.06 £0.14 12.52 +1.01 2.71+£0.06 2469 +1.81

CS 2006 35.93+1.79 17.05+0.59 4149272 12.97 £ 0.53 107.44 £ 5.32

New B Line LB 2005 22.94+£0.34 14.48 + 0.56 17.11+£0.24 741+0.25 61.94 £ 0.87

CS 2006 14.62 £ 0.27 8.52+0.23 10.63 +0.37 5.10+0.19 38.87 £ 0.60
SC748 LB 2005 3.54 +0.06 5.54 £0.21 2.95+0.07 1.36 £0.07 13.39+0.23
CS 2006 10.18 £ 0.32 16.57 + 1.12 7.65+0.08 4.46 £ 0.04 38.86 £ 1.21
BTx399 LB 2005 5.01+0.31 3.14+£0.33 3.54 £0.39 2.01+£0.13 13.70 £ 0.90
CS 2006 14.21 £ 0.64 6.26 £ 0.19 14.92 +0.43 4.57£0.10 39.96 £1.23
Tx2911 LB 2005 6.42 £0.21 22.98 +1.06 9.39+0.23 21.37+0.26 60.16 + 1.16

CS 2006 20.23 £ 0.55 74.86 £2.20 24.87 +0.53 66.85+0.79 186.81 £ 3.90

SC1155 LB 2005 3.85+0.14 1.81£0.11 6.33+0.16 249+0.21 14.48 £ 0.55

CS 2006 14.30 £ 0.69 12.46 £ 0.60 15.73 £ 0.63 9.87 +0.52 52.36 £2.38

®Levels are expressed as ug/g.

®| B = Lubbock; CS = College Station.
°LUT = Luteolinidin.

AP = Apigeninidin.

5-MeO-LUT = 5-Methoxyluteolinidin.
7-MeO-AP = 7-Methoxyapigeninidin.
ND = Not detected.
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TABLE 23

Genotype (Variety) x Environment (Location) Interaction of 3-Deoxyanthocyanins in
Sorghums Grown in Lubbock, TX 2005 and in College Station, TX 2006

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model ~ 115626.399° 19 6085.600 1746.826 .000 .999
Intercept 101694.017 1 101694.017 29190.516 .000 .999
Variety 67883.677 9 7542.631 2165.056 .000 .998
Location 21810.360 1 21810.360 6260.503 .000 .994
Variety * Location 25932.362 9 2881.374 827.077 .000 .995
Error 139.352 40 3.484
Total 217459.768 60

Corrected Total 115765.751 59
°R Squared = .999 (Adjusted R Squared = .998)

TABLE 24

Genotype (Variety) x Environment (Location) Interaction of Flavones in Sorghums
Grown in Lubbock, TX 2005 and in College Station, TX 2006

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model ~ 461773.881% 19 24303.888 6761.389 .000 1.000
Intercept 232326.496 1 232326.496 64633.685 .000 .999
Variety 441395.367 9 49043.930 13644.117 .000 1.000
Location 3291.997 1 3291.997 915.840 .000 .958
Variety * Location 17086.517 9 1898.502 528.167 .000 .992
Error 143.780 40 3.595

Total 694244.157 60
Corrected Total 461917.661 59
R Squared = 1.000 (Adjusted R Squared = 1.000)




Flavone Levels in Sorghums Grown

Table 25

in Lubbock, TX 2005 and in College Station, TX 2006°

Variety Location® Luteolin Apigenin Total
Dorado LB 2005 3.83+0.05 15.62 £ 0.44 19.45+ 043
CS 2006 9.12 +0.03 55.85 + 1.64 64.97 + 1.61
BRON176 LB 2005 54.00 £ 1.35 21414 £ 4.65 268.14 £ 5.82
CS 2006 74.88 £ 0.92 287.31£4.92 362.19 £ 5.03
EBA3 LB 2005 30.19+£0.16 3.83+0.42 34.02 +0.34
CS 2006 25.68 + 0.47 5.13 +0.05 30.81 £ 0.52
SC979 LB 2005 34.96 + 0.52 9.32+£0.03 44.28 £ 0.54
CS 2006 48.83 £ 0.59 8.38+£0.17 57.21+0.74
SC1038 LB 2005 64.75 + 0.35 248 £0.23 67.23 £+ 0.26
CS 2006 35.87 £ 0.57 5.55 +0.04 4142 +£0.58
New B Line LB 2005 46.66 £ 0.39 3.68 + 0.05 50.34 £+ 0.42
CS 2006 29.90 £ 0.49 2.66+0.13 32.56 + 0.45
SC748 LB 2005 40.83 £ 1.82 6.51 £ 0.06 47.34 £ 1.88
CS 2006 38.29 + 1.66 7.90 £0.20 46.19+1.85
BTx399 LB 2005 2.70£0.08 0.80 £ 0.03 3.50 £ 0.09
CS 2006 6.59+0.16 1.86£0.19 8.45+0.33
Tx2911 LB 2005 4.71£0.32 ND° 4.71+£0.32
CS 2006 19.85+0.30 23.36 + 0.52 43.21 £ 0.81
SC1155 LB 2005 8.09+0.12 1.09+£0.05 9.18+£0.12
CS 2006 8.13+0.12 1.21 £0.07 9.34+£0.12

Levels are expressed as ug/g.

°LB = Lubbock; CS = College Station.
°ND = Not detected.
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Lubbock. Apigenin was detected in Tx2911 from College Station and its level
was higher than luteolin.

Flavanones were also affected by environment (p < 0.001) (Table 26).
Samples from College Station that were more weathered (i.e. BRON176 and
SC1038) (Fig. 25) had lower flavanone levels than those from Lubbock (Table
27). This suggests the intensity of yellowness may have an effect on flavanone
levels even though these compounds are colorless in nature. Among locations,
flavanone levels and proportions did not change significantly for all samples with
the exception of BRON176 from College Station, which had higher levels of
naringenin than eriodictyol. More research is needed to determine the effect of
environment on flavanone levels and to determine whether these compounds

are phytoalexins.

TABLE 26

Genotype (Variety) x Environment (Location) Interaction of Flavanones in Sorghums
Grown in Lubbock, TX 2005 and in College Station, TX 2006

Source Type Il Sum of df Mean Square F Sig. Partial Eta
Squares Squared
Corrected Model ~ 24230993.020° 19 1275315.422 8088.995 .000 1.000
Intercept 32312306.394 1 32312306.394 204948.572  .000 1.000
Variety 22521715.013 9 2502412.779 15872.155 .000 1.000
Location 361052.203 1 361052.203 2290.060 .000 .983
Variety * Location 1348225.805 9 149802.867 950.161 .000 .995
Error 6306.422 40 157.661
Total 56549605.837 60

Corrected Total 24237299.443 59
R Squared = 1.000 (Adjusted R Squared = 1.000)




Table 27

Flavanone Levels in Sorghums Grown in Lubbock, TX 2005
and in College Station, TX 2006%

Variety Location” Eriodictyol Naringenin Total
Dorado LB 2005 ND® ND ND
CS 2006 ND ND ND
BRON176 LB 2005 986.81 + 21.11 441.31 £ 8.69 1428.12 £ 29.73
CS 2006 204.14 + 5.46 274.20 + 4.06 478.34 £ 9.01
EBA3 LB 2005 1504.01 + 18.75 275.61+3.76 1779.62 + 22.45
CS 2006 1235.07 £ 22.90 276.77 + 3.94 1511.84 + 26.78
SC979 LB 2005 924.15+7.27 479.37 £2.88 1403.52 + 10.09
CS 2006 937.35+7.17 480.26 £ 2.78 1417.61£7.48
SC1038 LB 2005 391.80 + 3.07 82.50 + 0.88 474.30 £ 3.95
CS 2006 110.02 £ 3.89 24.39+0.79 134.41 £ 4.66
New B Line LB 2005 762.92 + 14.31 261.84 +4.76 1024.76 + 19.04
CS 2006 642.71 + 4.68 226.33+1.23 869.04 + 5.36
SC748 LB 2005 921.48 £ 11.35 567.47 + 3.16 1488.95 + 14.50
CS 2006 997.02 £ 2.73 639.00 + 0.54 1636.02 + 3.09
BTx399 LB 2005 30.52+2.28 37.39£2.02 67.91+4.30
CS 2006 37.55+0.86 51.55 + 1.30 89.10+2.16
Tx2911 LB 2005 ND 209.35 + 10.53 209.35 + 10.53
CS 2006 ND 240.58 + 1.59 240.59 + 1.58
SC1155 LB 2005 163.42 £ 2.75 74.31+1.01 237.73£3.75
CS 2006 118.86 + 2.59 66.99 + 0.70 185.85 + 3.18

®Levels are expressed as pg/g.

"B = Lubbock; CS = College Station.

°ND = Not detected.

112



113

Comparison of Flavones and Flavanones in Sorghums with Common
Sources

The high levels of flavones in tan plant sorghum such as BRON176
makes it comparable to those found in common sources. The main source of
apigenin is parsley (Fig. 43). When comparing the mean level of apigenin in
BRON176 to common sources, sorghum’s biggest competitor is parsley and it
ranks third as having the highest levels of apigenin (Fig. 43). The mean level of
luteolin in BRON176 also makes it a good source (Fig. 44). Since these
compounds are concentrated in the pericarp (Seitz 2004), flavone levels can be
concentrated by decorticating the grain to produce bran.

Compared to common sources, lemon-yellow sorghums are also a major
source of flavanones. The mean amount of eriodictyol in SC748 ranks first on
an as-is-basis with other major sources (Fig. 45). The mean amount of
naringenin from SC748 also ranks first among other high sources (Fig. 46).
Decorticating sorghums also concentrates these compounds as aforementioned
(Fig. 41) and can be used for nutraceutical/pharmaceutical applications. For
example, eriodictyol has anti-inflammatory properties (Zhang et al. 2006),
prevents pulmonary insufficiency (Aviado et al 1974), protects skin cells from
UV-induced damage (Lee et al 2007), and decreases the development of age-
related macular degeneration (Hanneken et al 2006). Eriodictyol also has food
applications where it acts as a bitter-masking agent by decreasing the bitterness

of caffeine (Ley et al 2005). Naringenin has cholesterol-lowering (Borradaile et
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Fig. 43. Comparison of apigenin levels in BRON176 with common sources. (Data obtained from the USDA
Database for the Flavonoid Content of Selected Foods, Release 2.1, 2007).
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Fig. 44. Comparison of luteolin levels in BRON176 with common sources. (Data obtained from the USDA
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al. 1999; Wilcox et al. 2001), anti-ulcer (Martin et al. 1993), and anti-
inflammatory properties (Tsai et al. 1999). Naringenin has also been reported
as a chemopreventive agent against neurodegenerative disease (Heo et al
2004) and as an expectorant (Lin et al 2007). Lemon-yellow sorghums as a
source of flavanones have several advantages which are appealing to the
food/nutraceutical producer. In contrast to other sources, sorghums are dry and
are easy to store for long periods of time.

The results of this study showed that the flavonoid levels varied according
to the sorghum genotype. Lemon-yellow sorghums are a major source of
flavanones, which are the major flavonoids in those genotypes. This study also
confirmed that the levels of 3-deoxyanthocyanins were increased when
sorghums had red/purple secondary plant color whereas flavone levels were
increased when sorghums had tan secondary plant color. The 3-
deoxyanthocyanins levels decreased when sorghums were grown in a drier
environment (i.e. Lubbock, TX). This information will be helpful for plant

breeders to select and produce sorghums with desired healthy components.
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CHAPTER VI

FLAVONOID PROFILE OF BLACK PERICARP SORGHUMS

Sorghum Grain Characteristics

Tx430, Shawaya Black, and Black Pl Tall are three lines available.
Unfortunately, their agronomic properties are undesirable. Tx430 Black has low
yield whereas Shawaya Black and Black Pl Tall are too tall (7-10 feet) to make it
practical to harvest. Therefore, the Sorghum Breeding Program developed
black hybrids with desirable agronomic properties. Phenols, antioxidant activity,
and flavonoid composition of these hybrids were assessed and compared with
the lines.

Pericarp colors are listed in Table 28. For samples grown in College
Station 2006, Shawaya Black and Black PI Tall had the lowest L* values (31.5-
31.6), which means they were darkest in color. The hybrids had higher a* and
b* values than the lines. Visually, the hybrids were less black than the lines (Fig.
47). Hyb118 was more dark brown than black in color (Fig. 47). All samples
had positive a* and b* values, which means they were more red than green and
more yellow than blue, respectively. In general, L* values increased as the a*
and b* values increased.

Samples were also grown in College Station, Corpus Christi, and Puerto
Rico in 2007 (Figs. 48-50). The two hybrids from Puerto Rico were lighter in

color and more red due to their higher L*, a*, and b* values. The grains from



TABLE 28

CIELAB L*, a*, b* Values of Black Sorghums Grown
in Different Environments

Variety Location® L* a* b*
Tx430 Black CS 2006 34.23+0.16 3.79+0.10 2.84+0.14
CS 2007 35.27+0.23 4.30+0.23 3.73+0.31
CC 2007 3518+0.07 3.69+0.11 247 +0.06
PR 2007 3444 +0.31 5481029 4.10+0.36
Shawaya Black CS 2006 3148+ 0.10 246+0.05 0.95+0.04
Black PI Tall CS 2006 31.55+0.08 3.10+0.04 1.29+0.05
CS 2007 3210+0.17 3.34+£0.19 1.09+0.16
CC 2007 33.90+0.05 4.13+0.04 2.17+0.04
Hyb107 CS2006 3469+050 6.05+0.13 4.68+0.23
Hyb115 CS 2006 3535+0.20 6.22+0.19 4.96+0.13
Hyb116 CS 2006 35.87+0.06 6.62+0.18 5.70+0.16
CS 2007 3552+0.15 6.64+0.08 5.33+0.06
CC 2007 35.78+0.12 6.53+0.31 4.53+0.27
PR 2007 37.86+0.30 8.84+0.19 8.32+0.39
Hyb117 CS 2006 3558+0.25 6.05+0.13 5.43+0.24
CS 2007 3521+024 6.47+019 461+£0.13
CC 2007 3524+0.13 598+0.15 3.93+0.05
Hyb118 CS 2006 3419+0.11 6.32+0.19 3.73+0.18
CS 2007 35.07+0.27 6.87+0.03 4.33+x0.21
CC 2007 34.89+0.13 6.09+0.07 3.71+0.05
PR 2007 35.85+0.09 8.84+0.19 6.40+0.17

%CS = College Station; CC = Corpus Christi; PR = Puerto Rico.
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Fig. 47. Black sorghum varieties grown in College Station, TX 2006.
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Black sorghum varieties grown in College Station, TX 2007.
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Fig. 49. Black sorghum varieties grown in Corpus Christi, TX 2007.
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Tx430 Black Hyb116

Fig. 50. Black sorghum varieties grown in Puerto Rico 2007.
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Corpus Christi were darker but had more mold damage than the other samples

due to heavy rainfall during their development.

Evaluation of Sorghum Total Phenols

Total phenol levels for the black sorghums grown in College Station in
2006 ranged from 5.3-19.8 mg GAE/g with Tx430 Black and Black PI Tall having
the lowest and highest levels, respectively (Fig. 51). The total phenol level for
Shawaya Black (7.4 mg GAE/g) agreed with the value (6.7 mg GAE/g) reported
by Gous (1989). Hybrids had total phenol levels that ranged from 9.5-17.0 mg

GAE/qg.

Evaluation of Sorghum Condensed Tannins

Six varieties had a pigmented testa and had significant levels of
condensed tannins. Black PI Tall had the highest levels (48.7 mg CE/g) (Fig.
52). Tx430 Black and Shawaya Black did not have condensed tannins. Gous
(1989) also reported that Shawaya Black had no detectable tannins. As with
other non-tannin sorghums, the low absorbance was due to other phenolic
compounds that react with vanillin (Hahn and Rooney 1986). All hybrids
contained condensed tannin levels, which ranged from 14.5-42.8 mg CE/qg.
Tannin detection was not expected since the hybrids were produced using two
non-tannin sorghums. The presence of tannins in the hybrids could be that the
parents had complementary B;_B, genes causing the presence of a pigmented

testa when crossed. The tannin level for Hyb118 (42.8 mg CE/g) was
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comparable to Sumac, a high tannin sorghum (Awika et al 2005). Hyb118 could
be selected as a substitute for Sumac since the latter does not have good
agronomic properties; it is very tall (7-10 ft) and has very small grains. Among
tannin sorghums, a strong correlation between total phenols and condensed
tannins (r = 0.98, p < 0.001) suggested that total phenol levels were contributed

by condensed tannins.

Evaluation of Sorghum Flavan-4-ols

The sorghum lines had the highest flavan-4-ol levels (12.0-16.0 abs/mL/g)
(Fig. 53). The flavan-4-ol level of Shawaya Black (15.6 abs/mL/g) agreed with
the value (13.6 abs/mL g) found by Gous (1989). Flavan-4-ol levels in the
hybrids were 8.8-11.2 abs/mL/g. A negative correlation between L* and flavan-
4-ols (-0.87, p < 0.01) suggested that dark pigments in the pericarp increase
flavan-4-ol levels. The high flavan-4-ol levels also suggest the possibility of
mold damage reduction in those genotypes (Jambunathan et al 1990, 1991;

Menkir et al 1996).

Evaluation of Sorghum Anthocyanins

Anthocyanin levels followed the same pattern as found for flavan-4-ols.
Sorghum lines had the highest anthocyanin levels (218.2-297.6 abs/mL/g) with
Shawaya Black as having the highest (Fig. 54). The anthocyanin level for
Shawaya Black could not be compared with the value (27.6 abs/mL/g) found by

Gous (1989) since the former was measured using the colorimetric method of
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Fuleki and Francis (1968) while the latter was measured using the blank
absorbances from the vanillin/HCI assay. Anthocyanin levels in the hybrids
ranged from 123.6-155.9 abs/mL/g, which were lower than the lines. A
correlation between flavan-4-ols and anthocyanins (r = 0.83, p < 0.001)
suggested that anthocyanins were increased as flavan-4-ol increased. As found
in Chapter 1V, no significant correlation was found between total phenols and
anthocyanins as previously reported by Awika (2000). A negative correlation
between anthocyanin and L* value (r = -0.87, p < 0.001) suggested that darker

pericarps increased anthocyanin levels.

Evaluation of Sorghum Antioxidant Activity

Sorghums with the dominant B;_B, gene for the presence of a pigmented
testa had the highest antioxidant activity levels (Fig. 55). The antioxidant activity
came mainly from condensed tannins, which have higher antioxidant activity in
vitro than other phenolic compounds (Hagerman et al 1998; Amarowicz et al
2003). ABTS values for non-tannin and tannin sorghums were 80.0-110.4 and
159.8-334.2 ymol TE/g, respectively. DPPH values were 32.4-45.1 and 85.5-
177.2 ymol TE/g for non-tannin and tannin sorghums, respectively. A strong
correlation between total phenols and antioxidant activity was observed (total
phenols vs ABTS, r = 0.99; total phenols vs DPPH, r = 0.94), which means that

antioxidant activity was contributed by sorghum phenoils.
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Evaluation of Sorghum 3-Deoxyanthocyanins

Awika et al (2004a, b) identified and quantified luteolinidin and
apigeninidin in the bran of Tx430 Black. Wu et al. (2005) identified several 3-
deoxyanthocyanins in Tx430 Black, which included luteolinidin, apigeninidin, and
their derivatives but their amounts were not reported. In this study, four major 3-
deoxyanthocyanins were detected: luteolinidin (LUT); apigeninidin (AP); 5-
methoxyluteolinidin (5-MeO-LUT); and 7-methoxyapigeninidin (7-MeO-AP) (Fig.
56). The two methylated 3-deoxyanthocyanins were also reported by Seitz
(2004) and Wu et al (2005).

The sorghum lines had higher 3-deoxyanthocyanin levels (676-1054
Mg/g) than the hybrids (329-485 ug/g) with Shawaya Black having the highest
levels (Fig. 57). The presence of a pigmented testa did not increase 3-
deoxyanthocyanin levels since all hybrids had the lowest levels of those
compounds. The negative correlations between 3-deoxyanthocyanins and L*,
a*, and b* were r =-0.92, r =-0.94, and r = -0.94, respectively, which indicated
that these compounds were contributed by pericarp color. The 3-
deoxyanthocyanins decreased in lighter and redder grains. These results were
expected since the hybrids were less black than the lines. Because these
compounds are orange and yellow, it is unknown what compounds contributed
the black color of the pericarp. After extracting whole grain flour, the residues
were still black. Further work is needed to determine which solvents would

efficiently extract the pigments and to determine which compounds are
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contributing the black color of the pericarp.

A strong correlation between the 3-deoxyanthocyanins measured using
the colorimetric and HPLC methods was also observed (r = 0.99, p < 0.001).
This confirmed that the anthocyanins measured using the colorimetric method
consisted mostly of the four 3-deoxyanthocyanins detected by HPLC. The
strong correlations seen in this study and in Chapter IV confirmed that the
colorimetric method is a quick, inexpensive, and reliable method to screen 3-
deoxyanthocyanin levels in sorghums.

The 3-deoxyanthocyanin composition varied among samples (Fig. 58).
Hyb118 consisted mainly of the yellow AP and 7-MeO-AP, which accounted for
96% of the total. The high proportion of AP makes this sample an attractive
source of a natural yellow pigment. For the remaining samples, the 3-
deoxyanthocyanin compositions for Shawaya Black and Black Pl Tall were
similar while those of the hybrids, with the exception of Hyb107, were similar.
The 3-deoxyanthocyanin composition of Tx430 Black was evenly distributed
while the other samples had a higher LUT and AP combined (58-69%) than their
methylated derivatives. Shawaya Black and Black Pl Tall had the highest
proportion of LUT (37-39%) while the hybrids had the highest proportion of AP

(30-37%).

Evaluation of Sorghum Flavones
The two flavones detected in the black sorghums were luteolin and

apigenin. Flavone levels were higher for the sorghum lines (35-56 pg/g) than
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the hybrids (18-24 ug/g) (Fig. 59). Shawaya Black and Hyb115 had the highest
and lowest flavone levels, respectively. Comparing these levels with those of
the 3-deoxyanthocyanins, flavones are minor flavonoids in black sorghums. A
strong correlation between flavones and 3-deoxyanthocyanins (r = 0.96, p <
0.001) suggests that 3-deoxyanthocyanins are increased as flavones increased.
This was not expected since no correlation was observed in the samples
discussed in Chapter IV (r =-0.18, p > 0.05) and Chapter V (r = -0.25, p > 0.05).
This strong correlation could only happen in black pericarp sorghums and further
work is needed to confirm this.

Luteolin was the predominant flavone in all samples, which accounted for
81-88% with the exception of Hyb118 which had a higher proportion of apigenin
(68%) (Fig. 60). The different flavone composition of Hyb118 could be because
the sample is not a “black” pericarp sorghum. A larger number of black pericarp
sorghums should be analyzed to confirm that the major flavone in those

genotypes is luteolin.

Evaluation of Sorghum Flavanones

The flavanone levels in the black sorghums reported in Chapter IV were
low (Fig. 21) and could be due to the incomplete reaction of flavanone
glucosides to their aglycones; however, that finding was not known at the time of
the study. It was difficult to determine whether the flavanones in the black
sorghums were glucosides due to interference with other compounds. As a

precaution, acid hydrolysis of the extracts was performed to convert flavanone
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glucosides, if any, to their aglycones as described in Chapter V. Two flavanones
were identified: eriodictyol and naringenin. Flavanone levels in the samples
were 89-119 ug/g with Hyb117 and Hyb116 having the highest and lowest
levels, respectively (Fig. 61). Pericarp and secondary plant colors did not have
an effect on flavanone levels. No significant correlations were found between
flavanones and pericarp color nor were there any significant correlations
between flavanones and other flavonoids.

Eriodictyol was the predominant flavanone in the black sorghums, which
accounted for 55-61% of the total (Fig. 62). Hyb117 had the highest level of

both eriodicytol (66 ug/g) and naringenin (53 ug/g).

Effect of Environment on Phenols and Antioxidant Activity Levels

Among locations, no trend was observed for total phenols, condensed
tannins, or antioxidant activity. For example, total phenols (19.8 mg GAE/g) and
condensed tannins (48.7 mg CE/g) in Black PI Tall were highest in College
Station 2006 whereas those in Hyb118 were highest in Puerto Rico 2007 (Table
29). A strong correlation between total phenols and condensed tannins (r =
0.98, p < 0.001) indicated that total phenols were contributed by condensed
tannins.

Overall, samples grown in College Station had higher flavan-4-ols and
anthocyanins than those grown in Corpus Christi and Puerto Rico (Table 29).
The lower anthocyanin levels in the samples from Puerto Rico and Corpus

Christi could be due to pericarp color/appearance. The grains from Puerto Rico
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Table 29
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Phenol and Antioxidant Activity Levels in Black Sorghums Grown in Different
Environments

Total Phenols Tannins Flavan-4-ols Anthocyanins ABTS DPPH

Variety  Location®  (mg GAE/g)° (mg CE/g)~* (Abs/mL/g) (Abs/mL/g) (umol TE/g)®  (umol TE/g)
E|(43|(() CS 2006 5.34 £ 0.11 0.70 £ 0.37 12.01 £ 0.07 218.15+7.84 80.02 £ 2.52 32.42+0.23
ac CS 2007 5.66 + 0.08 0.45+0.45 13.37 £ 0.38 220.52 + 1.60 95.62 + 1.30 39.98 £ 0.88
CC 2007 6.11+£0.14 1.85+0.25 11.11+£0.12 175.57 £ 3.74 99.53 + 1.76 33.55+2.00

PR 2007 4.58 + 0.03 0.39+0.33 9.42+0.06 138.77 £ 1.33 77.21+1.68 35.06 + 0.35
BI?I'ClTIPI CS 2006 19.81+0.53 48.72 £ 1.96 15.97 £ 0.14 221.33 +4.62 334.19+8.06 177.21+2.34
) CS 2007 17.76 £ 0.13 37.57 £0.82 15.48 £ 0.17 205.54 + 5.35 291.63 £7.50 169.03 £ 4.02
CC 2007 16.76 + 0.20 36.75+1.12 11.23+0.21 133.05 £ 1.53 268.07 £ 1.38 164.30 £ 1.99

Hyb116 CS 2006 10.61 + 0.06 17.80 £ 0.42 10.50 + 0.01 139.99 + 1.64 172.95 £ 1.82 94.86 + 1.53
CS 2007 11.46 £ 0.16 18.68 £ 0.45 10.54 £ 0.19 137.67 £ 1.87 184.27 £ 1.15 99.93+2.23

CC 2007 11.93 £0.23 23.89 £ 0.99 6.62 + 0.05 81.37 £4.05 184.46 £ 3.55 99.12 £ 2.26

PR 2007 9.93+0.23 16.94 + 0.52 8.18 £ 0.08 76.63 £0.74 186.75 £ 8.63 85.65 £ 3.91
Hyb117 CS 2006 12.33 £ 0.50 25.61+0.72 10.80 + 0.04 108.07 £ 8.36 203.56 + 8.19 112.77 £ 4.56
CS 2007 15.36 + 0.38 34.81+1.26 10.47 £ 0.07 126.25 £ 1.11 242.64 £ 4.08 138.55 £ 0.57

CC 2007 11.43+£0.08 21.71+£1.19 7.00 + 0.08 87.72+2.53 180.67 + 1.37 97.36 +5.12
Hyb118 CS 2006 16.96 + 0.10 42.78 +1.59 8.77 £ 0.09 148.17 £1.39 272.80 + 2.50 152.98 £ 1.14
CS 2007 19.05 £ 0.22 53.37 £ 0.85 8.66 +0.16 134.92 £1.29 311.07 £4.23 173.62 £7.23
CC 2007 16.51 £ 0.27 39.19 £ 0.67 5.96 + 0.19 93.62 £ 0.24 263.28 £ 4.87 152.58 + 4.66
PR 2007 19.25+0.28 55.50 + 0.64 6.84 £ 0.10 55.63 + 3.60 186.75+8.63  183.66 + 9.64

3CS = College Station; CC = Corpus Christi; PR = Puerto Rico.

®GAE = Gallic acid equivalents.
°CE = Catechin equivalents.

“Varieties with values lower than 2.00 are considered tannin-free.
°TE = Trolox equivalents.
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were not as black as the other samples since these were grown in the winter
and thus had shorter exposure to sunlight. On the other hand, grains from
Corpus Christi were grown in the summer but that location had high rainfall in
the first week of July (13.9 in., National Weather Service Forecast Office, 2007),
which caused the grains to undergo weathering and molding. As a result,
anthocyanin levels decreased. A strong correlation between flavan-4-ols and
anthocyanins was observed (r = 0.88, p < 0.001).

From the HPLC analysis, the 3-deoxyanthocyanin levels in the samples
from College Station were higher than those from Corpus Christi and Puerto
Rico (Table 30). This confirmed that the short sunlight exposure and the
presence of molds on the grains from Puerto Rico and Corpus Christi,
respectively, affected the levels of these compounds. The panicles in Corpus
Christi reached anthesis early May and reached physical maturity at the end of
May — beginning of June. Total rainfall in May and June was only 2.2 and 2.5
inches, respectively. As stated in Chapter |V, it is possible that the mold
susceptibility of the grain could have been increased due to its incapability to
produce 3-deoxyanthocyanins. If the grain had been exposed to low
environmental stresses before reaching physical maturity as seen in Corpus
Christi, then the grain would not trigger the gene to produce enough
phytoalexins to minimize molding. As a result, 3-deoxyanthocyanin levels were
2-3 times lower than those from College Station. The general linear model

showed a genotype x environment interaction (p < 0.001), which meant that
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Table 30
3-Deoxyanthocyanin Levels in Black Sorghums Grown in Different Environments®
Variety Location” LUT® AP° 5-MeO-LUT® 7-MeO-AP' Total
Tx430 CS2006 167.31+221 168.21+1.08 172.39+2.98 168.18+1.82  676.09 + 8.00
ek CS2007 250.73+3.05 138.26+1.79 254.74+3.25 156.26+2.11  799.99 + 10.07
CC2007 104.74+1.86 61.27+1.60  141.82+143  82.85+1.03 390.68 + 4.97
PR2007 24148509 117.39+0.77 144.98 +2.51 70.58 + 0.82 574.43 +9.15
Black PI CS2006 31360+3.55 24529+1.60 153.75+245  91.75+0.40 804.39 £ 7.01
el CS2007 240.16+1.49 164.97+037 132.88+0.82  67.48+0.50 605.49 £2.14
CC2007 119.78+2.05  90.15%2.41 75.36 £ 0.58 32.60+0.55 317.89 + 5.33
Hyb116 CS2006 124.13+1.41 16253123  64.86+0.47 82.34 + 0.91 433.86 + 1.06
CS2007 176.24+1.87 151.13+218 101.56+1.20  87.00 + 1.06 515.93 + 4.52
CC2007 49.25+0.82  43.81+0.98 46.83 £ 0.81 32.98 £ 0.47 172.87 £ 1.42
PR2007 125.35+1.08 98.63 +0.60 47.11£0.37 31.64 £0.15 302.73 £ 0.69
Hyb117 CS2006  9846+067 116.22+1.15  54.57+1.10 59.80 + 0.77 329.05+ 1.88
CS2007 153.290+3.45 11071196 10545+2.07  76.64 +1.27 446.09 £ 8.70
CC2007 53.64+0.34  4259+0.43 55.79 £ 0.25 38.88 £ 0.34 190.90 £ 1.15
Hyb118 CS2006  9.11+£0.21  376.09%0.62 5.51+0.25 94.60 + 0.88 485.31 £ 0.55
CS2007 2044+068 364.26+3.71 1897044  109.04+1.69  512.71+5.87
CC2007 10.36+0.31 100.10+0.75  12.99+0.27 53.18 £ 0.23 176.63 + 0.84
PR2007  4.70+0.11  181.27+2.05 2.93+0.33 29.83+0.73 218.73+3.10

3Levels are expressed as ug/g.

°CS = College Station; CC = Corpus Christi; PR = Puerto Rico.
°LUT = Luteolinidin.
AP = Apigeninidin.
°5-MeO-LUT = 5-Methoxyluteolinidin.
7-MeO-AP = 7-Methoxyapigeninidin.



147

Table 31

Genotype (Variety) x Environment (Location) Interaction of 3-Deoxyanthocyanins in
Black Sorghums Grown in Different Environments

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model ~ 3129997.222% 20 156499.861 5869.794 .000 1.000
Intercept 10326154.871 1 10326154.871 387300.045 .000 1.000
Variety 1698693.353 7 242670.479 9101.770 .000 .999
Location 1038755.473 3 346251.824 12986.765 .000 .999
Variety * Location  167875.816 10 16787.582 629.647 .000 .993
Error 1119.800 42 26.662
Total 16940324.894 63

Corrected Total 3131117.022 62
®R Squared = 1.000 (Adjusted R Squared = .999)

environment had an effect on 3-deoxyanthocyanin levels (Table 31).

Environment also affected 3-deoxyanthocyanin composition. For
example, LUT, AP, 5-MeO-LUT, and 7-MeO-AP of Tx430 Black from College
Station 2006 were evenly distributed (Fig. 63). On the other hand, the combined
proportions of LUT and 5-MeO-LUT for Tx430 Black from College Station,
Corpus Christi, and Puerto Rico 2007 were 63, 63, and 67%, respectively.
Another example is Hyb116. The sample harvested in College Station 2006 had
a high LUT and AP composition (66%) with AP being dominant (Fig. 64). On the
other hand, both samples from College Station and Puerto Rico 2007 had a high
LUT and AP composition (63-74%) with LUT being dominant. The 3-
deoxyanthocyanin composition of the sample grown in Corpus Christi was
almost evenly distributed. The composition of Hyb118 was similar in all

locations in terms of AP being the predominant 3-deoxyanthocyanin (57-83%)
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Fig. 63. 3-Deoxyanthocyanin profile of Tx430 Black grown in different environments. CS = College Station; PR =
Puerto Rico, CC = Corpus Christi.
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(Fig. 65). The sample from Corpus Christi had the lowest AP composition but
that could be due to the grain being damaged. These results confirmed that
Hyb118 consistently has the yellow AP as the predominant 3-deoxyanthocyanin.

As observed for the 3-deoxyanthocyanins, samples from College Station
had higher flavone levels than those from the other two locations (Table 32) and
there was a genotype x environment interaction (p < 0.001, Table 33). Luteolin
was consistently the predominant flavone (79-91%) in all samples with the
exception of Hyb118. Apigenin was the predominant flavone in Hyb118 from
College Station and Puerto Rico (56-68%) whereas luteolin was predominant in
the sample from Corpus Christi (60%).

Samples from College Station and Puerto Rico generally had higher
flavanone levels than those from Corpus Christi (Table 34) and there was a
genotype x environment interaction (p < 0.001) (Table 35). These results
suggested that molding decreased flavanone levels. Eriodictyol was the
predominant flavanone (51-67%) for all samples with the exception of Hyb117
(50%) and Hyb118 (46%) from Corpus Christi. The flavanone distribution for the
samples from Corpus Christi was, in general, evenly distributed.

This study showed that the main flavonoids in black pericarp sorghums
are the 3-deoxyanthocyanins. These compounds are located in the pericarp and
these are concentrated 3-4 times in the bran fraction (Awika et al 20044a, b).
Sorghum is the only dietary source of those compounds (Wu et al 2005) and

these have good potential to be utilized as natural food colorants due to their pH
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Table 32

Flavone Levels in Black Sorghums Grown In Different Environments®

Variety Location® Luteolin Apigenin Total
Tx430 Black CS 2006 30.56 + 0.59 7.03+£0.02 37.59 + 0.61
CS 2007 37.20+£0.40 6.46 £ 0.05 43.66 + 0.44
CC 2007 13.76 £ 0.11 3.56 £0.11 17.32 £ 0.08
PR 2007 33.81 £ 0.06 3.4310.04 37.24 £ 0.07
Black PI Tall CS 2006 30.90 £ 0.22 4,23 +0.08 35.13+£0.30
CS 2007 24.04 £ 0.26 3.40 £ 0.09 27.44 + 0.25
CC 2007 10.44 £ 0.07 2.13+0.10 12.57 £ 0.13
Hyb116 CS 2006 19.62 £ 0.75 3.95+0.09 23.57 £0.83
CS 2007 25.00 £ 0.25 4.00 £ 0.07 29.00 £ 0.25
CC 2007 4.83 + 0.06 1.25+£0.08 6.08 £0.11
PR 2007 19.51 £ 0.08 241 +0.02 21.92 £ 0.09
Hyb117 CS 2006 16.04 £ 0.19 3.48 £ 0.03 19.52 + 0.16
CS 2007 19.96 £ 0.52 3.06 £ 0.03 23.02 £ 0.55
CC 2007 6.70 £ 0.16 1.61 +£0.03 8.31+£0.19
Hyb118 CS 2006 5.93+0.12 12.35+0.19 18.28 £ 0.29
CS 2007 8.38 £ 0.19 10.82 £ 0.05 19.20 £ 0.23
CC 2007 3.46+0.18 2.29+0.09 5.75+0.21
PR 2007 3.55+0.02 6.73+£0.04 10.28 £ 0.06

Levels are expressed as ug/g.
°cs = College Station; CC = Corpus Christi; PR = Puerto Rico.
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Table 33

Genotype (Variety) x Environment (Location) Interaction of Flavones in Black Sorghums
Grown in Different Environments

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model 9986.282% 20 499.314 3913.246 .000 .999
Intercept 26512.875 1 26512.875 207787.850 .000 1.000
Variety 5841.407 7 834.487 6540.076 .000 .999
Location 3134.290 3 1044.763 8188.064 .000 .998
Variety * Location 443.078 10 44.308 347.251 .000 .988
Error 5.359 42 .128
Total 44269.338 63
Corrected Total 9991.641 62

R Squared = .999 (Adjusted R Squared = .999)

(1-5), temperature, and water activity stabilities (Sweeny and lacobucci 1983;
Mazza and Brouillard 1987; Gous 1989; Awika et al 2004a, b; Cardenas-
Hinojosa et al 2007; Njongmeta-Nenge et al 2007). The health benefits of those
compounds are unknown. However, one study demonstrated that 3-
deoxyanthocyanins have greater anticancer properties in human leukemia HL-
60 and hepatoma hepG2 cell lines than the common anthocyanins (i.e. cyanidin,
pelargonidin) (Shih et al 2007).

Environment did have an effect on flavonoid levels. The preliminary data
suggested that long sunlight exposure and minimum weathering/molding
increased 3-deoxyanthocyanin levels. These results provide useful guidelines to
produce sorghums with the greatest levels of the rare 3- deoxyanthocyanins,
which are potentially quite important sources of healthy components in foods

and other applications.



Table 34

Flavanone Levels in Black Sorghums Grown in Different Environments®

Variety Location® Eriodictyol Naringenin Total
Tx430 Black CS 2006 55.09 + 1.89 41.67 £ 0.47 96.76 + 2.25
CS 2007 65.08 + 1.01 41.99 + 2.58 107.07 £ 3.50
CC 2007 36.77 £ 0.45 30.04 + 1.84 66.81 +2.16
PR 2007 71.08 + 1.58 35.14 £ 1.49 106.22 + 3.05
Black PI Tall CS 2006 64.36 + 2.37 48.74 + 1.52 113.10 £ 3.89
CS 2007 65.14 + 2.61 53.78 + 2.61 118.92 £ 5.22
CC 2007 40.48 £ 0.60 33.02 £ 0.26 73.50 £ 0.64
Hyb116 CS 2006 50.50 + 1.06 38.16 £ 0.94 88.66 + 2.00
CS 2007 74.61+5.13 44.43 + 3.06 119.04 £ 8.14
CC 2007 28.71+0.48 28.03 £ 0.29 56.74 £ 0.76
PR 2007 76.15+ 3.32 44,97 + 1.38 121.12 £ 4.68
Hyb117 CS 2006 65.98 + 2.41 53.09 + 2.58 119.07 £ 4.98
CS 2007 76.86 +2.43 55.66 + 3.08 132.52 £ 5.41
CC 2007 28.77 £ 0.93 28.84 + 0.80 57.61+£1.70
Hyb118 CS 2006 63.43 £ 1.61 48.02+£0.43 111.45+1.96
CS 2007 86.55 + 3.48 64.52 + 2.23 151.07 £ 5.65
CC 2007 26.96 + 1.65 31.81£0.37 58.77 + 1.91
PR 2007 96.26 + 3.42 59.61 £ 2.03 155.87 £ 5.45

*Levels are expressed as ug/g.
°cs = College Station; CC = Corpus Christi; PR = Puerto Rico.



Table 35

Genotype (Variety) x Environment (Location) Interaction of Flavanones in Black

Sorghums Grown in Different Environments

155

Source Type Il Sum df Mean Square F Sig. Partial Eta
of Squares Squared
Corrected Model 47898.375° 20 2394.919 155.712 .000 .987
Intercept 523276.529 1 523276.529  34022.288 .000 .999
Variety 5700.554 7 814.365 52.948 .000 .898
Location 38310.020 3 12770.007 830.278 .000 .983
Variety * Location 4605.189 10 460.519 29.942 .000 877
Error 645.977 42 15.380
Total 707594.738 63
Corrected Total 48544.352 62

®R Squared = .987 (Adjusted R Squared = .980)



156

CHAPTER VII

SUMMARY

A wide variety of pigmented sorghum genotypes were evaluated for total
phenols, condensed tannins, flavan-4-ols, and in vitro antioxidant activity. Total
phenol and antioxidant activity levels were increased in tannin sorghums, which
were also reported by Awika et al (2003b). Flavan-4-ol levels were highest in
sorghums with a black pericarp, followed by those with a red pericarp (Fig. 66).
These compounds could reduce mold damage in sorghums (Jambunathan et al
1990, 1991; Melake-Berhan et al 1996; Menkir et al 1996; Audilakshmi et al
1999). Information on the health benefits of flavan-4-ols are lacking.

Flavonoid profile of all sorghums was also evaluated using HPLC-PDA.
Sorghums with a black pericarp had the highest 3-deoxyanthocyanin levels (Fig.
67) and these were increased when the grain had minimal weathering and was
darkest in color. These compounds are located in the pericarp and are
phytoalexins (Lo et al 1999; Nicholson and Wood 2001; Awika et al 2004 a, b;
Seitz 2004). Although black pericarp sorghums are genetically red, they should
be reclassified into a new category based on their high levels of the rare 3-
deoxyanthocyanins.

Sorghums with a lemon-yellow pericarp had the highest flavanone
(eriodictyol and naringenin) levels (Fig. 68) and these were increased when the

grain was brighter in yellow color and had minimum weathering. Compared to
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Fig. 66. Boxplot showing the distribution of flavan-4-ol levels in all sorghum
varieties of varying pericarp color from all locations studied. The median is
indicated by the black line within the box. The 25" and 75" percentiles are the
lower and upper boundaries of the box, respectively. The open circles represent
mild outliers. n = total number of measurements.

common sources (i.e. citrus fruits), these sorghums are a good source of
eriodictyol and naringenin. For example, SC748 had higher eriodictyol (959
Ma/g, fresh wt.) and naringenin levels (603 ug/g, fresh wt.) than the common
sources with amounts of 106-309 and 238-574 ug/g (fresh wts.), respectively

(Figs. 45, 46). Flavanone concentrations were increased almost ten-fold in the
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Fig. 67. Boxplot showing the distribution of 3-deoxyanthocyanin levels in all
sorghum varieties of varying pericarp color from all locations studied. The
median is indicated by the black line within the box. The 25" and 75"
percentiles are the lower and upper boundaries of the box, respectively. The
open circles represent mild outliers. n = total number of measurements.

bran fraction (Fig. 41). Studies are needed to determine the stability of sorghum
flavanones during storage and processing. For example, it was reported by Patil
et al (2004) that low doses of irradiation (< 200 Gy) coupled with 35 days of
storage increased flavanone levels in early season grapefruits while higher

doses (400-700 Gy) had negative effects. There is a need to determine the fate
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Fig. 68. Boxplot showing the distribution of flavanone levels in sorghum
varieties of varying pericarp color. Flavanone levels were measured after acid
hydrolysis. The median is indicated by the black center line within the box. The
25" and 75" percentiles are the lower and upper boundaries of the box,
respectively. The *'s represent extreme outliers. n = total number of

measurements.

of these compounds when lemon-yellow sorghums are processed into food
products (i.e. bread, extrudates). Studies are also needed to determine the

biological activity of sorghum flavanones in pure form and as part of a crude

extract.
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No flavonoids were predominant in sorghums with a red pericarp.
However, flavonoid composition did vary when these sorghums were separated
by secondary plant color. All sorghums with tan secondary plant color, including

those with a white pericarp, had higher levels of flavones than those with
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Fig. 69. Boxplot showing the distribution of flavone levels in all sorghum
varieties with tan or red/purple secondary plant color from all locations studied.
The median is indicated by the black center line within the box. The 25™ and
75™ percentiles are the lower and upper boundaries of the box, respectively.
The open circles represent mild outliers. n = total number of measurements.
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red/purple secondary plant color (Fig. 69). On the other hand, all red/purple
plant sorghums had higher 3-deoxyanthocyanin levels than tan plant sorghums
(Fig. 70). Among red/purple plant sorghums, sorghums with a lemon-yellow

pericarp had the highest levels of flavones (Fig. 71). Flavonoid composition was
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Fig. 70. Boxplot showing the distribution of 3-deoxyanthocyanin levels in all
sorghum varieties with tan or red/purple secondary plant color from all locations
studied. The median is indicated by the black center line within the box. The
25™ and 75™ percentiles are the lower and upper boundaries of the box,
respectively. The open circles and *’s represent mild and extreme outliers,
respectively. n = total number of measurements.
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Fig. 71. Boxplot showing the distribution of flavone levels in all red/purple plant
sorghum varieties of varying pericarp color from all locations studied. The
median is indicated by the black center line within the box. The 25" and 75"
percentiles are the lower and upper boundaries of the box, respectively. The
open circles and *’s represent mild and extreme outliers, respectively. n = total
number of measurements.

consistent in sorghums grown in different locations. Black sorghums grown in
an environment that has long sunlight exposure had higher levels of 3-
deoxyanthocyanins. Flavanones and 3-deoxyanthocyanins were increased

when sorghums had minimal weathering or molding.
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Further studies are needed to explain the differences in flavonoid
composition among sorghum genotypes. This could be due to the
overexpression of certain genes causing the increased production of specific
compounds. For example, tan plant sorghums could have an overexpression of
a flavone synthase gene that triggers high production of flavones from
flavanones, which is not occurring in red/purple plant sorghums. The elevated
levels of 3-deoxyanthocyanins in red/purple plant sorghums could be due to the
overexpression of a gene that triggers high production of these compounds.
Sorghums with a lemon-yellow pericarp could also have an overexpression of a
chalcone synthase gene that triggers high production of flavanones. It was
reported by Yu et al (2005) that the chalcone synthase gene, SbCHS2, is
involved in the production of flavanones. However, they did not report this gene
in the lemon-yellow SC748 sorghum. Instead, they reported that SC748 had the
SbSTS1 gene, which is a gene that triggers the production of stilbenes (i.e.
resveratrol) by stilbene synthases. Stilbenes have not been reported in
sorghums but studies are needed to determine their presence. Stilbenes are
reported to have antioxidant, anticancer anti-inflammatory, and phytoestrogenic
properties and they are believed to promote cardiovascular health (Tsai et al
1999; Cassidy et al 2000; Cornwell et al 2004; King et al 2006).

This study reports that all sorghums, including those with a white
pericarp, have flavonoids and their levels and compositions are affected by the

genotype. This information will be helpful for plant breeders, food scientists, and
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the pharmaceutical/nutraceutical/cosmoceutical industries in selecting sorghums
with desired healthy components. Sorghum as a source of flavonoid has several
attractive advantages. Sorghum is (1) dry; (2) easy to store for long periods of

time, and (3) easy to process into shelf-stable concentrates.
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